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ABSTRACT

In this study attempts have beén made to construct an analytical model that closely resembles
the real field behaviour of Dhaka soil. In developing the model, the critical state program -
CRISP - has been used in its core and the formulation of interface element has been
incorporated into its computer code. Whereas the ensuing model is expected to work well with
various types of soil-structure interaction systems, the model has been developed and tested
against decp (pile) foundations and shallow (footing) foundations. Availability of reliable data
of pile load tests performed in- and interaction of piles with both clayey and sandy layers of
Dhaka soil prompted a detailed study of pile-soil systems. Here, apart from proposing a
methodology for fixing various mesh parameters, a study concerning the sensitivity of various
input parameters of pile-soil system has been conducted. A design formula has been developed,
after an extensive parametric study, for predicting the load at the onset of nonlinearity in the
pile-soil system, The interaction system has been applied to square footings resting on Dhaka
soil at various depths and the load-displacement relationship of footings of various sizes has
been studied. :
The guidelines proposed and implemented for mimicking various structure-soil systems have
been found to be very effective. 1t has been understood that special care should be taken in
specifying in-situ stresses in soil prior to the installation of the structural member, in order to
simulate field behaviour faithfully. While studying the interaction of pile-soil and footing-soil
systems, it has been revealed that the horizontal and vertical extent of soil to be included in the
‘finite element idealization has a pronounced effect on the satisfactory prognosis of the system.
Although the performance of the finite element model is affected by the thickness of the
interface element, for a width-to-breadth ratio of 0.1 for the interface element, such an effect
has been found to be minimal. Prior to the final analysis of any soil-structure system, the
loading rate has to be determined individually for the case concerned. In case of interaction
analysis involving consolidation, it has been observed that excess pore water pressure does not
dissipate much during the time span considered in case of pile load testing in the field. The
onset of nonlinearity of pile-soil system has been found to be sensitive to the variation of
parameters like the unit weight of soil, depth of clay layer, the angle of friction of soil and, of
course, the pile size. On the other hand, the responses have been found not to be very sensitive
to the varniation of cohesion, critical void ratio and the slopes of the virgin compression and
swelling lines. Although the displacement predictions were affected by the variation in the value
of the initial tangent modulus of structural- and soil-¢lements, the failure load of deep (pile)
foundations remained independent of such variations. The design rationale suggested in this
study for designing pile foundations has-been found to match the finite element predictions
satisfactorily. Although some deviations from the results obtained from a traditional design '
method were detected, such divergence could be explained. The load-displacement relationship
of square footings has been found to be related by a hyperbolic function; the ensuing load-
. displacement: equation traced the finite element predictions faithfully. The resulting load-
displacement relationship of square footings may be conveniently used for calculating expected
settlements of such footings of a superstructure. Apart from assessing differential settlements,
footing sizes and depths may be chosen, albeit approximately, using the equation developed,
via settlement equalization of footings. ‘
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Almost all the structures t.hat can be built have to be supported by the earth in the end
through foundations- shallow or deep. There are also some structures which are buried
in the soil. Structural engineering usually deals with the analysis and design of
structures while Geotechnical engineering deals with the soil which supports and/or
surrounds these structures. It is worth mentioning that the mode in which structure and
“soil interact with one another is different from their individual mode of behaviours and

has to be dealt with exclusively.

Soil is a complex composite material with anisotropy and non-homogeneity. Thus,

when structures interact with soil as a whole, it becomes really a daunting task for -

engineers to understand their interactive behaviour. While the need of an interactive
analysis-is appreciated, few exhaustive methods are available. Most of these simplify
the behaviour of the structure or the soil or both and give insufficient or inaccurate
“results. The traditional concept attacks the problem as a two phase system. The
structure is one and the soil is the other. Attempts are then made to account for the
interaction between these two phases by some simplified approach. Either the structure

is supported by a fictitious soil or the soil is analyzed, with the structure being

represented by an artificial model.

The structural behaviour of any superstructure is largely dependent on the behaviour of
| sub-structures underneath. The conventional methods for computing deformations and
bearing capacities of shallow or deep foundations, on the other hand, can not generally
account for such factors as in-sifu stresses and its spatial variation, stresses and
disturbances caused during installations, variation in strength of soil and interfaces, size
and length of embedment, geometrical changes, consolidation and negative skin

friction, group action, excavation or filling, realistic interface behéviour, etc. The finite



element method, however, has shown considerable promise in handling many of these

factors.

In order to get faithful prognoses from a numerical procedure like finite elements (FE)
niethod, realistic representation of the soil-structure system in the FE mesh idealization -
as well as proper specification of various material parameters are essential. Naturally,
‘when a FE model deals with soil-structure interaction, the proper portrayal of various
soil properties in the model poses more importantance than its structur counterpart as

soil is a natural and composite material with spatial variation in behaviour.

Whereas, most of the computer codes available do not cater for real soil properties, a
computer code, CRISP which is available in the public domain is an exception. This
code has been selected in this study as the basis for developing a realistic soil-structure
interaction system. Theexistidg version of CRISP does not include special interface
element for dealing with different modes of response that are expected to occur at the
interface of soil and structural elements. However, subroutines for a interface element

(Desai et. al, 1984) were available and subsequently incorporated into the program

making it yet more realistic.

CRISP is a powerful FE program specially developed for dealing with critical state soil
mechanics i.e. plastic state of soil in which nonlinearity of stress-strain behaviour
becomes predominant. Here, the nonlinear stress-strain behaviour of clay can be
modeled as to follow the Modified Cam-clay (MCC) constitutive law. The MCC model
is expected to work well for Dhaka clay and attempts have been made in this study to
incorporate the Dhaka clay parameters in the MCC model to mimic Dhaka soil.
Besides, e]astic-peffectly plastic model, inhomogeneous elastic model, linear elastic
model, etc. are other the soil models available in CRISP which have been effectively

used for soils or materials other than clay.

In this study attempts have been made to construct an analytical model, with CRISP in
its core, that closely resembles the real field behaviour of Dhaka soil. Whereas the

ensuing model is expected to work well with various types of soil-structure interaction



systems, the model has been developed and tested against deep (pile) foundations and
shallow (footing) foundations. Availability of reliable pile load test data performed in
Dhaka soil and interaction of piles with both clayey and sandy layers' of Dhaka soil
prompted a detailed study of the pile soil systems. Apart from proposing a
methodology for fixing various mesh parameters, a study concerning the sensitivity of
various input parameters of pile soil system has also been conducted. A design formula
has been developed, after an extensive parametric study, for predicting the load at the
onset of nonlinearity in the pile soil system. The interaction system has been applied to
footings resting on Dhaka soil at various depths. The load-displacement relationship of
footings of various sizes has also been studied and related by a hyperbolic function.
The ensuing load-displacement felationship of footings may be conveniently used for
calculating expected settlements of various footings of a superstructure; the differential
settlements, thus found, may be used as inputs to frame analysis. Alternatively, footing
sizes and depths may be chosen, using the equation developed, for frame analysis via

settlement equallzatlon of footings.
This thesis describes the objectives, the methodology and the findings of the research.
1.2 PRESENT STATE OF ART OF RESEARCH TOPIC

At present no soil-structure interaction system is available which has been specially
developed for Bangladesh. Although considerable amount of work in the area of soil-
structure interaction is being done at various overseas research installations, details of
systems including the computer codes are not readily available or expensive and may
not be applicable to Bangladesh soil, as these systems are calibrated against data which
are rather widely varying in comparison to its_Bangladesh counterpart. Of course,
some attempts have been made to simulate soil structure interaction system
numeric_ally by researchers like Karim(1985), Nazneeﬁ(1986), Seraj(1986), Siddique
(1989) and Morshed (1991). Although the studies undertaken by the above mentioned
researchers had thrown new dimensions to the understanding of various soil-structure
systems, most of these studies did not use realistic soil parameters as their input, rather

the soil had been idealized either as a spring with certain modulus of subgrade reaction



comparable to the soil conditions or represented by octahedral shear-stress and shear
strain diagrams for various confining pressures. Thus, the numerical models so far
developed and used locally do not cater for realistic soil or structure properties and
may not be applied readily. to real life situations faithfully. In contrast, the present
model considers real structure and soil parameters along-with in-sifu conditions of soil
prior to instaliation as their input. Thus, the present study which is first of its kind in

Bangladesh, is expected to lead to reasonable simulation of various soil structure

interaction problems.
1.3 OBJECTIVES OF THE RESEARCH
The principal objectives of the ‘present research can be summarized as below:

(a) To modify an existing finite element code, CRISP, by incorporating interface
element of Desai et. al (1984).

. (b) To assemble guidelines for realistic input preparation and test these guidelines

against available test data.

(c) To establish a methodology for determining mesh parameters for authentic
portrayal of soil-structure interaction system (with special reference to pile-soil

system).

(d) To use the aforementioned soil-structure interaction system in studying the
sensitivity of various structure and soil parameters on the behaviour of piles and to

formulate an equation connecting all the important parameters.

(¢) To propose a methodology for predicting load-displacement relationship of

footings.



1.4 METHODOLOGY

In the present study, an existing soil-structure interaction package, CRISP has been
used after incorporating interface elerﬁent and adapting the constitutive relationship of
Dhaka soil characteristics. The model, thus developed, has been employed to simulate
.the behaviour of various soil-structure interaction problems realistically. The predicted
results from this mode! have been compared with actual measured parameters. Pile-soil
system has been used as the special interaction system in this study to test the model
against actual pile-load tests corllducted.at a number of sites in Dhaka. The pile-soil
system has been selected in this study as the model interaction problem, mainly because
the variation of soil parameters with depth and the effect of multi-layered soil profile
on the soil-structure interaction system can be besf investigated in case of piles. Again
apart from the fact that pile is a deep foundation passing through several soil layers,
predominant interface behaviuor such as slippage and shear transfer are the main mode
of load resisting mechanism in piles. Thus, the/ response of the newly incorporated
interface element can be best tested by stﬁdying such a problem. Above all, actual load |

test results are available in case of piles for comparison.

Extensive parametric study has been conducted for fixing a guide line for reasonable
proportioning of the FE mesh. A methodology for undertaking an objective parametric
study to fix mesh configuration as well as loading rate has also been suggested.

A study of the sensitivity of various material parameters on the predicted response in
case of piles has also been done. From the apparent trend of the variation of failure
load (the load at which ﬁonlinearity commences) of piles with the variation of different
material parameters, an empirical equation for calculating failure load of axially loaded
piles have been introduced. The results obtained from this empirical method have been

compared with conventional design methods and also with FE predictions.

The finite element model has been further employed to study the interaction of square
footings with soil. Using the model, a methodology has been presented by which load-



displacement responses of any interaction problem can be formulated. Also, an

erripin'cal equation for tracing the load-displacement curve of square footings

embedded in Dhaka-soil has been introduced.

The main feature of the fimte element program, CRISP along with the properties of
newly incorporated ihterface element forms the content of chapter 2. Specific
guidelines for realistic input preparation pertaimng to Dhaka soil and its testing against
available instrumented pile load-test data have been incorporated in chapter 3. In
chapter 4, in order to establish a methodology for fixing mesh parameters, an extensive
parametric study has been conducted for pile-soil system; in this chapter three different
pile-soil problems have been studied and compared with load test data using the mesh
thus configured and following the input guidelines of chapter 3. A detailed sensitivity

analysis of various material parameter on the predicted response along with an

empirical rationale for obtaining failure load of axially loaded piles has been undertaken

in Chapter 5. Chapter 6 deals with the application of the model on footing-soil
interaction and a empirical equation for obtaining load-displacement curves for square
footing embedded in Dhaka has been introduced. Conclusions derived from the present

research and some recommendation for future research have been presented in Chapter
7.



CHAPTER 2
THE FINITE ELEMENT INTERACTION MODEL

2.1 INTRODUCTION

The finite element program, CRISP (Britto & Gunn,1987) used in this study has been obtained
by personal communication from A.M.l Britto and M.J. Gunn. The present version of the
program is not available in the public domain. It contains some new features like linear strain
brick element with both displacement and pore pressure unknown, 3 noded beam elements
with displacement and rotations unknown, elastic perfectly plastic soil model, etc. Although, it
does not contain interface elements, subroutines for incorporating interface element (Desﬁi et
al, 1984) were available from Britto and Gunn. In this study, these subroutines have been

incorporated, tested and subsequently used for analysis of various soil-structure interaction

problems.

Some salient features of CRISP (Britto & Gunn,1987) along with some relevant new features

are discussed in the following sections.
2.2 THE PROGRAM CRISP

The critical state program, CRISP can tackle any size of problem depending on the amount of
memory and processing power of the computer concerned. It contains facilities to analyze
several soil-structure interaction problem provided realistic soil parameters are available. A

brief summary of facilities provided by CRISP is presented below.

2.2.1 Summary of Facilities

“a) Types of analysis: Undrained, drained or fully coupled consolidation analysis of two
dimensional plain strain or axisymmetric (with axisymmetric loading) or three dimensional
bodies. ' |

b) Soil models: Isotropic and anisotropic elasticity, inhomogenous elasticity (properties

varying with depth, critical state soil models (Cam-clay and Modified Cam-clay), elastic



perfectly plastic models (with yield criterion by Von Mises, VTresca, Druckel Prager,l Mohr-
Coalom), the Schofield soil model (SCHO). -

c) Element types: Linear strain triangle and cubic strain triangle (with extra pore pressure
degrees of freedom for consolidation analysis), linear strain quadrilateral (with extra pore
pressure degrees of freedom), linear strain brick (with extra pore pressure degrees of
freedom), 3-noded bar and bear elements with displacement and rotations unknown.

d) Non-linear techniques: Incremental (tangent stiffness) approach. Options for updating
nodal co-ordinates with progress of amalysis. For integrﬁtion in ;img—:, 8 = 1 (consolidation
analysis). . ' |

e) Boundary conditions: Element sides can be given prescribed incremental values of
displaceinents or excess pore pressures. Loading applied as nodal loads or pressure loading on
element sides. Automatic calculation of loads simulating excavation, or construction when
elements are remarked or added.

f) Miscellaneous: Stop-restart facility allows analysis to be continued from a previous run.

2.2.2 Solution Techniques

The smell-displacement, small-strain approach is used throughout CRISP. Hence one can
avoid the extra complexity of using the strain and Stress tensors appropriate to large
deformations and strains. The program does, however, contain the option of updating the co-

ordinates of nodal pbints as the analysis proceeds.

There are a number of techniques for analyzing non-linear problems using finite element.
CRISP uses the incremental or tangent stiffness approach, i.e. the user divides the total load
acting into a number of small increments (say 50 or 100 in a typical analysis) and the program
applies each of these incremental loads in turn. During each increment the stiffness properties
appropriate for the current stress levels are used in the calculations. If only a few increments
are used, this rﬁethod produces a solution which tends to drift away from the true or exact
solution. This means a stiffer response results for a strain-hardening model and the

displacement are always under-predicted.



This approach is in contrast to that adopted in the elasto-plastic programs used in the analysis
of mechanical engineering components or steel structures. In these applications it is usual to
use larger size of increments (say 10 in a complete analysis) and to correct the error described
ébove by performing iterations within each increment until convergence to the non-linear load-
displacement curve is obtained. Experience with this technique with critical state models has
been rather mixed. Some claim to have applied the technique with no particular difficulty {(e.g.
Zienkiewicz et al., 1975), but Britto and Gunn's experience, in common with that of Nayior
(1975), is that sometimes there can be problems with convergence, and that sometimes the
known (analytical) solution cannot be recovered from the numerical procedure. Perhaps this is
not surprising; in structural mechaxﬁcs problems the zone of plastic behaviour is often
restricted to a small part of the structure, whereas in geotechnical problems the zone of plastic

deformation frequently occupies the majorify or even the whole mesh.

The program incorporates an equilibrium check to ensure that equilibrium is satisfied at the
end of each increment. In this equilibrium check the stresses in the elements currently in the
mesh are integrated over the volume to calculate the equivalent nodal loads and these are then
compared with the external loadings. The difference is then expressed as a percenfage of the
applied loading, and is called the error in equilibrium or the out-of-balance load. This out-of-

balance load is then applied as correcting load in the next increment.

2.3 CRITICAL STATE SOIL MECHANICS

The theories of soil behaviour, known as 'critical state soil mechanics', are developed from the
application of the theory of plasticity to soil mechanics. The plastic behaviour of soil allows a
rational treatment of bearing capacities of foudations and the failure of slopes, excavations and
tunnels. It also allows complete description of the stress-strain behaviour of soils so that soil

deformations can be predicted right up to the failure.

In order to predict the behaviour of engineering structures when plastic behaviour is involved,
the first step is to choose an appropriate idealization of plasticity. Figure 2.1(a) shows the
idealization known as elastic-perfectly plastic. Here the first part of the stress-strain curve is

linear and elastic until the material yields. The material then continues to deform at a constant
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Fig. 2.1 Idealization of plastic behavior; a) Elastic-perfectly-plastic, b) Elastic,
strain-hardening plastic, c) Rigid, perfectly plastic
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yield stress. In the terminology of plasticity the material exhibit nd strain-hardening. Figure
2.1(b) shows the simplest way of incorporating strain-hardening into an idealization. When the |
material yields, aithough the stress-strain curve still remains linear, the slope gets reduced.
This type of behaviour is referred to as elastic-linear-strain-hardening. Sometimes ( when only
collapse loads are to be considered in a calculation ) it is convenient to idealize the behaviour

as rigid-plastic (see Fig. 2.1(c)).

To completely describe the stress-srain relations for an elasto-plastic material, four different

types of statement are required.
(a) A yield function for the material.

(B) A relationship between the direction of the'principal plastic strain increments and the

principal stresses.

(c) A flow rule for the material. This specifies the relative magnitudes of the incremental
plastic strains when the matenial is yielding. '

(d) A hardening law of the material.
2.3.1 Yield Functions Appropriate for Soil

In 1773 the French engineer Coulomb introd-uced'in his analysis of the thrust acting on a
retaining wall, the failure condition for soil which is still in wide use, usually called the Mohr-
Coulomb criteria

1:=C’+c,{tan¢' : : 2. B
Although this equation is normally interpreted in terms of Mohr’s circle plot, it can instead
represent the failure criteria in the three dimensional stress space. This can be achieved by

réwriting Eq. 2.1 into Eq. 2.2 as shown below. .
G| —Oj =Sin¢'(01, +o3' +2C’cot¢') (2.2)
Where, 61" and G3' are the major and minor principal effective stresses respectively.

Taking into account the six possible permutations of the magnitudes of ., Oy and 6.’

(ie. 6./ >0p >0, , G'>0./>0p, etc.) six planes are generated in (G,',0p’,6." ) space.
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Thus, the Mohr-Coulomb yield criteria is equivalent to the irregular- pyramid in principal

effective stress space (shown in Fig. 2.2).

For some metal plasticity conditions, Von Miss yield criteria is more convenient than Tresca as
the former is round in shape. So Drucker and Prager believed that it might be useful to round

off the Mohr-'Coulomb yield surface to give conical surface for soils as shown in Fig. 2.3.

2.3.2 Modified Cam-clay (MCC)

Cam-clay is the name given to an elasto-plastic model of soil behaviour. Thus Cam-clay is not
a real soil in the sense that one cannot find deposits of it at some location in the ground.
However, the Cam-clay eqdations can be used to describe mhny real soils if appropriate
material parameters are chosen. Cam-clay model in its modified form is called Modified Cam-

clay (MCC), the brief description of which is given in this section.

Critical State Parameters for MCC

Three parameters, P’, q and V, describe the state of a sample of soil during a triaxial test. The

parameters are defined as:

. r r ' .
_Oa +20, =0a.+20r B
3 3

23)

r r

Q=03 — Oy =0G4 — Oy _ (2.4)
V is the specific volume, i.e., the volume of soil containing unit volume of solid

material, (N.B. V=1 + ¢, where € is the void ratio).

p’ is often called the mean normal effective pressure, and q the deviator stress,. The reader
should note that these three paranieters varies during a test. The progress of a soil sample

during a triaxial test can be represented by a series of points describing a line in a three-
dimensional space with axes p’, V and q. Different types of test (drained, undrained,
compression, extension and so on) lead to different test paths in this (p', V, Q) space. Critical

state soil mechanics advocates for a set of rules for calculating test paths in (p’, V, Q) space;
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~ usually two of (p/, V, q) are determined by the type of test and there is a simple procedure for
determining the third.

There are also four parameters which are soil constants: M, T', K and A . They describe the
fundamental properties of soil with a given mineralogy. Other parameters are defined in terms

of the seven already mentioned; for example the stress ratioc 1 =q/p’.
Corresponding to the stress parameters p’ and q are strain parametefs U (volumetric strain)
and € (deviator strain):

v=e,+28, . - ’ (2.5)

az(%)(sa -€;) ' ' | (2.6)

Volume pressure relationship for MCC

If a sample of soil is subjected to isotropic compression (and swelling) tests, then it follows
paths in (p’, V) plots as shown in Fig. 2.4. this is basically similar to the more familiar G/, e)
plots obtained from oedometer tests. In critical state theory the virgin compressiori, swelling
and recompression lines are assumed to be straight in (In p', V) plots with slopes -A and X,
respectivély, as shown in Figs. 2.5 and 2.6. The equation of the isotropic virgin compression
line (often called the isotfopic normal consolidation line) is
V=N-Alnp’ ' 2.7

~ where N, a constant for a particular soil is the value of V when In p'= 0, i.e. p’ = 1: clearly the

value of N depends on the units which are used to measure pressure. The units adopted here

are kN/m’, (kPa). Although N is a soil constant, it is related to those already defined as shown

“below.
N=T+(A-x)In2 : (2.8)
The equation of a swelling or recompression line is éiven by 7
V=V, -xlnp’ (2.9)

When moving up or down one of these 'K-lines' the soil is over consolidated. The Eq. (2.9} is

sometimes written as follows: '

14



Fig. 2.4 Typical (p’, V) plot‘of isotropic compression, swelling and recompression
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Fig. 2.5 Idealized (Inp’, V) plots in critical state theory
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Fig. 2.6 Idealized (In p’, V ) plots in critical state theory showing V, and Vk
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Ve =V+xinp’ , (2.10)

These values of V. depends upon which k-line the soil is on, but it stays constant while the

soil is moving up or down the same line.

It is convenient here to introduce the parameter V;. The definition of V3 is similar to that of
Vi - _
V) =V+Ailnp' 2.11)

One particular A-line is the isotropic normal consolidation line, when V;, = N.
Critical state line

When soil samples are sheared they approach the critical state line (CSL). The equations of the
CSL are |

q=Mp’ (2.12)
V=I-Alnp’ (2.13)
Mand I are constants for a particular soil. They determine the slope of the CSL in a (p'.q)
plot and the location of the CSL in the (p',V) plot, respectively. Figures 2.7(a) and 2.7 (b)
show the CSL in (p’, q) and (p’,V) plots. Note that Eq. 2.13 is the equation of a A-line with

V, =I'. The critical state line represents the final state of soil samples in triaxial tests when it

is possible to continue to shear the sample with no change in imposed stresses or volume of

the soil.

Hence, at the critical state:

= Sl (2.14)

Equations 2.12 and 2.13 describe a curved line in three-dimensional (p’, V, q) space as shown

in Fig. 2.8.
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Fig. 2.7 The critical state line in (a) (p’ , q) plot and (b) (p’ , V) plot ( isotropic normal
compression line is shown dashed in (b))

The critical
state line

Fig 2.8 The critical state line in (p", V, q) space is given by the intersection of two
planes: q = Mp' and a curved vertical; plane V=T - A In(p')



Yielding of MCC:

There is a surface in (p', V, Q) space which indicates yielding c;f soil. When the state of a -

specimen of soil can be represented by a point below that surface, then the soil behaviour is
“elastic. Soil states on the surface indicates yielding, and it is impossible for soil samples to
exist in states equivalent to points above the surface. For this reason the surface is called the

Stable State Boundary Surface (SSBS): The equation of SSBS is

Vi =T +(l—-t:)|:ln2—ln{1+(%)2H ' | (2.15)

The SSBS has been shown in Fig. 2.9.
The Flow Rule of MCC
The equation of flow rule can be written as

svP _ M? - 112
oeP 2n

(2.16)

Where VP and 8VF are the corresponding strain incrememts in plastic state

The flow rule can be integrated to give the Modified Cam-clay yield locus in (p’, q) plane as
| N2 " .
q2 +M2(p) :sz PL (2.17)

Where p’. is the isotropic pre-consolidation pressure lying on a particular x-line.

The Modified Cam-clay yield locus is elliptical in shape ( shown in Fig.2.10). The size of yield
locus is determined by the value of p'c.

2.4 INCORPORATION OF INTERFACE ELEMENT

Behaviour at junctions or interfaces between structure and soil elements involve relative
slippage or separation of structure from soil. This may occur because of exceeding the

limiting interface friction and inward movement of the structure. In order to obtain a better
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simulation of soil-structure interaction, special interface elements have to be used while using

finite element method as the numericat tool.

Goodman, Taylor and Brekke (1968) developed an interface element to account for relative
movements between rock joints. The element consists of two lines each with two nodal points.
The two lines occupy the same position before deformation. Each node has two degrees of
freedom (horizontal and vertical displacements). To simulate slippage across an interface, an
arbitrary large normal stiffness and a very small tangent stiffness would be specified. Attempts
have been made by a number of investigators (Ghaboussi et al., 1973; Goodman and St. John,
1977, Wong, 1977) to modify the Goodman-Taylor-Brekke interface model However, there
are certain inconsistencies with the elements that are very difficult to overcome. Herrmann

(1978) improved the element of Goodman et al. through the introduction of constraint

conditions.

Clough and Duncan (1969) conducted direct shear interface tests in the laboratory to measure
the relationship of interface shear stress and relative displacement between concrete and.

backfill sand. They proposed a hyperbolic functional relationship for the interface shear
stiffness.

Zienkiewicz, et al. (1970) advocated the use of continuous isoparametric elements with a
simple nonlinear material property for shear and normal stresses, assuming uniform strain in

the thickness direction. In certain cases, ill conditioning of the stiffness matrix takes place.

Katona, et al. (1976) and Katona (1981) introduced a simple friction-contact interface element
from the principle of virtual work modified by appropriate constraint conditions. Various

deformation modes at the interface are incorporated in this formulation.

Desai et al. (1984) proposed a thin-layer element, for using in structure-soil interaction and
rock joints. A special constitutive model is used. Various deformation modes such as stick,
slip, debonding and rebonding can be handled with this element. It is capable of providing
improved definition of normal and shear behaviour; hence, it can be computationally more

reliable than the zero thickness element. The formulation of this element is essentially the same
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as other solid elements. As such it is easier to program and implement. Inclusion of a finite
thickness for the interface is realistic since there is very often a thin layer of soil which
participates in the interaction behaviour. The thin layer element can easily be introduced in an
interface having a curved configuration. In view of the merits in the use of the thin-layer

element, it has been decided to use this model in the present research.
2.4.1 Modes of Deformation at Interfaces

The physical behaviour of a sructure-soil interface may involve relative movements that are
both normal and tangential'lto the interface surface. There are 4 basic modes of deformation
that an interface element can undergo:

a) Stick or no-slip;

b)  Slip or sliding;

. ¢) | Separatioh or debonding; and

d) Rebonding. ,

Figure. 2.11 shows various modes of deformation for a two-dimensional idealization. An
interface element is in stick or no-slip-mode when there is rio relative movement between the
adjoining bodies, Fig 2.11(a). Shp or sliding occurs when relative movements take place in
such a manner that the contact between the mating bodies is maintained, Fig. 2.11(b).

Separation or debonding mode occurs when gaps open up between two bodies that were in

contact previously, Fig. 2. 1 i(c).

An interface element in separation mode can return to stick mode in subsequent loading, which -

is referred to as rebonding, Fig. 2.11(d).
2.4.2 Thin Layer Element for Interfaces

Scheinatic diagram of the thin-layer element proposed by Desai, et al. (1984) for two
dimensional idealization is shown in Fig. 2.12. The underlying idea of the thin-layer element is
based on the assumption that the behalviour near the interface involves a finite thin zone as
shown in Fig. 2.12, rather than a zero thickness zone as assumed in previous formulations. The

behaviour of this thin zone or layer can be significantly different form the behaviour of
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Fig. 2.11 Schematic diagrams of modes of deformation at interface
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Fig. 2.12 Thin-layer interface element
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surrounding structural and geological materials. However, the element can be treated like any

other solid element by adopting appropniate constitutive laws.

- The thin-layer interface element can be formulated by assuming it to be linear elastic, non-

linear elastic or elastic-plastic. The stiffness matrix of the interface element, [K]; is written as
T - '
[]; = f[B][C];[B]av . (2.18)
v

where [B] = transformation matrix, v = volume and [C]; is the constitutive matrix. Then the.

element equations are written as
[K],{a} = {Q | @19
where {q} = vector of nodal displacements and {Q} = vector of nodal forces.

For two dimensional plane-strain idealization, the matrix [C]; and its inverse form [D]; are

given as

cC, C, 0
[C]i‘= C, C 0 (2.20)
0 0 G,
where, |
o E(1-V)
T+ v(1-2v)
Ev
C, =
2 (1+ v)(1-2v)
1—v2 —v(1+ V) 0 i
E E )
and [D]. = _v(; ) I_Ev 0 (@21)
0 0o L
Gi

For non-linear elastic behaviour E, v and G can be defined as variable moduli based on

triaxial and direct shear tests.
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In general, the stiffness properties of the interface elements are quite different from the
properties of the adjacent continuum elements. In this study, it is assumed that the normal
behaviour of the interface element is the same as regular soil elements; however the shear

behaviour is quite different according to Desai (Desai, et al. 1984).

2.4.3 Simulation of Interface Modes

The qﬁality of simulation of the interface behaviour depends on a number of factors such as
physical and geometrical properties of the surrounding media, non-linear material behaviour
and the thickness of the thin-layer element. If the thickness is too large in comparison with the
average contact dimension (Fig. 2.12) of the surrounding elements, the thin layer element will
behave essentially as a solid element. If it is too small, computational difficulties may’ arise.
Desai, et al. (1984) have proposed that for satisfactory simulation of the interface behaviour,

the ratio of thickness to average contact dimension (t/b) should lie between 0.01 and 0.1.

Various deformation modes that an interface can experience are incorporated in the thin
layered element. It is assumed that before the application of load the interface elements are in

stick or no-slip mode. Mohr-Coulomb criteria is used in order to identify the various modes of
deformation. For a'given increment of load, the normal stress, G, and the total shear stress, T,

on the plane of interface elements are calculated. The modes of deformation are then checked
and if the element is found to be in separation or slip mode, appropriate redistribution of

stresses is performed. Details of the adopted procedure are given in the following steps.

i) The normal stress, G, and shear stress, T, due to the loading in a particular

increment is calculated for the interface plane. ‘Theh, the sign of the normal stress, o, is
checked. If it is found to be positive, the element can be either in stick mode or in slip mode

(positive sign of oy indicates compressive " stress while the negative sign indicates tensile

stress). If oy, is found to be negative, the element is considered to be in separation mode.
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ii) For positive value of Gy , the stick or slip mode is determined using the limiting

shear stress of the interface place. The limiting shear stress, T, in the shear plane is calculated

based on Mohr-Coutomb criteria as

1, =C, +o_ tan¢, (222
~ where, C, is the adhesion and ¢, is the angle of friction between structure and soil.

iii) If Ty, =T then, element is in non-slip or stick mode. In this case, there will be no

re-distribution of stresses and no change in the stiffness parameters E and G;.
iv)If Ty < T, the element is in slip mode. Now, the shear stress, T, would be made
equal to the limiting shear stress, T,. Thus the unbalanced load due to the excess shear stress

(T -T1. ) would be applied at the nodes of the interface elements as self-equilibrating load in

the next increment. The equivalent nodal loads due to stresses in an element is calculated by

using. :
(F} = [[B] {c}av - 223)

v) For negative value of G, i,e. separation mode, both the shear stress, T and normal

stress, On are made to be almost zero, but with a negative sign (say - 2.7x10™° ). As aresult,

the unbalance equivalent nodal ldads, calculated using Eq. 2.23, is applied at the nodes of

interface elements as self-equilibrating load in the next increment of load. The E and G; values

at this stage are actually zero. In order to avoid numerical difficulties, a very low value of E
and G; are assi'gned for the next step of analysis.

vi) To check the possibility of re-bonding, the sign of normal stress for each individual
loading increment is checked. If it is found to be positive, the total normal stress which was
negative previously is made to be equal to zero. As a result, it is no longer negative and falls
into the category of stick or slip mode. Then the element would undergo the same steps as

experienced by a normal interface element with positive normal stress.

2.5 REMARKS

The finite element code, CRISP, is a powerful numerical program specially for problems

dealing with soil and soil-structure interaction. The MCC model is expected to work well for
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Dhaka-clay when it would be calibrated against Dhaka-clay in the course of the present study.
The sand layer can be modelled to follow the elastic-perfecﬂy-plastic constitutive law using the
Mohr-Coulpmb yield functions. Moreover, small thickness interface elements have been
incorporated to the exiéting program to take care of slippage, debonding, etc. As a result, the
FE model is expected to work satisfactorily for the analysis of various soil-structure

interaction problems and predict realistic results.
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CHAPTER 3

REALISTIC INPUT PREPARATION

3.1 INTRODUCTION

The existing finite element code CRISP (Britto and Gunn,1987) which has been
modified by incorporating interface dnd 3;noded'beam element has been calibrated for
Dhaka-soil. In this connection a judicious selection of problem type is of utmost
importance in an effort to make this calibration ' exercise applicable, albeit
approximately, to a wide range of soil-structure interaction problems. This selection of
problem type is also dependent on the availability of reliable experimental results with
which the results obtained from this model could be compared. Similarly, the
availability-( of laboratory tested values of various soil Vparameters needed also plays an
important role in this study. Besides the problem should have a prominent interface
behaviour dependency as the currently updated model uses interface elements. In light

of all these, pile foundation has been selected for calibrating the model in the present

research.

Pile is a deep foundation. In Dhaka, piles having lengths 20 m to 25 m are frequently
used. The length being quite large, one may encounter three or four different layers of
sotl having properties varying with depth. Thus a model calibrated for piles with
layered soil is expected to work well for all other interaction problems like frames on
footings, rafts etc. in which the effect of lba‘ding on them does not propagate to a great
extend in the soil below them. The eﬁ'e;t of variation of various soil parameters with
depth on the structural behaviour is also expected to be less prominent for these
structural elements in comparison to their pile foundation counterpart. Additionatly,
pile is a structural element which usually interacts greatly to its surrounding soil and a
considerable amount of various types of deformations may take place at the interface
of soil and the pile, specially towards the latter part of the pile load-test. It has also
been envisaged that the performance of the newly incorporated interface element can

be best determined by testing it against available pile load-test data. Needless to
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mention here that although results of some tests performed on piles are available
alongwith detailed soil test results, field test results for cases such as footing, rafts etc.
could not be obtained from local sources as such tests are usually not performed in

Bangladesh. Under the circumstances, selection of the pile problem' in calibration

purposes has been deemed to be the most appropriate choice.

A reliable pile load test data (SSE, 1982) was available for Senakallayan Bhaban site at
Motijheel, Dhaka. Detailed soil-test report on this site was also available. Thus, the

calibration of the model has been conducted for the piles tested in Senakallayan

" Bhaban site.

Out of six numbers of piles tested, one pile (designated as pile A in this thesis) was
. loaded to failure. While all the piles tested have been reported in this thesis, pile A has

been given additional importance as complete load deflection behaviour can be studied

from its resulits.

Pile A had a diameter of 0.508 m and it was 19.3 m long. The soil profile at the
location of pile A is characterized into distinct layers as clay and sands below the clay
layer, based on the SPT value and available soil test report. Figure 3.1 shows these

layers along with SPT values at various depth .

For clays, Modified Cam-clay ( MCC) model is used as constitutive law. Sand layers
are assumed to follow the elastic perfectly plastic constitutive law. Although, the
axially loaded pile essentially represents a three dimensional probiem, since the loading
and geometry are symmetrical about the longitudinal axis of the pile, axisymmetric
approach permit .to reduce it to a two dimensional problem. Accordingly, an

axisymmetric analysis has been performed for axially loaded piles.

The following sections shed some lights on the procedures which were followed in
preparing the input data for CRISP. The basis of selecting the input parameters for soil

and of the material parameters has also been included in these sections.
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3.2 GEOMETRY DEFINITION BY CRISP

For clarity the geometry part i.e. the type of elements used, the nodal connectivity etc.
calls for separate discussion. As this geometry part of the program can run separately,
once formed accurately it can be used straightway during different runs of the main
portion of the program. A number of crucial decisions have to be taken in this part of

the program in order to accurately define the problem analytically.

3.2.1 Element Types

There are ten different element types available in CRISP. In addition to these elements,
an interface element ( Desai et al, 1984 ) has been incorporated in this study. In this
study, linear strain quadrilateral element with displacements unknown {Element type 4, |
See Fig. 3.2) has been used for both pile elements and soil elements in case of drained
or undrained analysis. But for consolidation analysis, soil elements under water table
have been selected to be linear strain quadrilateral with displacement and excess pore
pressures unknown (Element type 5, See Fig. 3.2). For interface elements, the 6 noded
interface element with displacement unknown is used. All these elements are basically

standard displacement finite elements (Zienkiewicz, 1977).
3.2.2 Element and Nodal Numbering

Each element and each vertex node in the finite element mesh have to be numbered
with integers. There could be gaps in nodal or element numbers to facilitate the
removal of elements when necessary. However in general, they are better to be
consecutive integers. In this model, there are no gaps in the numbering of nodes or
elements. In specifying the nodal co-ordinates, the x-axis has been considered to be
pointing to the right from the pile center and the y-axis has been conside;red to point
upwards from the bottom of the pile { See Fig. 3.2). The origin, thus, has been the
bottom center of the pile. As this analysis is axisymmetric, the y-axis must point

upward so that it acts as the axis of symmetry (i.e., the x-axis is in the radial direction).
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When assigning the connectivity of the vertex node numbers for each element, the
node numbers are to be listed in anti-clockwise direction for being congruent to the
axis directions chosen. For the interface elements the nodes along the longer dimension

should be input first so that the shear plane contains the longer side.

Ti1e positioning of interface elements along pile shaft specially near the tip calls for a
special treatment. All along the pile shaft, the interface elements are rectangular having
the longer dimension along the pile. But at the tip of pile the interface elements are set
to be trapezoidal as shown in Fig. 3.2. This has been done to avoid the placement of
one vertex of interface element on the side of the soil element below where is no node
present. If a node is placed at that point, then the aspect ratio of all soil elements below

would be too large for accurate analysis.

For finite element analysis one can choose any appropriate unit system as long as the
units of all parameters are consistent. Units for only three different quantities have to
be chosen and the rest are automatically determined. These three quantities areiunit of
length; unit of force and unit of time (for consolidation analysis). In this study the unit
of length is meter (m), force is kilo-Newton (kN) and time is second (sec). All these

units have been presented in Table 3.1.

Table 3.1 Unit used for various properties

Length | Force | Time | Stress | Density | Permeability

m kN Sec kN/m? kN/m® m/sec

3.3 MAIN PART OF CRISP

After specifying the geometry of mesh and its element configuration, parameters have
to be set for actual operation of finite element method in this part of the program. Here

in the present study, axisymmetric analysis have been performed as during the course
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of the research implementation of interface elements for only plain strain and
axisymmetric cases could be made. Options have been selected so that co-ordinates of
nodes are not updated after each increment. Again, suitable option has been selected so
that the out of -balance loads from each increment act as correcting loads in the next

increment,

3.3.1 Material Properties

Selection of various properties of soil and pile material is the most important task that
has to be performed to achieve a satisfactory simulation of experimental datai during
the course of the numerical experiments to be undertaken in this study. Sele(i:tion of
material properties is not an easy task. Availability of reliable data is very scanty in our
country. Detailed test results of soil from low to high depths are not readily available
and all that can be obtained from different agencies are not always dependable. On the
other hand, the satisfactory functioning of CRISP, like most of the numerical models,
greatly depends on the elaborate and accurate assignrﬁent of these material properties.
Say for example, if data could be available for every meter of soil depth on the location
where the structure is interacting with soil, then the input of the analysis of soil
properties may be defined more faithfully. Typical soil properties reported in different
published materials usually do not give a detailed and accurate picture of actual soil
characteristics. Thus, while an independent and thorough soil investigation for each
site is, perhaps, most appropriate prior to conducting numerical experiments, in the
present study atfempts have been made to prepare input data based on readily available
basic soil tests conducted by various agencies before the installation of piles. Tests
conducted on Dhaka soil by various researchers have also been given due weightage in
formulating ways of preparing reliable input data based on simple tests like Standard

Penetration Test ( SPT ), Triaxial tests etc.

In Bangladesh usually a number of bore holes are dug at a site and both disturbed and
undisturbed samples are taken for testing in the laboratory. Many parameters show
difference in values from borehole to borehole. Consequently, when one has to select

single value for all parameters reflecting the nature of the entire site, the task becomes
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difficult. To avoid this, test results found from boreholes near the testing piles have
been given preference and sometimes average of all related values have been taken in
preparing the input data. It is expected that during the course of the ex'tensive
sensitivity analyses, encompassing all important material properties which would be in
- Chapter S, the relative importance of various input parameters will be understood
better. It is also possible to detect a number of insensitive parameters, thus allowing

the use of a typical value within a specific range.

In this study, the soil profile has been assumed to consist of two different layers,: oneis
clay and the other is sand below it. If the typical bore chart for SPT values of the site is
looked at (Fig. 3.1), it becomes clear that two layered soil profile is quite reasonable
for accuracy and simplicity at the same time. Although two different clay and silty-clay
layers can be seen, but they are very little different from one another. The sand layer
has extended upto 3;0 m which is all the depth that is needed in our analysis. Altogether
six different material types are used in this study. All these material zones with their
respective zone numbers are shown in Fig. 31 Clay above the water table has been
considered to be a separate layer and the clay lﬁyer has been set to obey Modified
Cam-Clay model (MCC) while the sand layer is analyzed as elastic-perfectly-plastic

model with modulus of elasticity increasing with depth.

Clay parameters

For Modified Cam-Clay (MCC), the important parameters that are to be assigned are
A, K, €, M, v, and G. Now, A and X parémeters can be obtained from oedometer
tests or from triaxial tests on samples either isotropically or with K,-normally-

consolidated. But it is standard practice to obtain the value of A from the slope of

normally consolidated line of (log,«0.’, €) curve using the following formula
C
C
3.1
2.303 3-1)

In this study, the value of C. has been obtained from the result of one-dimensional

A =

compression test and the respective (log,c0.', €) curve which is available in any usual
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soil test report. Again, K values are often chosen in the range of one fifth to one-third

of A (Britto and Gunn,1987). Here in this study, the value of K has been selected to

be equal to one forth of A

Next, location of critical straight line (CSL) in (In p’, €) plot i.e. the value of €5 has to
be obtained. Here, € is defined to be the void ratio on the critical straight line for a

value of p'=1 and € is called the critical void ratio. For Modified Cam-clay, € is
* usually obtained using Eq. 3.2.

ecs =T —1 | (3.2)
Now, I" can be obtained from Eq. 2.8. The value of N in Ed. 2.8 can be found from
the value of ey using N=1+ ey, where € is the void ratio for G,” = 1in (In G/, €)

curve. Therefore, after obtaining the value of €, from one-dimensional compression

test, the value of I and €. canbe calculated and subsequently used in this study.

The frictional constant M can easily be found from triaxial test (drained or undrained
with pore pressure measurement) on isotropically consolidated samples. If one obtains
principal effective stress at failure, then the drained angle of friction ¢’ can be obtained

from the geometry of a Mohr’s circle plot. Then the value of M is obtained using Eq.
33.

_6 Sll:ld) (3.3)
3 - Sind’
In the present study, no triaxial test has been conducted and the value of ¢’ for Dhaka

clay has been chosen from the data available in Kamal Uddin (1990) and Ameen

(1985). The value of ¢’ reported by Kamal Uddin (1990) and Ameen (1985) are 23°
and 25° respectively as shown in Fig. 3.3 (Kamal Uddin, 1990).

The computer code CRISP allows the user to specify either a constant value of

Poisson’s ratio (v') or a constant value of shear modulus G. If the value of v’ is
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specified, then the value of G is allowed to vary with p’ to depict the truly inelastic
behaviour of soil. In contrast, G can be speciﬁed- if a constant value of G is expected.r
In this study, the value of v’ is specified and its value has been taken as 0.25. It is
worth pointing out here that the m-a‘it.l strength of the‘MCC model is in the calculation

- of plastic strain during yielding, as opposed to the elastic strains which are calculated

for over-consolidated case. Thus for many problems and practical purposes the exact '

assumption made for elastic properties like v' and G is of only secondary importance.

In case of consolidation analysis, co-efficient of permeability values have to be
assigned. Here, the permeability in both x and y direction are obtained from the

research carried out by Siddique and Safiullah (1995) assuming that K= 1.5 Ky
Sand Parameters

The sand layer below the clay layer is analyzed using the elastic-perfectly-plastic model
with increasing value of modulus of elasticity with depth (Material property type 5 in
CRISP). For elastic perfectly plastic material type, the critical parameters that have to
be assigned are E,, C, ¢, ¥, and J. Here, E, is the modulus of elasticity at depth Y,
of soil (See the figure below). This option enables one to assign modulus of elasticity
of a certain depth and a corresponding value of the rate of increase of E. All the value
of E below the specified depth would be interpreted by the program using the specified

increase rate. The elastic Young’s modulus at any depth y is calculated by Eq. 3.4.

E=E,+my, - y) (3.4) Yo

Here, m, is the rate of increase of Young’s

modulus.

m Y

Eo
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Now, the selection of representative values of E, is very important as the analysis is
expected to be sensitive to change in values of E. Yet again, reliable data for obtaining

E value are hard to find. But in general the elastic modulus can be obtained from any

of the available test methods listed below:

1. Unconfined compression tests

2. Triaxial compression tests

3 In-situ tests :
a. ~ Standard Penetration Test (SPT)

b Cone Penetration Test (CPT)

c. Pressuremeter Test
d. Plate-load Test

4. Other available empirical formulae.

Unconfined compression tests tend to give very conservative values for E. Traxial
tests tend to improve the value of E since any confining pressure stiffens the soil so
" that a larger initial tangent modulus is obtained. According to Craw-ford and Burn
(1962) in-situ E values generally are 4 to 3 times as large as unconfined compression

test value, and 1 to 1.5 times those obtained from triaxial values.

Since the laboratory values of E, although expensive to obtain, do not represent in-situ
conditions well, SPT and CPT values are widely used to obtain (Stress-strain modulus)
E. Moreover, extensive SPT values at any depth of sand layer of soil can be readily
obtained from bore log chart and data as available from standard soil investigation
reports. It becomes a rational choice to obtain the E value from empirical formulae

using SPT value. These relations are presented below. _

E,= 18000+ 750N’ (kPa) )

E, = (15200 t0 22000) In N’  (kPa) _ (.6)
Equation (3.5) is given by D’Appolonia et al (1970) and Equation (3.6) is given by
Bowles (1989). Of the two equations, former one is' slightly conservative than its
counterpart. While taking a decision for selecting a rational E value, it should be kept
in mind that the measurement of SPT value itself is conservative. Thus, the D’

Appolonia equation can be used with confidence. If the strain measurement can be

done in much finer scale, then the value of initial tangent modulus of stress-strain
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curves in triaxial test tend to assume a value much greater than what can be obtained
from conventional test method. In this respect Iwasaki and Tatsuoka (1977) put
forward an equation for calculating G value using in-situ void ratio and p’. They
established empirical equations.for shear modulus G (kg/cm?) as

2
217-
G= 700(—3)—-(])')0'5

3.7
l+e .

where p'= mean principal stress = (01+203)/3 |
The value of G or E (using v ) obtained from Eq. 3.7 gives value of E at least 2 to 3
times larger than the values calculated from Eq. 3.6. Therefore, the largest value of E
calculated from E(j. 3.6 can be used in the FE input as it still falls within the
_ conservative range. In this study, usually Eq. 3.6 has been used to calculate values of E
and sometimes engineering judgement has been applied to arrive representative input

values. But usually, somewhat smaller values than the maximum one are used.

Now, C and ¢ for saﬂd are to be assigned. These values should be obtained from
triaxial test results. Although, ¢ values could be evaluated from SPT values using

empitical equations, but in this study ¢ value and C values are obtained from triaxial

test results conducted by Yasin (1990). The SPT values tend to predict much larger
values of ¢ and are rarely reliable; so the available empirical relations between SPT and

are ¢ avoided.

Lastly, the type of yield functions may be selected from four available yield criterion,
namely 1) Von Mises, ii) Tresca, iti) Drucker - Prager and iv) Mohr-Coulomb yield
functions. The first two yield functions are usually applicable to metals. For soils, both
the Drucker-Prager or Mohr-Coulomb yield functions can be used. But as a yield
surface, Drucker-Prager has some draw backs and gives the worst fit to the data of soil

failure (Britto and Gunn, 1987). So the Mohr-Coulomb yield functions has been
selected in this study. '
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Interface Parameters

For in'terface material properties, the parametérs that are to be assigned are C, , {q ,
Kn, Gs and Gpes. The C, and ¢ values of interface element should be the C and ¢
values respectively for pile' and soil interface; not for soil itself. Thus, C; is the
adhesion between pile and soil while ¢, is the angle of friction between pile and soil.
Usually ¢, value is slightly lower than ¢ value in case of steel piles but for bored
concrete piles, the value of s is much higher and can be set to equal to ¢ (Reese et al,
1976). Thus, in this study ¢, values are set to be equal to ¢ for respective soil type,

i.e., for clay layer ¢ from clay and for sandy layer ¢ from sand have been used.

The modulus in the normal direction of the interface elements (K,) and the shear

modulus of interface element (G;) can be calculated from E and v as follows:

_ EQ1-v) , :
(1 v)(1-2v) SR
. |
GS_ 201+ v) (3-9)

If values for E and G could be obtained rationally then K, and Gy could also be easily
found, As the interface element has been implemented according to fhe thin layered
elements for interfaces and joints proposed by Desai et al (1984), the interface elastic
properties should also be assigned using the method prescribed by them. In general, the
stiffness properties of the interface elements are quite different from the properties of
the adjacent continuum elements. In this study it is assumed that the normal behaviour
of the interface elements is the same as regular soil elements; however, the shear
behaviour is quite different (Desai et al, 1984). Thus, the value of E can be
conveniently taken as the average value of the corresponding soil layer, whereas the

shear stiffness of these elements may be set to a very low value..
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The value of G, for interface can be obtained from shear test conducted between two
dissimilar materials. As this is rather expensive, in this study the value of G; has been

assumed using a very high value of v as recommended by Jayatheran (1996).

The residual shear modulus, after the interface element has reached its limiting shear
value (Gres), should have a very low value as it is almost equal to zero in reality. So, in

this study, Gres has been assigned to be equal to 10 kN/mz‘arbitrarily to avert the

numerical problems which may take place if such a value is set to zero.
Pile Material '

In this study, the pile is made of reinforced concrete. The pile material has been
assumed to be isotropically elastic. Only, one critical parameter has to be assigned for
pile material. That is the modulus of elasticity of concrete (E.). It is ekpected that the
main componénts of displacement at the top of the pile is its elastic shortening. A
significant difference in displacement values would occur due to this elastic shortening.
Therefore, assigning a representative value of E. 1s very important. The value of E
can be obtained from the well known Eq. 3.10 shown below.

E.=57500f, (3.10)

If we consider 3000 psi concrete, then E. becor_nes equél to 20x10° kPa. But it is well
known that by confining a concrete in two out of three mutually perpendicular
directions, the ultimate compressive strength of the element in the third direction
increases considerably and in practice, confinement is usually passive, and provided by
steel which, due to the elongation imposed on it by the lateral expansion of concrete,
induces compressive stresses in the element ( Kinoshita et al., 1994). Figure 3.4 shows

the axial stress-strain ralationship obtained from the research carried out by Kinoshita
et al. (1994) for a particular mix of concrete with Cylindar strength (f.") equal to 33
MPa when passive confinement of different thickness have been used. It is clear fron
thé Fig. 3.4 that the ultimate stregth of concrete increases many times than the normal

cylinder strength when passive confinement is used. As the pile being analyzed has
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been constructed using spiral tie bars which is an effective form of passive

.confinement, the value of E, is sure to increase considerably according to the Eq.

3.10. In fight of this understanding, the value of E_ has been used, although still

underestimated, as 30x10° kPa for 3000 psi concrete.

Tables 3.2, 3.3, 3.4 and 3.5 represent all the material properties used for pile A in this

model in the light of previous discussions.

Table 3.2 Soil parameters for Clay layer (Pile A)

Sail

Depth Zone K A €cs \Y; Y bulk Kx Ky
(m) Type number M &N/ | mfs) | (m/s)
0-3.3 | Clay above 6 1001875 0075 [ 081 [0898 [ 025 135 | 8E-10 [ 53E-10

Ww.T
3.3-8.3 | Clay below 1 [0.01875] 0075 [ 081 | 0898 [ 025 | 19.0 | 8E-10 | 53E-10
W.T. :
Table 3.3 Soil parameters for Sand layer (Pile A)
Rate
Depth | Zone E, C Y, K. | Ky | my
@ | N aonmy |V (KN/m®) (deg)ree) (m) (kﬁ’;".'}) (@/s) | (mis) | (Nrm')fm
8.33-343 2 - 50E3 ]06.25 0 3] 283 | 195 | 5E4 | 3E4 2.E3
Table 3.4 Interface element parameters (Pile A) )
Depth (m) | Zone Number C ¢ K, G, Gres
(Nm') | (degree) | (N/m’) | (kN/m?) | (kN/m?)
0-8.33 4 5 23 2334E4 | 1.0]1 E4 10
8.33-193 5 0 3 54.90 E4 21E4 10
Table 3.5 Parameters for Pile Material (Pile A)
*) | ZoneN
E (kN/m°) one Number v Youlk
(kN/m®)
30E6 3 0.20 235
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3.3.2 In-Situ Stresses

The satisfactory performénce of the FE model depends heavily on the accurate use of

in-situ stresses which vary from point to point in the soil. The in-sifu stresses that are
to be assigned in the present model are Gy, Gy', U, and p’c for the entire region of the

mesh. The parameter p’c, which is the isotropic preconsolidation pressure, is only
needed for those zones of the mesh where the Cam-clay models are used. CRISP uses
this information to calculate the initial value of void ratio (€,) over those zones as well
as the size of the yield locus. For Cam-clay analysis it is important to try to establish
the in-situ stress state as accurately as possible. This is because the displacements

predicted by an analysis are quite sensitive to the amount of elastic (over-consolidated)

/ plastic straining that takes place.

To determine these in-situ stresses, an empirical method based on the data
accumulated by Wroth (1975) has been used in this study. /n-situ stresses can be
specified in every integration point for each element and it could also be specified for
certain horizontal layers when in-sifu stresses for each element is interpblated from the
given set of reference points reﬁresenting layers. In this study, the second option has

been used as this is much easier to specify and is accurate as well:
The basic steps in calculating in-sifu stresses using Wroth’s method has been
summarized with an example in Appendix A.

The detailed in-situ stresses for pile A are shown in Table 3.6.

Table 3.6. In-situ Stresses for different layers (Pile A)

Depth (m) | &' (kN/m®) | Oy (kN/m?) | Up (N/m?) | p.’ (kN/m’)
0-3.3 44.55 27.143 0.0 44.35
3.3-83 8555 54.56 50.0 89.145
8.3-343 336.55 163.215 3100 - 0.0
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The user has to specify external loading (pressure loading along the boundary) and self
weight loading (due to body force) which is in equilibrium with ir-situ stresses. The
- zero displacement béundary conditions has fo be specified along the boundary that is
supﬁorted (or restrained). In specifying these conditions the user must consider the
entire boundary of mesh and ensure that along éﬂy part of the boundary which is
" loaded (i.e. not free of stress) either the pressure loading or the restrain has to be
spéciﬁed. This spéciﬁed loading or boundary condition is expected to be in equilibrium

with the in-situ stresses.

In this study, the mesh boundary fixities have been assigned in such a way that the
vertical boundaries are restrained for displacement in x-direction and the horizontal

bottom boundary is restrained for displacement in y-direction as shown in Fig. 3.5.

<

N <

AN

Fig 3.5 Boundary conditions for the mesh

It should be noted that any displacement fixities only need to be specified once either at
the in-situ stage (in the presence of in-situ stresses) or in the stage when loading are
specified in the first increment block of loading. Once specified, these zero
displacement (or pore pressure fixities) remain‘in effect during the rest of the analysis.

Therefore, these need not be re-specified for each and every increment block.
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3.3.3 Loading

When a non-linear or consolidation analysis is perfonned using CRISP, it is necessary
to divide either the loading or the time span of the analysis (or both if there is .
consolidation with non-linear material properties) into a number of increments. Thus if
a total stress of 20 kPa is applied to part of the boundary of the finite element mesh, it
might be divided into ten equhl increments of 2 kPa, each of which is applied in turn.
"The total number of increments that are necessary will vary from problem to problem,
but in general about 50 increments would be required in a drained or undrained
analysis using one of the Cam-clay models which goes as far as collapse. CRISP
calculates the incremental displacerhents for each increment using a tangent stiffness
approach, i.e. the current stiffness properties are based on the stress at the start of each
increment. While it is desirable to use as many increments as possible to obtain
accurate results, the escalating computer costs that this entails will inevitably mean that

some compromise is made between accuracy and cost. The recommended way of
| reviewing the results to determine whether enough increments have been used in an
* analysis is to examine the values of yield ratio (YR) at each integration point. When
plastic hardening is taking place the value of YR gives the ratio of the size of yield
locus following the increment to the size before the increment. Thus a value of 1.10
means that fhe yield locus has grown in size by 10%. Values of about 1.02 (0.98, if
softening) are generally regarded as leading to sufficiently accurate calculations. If
values greater than 1.05 (less than 0.95, if softening) are obtained, then the size of the
load increments should be reduced. When one of the Cam-clay models is softening (i.e.

 yielding dry of critical), smaller increments (than the size suggested by the above

discussion) may be necessary.

The time intervals for consolidation analysis (DTIME) should be chosen after giving

consideration to the following factors:

i) The amount of pore pressure dissipation expected within the time step;
it) In a non-linear analysis the increments of effective stress must not be too large

(i.e. the same criteria apply as for a drained or undrained analysis);
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i) Itis a good idea to use the same number of increments in each log cycle of time
(thus for linear elastic analysis the same number of time increments would be used in
carrying the analysis forward from one day to ten days as from ten days to one hundred
days). Not less than three time steps should be used per log cycle of time (for a log
base of ten). Thus a suitable scheme mith be as follows:

Increment no. DTIME Total time

1 1 1

2 1 2

3 3 5

4 5 10
5 10 20

6 30 50

7 50 100
8 100 1200
9 300 500

10 " 500 1000

This scheme would be modified slightly near the start and end of an analysis (see
below); 7

iv) If a very small time increment is used near the start of the analysis then the
finite element equations might become ill-conditioned. '

v) When a change in pore pressure boundary condition is applied the associated
time step should be large enough to allow the effect of consolidation to be experienced
by those nodes in the mesh with excess pore pressure variables that are close to the
boundary. If this is not done then the solution may predict excess pore pressures that

-show oscillations (both in time and in space).

The application of step no. v will often mean that the true undrained response will not
be captured in the solution. The following procedure, however, usually leads to
satisfactory results;

(a) Loads applied in the first increment (for the first few increments for a non-
linear analysis); however pore pressure boundary conditions are not to be introduced,
(b)  Excess pore pressure boundary conditions are introduced in the increment

following the application of the loads.
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In this study (in all the analysis for piles), loading has been applied in a number of
incremental blocks as pressure load at the top of the first pile element. This pressure is
equal to the external load on pile top divided By the cross-sectional area of pile. In
consolidation analysis, time increments have been chosen in-line with the actual the pile
load-test which is to be simulated during the investigation. In the following chapter, an
extensive comparative study will be carried out to ascertain the loading rate that

should be used to have the rational result from this model.

In case of consolidation analysis, the pore pressure fixities have to be assigned after the
first incremental block as this has not been assigned in the in-situ stage. The top
surface of the mesh has been considered to be zero excess pore pressure boundary in
this case. The CRISP rﬂanual contains an elaborate explanation on the methodology of

applying loading and boundary conditions that are needed to be followed.

Finally, a complete input data for both geometry and main part of the model has been

presented in Appendix-B for reference.
3.4 USE OF THE MODEL IN UNDERSTANDING REAL PILE BEHAVIOUR

After the input parameters have been fixed, a-consolidation analysis with the same time
increment as used in the load test has been performed for pile A. In running the final
analysis, the mesh configuration used is obtained from an extensive parametric study
(Chapter 4). Loading increment and size of interface elements also have been obtained
from those parametric studies. When all the geometry and element parameters along
with material properties have been selected rationally, then the final model has been put
to final run: This section deals with a thorough comparison of the actual pile load with

response obtained from soil-structure interaction analysis.
3.4.1 Load-Displacement Response

The predicted load-displacement respohse obtained from the FE run using

consolidation analysis is presented in Fig. 3.6 along with load displacement curve
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obtained from pile load-test conducted on pile A. It shows that the predicted load
displacement curve resembles the load-test curve reasonably. Although the actual load-
test curve shows less displacement than its numerical counterpart, this prediction could
be considered as an acceptable prediction from the engineering point of view. This
higher FE displacement prediction is, however, quite natural and expected keeping in
mind that various material properties selected actually wére on the somewhat

conservative side. Accordingly, the prediction is on the safer side.

Looking carefully into the causes for this extra displacement, one can easily find that
some critical parameters that were assigned conservative values in the input. Firstly,
the actual ini_tial,tangent of the stress-strain plot giving the modulus of elasticity of soil
is much greater than the vzilue found from traditional triaxial testing. Here the angle of
internal friction of soil has also been selected conservatively. The actual soil profile
consists of many layers. In the present study, the adopted soil profile has been
simplified to have only two layers, the clay layer with uniform properties and the sand
Iéyer with increasing E with depth. Whereas the Dhaka soil is actually preconsolidated,
the presently adopted assumption of normally consolidated behavicur invariably.
predicted less in-sifu stresses which may result in substantial increase in displacements.
Above all, there are several parameters that are to be determined from laboratory
testing at almost every meter of dgpth of soil for at least for 35 m depth, in order to
faithfully preparé input data so that closer prediction of tﬁe actual pile load test could
be achieved. However, for all practical purposes and after considering the variability of
various parameters as well as cost involved, it is neither warranted nor possible to have

an all encompassing match between physical and numerical tests.

It can be further noted here that the actual in-situ pore-water distribution for the whole
soil depth concerned has to be found out and used for accurate prediction of
consolidation settlement. Presently, the in-situ pore pressure has been assumed to be
the same as static head distribution, i.e. linear increase of pore-pressure from water
table. But actual pore pressure distribution may be quite different from the assumed

profile. This would certainly affect the prediction.
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In view of all these it can be stated that the presently demonstrated numerical
prediction matches the real response reasonably well. The displacements predicted may
be large, but the failure load, the load at which considerable non-linear displacement

occurs, seems to match the actual value well. The overall trend of both curves are

similar too.

The elastic shortening of pile itself is a considerable part of the total displacement at
the top of the pile. If the Figure 3.7 which shows the load displacement curve at the
pile tip is looked at, it becomes clear that the difference between displacement at pile
tip and pile top for a particular load is considerable and is equal to the elastic
shortening of the pile _material. Here, Pile A is a concrete pile with closely space spiral
confinement. 1t has been found (Kinoshita et al., 1994) that the strength of concrete
(also the elastic modulus) increases significantly when subjected to confinement, both
active and passive. It can increase even upto 4 to 5 times than the values of uniaxial

compressive strength of concrete. Hence, the pile used in this study has much greater
E. valu.e than the value used due to possibie confinement of concrete and this would
certainly account for much of the differences in displacement observed in Fig. 3.7. Had
the value of E. been increased, the curve of displacemént at pile top would have

moved leftwise and better correlation with the pile load test would have been

obtained.
3.4.2, Pile load transfer

The predicted load transfer éharacteristics for pile A is shown in Fig. 3.8(a). Also, the
propagation of slippage for different loads have been shown in Fig. 3.8(b). Figure
3.8(a) shows that the load transfer in sand layer is much higher than clay layer, as
expected. Almost all the loads are tfansferred to the soil by interface shear and a very
small portion of the applied load is resisted by the pile tip. This signifies that a major
portion of pile load is transferred through frictional resistance. Thus, the condition in
which both frictional resistance and tip bearing resistance would be attained has not

reached in the case studied.
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Figure 3.8(b) depicts the slippage zone and its propagation with increasing load. First
slippage occurs after more than 1100 kN of load and it starts in the beginning of the
~ sand layer rather than the clay layer. With increasing load, the slippage moves both
upward and downward upto 2030 kN load when almost all other.zones show slippage.
There is also some slippage near the pile tip. One thing should be noticed here that the
initial clay layers which is above the water table has not slipped at all, as the effective
in-situ stress is relatively greater here thaﬂ the cl-ay layer below the water table. So, the

shear stresses developed in the interface of this layer have not reached its capacity.

The reason for starting of slippage first in the sand layer rather than in clay layer lies in

the interface shear resisting properties of the two layers. In clay layer there is adhesion
(Ca) with friction (¢) which resist shear, but in sand layer only frictional shear

resistance comes into action. As a result, the shear capacity in the interface between

pile and sand layer starts to reach limiting state first.

The interfac_e element is formulated in such a way that it controls the slippage and the
- load transfer. Figure 3.9(a) shows the shear stress distribution of interface elements
along the pile shaﬁ. It is observed that the shear-stress in interface elements start to
reach limiting value first at 1120 kN of load as was shown in Fig. 3.8(b) too. With
increasing load, these shear stresses reach limiting values gradually along the shaft
depth of pile in sand layer. When 1540 kN load is applied, the shear stress of the whole

depth seem to reach limit and after that load, the shear stresses do not increase

considerably.

If the shear stress distribution of soil elements adjacent to interfaces is looked at in Fig.
3.9(b), it is clear that these soil elements have shear ‘stresses varying in the same
manner as in the interface elements. When the shear stresses in interface reaches their

limiting state, the shear stresses in adjacent soil elements does not increase any more.

The shear stress contours for 560 kN, 1560 kN and 2030 kN are shown in Figures.

3.10(a), (b) and (c) respectively. All these plots show that the maximum shear stresses

develop near the shaft of pile with a tendency of shear stress concentration near the
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pile tip. As the pile transfers load predominantly as friction along the shaft, this pattern
of shear stress contours is quite expected. When the tip resistance would be significant,
only then maximum shear would occur below the pile tip. Besides, the contours seem

to become uniformly varying in the sand layer as sand layer has greater shear strength.

3.4.3. Pore water pressure

The excess pore water pressure developed and their diésipation with time for different
depth in clay layer are shown in Figures. 3.11(a), (b) and (c). For fhe time span shown,
as used in pile load test, it is evideﬁt that very insignificant excess pore pressure has
been dissipated. Hence, the subsequent displacement due to consolidation is very
nominal as compared to the immediate displacement which is also the case in actual
load test. For the three depth selected in these plots, 4 m and 8 m depth show more
excess pore pressure dissipation than for 6 m depth. This is so because the other two
depths are near the drained boundaries.- But depth of 6 m is deep in the clay layer, so it

is taking much greater time than the other two to dissipate the excess pore pressure.

. Figufes 3.12(a), (b) and (c) show the diséipation of pore pressure with radial distance
from pile shaft center for all three depths discussed earlier. These figures indicate that
significant pore pressure increase due to loading take place near the pile shaft. Some
distance aw:cly from it, the pore water pressures assume in-situ value again. This
confirms that the consolidation settlements are concentrated only close to the pile and

it is insignificant some distance away from the pile.
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CHAPTER 4

ESTABLISHMENT OF A METHODOLOGY FOR DETERMINING MESH
PARAMETERS OF SOIL-STRUCTURE INTERACTION SYSTEM

4.1 INTRODUCTION

For any finite element analysis pertaining to soil-structure interaction study, the
configuration of mesh has considérable influence on the subsequent predictions.
Ideally, infinitely extending fine mesh gives accurate predictions when compared with
coarser as well as not to extended mesh. But increase in computing time and very little
improvement achieved due to this refinement make such exercise less attractive.
. Therefore, a pragmatic, yet sufficiently refined mesh configuration has to be found out
for satisfactory predictioﬁs. Jayatheran (1996) have suggested parameters for selecting
reasonable mesh configurations as applicable to the soil-structure analysis, with special
reference to piles. In ‘this chapter, an extensive comparative study on mesh
configuration, with respect to deep (pile) foundation, is presented. T'his sfudy has been
carried out in order to arrive at a more objective mesh conﬁguratioﬁ as applicable to
Dhaka-soil. The study circles around pile foundations mainly because reliable data of
load-tests performed on full scale bored piles cast-in-situ in Dhaka soil were available.
More importantly, it was thought that the detailed nature of soil strata of Dhaka soil
can be best incorporated into the mesh by studying the interaction of pile with soil,
both extending to a considerable amount to soil. It is believed that the adopted
methodology as well as the sensitivity of various mesh parameters as understood from

this chapter will also give some guidelines for the study of other interaction problems.

| 4.2 DETERMINATION OF VARIOUS PARAMETERS OF MESH
CONFIGURATION .

4.2.1 Scheme

Several parameters play important roles for sati‘sfactory performance of any finite

element idealizations. Their degree of importance also depends on the objective and
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type of system on which. the analysis is carried out. In this study, seven very crucial
parameters are selected (see Fig. 4.1). The parameters are, the radial extent of mesh
from the pile edge (C;); the vertical extent of mesh from pile tip (C;); the rate of
change of element size with horizontal distance from pile edge and vertical distance
from pile tip (In;), the loading rate (L.;); the number of elements along the pile length
and its interface with soil (N1); the number of elements withiﬁ a distance of twice the-

diameter of pile from pile tip (Nz) and the thickness of interface element (T;).

Usually triangular elements are used as a transition from fine to coarse mesh. However,
in the present study tnangular elements have not been adopted for such practice. This

. allowed the fixing of the parameter m,, which relates the dimensions of various

elements of the FE mesh. Once the sensitivity of this parameter (Imy) is sorted out from
this study, it would act as a criterion for selecting the distance from pile where
triangular element could be used as a measure of transition from small- to large-sized
elements. Besides, modern Iday computers, with enormous mexﬁory and speed, pose
lesser problem in running time and cost as they used to do in the past. Therefore, a

gradual increase of quadrilateral element dimensions without using tnangular element

is justifiable.

Although the element dimensions are increasing with distance from the pile edge or tip,
the sizes of the elements along the pile length have been considered to be constant as it
is a good practice to keép the dimensions of all the elements that connects the interface
elements, constant ( Jayatheran, 1996). Moreover, the high stressed zone such as the
zone near the pile tip shou_ld have very finer mesh. The size of the elements within a
radial distance of 2D have been kept to a smaller and constant dimension following the

guidelines of Jayatheran (1996).

The thickness of interface elements have been selected using the criteria of t/b ratio
within 0.01 to 0.1 as suggested by Desai (1984). Again, the rate of load increment has
a significant effect on incremental finite element analysis. The rate of load increment is l

selected in such a way that the yield ratio (YR) be within 0.95 to 1.05. Larger
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increments are used for linear portion of analysis and finer increments are used for non

linear portion of analysis.

Drained analysis has been done for all the cases investigated here to fix mesh
configuration. As it is expected that the impacts of various parameters.in shapiﬂg the
mesh may not be dependent on the type of analysis - drained or undrained. Drained
analysis has been performed which is very pragmatic for sandy soil and predicts larger
displacement (i.e. conservative response) than any other analysis for clayey soil.
Finally, consolidation ‘an'alysis has been performed on the mesh configured following
_the guidelines as obtained from this study by drained analysis. The effect of time

~ increment is also investigated and selected sub;sequently in the final- consolidation

analysis.

The pile used in this study has a length of 19.3 m and diameter of 0.504 m. The site in
- which the pile is bored is Senakallayan Bhaban site for which case, extensive soil and
pile load test data were available. The various relevant soil and pile material parameters

for this pile (Pile A) have been listed in Tables 3 2,33,34,35,36andinFig. 3.1.

4.2.2 Determimition of C,;

The lateral extent of mesh (C,) is a very important parameter. To investigate the effect
of the variation of C; on the accuracy of analysis, other parameters have to be kept

unchanged. Table 4.1 shows the values of various parameters used in this study for

determining C,. .

Table 4.1 Parameters used in fixing C,

m, C C; L; N, Nz T;
(m/element) (m) (m) : (m)
5
0.25 ig L, .
0.5 20 12 (see Fig, 20 2 0.05
1 75 4.2 for
30 detail)
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Firstly, the effect of variation of C, in the load-displacement curve is investigated
which is shown in Fig. 4.3. It shows that for all values of C; other than for C, equal to
5mand 10 m, the loéd-displacemer_lt curves have very insignificant or no difference.
For C, equal to 10 m, the curve deviates from the others slightly and for C, equal to 5
m, the curve deéviates considerably from the convergent group. Therefore, as far as
load-displacement beﬁaviour is concerned, a value of 15 m for C, may be considered to

. be an acceptable value for predictions without impairing accuracy.

For understanding of the effect of C, bettei‘, it is understood that the radial boundary of
a mesh has to be extended upto that point where stress caused by load on pile top
becomes very.negligible. In view of this understanding, a new parameter of stress

which represents the overall stress conditions of any element has been introduced. This

1s called the Stress-norm ( Gsn ) which can be calculated as follows:

Y002 + (o) + (o) +(x )

(Osn)i =

4.1)

Where,

(Osn)i = stress-norm of element i , ‘
Ox = normal stress of element i in x direction caused by extra load on pile top only
Oy = normal stress of element i in y direction caused by extra load on pile top only
G = normal stress of element i in z direction caused by extra load on pile top only
Txy = shear stress of element i in xy plane caused by extra load on pile top only

Here all the stresses have been calculated by subtracting the.co'rresponding stress

caused by in-situ stress only from the stress caused by load and im-situ stress

combined.

The oy, for every element along the boundary 1 (BD,), as shown in Fig. 4. 4 has been

calculated. These stress-norms for each element along BD; is then summed up to have
2(Osm)i. Now, this 2(Gg); for each value of C, is calculated and plotted in Fig. 4.5

for various values of my. It can be seen from Fig. 4.5 that Y.(0y,); for all elements’

along BD; decreases with increasing values of C,. It is also clear that for all values of
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m; analyzed, the trend is similar and all curves converge as C, takes larger values.
Starting from a value as high as more than 10 kN./m?, Z(csn)i reaches a value as low

as below 0.4 kN/m?. For C, ranging from 5 to 15 m, the value of 2.(G); decreases

sharply, but after that decreases very slowly with increasing C,. Therefore, the
convergence of load-displacement curves for C; equal to 15 m or greater (Fig. 4.3) is
justified as the values of E(Gsn)i for them are very insignificant. Although C; equal to
15 m gives reasonable results, C, equal to 20 m has been selected in this study as the

radial distance upto which the mesh should be extended in order to mimic the actual

soil-structure system more faithfully.

One can argue that the effect of C; on 2.(G;); may not depict the whole-picture as it
does not cater for the variation of individual element stress along BD;. To overcome
this, a plot of variation of stress-norm for each element along the line ND, (see Fig.
4.4) is given in Fig. 4.6. Here, the stress-norm of these elements are plotted along the -
y-axis while the distance of corresponding elements are plotted along x-axis. Figure 4.4
shows that the highly stressed elements are those which are within 3 to 4 m of pile tip.
For other elements along ND, , the value of stress-norm decreases very slowly with
increaéing C,. Therefore the selection of the value of C, as 20 m is justified again, as

the stress-norm becomes negligible beyond this value of C,;.

From all these comparative analyses, the value of C; has been selected to be 20 m. In
this case the value of C, equals to the length of pile (H). In the subsequent analysis, C,
has been taken to be equal to H; the ensuing findings as well as cross-checks proved

that the use of C, equal to H is justifiable in all respect.

4.2.3 Determination of C,

A comparative analysis, similar to the one undertaken for C;, has been performed in

order to fix C,. The parameters used in this exercise is presented in Table 4.2
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Table 4.2 Parameters used in analysis for fixing C;

m, 1 G C, L | Ny | Ny T
(m/element) | (m) | (m) (m)
| 5
0.25 19 |
0.5 20 | 50 lp 20 2] 00s
1 25
30

The effect of variation of C; on the load-displacement curve of pile is shown in Fig.
4.77. The figure shows that for increasing Qalﬁes of C,, the curves tend to shift
rightwélys slightly. At the region, where transition from linear state to nonlinear state
occurs, the rightward shifts are most significant. After that région, curves start
converging. From engineering point of view, the values of C; equal to 15 m, 20 m or -
25 m are equally good as they represent very little difference in the load at the onset of
significant nonlinearity. It can be expected that for very large values of C,, the load-
displacement curves will converge completely. But increase in the running time cost,
would make the use of a very large value of C; less attractive as reasonable results

could easily be obtained by using a smaller value of C,.

Figure 4.8 shows the variation of 2.(Gy,); for boundary 2 i.e. BD; (Fig. 4.4, Eq. 4.1)

with increasing value of C, As expected, the values of 2(0q); decreases
exponentially with increasing.value of C,. For values C; between 5 to 15 m, the curves
show significant decline, but after that the rate of decrease becomes sluggish and use
of a very large value of C; (say C; equal to 30 m) wbuld result in very little
improvement in the load deflection behaviour. It should be noted here that the value of
2(Os)i in the present case did not converge to an insignificant quantity as was the

case with C;.
Likewise, the stresses caused by load on pile top did not attain a negligible value in

BD; either. This explains the non-convergence of load deflection curves with

increasing C, for the range of C; used. Understandably for those values of C, when
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Z(O'S“)i for BD; would be near to zero, the load deflection curves are expected to
converge. But, drastic increase in running time and cost, yet very little tangibie benefit .

compels us to select smaller value of C;. The effect of m; on the relation of 2.(G,); of
BD; with C; has also been shown in Fig. 4.8. For all the values of m,, curves show the
same trend. But for values of m; equal to 0.5 and 0.25, they almost give the same

result at value of C; equal to 15 m or higher. Thus, although the use of m; equal to 1.0

may lead to a slightly coarser mesh, the other two values lead to reasonable mesh

refinements.

As in the case of C,, the variation of stress-norm in every elements along ND; line

(Fig. 4.4) is shown in Fig. 49. It can be seen from Fig. 4.9 that the stress-norm

declines very sharply within the first 5 m below the pile tip. After that depth, Gy
almost becomes asymptote t0 Gy, = 0 line. If the scale used in Gy, . axis is looked at, it

becomes clear that this figure does not do justice to the relative variation of Gy, with
depth from pile tip as the scale is very large when compared to the scale used in Fig.

4.6. To overcome this, the Fig. 4.9 has been blown up and is shown in Fig. 4.10. It is

_ apparent that for C, equal to 15 m or more, the values of Gsr; decreases very slowly

with increase in depth.

Therefore, from all these comparative analyses, it can be stated, admittedly tentatively,
that the use of C, equal to 3/4 H (i.e. 15 m in the present case) may lead to satisfactory

prognosis in all cases with m; equal to 0.5 or less.

Finally, the plot of G, with radial distance from pile tip, i.c. along ND; (Fig. 4.4) is

presented in Fig. 4.11 to justify both the selection of C; and C,. It clearly shows that

for C, equal to 20 m and C; equal to 15 m (the radial distance being equal to 25 rﬁ),
Osn becomes almost equal to zero. Thus there is no point in increasing the size of the

mesh as the stresses caused by load on pile fop become negligible indeed at the

boundaries of the mesh selected.
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Fig. 4.11 Variation of stress-norm with distance along ND,
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4.2.4 Determination of m,

Till now, three different values for rate of jﬁcrease of element dimension have been
investigated for fixing C, and C,. This article deals exclusively with the effect of m; on

the predicted response and a fourth value of m; has also been investigated here for

better understanding and improving confidence. Other parameters have been fixed in

the light of section 4.2.2 and 4.2 3, and they are presented in Table 4.3

Table 4.3 Parameters used in analysis for fixing m,

m, C, C; L; Ny N2 T,
(m/element) | (m) | (m) (m)
1.000
0.500
0.125

Figure 4.12 shows the effect of varying m, on load-displacement curves. It is clear
form Fig. 4.12 that for the three values of m; used in this analysis, the load-

displacement curves completely converge into one. Therefore, there is no practical

benefit in using much finer mesh than the meshes adopted in this study. However, since
the use of m; equal to 1.0 results in too high value of aspect ratio for some elements

distant from pile, for satisfactory finite element analysis a value of m; equal to 0.5

appears to be reasonable.

To have a better understanding of the effect of varying m,, the variation of stress-norm
for every element along ND, and ND,, directions (Fig. 4.4) are plotted in Fig. 4.13 and
Fig. 4.14, respectively. Both the figures show that for m; equal to 1.0, the variation of
stress-norm within 5 m of pile tip is more or less discrete and discontinuous. But for
m, equal to 0.5 and 0.25, the variation of norm is more continﬁous. Besides for m,
having a value of 1.0, the curves show clear deviation from the other two cases while

for m; equal to 0.5 or 0.25, curves reasonably 'converge into a single continuous
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Fig. 4.12 Load-displacement curves for various m,
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curve. Therefore, the selection of m; equal to 0.5 is quite reasonable as a value of m,

equal to 0.25 does not improve the trend.

There is another thing worth mentioning here. Figures 4.13 and 4.14 show that the
effect of increasing dimensions of elements is more pronounced within say 5 m of pile
tip and beyond that point, higher rate of ‘increase of mesh size can be adopted.
Therefore, it apnears to be a better approach to select smaller increase rate for first 5 m

or (H/4 in the present case) distance from pile and a larger increase rate for elements

beyond that region.

In this analysis, the number of elements within a distance of 2D from pile tip (N3) has

been taken to equal to 2. If finer mesh is adopted in that region (say N equal to 4), the
effect of m; on load-displacemént curves may slighﬂy differ from those shown in Fig.
4.12. Here, the value of N; may be selected as 4 in some of the analyses to be carried
out later in section 4.2.7. The effect of varying m; for the case of N equal to 4 is
worth investigatirig. Figure 4.15 show the load-displacement curves fnr varying I; in
case of N equal to 4. Once again these curves converge into one curve pointing out
that the selection of m; equal to 0.5 is satisfactory. Here, even a smaller value of m; (=
0.125) has been investigated with others. It is clear that this value of m, does not

improve the practical aspect of the analysis a bit.

This nonchalancy of load deflection behaviour with variation of my is quite expected as

the dimension of element along interface is unchanged and a finer mesh is used in the

regionwithin 2D of pile tip. Only the dimension of elements which are away from pile
for at least 2D are changing with varying m; and those elements happen to be in the

low stress zone. Therefore, the variation of m; is not sensitive enough as long as the

aspect ratio be within reasonable limits. After all these analysis, the value of m; has

been selected to be 0.5 or equal (the diameter, D) of the pile.
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4,2.5 Determination of load increment, L;

Load-increment is very important in nonlinear finite element analysis. This analysis uses
incremental loading method rather than iterative loading method which makes the
selection of proper loading-increment even more important. The CRISP manual says
that for accurate analysis, the loading increment should be ‘selected in a way so as to

keep the yield ratio (YR) within 0.95 to 1.05.

~,
In the present analysis, six different load-increments are investigated and the load-
increments are reduced gradually using the understanding gained from the previous

higher load increment analysis. Other parameters used here are presented in Table 4.4.

Table 4.4 Parameters used in analysis for fixing Li

C | C | L N, | N; Ti
(m) | (m) ‘ (m)
L;,L;
Li,L,
20 15 L.Le . 20 2 0.05
(see Fig. 4.16 and 4.17)

The load-displacement curves for different load-increment ratios are shown in Fig.
4.18. 1t can be stated from the figure that'for the linear portion of load-displacement
curves the size of load incrementé do not have any effect. But, as expected, in the non-
linear portion of the curves, displacements at the pile tip for any particular load
increases with decreasing load-increment sizes. The load-increment rate, L, had been
being used for the all previous analysis. For L;, the increment size upto 1500 kN load
is high (@ 100 kN/load step), but for L; and L,, the increment size upto 1200 kN is
high (@ 100 kN/load step), but the increment size from 1200 to 1500 kN is
considerably low (@ 30 kN/load step). In spite of this decrease in increment size, the
load deflection behaviour for all the cases of L;, L, and L4 are identical in l~inear

portion of curves which signifies that there is no need to lower the increment size upto

1500 kN.
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1, Load Range ( kN ) | Increment size (kN) | No of increment
0-1500 100 15
L, 1500-1800 20 15
1800-2000 10 20
0-1200 100 12
1200-1500 30 10
| 1500-1700 20 10
1700-1900 10 20
1900-2000 5 20
_ 0-1500 100 15
Ls 1500-1800 30 10
_1800-2000 20 10
2000 [
L 1500
0
a
d 1000}
(kN)
500 |
0 —
10 0 10 20 50 60 70 80

No of Increments

Fig. 416 Load Increment Rate L, 1.; and L;
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L; | Load Range ( kN ) | Increment size (kN) | No of increment
0-1200 100 12
1200-1500 30 10
La 1500-1650 15 10
1650-1800 10 15
1800-2000 5 40
Ls 0-1500 100 15
' 1500-2000 5 100
Le 0-1500 100 15
1500-2000 2.5 200
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Fig.4:17 Load Increment Rate L4, Lsand Ls
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With this understanding, the load increment size for Ls and Lg are selected which use
high increment size upto 1500 kN load and very low increment size for rest of the 7
load. As expected, the load-displacement curve for the case of Ls shift rightway further
from the case of L, due to the presence of increment size as low as 5 kN. For the case
of Ls, the increment size is lowered even further to 2.5 kN after the application of
1500 kN load. The load-displacement curve for the case of Ls traces the curve for Ls
upto 1990 kN load and after that, the former curve shifts rightways a little caﬁsing
more tip displacement for the 2000 kN applied load.

If the trend of all curves are observed in Fig. 4.18, a realistic and reasonably accurate
load increment rate can be suggested. For 0 to 1500 kN load, an increment size of 100
is acceptable. Then for 1500 to 1900 load, an increment size of 5 kN and for 1900 to
2000 kN load, an increment size of 2.5 kN can be selected. But if running time is of

less impértance, then the load-increment rate of L may be used.
Although load-increment rate of L, is used for all subsequent analyses in this chapter, a
new loading rate L; would be used in the final consolidation analysis. The selected

loading rate L 1s shown in Table 4.5

Table 4.5 Load-increment Rate , L,

L Load Range Increment No of
(kN) Size Increment
0-1500 100 15
L, 1500-1900 5 80
1900-2000 25 40

It should be noted that the suitable load increment rate varies from problem to problem
as the commencement of nontinearity in load-displacement behaviour depends on many
factors including the soil type in which the pile is bored. Therefore, the load-increment
rate should be determined individually for every problem keeping the yield ratio (YR)
within the specific limit.
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Fig. 4.18 Load-displacement curves for various loading rates
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4.2.6 Determinatim_l of N;

The size of elements connecting interface elements should be equal as otherwise, it
would be difficult, in the present case, to keep the aspect ratio of interface elements
within specified limit (Desai et al,1984). In this analysis, it has been tried to keep the
size of elements adjacent to interface elements constant and subsequently, vertical
dimension of all elements within the soil surface and pile tip have been kept constant.

Here N is the number of these equal length elements along the pile length.

All other parameters fixed in previous articles and used in this comparative study are

presented in Table 4.6 along with the different values of N.l used here.

Table 4.6 Parﬁmeters used in the analysis for fixing N,

m, C . 0 ' T;
(m/element) | (m) (m) L N, N; (m)
: : 12
0.5 20 15 Ly 16 2 0.05
20
40

The effect of the variation of N; on load-displacement behaviour is investigated and
shown in Fig. 4.19. It can be seen from Fig. 4.19 that the increase of the number of
elements along pile shaft over 20 does not produce any benefit as both the curves for
N equal to 20 and 40 almost converge to one. Other lower values of N; such as N,
equal to 16 or 12, produce gradual deviation from the converged group, as expected.

But these deviations are small enough to be of any tangible significance.

One should notice that the effect of the variation of N, as investigated in Fig. 4.19
dealt with tip displacement of pile and did not cater for elastic shortening of the pile
itself. To incorporate this effect, curves of load vs. displacement at pile top have been
plotted for different values of N, and presented in Fig. 4.20. This figure shows an

interesting effect of N; on the displacement at pile top. In Fig. 4.19, the displacement
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Fig. 4.19 Load-displacement (tip) curves for various N,
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Fig. 4.20 load-displacement (top) curves for various N,
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at piie tip was seen to increase with decreasing values of N; and this increase was
concentrated only in the nonlinear portion of the load-displacement curves. In contrast,
Fig. 4.20 shows that the displacement at pile top decreases lower values of N; and this
trend has been observed throughout. Again, the curves for N; equal to 20 and 40

converge into one.

Quite amusing it may seem but it can be explained and this phenomenon is expected
too. When the number of elements along the pile shaft is decreased, i.e., the vertical
dimension of these elements are increased, then not only the size of soil elements are
increased but also the size of elements of the pile itself are increased as they are also
adjacent to interface elements. As the size of pile elements are increased, the p‘ile
becomes stiffer due to larger distances between Gauss points, and the elastic deflection
of pile becomes less; producing more displacement in soil below it. Moreover, the
displacement in pile elements are mainly elastic displacement as the pile is assumed to
be made of linear elastic material (concrete in this case). Thus, the effect of the
increased size of pile elements is expected to be observed in the linear portion of the

load-displacement curves which is also evident from Fig. 4.20.

It can be stated that the use of the value of N; equal to 20 is adequate for all practical
purposes as increased number does not bring any difference. However, if the number
of elements in the region within twice the diameter of pile tip (N) is increased as it
would be the case in the next sect_ion, then the selection of N; may have to be reviewed
giving due consideration to aspect ratio. Keeping this view in mind, a study has been
done with a increased value of N;. For this increased value of N, (N;=4), the effect of
increase in the value of N; on the lbad-displacement response has been shown in Fig.
'4.21. This figure shows that, with increased N,, the load-displacement curves for
increasing value of N; produce some deviation from each other and they do not form a
single line as was the case for N; equal. to 2. But once again, the deviations or
-improvements in the value of N, above 20 are insignificant from practical point of

view. As the increase in the value of N, increases the running time, such an increase is

not obligatory.
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" From all these extensive analyses, it can be concluded that the value of Ny may be set

at 20 (i.e..H/2D as put in the present case).
4.2.7 Determination of N,

Much importance should be given to the dimension of elements near the pile tip as this
is the highly stressed zone of a pile. The radial extent of this high stress zone, for which
element dimensions should be smaller, has been fixed at twice the diameter of the pile
(2D) in any direction from pile tip. as shown in Fig. 4.1. The role of the number of
elements (or the size of elements) in-this zone have been investigated in this section.

The other parameters used here are presented in Table 4.7 along with different values

Of Nz.

Table 4.7 Parameters used in analysis for fixing N,

m; C G T;
(m/element) { (M) | (m) | Li |- N Nz (m)
2
0.5 20 15 L, 20 3 0.05
' 4

Three different values of N, have been investigated in this study. ‘Much larger numbers
are not used due to the problem associated with aspect ratio of these elements. Figure
422 shows the effect of varying N, on load-displacemfent behaviour. It can be seen
form the plot that an increase in the value of N; predicts more deflections, as expeéted.
But the plots do tend to come together for greater values of Nz. The use of value of N,
greater than 4 is expected to produce no benefit and they would make the aspect ratio
of elements along pile much greater than they should be.l Therefore, the number of
elements within 2D distance from pile tip has been selected to be 4 i.e. the dimension

of these elements are equal to D/2.

In order to investigate whether the high-stressed zone with denser mesh should be

extended below the pile tip beyond 2D, a study has been undertaken. In addition to the
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Fig. 4.22 Load-displacement curves for various N,
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previously studied case (case 1 in Fig. 4.23), a re-run by varying the vertical extent of
critical zone from 2D to 3D (case 2 in Fig. 4.23) has been performed. |

P P

1 I

1 1

[+ [+
2D 2D
2D .

2D 2D

Case 1 . | Case 2

Fig 4.23 Different extent of high-stressed zone

The load- displacement responses for both cases 1 and 2 (shown in Fig. 4.24) do not
show much difference. Hence, the use of N equal to 4, i.e. the size of elements in

high- stressed zone equal to D/2 is acceptable.
4.2.8 Determination of T;

" The selection of thickness of interface element, T; is just as important as selecting the
soil. parameters in any soil-structure interaction proBlem. Again, the proponents of
" interface element have prescribed the dimension for these special elements for accurate
analysis. For the small thickness interface element proposed by Desai et. al (1984)
which has been incorporated in this study, the dimension of interface elements should

be such that T; /b ratio remains within 0.1 to 0.01. Therefore, one does not have much
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liberty in selecting T;. The value of T; used in this section aiong with all other

parameters are shown in Table 4.8.

Table 4.8 Parameters used in analysis for fixing:. - T;

m, Cl Cz I.q Nl Nz Ti
(m/element) | (M) | (m) (m)
l 0.05
0.5 20 15 L, 20 4 0.025
‘ | 0.0125

The effect of varying interface element thickness on the load-displacement behaviour
has been shown in Fig. 4.25. This load-displacement plot shows that a great deal of
deviation of behaviour occurs for T; equal to 0.025 and 0.0125 v\}ith respect to T; equal
to 0.05. However, the curves for the value of T; equal to 0.025 and 0.0125 almost

come together.

1t should be kept in mind that the smallest dimension of elements adjacent to interface
elements is D/2 (i.e. 0.25 m in this case) and the greatest being FI/2D i.e. nearly equal
to 1 m. The T; value of 0.05 m make the (T; /b) ratio for elements near pile tip equal
to 0.2 which is slightly greater than what itl should be. Hence, the. subsequent
inaccuracy. But for T; equal to 0.025, the (T; /b) ratio is 0.1, which is just about nght
and for T; equal to 0.0125, it is equal to 0.05 which is well above than necessary.

Therefore, it can be concluded that the ﬁs_e of interface thickness keeping (T; /b) ratio
within specified limit is good enough while other values not abiding by this constraint
should be avoided. But as long as the (T; /b) ratio is within 0.1 to 0.01, there s no
need to go for much fineness than necessary as these would not make much difference
to the analysis. Thus, the thickness of interface element may ber selected at 0.025 m
(which is equal to one tenth of the dimension of adjacent smallest elements).

Accordingly, the value of T; in this study has been fixed at 1/10(D/2) i.e. D/20.
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Fig4.25 Load-displacement curves for various T, '
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4.2.9 The Final Mesh Configuration

The studies described in the previous sections lead to the selection of mesh
configurations, as applicable to piles cast in Dhaka soil. Although during the present
study, data available from Sendka]layan Bh;aban site have been used, the findings may
be readily aﬁplied to other Dhaka city sites, as slight change in material properties from
site to site in Dhaka may not affect the end resutlt significantly. The findings, however,
+ are applicable to relatively long pile (H/D > Zd). These parameters which have been
selected for the final use are presented in the non-dimensional form in Table 4.9 and

also have been shown in Fig. 4.26.

Table 4.9 Final parameters of mesh configuration

m, G| G (L] N N T,

(m/element) | (m) | (m) ) (m)
D H | 075H | L, | HA2D) 4 (1/10YD/2)
' (Size=D/2)

In the subsequent studies, the finally chosen mesh configuration has been used for
comparing the physical load-test data, available from three diﬂ'erentf sites in Dhaka,
with its numerical counterpart. These analyses are expected to validate the present soil-
structure system. Although in the" previous analysis drained condition of soil was
modelled, in order to converge to a satisfactory mesh configuration quickly, as Dhaka
soil comprises both clay and sand layers, consolidation analysis with appropriate time
increment would mimic the system more realistically. Thus, consolidation analysis
would be carried out in the subsequent analyses following the mesh configuration fixed

earlier in this chapter.

4.3 COMPARISON OF PHYSICAL AND ANALYTICAL LOAD-TESTS ON
PILES

After extensive study for selecting the mesh configuration is performed and a rational

mesh configuration is chosen, it is time for cross checking the parameters obtained
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with various available pile load test results. It should be kept in mind that all the
material properties and element types used in every example have been obtained in the
way suggested in chapter 3; while the non-dimensional critical mesh dimensions

suggested in chapter 4 have been used for configuring the mesh.

43.1 Pile A

The load- displacement response of Pile A cast in Senakallayan Bhaban site has already

been shown in Fig. 3.6. The analytical load-displacement response for Pile A is quite -

satisfactory and it follows the trend of experimental curve rationally. From engineering
point of view, the extra displacement predicted by this model is insignificant and was

expected as it has already been argued in chapter 3.

4.3.2 Pile B

Now, a new pile load test data has been put to test against the soil-structure system
developed for piles. The site concerned is at Kalabagan, Dhaka (IES, 1994) and the
present pile would be designated as Pile B throughout the text. Soil exploration i.e.
bore log chart with grad'a_tion curve, unconfined compression test and (10g,,Gv,€)

curve and of course, the pile load-test data were available for Pile B.

Pile B is of 15.25 m height and 0.458 m diameter. The vanious material parameters

needed as input to the FE model are presented in Tables 4.10, 4.11, 4.12, 4.13, 4.14,
and Fig. 4.27. '

Table 4.10 Soil parameters for Clay layer (Piie B)

D(emp;h '??r:;]e nﬁlﬁx K | A € M \% Ybulk3 Kx Ky
’ (KN/m’) | (m/s) | (m/s) |
00-30 [ Clay 6 |0.015] 0075 ] 0.81 | 0.898 | 0.25 | 135 | 8E-10 | 53510 |
‘| above )
W.T . ‘
3.0-5.25 1 Clay 1 | 0015| 0075 | 081 | 0.898 | 0.25 | 19.0 | 8E-10 | 53E-10
below : .
W.T.
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Table 4.11 Soil parameters for Sand layer (Pile B)

Depth | Zone E, v c b Yo | toux | Ks | K Rate
{(m) Numbe (k_N/m2) {kN/m?) {degree) () (kN/m3) (m/s) | (m/s) m,
r - : (kN/m?)m
5.25- 2 450E3 | .25 0 35 20.25 19.5 S5E-4 | 3E-4 3.5E3
25.25

Table 4.12 Interface element parameters (Pile B)

Depth (m) Zone C ¢ K, G, Gres
Number (kKN/m?) | (degree) (KN/m?) | (kN/m?%) | (kN/m?)

0-5.25 4 5 23 2334E4 | 1.01 E4 10

5.25-15.25 5 .0 35 540F4 | 21E4 | 10

Table 4.13 Parameters for Pile Materia! ( Pile B )

- _
E (kN/m?) | Zone Number | , Vulk
‘ (kN/m’)
30 E6 3 0.20 235

Table 4.14 In Situ Stresses for different in situ layers ( Pile B )

Depth (m) | o, (kN/m?) | oy (kN/m”) | Uy (kN/m’) | P’ (kN/m?)

0-3.0 40.50 24.675 | 0.0 40.32

3.0-5.25 60.75 37.013 225 _ 60.48
5.25-25.25 250.75 121.604 222.50 00.00

Table 4.15 Parameters of mesh configuration (Pile B)

m, C, C, Ni | Nz T
m/element | (M) (m) i . (m)
0.5 15 11.25 | 20 4 0.025
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A consolidation analysis has been performed for Pile B with the same time increment
as was the case during the actual pile load-test. The load-displacement response
predicted by this model for Pile B is presented in Fig. 4.28. 1t shows clearly that the

predicted curve simulate the real behaviour satisfactorily.

As for Pile A, the predicted displacement 1s slightly greater than the actual value. But,
as long as it is on the safer side and the trend of the predicted values follows the real
one well, the response can be considered as passable. Besides, the load at which
nonlinearity commences, which, in return may be taken as.a basis for pile design, has

been predicted quite accurately.

In order to ‘substantiate further the use of mesh configuration based on earlier findings,
variation of stress-norm the variation of' stress norm (Gg,) with radial distance from
pile and with depth below the pile tip have been studied and given in Figs. 4.29 and
430 respectively. These plots show clearly that the selection of C; equal to 15 m (H)
and C; equal to 11.25m (3/4H) are acceptable as the values of Gy, die 6ut almost

completely for these distances.

Besides, the nature of the curves in high stress zone i.e. near the pile tip ( see Fig. 4.29
and 4.30) are smooth enough to show that the selection of m, equal to 0.5 m (D) is

also satisfactory. It should be remembered that the curves were not smooth in high

stress zone when the mesh configuration were coarser ( see Figs. 4.13 and 4.14).

Although, the selection of value for Ny, and N, could not be verified from these two
plots. it is expected that they have also been appropriately chosen as thesc parameters
were found to be not sensitive enough within certain limit as shown earlier in Figs.
4.721 and 422, One does not have much freedom in selecting interface element
thickness as this has been prescribed by Desai et. al (1984). So, justification of the

selection of T; has also not been investigated separately.
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433 PileC

The third pile is a bored pile cast at Green road, Dhaka ( UBE, 1995} and designated

as Pile C in this study. Pile C is only 11mvin length and 0.432 m in diameter. All the

- parameters have been selected, once again, in light of chapter 3 and Article 4.2 as was

done for Pile A and B. The necessary values of all parameters including material

properties and mesh configuration properties are given in Tables 4.16, 4.17, 4.18,
4.19, 4.20, 4,21 and in Fig. 4.31

Table 4.16 Soil parameters for Clay layer (Pile C)

Depth Soil Zone e M . K, K,
(m) Type | number K A o8 v .(‘kﬁ/rl:%) {m/s) (m/s)_
0-3.0 Clay 6 875E-3 | 0.035 | 0.93 { 0.898 | 0.25 13.5 8E-10 | 5.3E-10
above
: W.T
1.0-55 Clay 1 875E-3 | 0.035 {1 093 | 0.898 § 0.25 19.0 8E-10 | 5.3E-10
below :
W.T.
Table 4.17 Soil parameters for Sand layer (Pile C)
Depth | Zone E, v | C ) Y, Voulk Ke | Ky Ratc
(m) Number (kN /mZ) (degree) (m) (kN/m ) (m/s) | (ms) (kNm’)fm
5.5-19.25 2 35.0E3 | 0.25 O 35 14.25 19.5 5E-4 | 3E4 3.5E3
Table 4.18 Interface element parameters (Pile C)
Depth (m) | Zone Number C ¢ K, G, 'Gm
(kN/m°) | (degree) | (kN/mv) (kN/m”y | (kN/m*)
0-5.5 4 5 23 2334E4 | 101 E4 10
5.5-11 5 0 35 4831 E4 | 1.86 E4 10

]
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Table 4.19 Parameters for Pile Material ( Pile C )

E (kN/m%) | Zone Number v Yhulk
(kKN/m’)
30E6 3 0.20 235

Table 4.20 In Situ Stresses for different léyers (PileC)

Depth(m) | o, (kN/m®) | o (kN/m®) | U, (kN/m%) | P (kN/m’)
0-3.0 40.50 24.675 0.0 40.32
3.0-55 | 63.00 38,384 250 62.72
5.5-19.25 193.63 93.900 162.50 00.00
Table 4.21 Parameters of mesh configuration ( Pile C )
m; 1 G C; | Ny | N T,
(m/ element) { (M) | (m (m)
0.5 11 825 (13 |- 4 0.025

For Pile C, the load-displacement response is given in Fig. 4,32, The curve shows that

the predicted response is satisfactory. Figures 4.33 and 4.34, which show the variation
of G, with radial distance from pile center and depth below pile tip, manifest once

again that the selection of the values for C, C; and my are also rational. Other mesh

parameters are expected to match well too as they are not very sensitive.

4.4 REMARKS

Finally, if one tries to draw a bottom line of all these comparative studies, it can be
stated that these studies can act as guidelines for selecting reasonable values of critical

mesh parameters in any soil-structure interaction problem. Although the mesh
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configuration in this study has been fixed for the case of pile-soil system, the

methodology may well be applied to other soil-structure interaction problems.
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CHAPTER 5

REALISTIC DESIGN OF PILE FOUNDATION VIA SOIL-STRUCTURE
INTERACTION ANALYSIS

5.1 INTRODUCTION

It is a common practice in any finite element analysis to undertake a sensitivity analysis
regarding various material parameters used. The omnipresent problem of unavailability
of reliable and adequate soil parameters in any soil structure interaction problem also
stresses for sensitivity analysis of some kmd The predicted response from any finite
element analysis are expected to vary considerably with variation of some parameters,
while some other parameters may not be much sensitive. The .understanding denved
from these relative sensitiveness would surely help in determining the level of emphasis

that should be given in selection of various parameters.

This chapter aims at determining the level of sensitivity of various soil parameters and
pile dimensions on the predicted response. The failure load capacity of single pile is
investigated specially as this is the main critena in designing a pile foundation. In doing
so, some trends of failure load with variation of different parameters are observed and
these trends are used subsequently in formulating a new design rationale for the failure
load capacity of axially loaded single pile.

Many methods and formulae are available in determining the failure load capacity of
single pile. But they seldom give comparable design capacities. A review of some well
eslabliéhed methods for determining singlc pile capacity are presented below for
evaluating their relative merits and demerits when compared with the rationale

introduced in this study.
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5.2 ULTIMATE LOAD CAPACITY OF PILES

The net ultimate load capacity, P, , of a single pile is generally accepted to be equal to

the sum of the ultimate shaft and base resistance, less the weight of the pile; as given

below:

u=Psn+Pbu'w . ‘ .1
where, P, = ultimate shaft resistance

Pyu = ultimate base resistance

W = weight of pile
Theoretically, Eq. 5.1 is straight forward. But its successful use to make a prediction
of capacity which closely compares with a load test is a rare event. This discrepancy is
" mainly due to the problem in determining in-sifu parameters of soil, lateral and vertical
variabilities of soil properties, effects of installation and complexities of pile soil

interaction.

It is an implicit assumption of Eq. (5.1) that the shaft and base resistance are not
iﬁterdependent. This assumption can not be striétly correct, but it is correct enough for
practical purposes for all normally proportional piles and piers. A study ro,f load-
settlement and load transfer curves from a number of load tests indicates that the
~amount of slip to develop maximum skin or shaft resistance is of the order of 5 to 10

mm [Whitaker and Cooke (1966), Coyle and Reese (1966), AISI (1975)] and is
| relatively independent of pile diameter and embedment length, but may dgpend upon
soil parameters. Mobilization of ulﬁmatc base resistance requires a tip displacement on
the order of 10 percent of the tip diameter (D) for driven piles and upto 30 pergent of
tip diameter for _bqed piles (Bowles, 1982). So, it is highly prdbable that in the usual

range of working loads, shaft resi'stz'mce is the principal mechanism in all but the softest

soils.
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Now, the shaft resistance Py, can be expressed using the Coulomb expression for shear

stress as follows:

H

Py, = .[C"(Ca +6,K}, tand,)dz (5.2)
0

where, Cp = Pile perimeter

H = Length of pile shaft

The ultimate base resistance can be evaluated from bearing capacity theory as
Ppy = Ap(C N + 0 Ng +05YN, ) (5.3)
where Ab. = area of pile tip and
N, Ng and Ny are bearing capacity factors.
It should be kept in mind that if the undrained or short term ultimate load capacity is to
be computed, the soil parameters C, ¢ , C, and ¥ should be the values appropriate to
undrained conditions, and Gy, Gy, should be the total stresses. If the long-term or

drained load capacity is required, the soil parameters should be drained values, and

o'y, 6’y the effective vertical stresses.
5.2.1 The Shaft Resistance

. The shaft or skin resistance of piles can be evaluated by integration of the pile-soil

shear strength over the surface area of the shaft which has been shown in Eq. 5.2.

The undrained soil-pile adhesion, C,, varies considerably with many factors, including
pile type, soil type and method of installation. Many attempts have becn made to
correlate C, with undrained cohesion C,, notably Tomlinson (1957, 1970), Morgan
and Paulos (1968), McCelland (1972,1974),

For driven piles a number of methods are available. Method suggested by McCelland

(1974) and by Tomlinson (1970) are widely used in determining C, for driven piles.
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But for bored piles, the available data on C, / Cy, is not as extensive as for driven piles,
and much of the data that is available is related to London-clay. Table 5.1 gives a

summary of adhesion factors, one of which is expressed in terms of remoulded

strength, C,, as well as C,. Results obtained from Skempton (1959) and Meyerhof and -

Murdock (1953) suggest that an upper limit of C, is 96 kPa.

" Table 5.1 Adhesion factors for bored piles in clay

Soil Type Adhesion Value Reference

Factor
Ca/cu 0.25-0.7 _ Golder and Leonard (1954)

London clay Average,0.45 Tomlinson (1957)

’ Skempton (1959)
L. ) Ca/ Cr 1
Sensitive clay Golder (1957)
Highly expansive clay | C,/Cy 05

Mohan and Chandra (1961)

For piles in clayey soil, Burland (1973} discusses appropriate values of the combined

parameter 3 (B = Ky, tand,’) and demonstrated that a lower limit for this factor for

normally consolidated claSr canbe givenas ,
B=(1-sin¢')tand’ - ' (5.4)

Meyerhof (1976} also represents data that suggest similar values of B; however, there

is some data to suggest that B decreases with increasing pile length. Meyerhof also .

suggests that Ky, value for driven piles in stiff clay is about 1.5 times K,, while Ky, for

bored piles is about half the value for driven piles. For overconsolidated soils, K, can

be estimated as .

Ko =(1-sing'WOCR | (5.5)

where OCR = over consolidation ratio. |
For sand, _the values of Ky tand,’ can be evaluated on the basis of test results of Vesic
(1967) as showﬁ in Fig. 5.1(a). But for béred or jacked piles in sand, the values of Ky

tand,’ in Fig. 5.1(a) are considered to be too large and it is suggested that the values

derived form the data of Meyerhof (1976) are more appropriate for design. These

values have been shown in fig. 5.1(b).
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K, tan ¢a’

For driven piles ¢ = 3/4 ¢’ +10
For bored piles ¢ = ¢,

r - . . . . . :
Where ¢, = angle of internal fiiction prior to installation of piles

(@) K tan @, vs @ (b) values of Kgtun @y Based
(Driven Piles) on Meyerhot {1976)
3'0||i|||11r|1l 1'6‘|lll|lllll T
»s = - [ |
- - Driven A
B _&u » -GD piles /
2.0 c ] o8 g { 7 '
B 9 / _ - ){ioc}&cd
- N / ] - // piles
e P - 0-4 77 Bored
- - ,/ L~ T piles
= : | - A
N _ -
1 I T O I O [0 8 10 I O O I O A
28 33 38 43 © 30 35 40
2° @,

Fig 5.1 Values of K, tan ¢, for piles in sand
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Conventional methods of pile design assume that the vertical stresses Gy and Gy, In Eq.

5.2 and 5.3 are the effective vertical stresses caused by overburden pressure. However,
_extensive research by Vesic (1967) and Kerisel (1961) has revealed that the unit shaft
and base resistance of a pile do not necessarily increase linearly with depth, but instead

reach almost constant values beyond a certain depth. In light of this understanding, an
idealized distribution of effective vertical stress 'y with depth adjacent to a pile is
presented in Fig. 5.2(a) as suggested by Vesic (1967). Here, o, is assumed to be

equal to the overburden pressure to some critical depth, Z., beyond which &', remains

constant.

Now, Zc can be evaluated from relative density or -angle of internal friction ¢’ as
shown in Fig. 5.2(b). Besides all these, Sowers (1970) proposed values for Ky, which
are shown in Table 5.2.

Table 5.2 Earth pressure coefficient ( Ky ) for luse in pile design { Sowers, 1970)

Loose Jetted 0.5-0.75

(Di< 50%) Drilled 0.75-1.5
- Driven : 2.0-3.0
Dcnsc - Jetied 0.5-1.0

(Dp>85%) Drilled 1.0-2.0

Driven 3.0-5.0

Potyondy (1961) determined both ¢ and ¢, for sand using direct shear test in the

laboratory. Using various construction materials and sands at different densities, he

proposed the following cocflicicnts (without factor of safety) for shafl resistance of

piles, . . _
fp = ba/d | |  (56)
f, =C,/C (5.6b)
fe.mas = Ca,mas /Cmax (5.60)

The values for {y, fc-and ¢ max are presented in Table 5.3
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Fig. 5.2 (a) Simplified distribution of vertical stress adjacent to piles in sand ( Vesic, 1967)

(b) Values Z./D for piles in sand
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Table 5.3 Proposed coefficients of skin friction between soils and constructed materials

( potyondy, 1961)

Construstion material Sand Cohesionless silt Cohesive granular soil Clay
006 < D <20
mm 0.002 < D <0.06 350% Clay + 50% sand D = 0.06 mm
Cry Saturated Dry Saturated Consistency index: Consistency index:
— 1.0-0.5 1.0-0.73
L D o]
Surface finish of construction cnse ense Loose Dense
material fe A IR A A A £ A £ Somar
' Smoath Polished ~ .54 0.54 0.79 Q.40 0.68 0.40 Q.50 0.25 0.30
Steel N
:\ Rough Rusted 0.76 030 0.95 D.48 0.75 0.65 0.3% 0350 0350 080
! Parallel to grain 0.76  0.85 0.92 0.55 0.87 0.30 0.0 080 02 085
Wood 1
! At right angles to grain 088 089 0.98 0.63 0.95 0.90 040 070 Q.50 045
" Smocth  Made in iran furm 076 0.80 0.92 0.50 0.87 (.84 0.4 0.68 040 1.00
Concrete Grained  Made in wood form 0.58 0.88 .93 062 Q.94 0.90 N8 080 050 1.0
é Ruugh Made on sdjusted ground 098 Q.90 1.00 0.79 1.00 093 L.X0 NS 00 106




5.2.2 Base Resistance

-

As most of the piles in Dhaka are bored, and since all the piles considered in this study

have their bases or tips in the sand layer, Eq. 5.3 has to be modified for base re;istance
Qf sandy soils. For sands, the pile-soil adhesion C, and the term .C N. can be taken as
zero and the term 0.5yN, can be neglectgd as being small in relation to the term
involving Ng. Hence, the base resistance equation becomes:

Pou = Apo Ny 6.7
Vesic (1967) suggested that G’y should be equal to overburden pressure upto critical
depth Z, and if the base of pile is situated beyond Zc, then ¢’y would be equal to the

overburden pressure at the level of Z; (see Fig. 5.2).

Beresentsev (1961) proposed a factor ot for calculating 6'yp as follows:
Cip=ayH 658
Values of o are presented in T‘ab}e 54.
Now; it is often quite dil’ﬁcult_ to determine the appropﬁate value of Ng. Figure 5.3

shows values of Ny obtained from several field test data and using different theories

{Coyle and Castello, 1981).

Table 5.4 Reduction values (Qt) for overburden calculation ( Berensentsez, 1961)

H\B 26 30 ;i). T 20
5 0.75 0.77 0.81 0.83 0.85
10 0.62 - 067 0.73 0.76 0.79
15 0.55 0.61 0.68 0.73 0.77
20 0.49 0.57 0.65 - 0T 0.73
225 0.44 0.53 - 063 0.70 0.74
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As observed in Fig. 5.3, these values for Ng are érratic, obviously the theories on Ny _

are not in good agreement. This disagreement has been attributed to the incomplete
understanding of the true failure mechanism. Consequently, in order to predict the

actual failure pattern, various failure patterns and soil models have been proposed

(Reissner, 1924), (Meyerhof 1959). Figure 5.3 represents (in addition to the Ny

curves) some failure patterns as well.

Vesic (1967) has contributed significantly to the topic. His bearing capacity theory for

deep foundations is logical and conservative. Figure 5.4 shows the curves for
determining Nq and N as suggested by Vesic and this curve is usuaily recommended

for determining Ny in pile design.

Meyerhof (1976) proposed the curves shown in Fig. 5.5 for determining the bearing
capacity factors. When using these curves for obtaining Ng, the critical depth ratio
(L/B) obtained from them should be compared with the actual depth ratio (L/B) of the
pile (L= pile length, B = pile width).‘ If it is found that the actual depth ratio is greater

than the critical depth ratio, the total base resistance Py, should be checked using Eq

5.9.
Py =ApOywpNg < Ap(S0NgJtang kN (5.9)

Janbu (1976} proposed the following;

; 2
Ng = [tand) + 1/(l + tan? ¢)} exp(2y tan ¢) (5.10)

where \/ is the angle shown in Fig. 5.6 and  may vary from 60’ in soft soil to 105~

in dense soil.
5.3 SENSITIVITY ANALYSIS

In this sensitivity study, a model pile is considered and the variation of failure load for

this model pile with variation of different critical parameters are observed. The model
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Fig. 5.6 Position of angle Y ( Janbu, 1976 )
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pile, designated as Pile M, has the soil profile characteristics and pile dimensions

similar to the Pile A, of the Senakallayan Bhaban site. The soil profile charactéristics

of Pile M have been shown in Fig. 3.1. All other parameters for pile M are shown in

Tables 5.5,5.6,5.7,58and 5.9.

Table 5.5 Soil parameters for Clay layer (Pile M)

Depth

Soil Zone M 1 K K
K Aje v Yiuk X y
(m) Type number e | &Ny | (mis) | (fs)
0-33 Clay above 6 0.0095 } 0.038 | 0.83 | 0.898 | 0.25 13.5 8§.E-10 | 5.3E-10
: wT
3.3-8.3 | Clay above 6 0.0095 | 0.038 ] 0.83 | 0.898 | 0.25 19.0 | 8.E-10{5.3E-10
W.T.
Table 5.6 Soil parameters for Sand layer (Pile M)
Depth Zone Eo v . C ¢ Yn Ybulk Kl K)' Rate
(m)  { Number | o /N3 (kN/m”) | (degree) | (m) | (xN/m®) | (m/s) | (@fs) | my
_ © | (RNmYm
8.33-343 2 S0E3 {025 0 31 28.3 225 5.E-4 | 3. E4 2E3
Table 5.7 Interface element parameters (Pile M)
Depth (m) Zone C ) Ko K, Gres
Number | (kN/m’) | (degree) | (N/m?) | (kN/m?) | (kN/m?
" 0-8.33 5 5 23 2334E4 | 101 E4 10
8.33-19.3 6 0 31 54 .90 E4 2.1 E4 10
Table 5.8 Parameters for Pile Matenal
E , Zone Number v Ybulk
30E6 3 0.20 23.5
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Table 5.9. /n-situ Stresses for different layers'(Pile M)

Depth (m) | o, (kN/m?) | on’ (N/m?) | Up (kNim?) | p’ (kN/m?)
0-3.3 44.55 27.143 0.0 © 4435
3.3-83 89.55 54.56 50.0 89.145
8.3-34.3 414.55 201.041 310.0 0.0

Now each critical parameters are varied keeping all other parameters same as Pile M.
When parameters like pile height or diameter are varied, the overall configuration of
mesh also have to be changed in accordance with the analysis performed in Chapter 3.
The failure load obtained for each value of the parameter being varied are recorded
and divided by the failure load of the model Pile M. These non dimensional failure load
ratios are then plotted for various values of the varying parameters. Any trend that is
apparent from this plot is formulated and subsequently used in formulating an all

compassing empirical design rationale.

There are many methods available for determining failure load of piles using the load
displacement curves obtained from pile load-test. But all of these methods usually lead
to widely varying results. So, in this study, the failure load has been considered to be
the load at which the load-displacement curve becomes non-linear from the initial
linear portion of the curve. This failure load may be slightly conservative as the pile can
sustain some more load beyond the first point of non-linearity. However this failure
load is more realistic and rational because most of the piles remain in the linear portion
of the load-displacement curve during their working life. The failure loads determined
~ by these means has been designated as P while the failure load corresponding to the

model Pile M has been designated as Py throughout this study.

5.3.1 Sensitivity of Clay Parameters

Main parameters that are to be assigned in Modified Cam-clay modet ( MCC) are A, K,
€., M and Y. Besides, the adhesion C, and angle of friction ¢, also have to be

assigned in the interface elements within the clay layer. Now, A, X and € are
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interdependent ﬁs shown in Eq. 3.1, 3.2 and 2 8. Variation in values of A changes the
value of K and € accordingly. Therefore, only the sensitivity of failure load with the
variation in A, instead of K is investigated which is shown in Fig. 5.7(a). In addition,
the effect of €. on the failure load has also been investigated as shown in Fig. 5.7(b).

Figuress 5.7(a) and 5.7 (b) show that for three widely varying values of A and e, the
failure loads do not show any significant change which signifies that failure load is not

sensitive enough to the variation of A, K and €.

Now, the slope of the CSL, M, is dependent on the angle of friction of clay as shown

in Eq. 3.3. Hence, the vanation of the angle of friction for clay, ., is equivalent to the -

variation of M. Figure. 5.8(a) shows the load displacement responses with variation of

¢c. It can be seen from Fig. 5.8(a) that the failure load seems to be sensitive, although

not considerably, to the variation of .. Decreasing the value of { increases the value

of failure load, P, but the displacement responses do ot change significantly with the

variation of ¢v.

Figure 5.8(b) shows the effect of ¢ on the non-dimensional failure load factor P/Py;.
If the best fitted curve through all the points are drawn, the trend of the curve can be

expressed as a second degree polynomial as shown in Fig. 5.8(b).

The bulk unit weight of clay, Y, represents the level of in-situ stresses in which the pile

is subjected. Subsequently, ¥, determines the vertical overburden stress G’y and K}, for
shaft resistance of piles. So the failure load, P, should be sensitive enough with the
variation ol y. Figure 5.9(a) which shows the load displacement responses for varous
values of Y. validate this too. The failure load P decreases considerably for lower

values of ¥¢. The variation of P/Py follows a linear pattern as shown in Fig. 5.9(b). The

equation of the best fit curve has also been shown in Fig, 5.9(b). '
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The load-displacement résponses for different values of adhesion, C,_are shown in Fig,
5.10. It shows that the failure load is indifferent to the variation of C, when within
reasonable limit for Dhaka clay. Thus, the failure load can be considered to' be not

sensitive to the variation of cohesion or adhesion of clay as long as they are within the

. range applicable to Dhaka clay.

Lastly, the efféct of the vanation in the depth of clay layer, DCL to the load-
displacement response is investigated and is shown in Fig. S 11{a). The range of clay
layer depth that are investigated has been chosen in line with the usual depth of clay
layers observed in Dhaka soil. Figure 5.11(a) depicts that the displacement at the pilé
‘top increases with increase in DCL but the failure load decreases with increasing value
of DCL. This tendency of decreasing failure load is visible clearly when P/Py is plotted
with different DCL in Fig. 5.11(a). The factor P/Py decreases with increasing rate for
higher values of DCL with a pattern that c:o;]ld be expressed as the equation of the
best-fitted curve shown in Fig. 5.11{b).

5.3.2 Sensitivity of Sand Parameters

In Dhaka soil, beneath the clay layer, there is mainly sandy soil upto 30-35 m depth.
For a reasonably long pile in Dhaka, the main portion of resistance is expected to be-
supplied by- friction and base resistance of the sand layer. Hence, the parameters for
sand are expected to affect the failure load significantly. Main parameters of sand that
are to be assigned to input data of the FE model are E, C, ¢, and Y. For sand, drained
or long-term failure loads usually have to be considered for design. The value of
cohesion, C, is usually considered to be zero for drained condition in sand. So, the

effect of the variation of C on the failure load has not been investigated in this study.

The sand layer has been considered as an Elastic-perfectly-plastic material . with
increasing modulus of Elasticity with depth. So, the predicted load-displacement curve
is expected to be sensitive to the variation of elastic modulus, E, for sand layer. In Fig.
5.12, the load-displacement responses for four different values of E are shown. Here,

the E values shown are the average values of E for the sand layer. Fig. 5.12 shows an
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interesting trend, the displacement prediction seems to be sensitive to the variation of
E while the failure load does not show any significant change with varying E. In
Elastic-perfectly-plastic model, the soil fails when it reaches the plastic zone and the
slope of initial elastic region of stress-strain curve i.e., E does not affect the failure load
in the way as it does the displacement. Therefore, quite expectedly, the variation in E

values have not been reflected in the failure load predictions.

It should be noted that most of the methods for calculating pile capacity in sand are
mainly dependent on ¢ of sand (see Art. 5.2). The bearing capacity factor Nq increases
in logarithmic scale with change in values of ¢ [Fig.5.4, Vesic (1967)]. When the load-

-displacement responses for various values of ¢ are investigated, using the FE program
in this study, as shown in Fig. 5.13(a), it is observed that the failure load P is quite
sensitive.to the variation of ¢ values. One thing worth noting here is that when the
stress-strain curve shows nonlinearity i.e. at the point of failure load P, as defined in
this study the main mode of pile load transfer is by friction or shaft resistance. Only a

very insignificant amount of load 1s carried by base resistance (Fig. 3.9). As a resu‘iti’

the bearing capacity factors Ny which is responsible for base resistance in piles may S
vary logarithmically with variation in ¢ values; but the shaft resistance is not that much
sensitive to the variation of ¢. Figure 5.13(a) appears to be showing the same kind of

trend with the vanation of ¢ as would be expected in case of shaft resistance.

If the failure loads P are divided by the failure load of model pile Py and plotted
against corresponding values of ¢ as shown in Fig. 5.13(b), the relationship between

P/ Py and ¢ appears to be a second degree polynomial. The equation of the best-fitted

line has been shown in Fig, 5. 13(b).

Fig. 5.14(a) shows the effect of variation in bulk density of sand, ys to the load-
displacement responses. With increasing values of 7, the in-situ stresses increases and

consequently the failure loads also increase. But, the effect of the variation of y,to the

displacement at the pile top is not much prominent. However, the trend of P/ Py values
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for different values of 1{5; plotted in Fig. 5.14(b) shows nonlinear (increasing) pattern

with increasing values of 7Ys. The equation of the best-fitted parabolic line is also

shown in Fig. 5.14(b).
5.3.3 Sensitivity of Pile Dimensions

There are two dimensions of piles, namely the length (H) and the diametef (D) of the
pile, which are expected to affect the failure load significantly and would be the main
yard-stick for the desired design rationale. Figure 5.15(a) shows the load-displacement
responses for different values of H. It is clear from Fig. 5.15(a) that the failure load
varies significantly with variation in pile length H. The failure lbad P varies from values
as high as 1800 kN to values as low as 400 kN with a decrease in pile length, within

the range investigated. The displacement at the pile top also varies considerably.

From the change in P/ Py with variation of H in Fig. 5.15(b), it can be observed that
the failure load increases at an increasing rate for higher values of H. The curve is a

second degree polynomial whose equation has also been shown in Fig. 5.15(b).

The variation in the diameter of pile, D, is also expected to play'a very prominent role
in changing the failure loads. The load-displacement response for various D values are
shown in Fig. 5.16(a). Like H, the increase in the diameter of pile, D, produces higher
values of failure Joad. However the influence of variation _in D IS Iﬁuch less pronounced
than its H counterpart. Figure 5.16(b) shows that the failure load ratio, P/Py assumes

approximately a linear relation with variation in the diameter of pile.
5.4 A PROPOSED DESIGN RATIONALE

There are several methods available for calculating the pile capacity. But they rarely
predict result which are close to the actual pile load test results. Besides, most of these
formulae assume linear stress-strain relationship of soil, many of them are empirical in
nature and heavily depends on SPT values. Despite all such short-comings and

approximations some of these methods are used on a regular basis. Conservative
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design approach combined with highl factor of safety can be attributed to Such

SUCCESSCS.

With the advancement of the finite element techniques, it is now possible to analyze
virtually any type of pile using the FE methods. But for determining only the failure
Joad capacity of a single pile, use of FE method seems too elaborate and time
consuming to be applied in each and every case. A straight forward method of analysis

which enables one to carry out the design easily but with acceptable accuracy is

preferable.

Usually, the factor of safety‘( used for various methods for obtaining pile capacity is of
the order of _2.5—2.75. Now, if it is possible to formulate explicit expressions for
conservative estimation of pile capacity within the limit of even 5% to 10% accuracy, it
will greatly reduce the effort necessary in calculation and will speed up the design
process. In light of this understanding, an empirical formulg for calculation of pile

capacity is suggested in the present study.

Expression for pile capacity has been formulated in terms of various soil parameters
and pile dimensions. These expressions are valid within a certain range of variation of

corresponding parameters. Efforts have been made to cover the usual range found in
Dhaka soil.

The expressions are explicit and of empirical in nature. Therefore, care must be taken
to use proper units of corresponding parameters. The valid range of different

parameters and their units are shown in Table 5.10.

One limitation of the proposed lormula s that 1t has been formulated especially for
Dhaka soil i.e. having mainly two layers, one is clay and the ofher is sand below 1t. The
clay layer has been assume(i, albeit approximately, to possess uniform properties while
the sand layer has modulus of elasticity increasing with depth. In reality, there may be
more than two layers of soil and some layers with sandy-clay, silty-clay or clayey-sand

properties. But it should be kept in mind that this assumption of two distinct layer is
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expected to predict results not far different from the results that could be obtained by

modelling Dhaka soil as a multi-layered continuum.

Table 5.10 Range of various parameters to be used in the proposed design rationale. '

Parameters - Unit Range
P Degrec 15-30
Clay Ve kN/m’ 14-22
DCL m 5.0-11.5
Sand ¢ ) Degree 28-40
Ye kN/m’ 15.0-22.5
Pile material H " m 10-22
D m 0.4-0.61.

With the above limitations and assumptions, the proposed equations are pres;s:nted
below: _
PzK.ch,.FCY.FDCLLFW.FW.FH.FD (5.11)
Here
- P = failure load, i.e. load capacity of a axially loaded pile (kN)
K=1282

Fgy = 105211+0.00842 ¢, - 0.00046 (9.)
Fy = 019808 + 0.04151 v

FpcL = 0.94789 + 0.03654 DCL - 0.0037 (DCL)?
Fgp = 0.69462 - 0.00024 ¢5 + 0.00032 (b5)
Fgy = 0.73725 - 0.00805y, + 0.00086 (v )’

Fy = - 0.26156 + 0.04166 H +0.0012 (H)?
Fp = 016729 + 1.61153 D

The use of the above equation is straight forward. The design capacity of pile can

readily be calculated once the necessary soil parameters and pile dimensions are
known.
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5.4.1 Validation of the Proposed Method

To show the acceptability of the proposed wvalues given by Eq. (5.11), they are
compared with the corresponding values obtained from finite element analysis using
CRISP and also with a traditional design method (Appendix C). For the purpose of
comparison; four examples have been used where parameters are selected arbitrarily
within the scope of the equations. In addition to that, three actual pile load-test data

used in this study have also been considered for comparison purpose. The values of ali

the necessary parameters are listed in Table 5.11.

Table 5.11 Example piles for compaﬁéon

Example ¢C Ye DCL d)s Ys H D
1 25 | 22173 |37 | 200 | 123 | 0.40
2 20 [ 16 | 93 | 40 | 180 | 183 | 0.50
3 25 {18 | 83 | 33 | 170 | 203 | 053
4 17 | 14| 103 [ 29 | 200 | 223 | 0.60
PileA [ 23 (19| 83 | 31| 195] 193 |o0508
PileB | 23 | 19| 525 | 35 | 195 | 1525 | 0.46
PileC | 23 (19} 55 | 35| 195] 11.0 | 0432

Table 5.12 The single pile capacity by different methods.

Example | Proposed Equation . FE Model Traditional method
(CRISP)
1 515 520 L150
2 1015 1000 1950
3 1240 1200 1120
4 1250 1250 1020
Pilc A 1160 1200 1110
Pilc B 765 800 1100
Pile C 380 400 630
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Table 5.12 list the values of pile capacities given by the proposed equation for the
above seven examples. The corresponding results from FE analysis are also presented
along with the pile capacities using conventional design equations (see Appendix C for

a sample calculation pertaining to design example.)

In the traditional method, the skin resistance has been calculated using Burland (1973)
equation, Vesic's critical depth plot and Meyerhof’s Ky, tan( plot (see Art. 5.2.1) and
the base resistance has been calculated using Meyerhof’s method (see Art. 5.2.2). It
can be stated from Table 5.12 that the proposed equations predict results very close to
the results predicted by finite element methods. Now, the load capacities obtained from
the traditional method show some variation form the capacities obtained from the
proposed method. It should be kept in mind that the traditional methods calculate the
ultimate load capacity of a pile which is only effective when both the shaft and base
résistance reach their limiting capacities. The allowable pile capacity, i.e., the design
pile capacity should be obtained by dividing the ultimate capacity with factor of safety
ranging from 2.5 to 4 or more (Bowles, 1989). In this connection it may -be recalled
that for capacity determination, a large number of different equations are used, any two
of which seldom give the same computed capacitics (Bowles, 1989). Keeping this in |
‘mind, while calcuiating pile capacities using conventional mathod, .only those

traditional design equations have been carefully together which havc'gained wide

acceptibility.

On the contrary, the load capacities obtained from the proposed method are the failure
load (i.e.onset of nolinearity)capacities which are equivalent to design capacities and
can be used as design loads. When viewed in this angle, it becomes apparent that the

proposed method predicts results comparable to the traditional methods.

It can be seen from Table 5.12 that for higher values of ¢, the ultimate capacities
dbtained from the traditioncal method are relatively greater than the proposed failure

load capacities as compared to the capacities obtained using lower values of ¢ In

fad, for lower values of ¢ the traditional procedure predicts results even slightly
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lesser than the proposed method. If one delves into the traditional methods, it becomes

clear that the base resistance of pile in sand is very much dependent on ¢, values. For

relatively larger values of s, the base resistance increases in a logarithmic scale and
becomes many times of the shaft resistance. As a result, when the load in which both
the shaft and base resistance reach their limiting state would be applied, the
displacement of the pile becomes much greater than allowable. Thus the ultimate

capacities cannot be realized in reality using conventional mathods.. In this regard

Paulos and Davis (1980) uttered some caution, “the use of high value of ¢ for very

dense sands (say, ¢ = 400) simultaneously for the shaft and base, should be treated
with caution, since the full base resistance may well only be mobilized after a

movement sufficient for the operative value of ¢ along the shaft to be significantly less

than the peak”™.

Thus, the usual design methods can not take into account such factors as slippage and
predict results somewhat farfetched than the reality. However, the proposed methods
and FE methods can lead to reasonable (design) pile capacities as it uses interface

elements, specially developed to cater for the slippage.

5.5 REMARKS

The predicted responses obtained for the pile-soil system from the present FE model
have béen found to be sensitive to parameters like the angie of f:jction of soil, density
of soil, depth of clay layer and pile dimens;ions. fn addition to that the predicted
responses tend to follow general trends with the variation of these parameters. Efforts
have been m-ade in this study to formulate these trends and subséquently propose a
empirical method which can replace the néed for ruhning the FE program for each and
every case. When the proposed method has been tested against the FE model and a
traditional pile design method, it has been found that the proposed method works
satisfactorily. Although the method has been proposed for pile-soil system, it is
expected that design parameters for any other soil-structure interaction problems could

be obtained using the methodology presented in this study. -
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CHAPTER 6
LOAD-DISPLACEMENT RESPONSE OF SQUARE FOOTINGS

6.1 INTRODUCTION

After making an extensive study on pile-soil system in the previous chapters, attempts
have been made in this chapter to use the FE model to predict the load-displacement
behaviour of square foétings in Dhaka soil. Square footings have been analyzed in this
study as axisymmetric case. In doing so square footings have been idealized as circular
footings having the same equivalent area as their square footing counterpart. Although
this idealization is expected not to change the responses of square footing significantly,
it simplifies the analysis to a great extent. In contrast to axisymmetric idealization, if a
plain-strain idealization would have been adopted, the dimension of the model footing
in the transverse plane would have assumed an infinite length. This would have
invariably turned a square footing into a strip footing. Thus, use of axisymmetric
modelling has been considered to be adequate, although not as an alternative to a fully
three-dimensional study, which is beyond the scope of the present work. Again, the
axisymmetric idealization of square footing simulates the mode of load transfer from
column to footing and from footing to soil in a way comparable to the mode

experienced in case of square footings,

As in the case of piles, the soil and footing élements have been analyzed in this study as
linear strain quadrilateral with displacement unknown (type 4) and interface of footing
and soil as the 6 noded interface elements with displacement unknown (see Fig. 6.1).
The clay has been considered to follow Modified Cam-clay (MCC) constitutive law,
while sand layer follows clastic-perfectly-plastic material propertics. Drained analysis,
instead of undrained or consolidation analysis, has been performed during the study of
footing-soil interaction. Actually, a consolidation analysis with larger time span might
have predicted the responses more realistically. On the other- hand, if consolidation
analysis is allowed to undergo for longer time period, then the displacement prediction .

from consolidation analysis converge to the displacement prediction from drained
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analysis. Thus, the drained analysis usually predicts higher displacements, which are
not far different from the displacement predicted by consolidation analysis with
sufficiently long time period. As a result, the drained analysis has been performed in
this study and thus, the escalating running time cost that would have been incurred in

case of consolidation analysis has been averted.

It is expected that the studies to be described here will lead to displacement predictions
for footings on Dhaka clay under various conditions. Once displacements of all the
_ footings are known, relative displacements among various footings can be determined.

These relative displacements may be given as inputs to frame analysis in order to arrive

at more realistic prognosis.
6.2 MESH CONFIGURATION

After performing parametric studies to fix the mesh configuration for a footing-soil
system following with the methodology presented in Chapter 4 and considering the
mesh configurations for footing presented by Dewaikar and Prajapati (1992) and
'Kaliakin and Li (1995), a representative mesh configuration has been chosen for

footing-soil system in this study. The mesh configuration has been shown in Fig. 6.1.

To validate the mesh configuration, the variation of the stress norm, Gsy with both
radial distance and depth from the footing bottom have been investigated for a footing
having 3 m diameter and 2.5 m depth. Figure 6.2(a) shows the variation of Gy with

radial distance, while Fig. 6.2(b) shows the variation of sy with depth below the

footing. It is clear from Figs. 6.2(a) and 6.2(b) that sy die down reasonably for the

mesh boundaries considered -
Besides, the shear stress contour for the above mentioned footing has been plotted and

“shown in Fig. 6.3. It shows that the stress zone is well within the mesh boundaries and

high stress zone occurs near the bottom edge of the footing. Thus, the mesh
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configuration adopted which has finer mesh near the footing comner and reasonable

extent of horizontal and vertical boundaries, appears to be an acceptable selection.
6.3 MATERIAL CHARACTERISTICS

As this study mainly aims at determining a design rﬁtidnale to predict load-
displacement behaviours of square f‘ootings buried in Dhaka soil, a represéntative soil
profile of Dhaka soil has been considered. In doing so, the average values of different
soil parameters have been selected by considering a number of soil investigation
reports available for Dhaka soil. Aithough the soil conditions in some parts of Dhaka
may differ slightly from the parameters considered in this study, it should be kept in
mind that the soil parameters selected in this study represent avefage Dhaka soil .
conditions.. Moreover, this study is mainly concerned with' proposing a methodology
by which the load-displacement responses for any soil type can be formulated. The
deviation of actual footing displacement from mode! footing displacement due to the
use of average soil properties is expected to play a not so important role in the input to
the design of superstructure, where‘in fact, relative displacement is expected to be

input.

The representative soil profile considered in this study has been presented in Fig. 6.4.
The figure shows that the water table has been assumed to be at a depth of 3 to 4 m
from the soil surface. In the event the water table rises above this level, it is expected |
to reduce effective in-situ pressure slightly resulting in a slight increase in the footing
displacement. Besides, the material properties of different material zones (See Fig. 6.4)

have also been presented in Tables 6.1, 6.2, 6.3 and 6.4.

It should be observed that the interface elements in the back-filled clay layer have been

given no shear resistance as has been suggested by Terzaghi (1943) in his shallow

foundation theory:
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Table 6.1 Parameters for representative clay layer of Dhaka

Seil Zone X A €cs V) Ybuix
Type |number M (KN/m?)

Clay above 1 002125 0085 1.08 |0.898| 0.25 | 145
W.T

Clay below|] 6 [0.02125] 0.085 | 1.08 |0.898] 0.25 | 19.5
WT. |

Table 6.2 Parameters for representative sand layer of Dhaka

Zone E, \Y C ) ¥buik Rate
Number | (N/m?) (kN/m’) | (degree) | (kN/m*) | my
o (kN/m*)/m

5 50E3 0.25 0 31 20.0 2.0E3

Table 6.3 Interface element parameters for Dhaka clay

Zone C , ¢ Kn Gs ' Gres
Number | (KN/m’) | (degree) | (kN/m’) | (kN/m’) | (kN/m?)
3 5 23, 2334E4 | 1.01E4 10
4 0 0 2334E4 | 1.01E4 10

- Table 6.4 Parameters for footing matenial

E Zone
| v Ybulk
2
(kN/m") Number (kN lm3)
30 E6 2 | 020 235

The in-situ stresses for different layers have to be calculated using Wroth's (1975)
method considering overconsolidated clay for Dhaka (See Art.3.3.2 and Appendix A).

From a number of consolidation tests i.e., (log /Gy, €) plot for Dhaka, it has been

observed that the overburden pressure on the surface of Dhaka clay has an average Q

’I
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value of 50 kN/m’. The in-situ stresses and Pc’ have been calculated using this

overburden pressure in this study. A complete input file for a typical footing has been- -

presented in Appendix D.

64 LOAD-DISPLACEMENT RESPONSES

To investigated the effect of variation in the size of the footing or the depth of the

footing embedment, a scheme has been followed in this study. Firstly, the depth of the

footing embedment has been kept constant (Dy = 2.5 m) and the load displacerﬁent
responses for different sizes of footing have been investigated which are shown in Fig,
6.5(a). Next, keeping the size of the footing constant (S¢ = 2.5), the depths are varied

and the load-displacements responses for them are obtained and plotted in Fig. 6.5(b).

Now, efforts have been made to formulate a general trend of these load-displacement
curves in this study. In doing so, a hyperbolic function in the form of Eq. 6.1 has been

selected after many trials and considerations.

P= Ad
B+6

where P = load applied on the footing,

(6.1)

O = displacement,

A and B are constants.

It has been found that Eq. 6.1 can trace the actual load-displacement curves reasonably
well for significant distance even into the non-linear portion. Only, the portion of
curves far away from the point of commencement of non-linearity may deviate
considerably from the curves formulated using Eq. 6.1. Figure 6.6 shows a typical load
displacement response of a particular footing along with the best fitted curve
formulated using Eq. 6.1. It is clear from Fig. 6.6 that the best fitted curves using Eq.

6.1 simulate the actual tried of load-displacement curves satisfactorily.

155



(b)

Load (kN)

1400

1200

1000

400

2.5m L
s
- - - -
- - “
L s ’
- -
L
S
.' ”
. S
Lo
4 e
L g —
Se e
L L
L
g T
- -_‘_,—'
af ’_4'
A Area=9.62 m?
+ 4
A -Area=7 45 m?
v/ Area=4.91 m?
/e L Area=3.14 m?
-’.
1 i ] 4 1 1 1 M 1 PR | A
10 20 30 40 50 60 70
Displacement (mm)
11‘__ L
2.5 m 4 -

.....
e
-
-
P
et
et

-------- Depth=3.0m
----- Depth=25m
Depth=20m
e Depth=1.5m

10 20 30 40 50 60 70
Displacement {mm)

Fig.6.5 Load displacement responses for different

(a) areas and (b) depths of footing

156



PR Load-displacement response from FE
—— Best fittad hyperbolic curve
1000 -
800 |-
Z e0f
b~
4] s
o]
- |
400 |-
o Depth=25m
200 : Size= 4.91 m?
| A= 123(_)
B=32
ok
1 " 1 i 1 1 1
0 50 100 150

Displacément (mm)

Fig. 6.6 Load-displacement response of a pafticular
Jooting alongwith the best fitted hyperbolic curve.

157

Y

RS



Accordingly, every load-displacement curves shown in Fig. 6.5(a) and (b) have been
formulated as a hyperbolic function (Eq. 6.1) and different values of constants A and B

for vartous depths and sizes have been found out are presented in Table 6.1..

Table 6.1 Values of constants A and B for different sizes and depths of footing

Size of footing | Depth of embedment | A B
(m?) (m)
3.14 810 | 22
4.91 2.5 1230 | 30
7.45 1850 | 36
9.62 2275 | 42
' 1.5 1050 | 42
2.0 1130 | 35
491 | 2.5 1230 | 30
3.0 1280 | 26

Now, the variation of constants A and B. with different values of sizes of footing have
been shown in Figs. 6.7(a) and 6.7(b). Figure 6.7(a) shows that the constant A
increases linearly with higher sizes. The equation of the best fitted straight lines has
also been shown in Fig. 6.7(a). Similarly, the varation of constant B assumes a
parabolic trend for higher .si},es as shown in Fig. 6.7(b) which also inciudes the

equation of the best fitted second degree polynomial.
In the same way, the trend followed by the constants A and B with variation in depths

of embedment have been investigated in Figs. 6.8(a) and 6.8(b). Figures 6.8(a) and
6.8(b) also include the equations of the best fitted curves.
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6.5 A PROPOSED LOAD-DISPLACEMENT RATIONALE FOR SQUARE
FOOTING IN DHAKA

As the constants of Eq. (6.1) appear to follow some defined trend with variation of
depths and sizes of footings in Dhaka soil, an empirical equation can be introduced
following the procedure described in Chapter 5 for piles. The ensuing empirical

equation has been presented below as Eq. 6.2.

[ASAD) 5
Ka

e
KB

Kap=1230 and Kg=30

P= kN (62)

Where

Ag = 108.60 + 22808 (S) (6.3)
Bg = 791+ 514 (Sg) - 017 (sr) (6.4)
‘Ap — 67450429300 (Dg)-3000 (Df)? 65)
Bp = 7135-2410 (Dg)+300 (Dg)? (6.6)

It should be kept in mind that Eq. (6.2) is empirical in nature and valid for a certain
range of footing dimensions. So proper consideration should be given to the units used
and t'he‘range for which it is expected to work satisfactorily. Table 6.2 presents the

units and the range of Sf and DF applicable to Eq. 6.2.

Table 6.2 Units and range of sizes and depths of footings for Eq. 6.2.

Unit , Range

Depth m ~ 15.0-3.00
Size m* 3.15-9.62
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6.6 VALIDATION OF THE PROPOSED METHOD

To show the acceptability of the proposed equation, the load-displacement behaviours
predicted by Eq. 6.2 have been compared with the corresponding load-displacement
behaviours obtained from finite element analysis using the presently used FE model
(CRISP). For the purpose‘ of comparison, three examples are used whose parameters
have been selected arbitrarily within the range of the equations. The values of

necessary parameters for these examples are listed in Table 6.3.

Table 6.3 Example footing sizes and depths of embedment

Size (S¥) Depth of Equati(-m of load-
(m?) embedment (D) displacement curve
(m) from Eq.6.2
Example 1 4,15 225 P =10155/(28.35 +8)
Example 2 5.94 2.75 P = 1490 §/(30.00 +3)
example 3 661 3 P = 1686 8/(30.00 +3)

For these examples, values for constants A and B have been calculated using Eqgs. 6.3,
64, 6.5 and 6.6. Now, using these values, a load-displacement equation for each
example has been 6btai_ned, using Eq. 6.2 and shown in Table 6.3. In addition to that,
finite element analysis has been pe‘rformed separately for each of the example footing
cases, and load-displacement responses obtained from these analyses have been
compared with the proposed equations. Figure 6.9 show the load-displacement curves
obtained from both CRISP and the proposed method in a single plot for all the three
examples studied. It is clear from Fig. 6.9 that the ioad—displacement curves obtained
frorh the proposed method and the load-displacenient responses obtained from CRISP
are almost same. Very insignificant deviations which are apparent from Fig. 6.9 can be

neglected as far as practicality is concerned. Thus, it can be stated that the proposed
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empirical equation based on soil-structure interaction study simulates the load-

displacement responses saﬁsfacton'ly for square footings embedded in Dhaka soil.

One thing should be kept in mind that this empirical method can not be applied readily
to any site in Dhaka as the site concerned may have different local soil characteristics,
_ which may be widely different from the representative soil charaqteristics considered in
this study for Dhaka soil. But, if the soil conditions of the site are more-or-less
comparable to the representative soil properties considered in this study ( most of the
sites in Dhaka are expected to fall within this status), the proposed method can be
applied as a design aid for calculating approximate displacements for any loading on
the footing. Besides, designers are mainly concerned with the differential displacements
of different footings and this method can be an handy tool for calculating differential
settlements of different footings with various sizes and ‘depths' at a site in Dhaka.
Moreover, this study presents a methodology by which an empirical method can be
developed for any locality, provided that extensive statistical analyses are carried out

for obtaining representative soil parameters applicable to the locality.

6.7 REMARKS

The aim of this study was to introduce a methodology for obtaining an empirical
method to formulate a load-displacement équation for square footings embedded in
Dhaka soil. In view of this; representative parameters of Dhaka soil have been
constdered from a number of soil investigation reports and eventually, a rationale for
obtaining the load-displacement equation has been introduced in this study. The
proposed equation has been compared with the results obtained from FE method

(CRISP). It has been found that the proposed equation simulates the FE solution with

reasonable accuracy.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 CONCLUSIONS

-In this study, a soil-structure interaction system has been developed, for the study of
various soil-structure systems, with special reference to Dhaka-soil conditions, An
existing finite elément code, CRISP, has béen used after incorporating interface
element into its computer code. After an extensive and systematic study using the
model thus developed, the following conclusions can be drawn from the preceding

chapters:

(a) Realistic.input specification of various soil and structural parameters are very
important for the model to simulate any soil-structure system properly. In this respect,
the guidelines proposed and implemented for mimicking various structure-soil systems
have been found to be very effective. Special care should be taken in specifying in-situ

stresses in soil prior to the installation of the structural member in order to simulate

real field behaviour.

(b) While studying the interaction of pile-soil system, it has been revealed that the
horizontal and vertical extent of soil to be included in the finite element idealization has
a pronounced effect on the predicted response of the system . In this study specific
non-dimensional guidelines have been suggested and subsequently tested for obtaining

reasonable mesh configurations. The proposed methodology may be suitably adopted

10 other structure-soil systems.

(c) Satisfactory performance of the finite element model is affected by the thickness of
the interface element. It has been found that for a width-to-breadth ratio (t/b) of 0.1

for the interface element, effect is minimal.
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(d) Prior to the final analysis of the soil-structure system, the loading rate has to be
determined individually for the case concerned. The methodology suggested in this

study may be adopted for such a selection.

(e) In case of consolidation analysis, it was observed that the excess pore water
pressure did not dissipate much for the time span considered in case of pile load-testing
in the-field. Besides, the excess pore water pressure development has found to occur

mainly near the pile. The pore pressure assumes the in-sity value at some distance

away from it..

(f) The onset of nonlinearity of concrete pile -soil system has been found to be
sensitive to the variation of parameters like the unit weight of soil, depth of clay layer,
the angle of friction of soil and, of course, the pile size. On the other hand, the
' responses have been found not to be very sensitive to the variation of cohesion, critical
void ratio and the slopes of the virgin compression and swelling lines. Although the
displacement predictions were affected by the variation in the value of the -initial
tangent modulus of structural and soil elements, the failure load of deep (pile)

foundations remained independent of such variations.

(g) The design rationale suggested in this study for designing pile foundations has been
found to match the finite element predictions satisfactorily. Although some deviations
from the results obtained from a traditional design method were observed, the reasons
for this deviation could be explained. The satisfactory performance of the suggested
rationale encourages the use of the proposed design equation, albeit approximately, in

the design of pile foundations in lieu of full fledged interaction analysis.

(h) The load-displacement relationship of square footings, admittedly on the basis of
presently conducted limited parametric study, has been found to be related by a

hyperbolic functions; the ensuing load-displacement equation traced the finite element

predictions faithfully.
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7.2 RECOMMENDATIONS

The following recommendations for future study can be made from the present

research:

(a) In the present study, three dimensional problems were simpliﬁed as axisymmetric
problems. In the future, three dimensional analysis may be performed to simulate the

real life situation more realistically.

(b) Finite element aﬁalysis can be performed on diﬂ'érent types of soil-structure
problems such as battered piles, hollow piles, mats, culverts, different types of
footings, retaining walls, piles in groups etc. and the methodology proposed here may
be adopted for obtaining design equation for such a system. Beside, structures can be

subjected to different types of loading conditions like inclined loads, moments etc.

(c) Consolidation analysis can be performed on soil-structure interaction systems to

observe the effects of consolidation under cyclic loading, dynamic loading as well as

unloading,

(d) The existing finite element program can be modified to incorporate iterative

solution technique.
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Appendix A

Wroth's method for calculating in-situ stresses,

Suppose Fig. Al represent a layer in soil.

¥ =13.5 kN/m’ 33m
¥ =19.0 kN/m® : 5.0m
Fig Al

1. Calculation- 0. from the bulk der_lsjlty of the soil and the position of the water
table. Now, G, for the Fig. Al can. be calculated as below:

G. =33 % 13.5+5x 95 x 10 =89.55 kN/m’
2. Calculation of over consolidation pressure (T’ ) from oedometer test. In this

study, the Dhaka clay has been assumed to be normally consolidated. So, G’ = G,/

= 89.55 kN/m? for the case shown in Fig. Al

3. Use of Jaky’s relation to calculate K,. and K, and hencé horizontal effective

stress acting when the maximum vertical effective stress (O..') was present. Jaky’s
. relation is
Kpe =1-Sin¢’ (A1)

v _(OCR-1) C (A2)

KO =0CRXKIIC_1
-V

As the soil used in this study is normally consolidated with OCR = 1, so Ky = K,,. = 1-

Sin ¢ and G\’ = Ko 0.'). For Fig 2.5.6., Gy'= ( 1- Sin ¢ ) x 89.55 = 54.56 kN/m?

Al




4. Calculation of values of p’ and q corresponding to the stress found in 3 using

Eq. A3 and Eq. A4.

r

_Oy -; 204, (A3)
q=0} —of, | | (A9)

In case of Fig. Al, p’ = 69.88 kN/m® and q = 34.991 kN/m?

5. Substitution of values for p’ and q into the equation of yield locus (Eq. A5) to

calculate the value of py’.

0% +M?(p)? = M2pp; (A5)

For the case shown in Fig. Al, p;’ is found to be 89.15 if M is equal to 0.898.



PILE A

999

515 466 4525
00
111

000

0000 34,300
0.000 34.000
3 0.000 33.000
4 0.000 32.000
5 0.000 31.000
6 0.000 30.000
7 0.000 29.000
£ 0.00028.000
9 0.00027.000
10 0.000 26.000
11 0.000 25.000
12 0.000 24.000
13 0.00023.000
14 0.000 22.000

1
0
1
2

15 0.000 21.000 -

16 0.000 20.000
17 0.000 19.000
18 0.000 18,000
19 0,000 17.000
20 0.000 16.000
21 0.000 15.750
22 0.000 15.500
23 0.000 15.250
24 0.000 15.000
25 0.000 14.975
26 0.000 14,750
27 0.000 14.500
28 0.000 14,250
29 0.000 14.000
30 0.000 13.250
31 0.000 12.000
32 0.000 10.250
33 0.000 8.000
34 0.000 5.250
35 0,000 2.000
36 0.000 0.000
37 0.254 34.300
38 0.254 34.000
39 0.25433.000
40 0.254 32.000
41 0.254 31.000
42 0.25430.000
43 0.25429.000
44 0.254 28.000
45 0.254 27.000
46 0.254 26.000
47 0,254 25.000
48 0.254 24.000
49 0.25423.000
50 0.254 22.000
51 0.254 21.000
52 0.254 20.000
53 0.254 19.000
54 0.254 18,000
55 0.254 17.000
56 0.254 16.000
57 0.25415.750
58 0.254 15.500
59 0.25415.250
60 0.254 15.000

111000

61 0.279 34.300

62 0.279 34.000

63 0.279 33.000

64 10.27932.000
65 0.279 31.000
66 0.279 30,000
67 0.27929.000
68 0.279 28.000
69 0.279 27.000
70 0.279 26.000
71 0.27925.000
72 0.279 24.000-
73 0.27923.000
74 0.279 22.000
75 0.279 21.000
76 0.279 20.000
77 0.279 19.000
78 0.279 18.000
79 0.279 17.000
80 0.279 16.000
BI 0.27915.750
82 0.279 15.500
83 0.279 15250
B4 0.279 14.975
85 0.279 14750
86 0.279 14.500
87 0.279 14.250
88 0.279 14.000
89 0.279 13.250

.90 0.279 12.000

91 0.279 10.250
92 0.279 8.000
93 0.279 5.250
94 0.279 2.000
95 0.279 0.000
96 0.529 34.300
97 0.529 34.000
98 0,529 33.000
99 (.529 32.000

100 0.52931.000

101 0.52930.000
102 0.529 29.000
103 0.529 28.000
104 0.529 27.000
105 0.529 26.000
106 0.529 25.000
107 0.529 24.000
108 0.529 23.000
109 0.529 22,000
110 0.529 21.000
111 0.529 20.000
112 0.529 19.000
113 0.529 18.000
114 0.529 17.000
13 0.529 16.000
116 0.529 15.750
117 0.529 15.500

118 0.529 15.250

119 0.529 14,975
120 0.529 14.750
121 0.529 14.500
122 0.529 14.250
123 0.529 14.000
124 0.529 13.250
125 0.529 12.000
126 0.529 10.250
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127 0.529 8.000
i28 0.529 5.250
129 0.529 2.000
130 0.529 0.000
131 0.779 34.300
132 0.779 34.000
133 0.779 33.000
134 0.779 32.000
135 0.779 31.000
136 0.779 30.000
137 0.779 29.000
138 0.779 28.000
139 0.779 27.000
146 0.779 26.000
141 0.779 25.000
142 0.779 24.000
143 0.779 23.000
144 0.779 22.000
145 0.779 21.000
146 0.779 20.000
147 0.779 19.000
148 0.779 18.000
149 0.779 17.000
150 0.779 16.000
151 0.779 15.750
152 0.779 15.500
153 0.779 15.250
154 0.779 14.975
155 0.779 14.750
136 0.779 14.500
157 0.779 14.250
158 0.779 14.000
159 0.779 13.250
160 0.779 12.000
161 0.779 10.250
162 0.779 8.000
163 0.779 5.250
164 0.779 2.000
165 0.779 0.000
166 1.029 34.300
167 1.029 34.000
168 1.029 33.000
169 1.029 32.000
170 1.02931.000
171 1.029 30.000
172 1.029 29.000
173 1.029 28.000
174 1.02927.000
175 1.029 26.000
176 1.029 25.000
177 1.029 24.000
178 1.029 23.000
179 1.029 22,000
180 1.029 21.000
181 1.029 20.000
182 1.029 19.000
183 1.029 18.000
184 1.029 17.000
185 1.029 16.000
186 1.029 15.750
187 1.029 15,500
188 1.029 15.250

189 1,029 14.975 -

190 1.029 14.750
191 1.029 14.500
192 1.029 14.250

193 1.029 14.000
194 1.029 13.250
195 1.029 12.000
196 1,029 10.250
197 1.029 B.000
198 1.029 5.250
199 1.029 2.000
200 1.029 0.000
201 1.279 34.300
202 1.279 34.000
203 1.279 33.000
204 1.279 32.000
205 1.279 31.000
206 1.279 30.000
207 1.279 29.000
208 1.279 28.000
209 1.27927.000
210 1.27926.000
211 1.279 25.000
212 1.279 24.000
213 1.279 23.000
214 1.279 22.000
215 1.279 21.000
216 1.279 20.000
217 1.279 19.000
218 1.279 18.000
219 1.279 17.000
220 1.279 16.000
221 1279 15.750
222 1.279 15.500
223 1.27915.250
224 1.279 14975
225 1.279 14.750
226 1.279 14.500
227 1.279 14,250
228 1.279 14.000
229 1.279 13.250
230 1,279 12.000
231 1.279 10.250
232 1.279 8.000
233 1.279 5.2%0
234 1.279 2.000
235 1.279 0.000
236 2.029 34.300
237 2.029 34.000
238 2.029 33.000
239 2.029 32.000
249 2.029 31.000
241 2.029 30.000
242 2.029 29.000
243 2.029 28.000
244 2.029 27.000
245 2.029 26.000
246 2.029 25.000
247 2.029 24.000
248 2.029 23.000
249 2.029 22.000
250 2,029 21.000
251 2.029 20.000
252 2.029 19.000
253 2.029 18.000
254 2.029 17.000
255 2.029 16.000
256 2029 15.750
257 2.029 15.500
258 2.029 15.250



239
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
273
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
3os
306
307
308

310
3
32
3
114
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

2,029 14975
2029 14750
2.029 14.500
2.029 14.250
2.02% 14.000
2.02%13.250
2.029 12.000
2.029 10.250
2029 ROOO
2029 5250
2.029 2.000
2.02%9 0.000
3279 34300
3.279 34.000
3.279 33.000
3.279 32.000
3.279 31.000
3.279 30.000
3.279 29.000
3.279 28.000
3.279 27.000
3.279 26.000
3.27925.000
3.279 24.000
3.279 23.000
3.279 22.000
3.27921.000
3.279 20.000
3.279 19.000
3.279 18.000
3.279 17.000
3.279 16.000
3.27915.750
3.279 15.500
3.279 15.250
3.279 14.975
3.279 14.750
3.27914.500
3279 14.250
3279 14.000
3.27913.250
3279 12.000
3.279 10.250
3.279 8.000
3.279 3.250
3.279 2.000
3.279 0.000

5.029 34300 |

5.029 34.000
5.029 33.000
3.029 32.000
5.029 31000
5.029 30.000
5.02929.000
3.029 28.000
5.029 27.000
5.029 26.000
5.029 25.000
5.029 24.000
5.029 23.000
5.029 22.060
5.029 21.000
5.029 20.000
5029 19.000
5.029 18.000
5.029 17.000
5.029 16.000
5.029 15.750
5.029 15.500
5.029 15.250
5.029 14.975

330 5.029 14750
331 5.029 14.500
332 5.029 14.250
333 5.029 14.000
334 5.029 13.250
333 5.029 12.000
336 5.029 10.250
337 5.029 8.000
338 5.029 5.250
339 5.029 2.000
340 5.02% 0.000
341 7.279 34300
342 7.279 34.000
343 .7.2779 33.000
344 7.279 32.000
345 7.279 31.000
346 7.279 30.000
347 7.279 29.000
348 7.279 28.000
349 7.279 27.000
350 7.279 26.000
351 7.279 25.000
352 7.279 24.000
353 7.27923.000
354 7.2779 22.000
355 7.279 21.000
356 7.27920.000
357 7.279 159.000
358 7.279 18.000
359 7.279 17.000
360 7.279 16.000
361 7.279 15.750
362 7.279 15.500
363 7.279 15.250
364 7.279 14975
365 7.279 14750
366 7.279 14.500
367 7.279 14.250
368 7.279 14.000
369 7.279 13.250
370 7.279 12.000

371 7.279 10.250 .

372 7.279 8.000
373 7279 5.250
374 7.279 2.000
375 7.279 0.000
376 10.029 34,300
377 10.029 34.000
378 10.029 33.000
379 10.029 32.000
380 10.029 31.000
381 10.029 30.000

-382 10.029 29.000

383 10.029 28.000
384 10.029 27.000
385 10.029 26.000
386 10.029 25.000
387 10.02% 24.000
388 10.029 23.000
389 10.029 22.000
390 10.029 21.000
391 10.029 20.000
392 10.029 19.000
393 10.029 18.000
394 10.029 17.000
395 10.029 16.000
396 10.029 15.750
397 10.029 15.500

398 10.029 15.250

399 10.029 14.975
400 10.029 14.750
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401 10.02% 14.500

402 10.029 14.250

403 10.029 14.000
404 10.029 13.250
405 10.029 12.000
406 10.029 10.250
407 10.029 8.000

408 10.029 5.250

409 10.029 2.000

410 10.029 0.000

411 13.279 34.300
412 13.279 34.000
413 13.279 33.000
414 13.279 32.000
415 13.279 31.000
416 13.279 30.000
417 13.279 29.000
418 13.27% 28.000
419 13.27% 27.000
420 13.279 26.000
421 13.279 25.000
422 13.279 24.000
423 13.279 23.000
424 13.27% 22.000
425 13.279 21.000
426 13.279 20.000
427 13.279 19.000
428 13.279 18.000
429 13.279 17.000
430 13.279 16.000
431 13.279 15.750
432 13.279 15.500
433 13.279 15.250
434 13.279 14.975

435 13.279 14.750°

436 13.279 14.500
43713.27914.250
438 13.279 14.000
439 13.279 13.250

440 13.279 12.000

441 13.279 10.250
44213.279 8.000
443 13.279 5.250
444 13.279 2.000
445 13.279 0.000
446 17.029 34.300
447 17.029 34.000
448 17.029 33.000
449 17.029 32.000
450 17.029 31.000
451 17.029 30.000
452 17.029 29.000
453 17.029 28.000
454 17.029 27.000
455 17.029 26.000
456 17.029 25.000
457 17.029 24.000
458 17.029 23.000
459 17.029 22.000
460 17.029 21.000
461 17.029 20.000
462 17.029 19.000
463 17.029 18.000
464 17.029 17.000
465 17.029 16.000
466 17.029 15,750
467 17.029 15.500
468 17.029 15250
469 17.029 14.975
470 17.029 14.750
471 17.029 14.500

47217.029 14250
473 17.029 14.000
474 17.029 13.250
475 17.029 12.000
476 17.029 10.250
477 17.029 8.000

478 17.029 5.250

479 17.029 2.000

480 17.029 0.000

481 20.279 34.300
482 20.279 34.000
483 20.279 33.000
484 20.279 32,000
485 20.279 31.000
486 20.279 30.000
487 20.279 29.000
488 20.279 28.000
489 20.279 27.000
490 20.279 26.000
491 20.279 25.000
492 20.279 24.000
493 20.279 23.000
494 20.279 22.000
495 20.279 21.000
496 20.279 20.000
497 20.279 19.000
498 20.279 18.000
499 20.27% 17.000
500 20.279 16.000
50120.279 15.750
502 20.279 15.500
503 20.279 15250
504 20.279 14.975
505 20.279 14.750
506 20.279 14.500
507 20.275 14250
508 20.279 14.000
509 20.279 13.250
510 20.27% 12.000
51120279 10.250
532 20.279 8.000

51320.279 5.250
514 20.279 2.000

515 20.279 0.000

0

i1 431 238237

243233938

3433 44039

4 43 4 54140

5435 64141

6436 74342

743 784443
8 43 8 94544

9 4 31 91046 45

10 4 3 10 11 47 46
11 4 311 12 4% 47
12 4 31213 49 48
13 4 313 14 50 49
14 4 3 14 15 51 50
15 4 315 16 52 51
16 4 316 17 53 52
17 4 3 17 1B 54 53
18 4 318 19 55 54
19 4 3 19 20 56 55
20 4 3 20 21 57 56
21 4 3 21 22 58 57
22 4 32223 59 358
23 4 323 24 60 59
24 13 5 25 84 60 24
25 5 2 25 26 85 84
26 5 2 26 27 B6 85
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63 98 97

63 64 99 98

64 63100 99

65 66 101 100
66 67 102 101
67 68103 102
68 69104 103
69 70 105 104
70 71106 105
71 72107 106
72 73 108 107
73 74109 108
74 75110 109
75 76 111110
76 77112111
77 78113 112
78 79114 113
79 B0 115114
80 BRI 116115
Bl 82117116
82 83118117
B3 84119118
84 85120119
85 86 121 120
86 87122121
87 88123122
88 89124123
89 90125124
90 91 126 125
91 92127126
92 93128 127
93 94129128
94 95130 129
96 97 132131
97 98133132
98 99134 133
6 99100 135 134
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Appendix B
Input file of geometry specificatin of Pile A

985 1101 102 137 136
99 5 1102103 138137

100
101
102
103
104
105
106
107
108
109
110
111
112
113

114 .

115
116
117
118
i1s
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
44
143
146
147
148
149
150
151
152
i53
134
135
156
157
158
159
160
16!
162
163
164
163
166
167
168

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5.
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

1103 104 139 138
1104 105 140 139
2 105 106 141 140
2 106 107 142 141
2107108143 142
2108 109 144 143
2109110 145 144
2110111 146 145
2111112147 146
2112113 148 147
2113114149 148
2114115 150 149
2115116 151 150
2116 117152 151
2117118153 152
2118119154153
2119120155 154
2120121156 155
2121122157 136
2122123 158 157
2123124159 158
2124125160 159
2125126 161 160
2126 127 162 161
2127 128163 162
2 128 129 164 163
2129130 165 164
6131 132 167 166
6132133 168 167
6133 134 169 168
6134135170 169
1135136171 170
1136137172171
1137138173172
1138139174173
1139140175174
2140 141 176 175
2141142177176
2142143178177
2143144179 178
2144 145180 179
2145146 181 180
2146 147182 181
2147 148 183 182
2148 149 184 183
2149150 185 184
2150 151 186 185
21351 152187 186
2152153 188 187
2153154189188
21354155190 189
2155156191 190
2156157192 191
2157158193192
2158159194193
2159160195 194
2160 161 196 195
2161 162197 196
2162163 198 197
2163 164 199 198
2164 165200 199
6 166 167 202 201
6 167 168 203 202
6 168 169 204 203
6 169 170 205 204
1170 171 206 205
1171 172207 206
1172173 208 207
1173 174 209 208

B3

169
170
1m
172
173
174
175
176
177
i78
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

195

196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
273
224
225

226

227
228
229
230
231
232
233
234
235
236
237
238
239

5
5
5
5
5
5
5
5
5
5
5
5
s
5
5
5
5
5
5
s
5
5
5
5
5
5
5
5
5
5
5
s
5
5
5
5
5
5
5
[}
5
5
5
5
5
5
5
s
5
5
5
5
5
5
5
5
5
5
5
5
5
s
5
s
5
5
5
s
5
s
5

1174 175210 209
2175176211210
2176 177212211
2177178213212
2178179214213
2179180215214
2180181216215
2181 182217216
2182 183 218217
2183184219218
2184 185220219
2185186221 220
2 186 187 222 221
2 187 188 223 222
2 188 189 224 223
2 189 190225224
2190 191 226 225
2191 192227 226
2192 193228 227
2193194229 228
2194 193230229
2195 196 231 230
2 196 197232 231
2197198233232
2 198 199 234 233
2199 200 235 234
6201 202 237 236
6202203 238 237
6203 204 239238
6 204 205 240 239
1205 206 241 240
1206 207 242 24}
1207 208 243 242
1 208 209 244 243
1209 210 245 244
2210211 246 245
2211212 247 246
2212213 248 247
2213214249 248
2214215250 249
2215216251250
2216217252 125)
2217218253252
2218219254253
2219220255254
2220 221 256 255
2221222257256
2222223 258 257
2223 224259 258
2224225260 259
22251226 261 260
21226227 262 161
2227228263 262
2228229 264 263
2229 230 265 264
22301231266 265

2231232267 266,

22321233268 267
2233234269 268
2234235270 269
6236237272271
6237238273272
6238239274273
6239240275274
1240 241 276 275
1241242277276
1242243278277
1243244279278
1244 245 280279
2245 246 281 280
2246 247 282 281

269
270
7
272
273
274
275
276
277
278
279
280
281
282
283

285
286
287
288
289

291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

2247248 283 282
2248 249 284 283
2249 250 285 284
2250251 286 285
2251252287 286
2252253 288 287
2253254289 288
2254 255290 289
2255256291290
212356 2572921291
212572582931292
2258259294293
2259 260 295 294
2 260 261 296 295
22612621297 296
2262263 298297
2263264299298
2264 265300 299
2265 266 301 300
2266 267 302 301
2267 268 303 302
2 268 269 304 303
2269270 305 304
6271 272 307 306
6272273308 307
6273 274 309 308
6274275310 309
1275276 311 310
1276277 312 311
1277278313 312

1278279314313

1279280315314
2 280 281 316 315
2281 282317 316
2282 283318 317
2283284 319318
2 284 285 320 319
2 285286 321 320
2286287322 321
2287288 323 322
2 288 289 324 323
2289290325324
2290291 326 325
2291292327326
2292293328327
21293294 329 328
2294295330329
2295296 331 330
2296 297 332 331
2297298133332
2298299 334 333
229930033533
2 300301 336 135
23013023372336
2302303 338337
2303 304339 338
2304 305340 339
6 306 307 342 341
6307 308 343 342
6 308 309 344 343
6309 310345 344
1310311 346 345
1311312347346
1312313348347
1313314 349 348
1314315350 349
2315316351350
2316317352351
2317318353352
2318319354353
2319320355354



3
312
in
314
315
316
17
3iR
KJRY
320
Y2

370
n
372
krkl
374
375
376
377
378
319
380
381

MUUUUU'Jll.ll‘JlLALh\.IlLll'JILIlKIIUILAMUIULAU!MLHMUMUIMLHLALAMUMUMULuut.ulllLALAlJI\.Ill-llLJ!LIIMMMUMUMMUU‘JMMM'J'UUUUUM

2320321356355
2321322357356
2322323 358357
2323324359 358
2324 325 360 359
2325326 361 360
2326327 362 361
2327 328 363 362
2328329 364 363
2329 330365 364
2330 331 366 365
2331332367 366
2332333368367
2333334369368

2334335370369

2335336371370
2336337372371
2337338373372
2338339374373
2339340375374
6341342377376
6342 343 378 377
6343 344379378

6344 345380379

1345346 381 380
1346 347 382 381
1347 348 383 382
1 348 349 384 383
1349 350 385 384
2350 35] 386 385
2351352387386
2352353388187
2353354389388
2354355390389
2355356 391 390
2356 3573921391
2357358393392
2358359394393
2359360 395 394
2360361 396 395
2361 362 397 396
2362363 398 397
2363 364399 398
2364 365 400 399
2365 366 401 400
2 366 367 402 401
2 367 368 403 402
2 368 369 404 403
2369 370 405 404
2370 371 406 405
2371372 407 406
2372373 408 407
2373 374 409 408
2374 375 410 409
6376 377 412 411
63771378413 412
6378379 414 413
6379380 415 414
I 380 381 416 415
1381 382 417 416
1 382383 418 417
138334 415 418
1384 385 420419
2385386421 420
2386 387 422 421
2387388 423422
2388389424 423
2389 390 425 424
2390391 426 425
23911392 427 426
2392393 428 427

g2
383
IR4
385
386
387
388
389
390

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
3
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Appendix B
Input file of geometry specificatin of Pile A

2393394429 428
2394 395430 429
2 395 396 431 430
2396397432 431
2 397 398 433 432
2 398 399 434 433
2399 400 435 434
2 400 401 436 435
2 401 402 437 436

2402 403 438 437 °

2 403 404 439 438
2 404 405 440 439
2 40% 406 441 440
2 406 407 442 441
2 407 408 443 442
2 408 409 444 443
2 409 410 445 444
6411 412 447 446
6 412 413 448 447
6413 414 449 448
6414 415 450 449
1415 416 451 450
1416 417 452 451
1417 418 453 452
1 418 419 454 453
1419 420 455 454
2 420 421 456 455
2421 422 457 456
2422 423 458 457
2 423 424 459 458
2 424 425 460 459
2 425 426 451 450
2 426 427 452 451
2 427 428 463 462
2 428 429 464 463
2429 430 465 464
2430 431 466 465
2431 432 467 466
2 432 433 468 467
2433 434 469458
2 434 435 470 469
2435 436 471 470
2 436 437 472 471
2437438473 472
2438439474 473
2 439 440 475 474
2 440 441 476 475
2441 442 477476
2 442 443 478 477
2443 444 479 478
2 444 445 480 479
6 446 447 482 481
6 447 448 483 482
6 448 449 484 483
6 449 450 485 4R4
1 450 451 486 485
1 45] 452 4R7 486
1 452 453 488 487
1 453 454 489 438
1454 455 490 489
2 455 456 491 490
2 456 457 492 491
2457 458 493 492
2 458 459 494 493
2 459 460 495 494
2 460 461 496 495
2 461 462 497 496
2 462 463 498 497
2 463 464 499 498
2 464 465 500 499
2 465 466 501 500

B4

453
454
435
456
457
458
459
460
461
462
463

LALA A LALA LA LA LA LAY WA LA LA La

2 466 467 502 501
2 467 468 503 502
2 468 469 504 503
2 469 470 505 504
2 470 471 506 505
2 471 472 507 506
2 472 473 508 507
2 473 474 509 508

2474475 510 509 .

2475476 511 510
2476 477 512 511
2477478 513 512
2478 479 514 513
2479480515 514

1
[

P

-



Appendix B
Input file of main portion for_Pile A

Pilc A

999

163311570010

Q001100 T 406

3

138

13001875 0.0750.81 0.8980.25010.019 8.E-10 5.3E-1000
2 550,0E30.2500031.0 283 4 100 195 5E-4 3.3E4 2000.00.0
31300E6300E60202125E6010023.50000

4850230 23.35E4 1.0135E4 10.0.025 0 0.00000
5800310 549E4 2.1E4 10.0.025 0 0.00000

63001875 0.0750.81 .3980.250 100 13.5 8E-1053E-1000
14

I 34.3000000000.000 0_0\

2 31 27.14293 44.55 27.14293 0.00.0 0.0 44.35

3 26 54.56003 89.55 54.56003 0.0 50 0.0 89.145

4 0.0 163.215 336.55 163.215 0.0 310 0.00.0

0821
1121103600000
22311000000
33411000000
44511000000
55611000000
66711000000
77811000000
88911000000
991011000000

10 10 11
111 12
12 12 13
13 13 14
14 14 15
15 15 16
16 16 17
17 17 18
18 18 19

11000000
11000000
11000000
11000000
110.00.00.0
11000000
11000000
11000000
110.00.00.0
19 19 20 110.00.00.0
20 20 21 110.00.00.0
2121 22 11000000
22 22 23 110.0000.0
232324 11000000
24 24 25 11000.00.0
252526 11000000
26 26 27 110.00000
2727 28 11000000
28 28 29 110.00.00.0
29 29 30 11000000
30 30 31 11000000
31 31 32 11000000
32 32 33 11000.000
33 33 34 11000000

B5




Appendix B
Input file of main portion for Pile A

34 34 3511000000
353536 11000000

35 36 95 210.0000.0

92 95 130 21000000
126 130 165 210.00.00.0
160 165 200 210.00.00.0
194 200 235 210.00.00.0
228 235 270 210.00.00.0
262 270 305 21000000
296 305 340 21000000
330 340 375 210.00.00.0
364 375 410 210.00.000
398 410 445 210.00000
432 445 480 210.00.00.0
466 480 515 210.00.00.0
466 515 514 110.00.00.0
465 514 513 11000000

464 513 512 110.00.00.0
463 512 511 110.00.00.0
462 511 510 110.00.00.0
461 510 509 110.00.00.0
460 509 508 110.00.00.0
459 508 507 11000000
458 507 506 110.00.00.0
457 506 505 110.00.000
456 505 504 110.00.000
455 504 503 110.00.00.0
454 503 502 110.00.00.0
453 502 501 11000000
452 501 500 110.00.00.0
451 500 499 110.00.00.0
450 499 498 110.00.00.0
449 498 497 110.00.00.0
448 497 496 11000000
447 496 495 110.00000
446 495 494 110.00.00.0
445 494 493 11000.00.0
444 493 492 110.00.00.0
443 492 491 110.00.00.0
442 491 490 110.00.00.0
441 490 489 110.00.00.0
440 489 488 110.00.00.0
439 488 487 110.00.00.0
438 487 486 110.00.00.0

437 486 485 110.0000.0

436 485 484 110.00.000

435 484 483 110.00.000"

434 483 482 110.0000.0

433 482 481 11000000
1120-10000001102000.

1137 0.0690.20 0.06%0.20 0.0690.20

B6
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Appendix B
Input file of main portion for Pile A

237000 14 0000110 7200.10.

- 600. 600. 1200, 1800. 3000.
113732000000

36 37 61 320.00.000

59 61 96 320.00.000

93 96 131 32000000

127 131 166 320.00.00.0

161 166 201 320.00.00.0°

195 201 236 320.00.00.0

229 236 271 320.00.000

263 271 306 320.00.000

297 306 341 320.00.00.0

331 341 376 320.00.00.0

365 376 411 320.00.0 0.0

399 411 446 320.00.00.0

433 446 481 320.00.00.0
3890-1000 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
4 10 14 00000000110 7200.10.
600. 600. 1200. 1800. 3000.

51516 0-1000 0001102000,

11 37 0.0690.20 0.0 690.20 0.0 690.20
6 17 21 0000000011 07200.10.
600. 600. 1200. 1800. 3000,
722230-1000 0001102.000,

11 37 0.0690.20 0.0 690.20 0.0 690.20
8 24 28 00000000110 7200, 10.
600. 600, 1200. 1800. 3000,

929 30 0-100.0 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
10 31 35 00000000110 7200.10.
600. 600. 1200. 1800. 3000,

1136 37 0-1000 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
12 38 42 00000000110 7200.10.
600. 600. 1200. 1800. 3000.

13 43 44 0-1000 00011 02.000.

1.1 37 0.0690.20 0.0 690.20 0.0 690.20
14 45 49 00000000110 7200. 10.
600, 600. 1200. 1800, 3000.

15 50 51 0-1000 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
16 52 56 00000000110 7200, 10,
600. 600. 1200. 1800. 3000.

17 57 58 0-1000 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
18 59 63 00000000110 7200. 1 0.
600. 600. 1200. 1800. 3000,

19 64 65 0-1000 0001102.000.

11 37 0.0690.20 0.0 690.20 0.0 690.20
20 66 70 00000000110 7200.10.
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Appendix B
Input file of main portion for Pile A

600, 600. 1200. 1800. 3000,

2171 72 0-1000 00011 02.0090.
1137 0.0690.20 0.06%0.20 0.0690.20
22 7377 0000000011 07200. 1 0.
600. 600. 1200. 18300, 3000,

23 78 87 0-1000 0001102.000.

11 37 0.0690.20 0.0690.20 0.0 690.20
24 88 92 00000000110 7200.10,
600. 600. 1200. 1800. 3000.

2593 102 0-1000 0001102.000.
11 37 0.0690.20 0.0690.20 0.0 690.20
26 103 107 00000000110 7200.10.
600. 600. 1200. 1800. 3000,

27 108 117 0-1000 0001102000.
11 37 0.0690.20 0.0 690.20 0.0 690.20
28 118 122 0000000011 07200.10.
600. 600. 1200. 1800. 3000,

29123 132 0-1000 0001102000,
11 37 0.0345.10 0.0 345.10 0.0 345.10
30 133 137 00000000110 7200.-10.
600. 600. 1200. 1800. 3000,

31 138 147 0000000011 0 36000.00.
32 148 153 00000000110 43200.00.
33 154 157 00000000110 57600. 0 0.

B8
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Appendix C

Calculation of ultimate load carrying capacity of axially loaded single pile

The soil characteristics of example 3 of chapter 6 has been considered as the pile-soil

problem here. The necessary parameters and the soil profile is presented below.

b= 23‘" 2Ye =19 kN/m’ ; DCL =525 m; ¢5=l35° 2 Ys = 19.5 KN/m’;
H=1525m, D=046m

Im B V’\ 1e=13.5 kN/m*
7 ' , Clay
2.25m ¥=19.0kN/m’ ; $.=23°
¥=19.5 KN/ | 6,735° ,
1om Sand  Fig. C,
—,r -~

For clay, the shaft resistance is calculated using Eq. 5.2.

Here, Burland (1973) equation has been used to obtain Ky, ( Ky=1-sind)).
H .

Now, Py, = ij(Ca +oyKy, tand,)dz
0

= (21t x 0.23)[ (5+40.5 x 0.2586)/2 x3 + (5 +(40.5+60.75)/2 x0.2586) x2.25]
=103 kN ‘

Now, the critical depth Z. for sand layer ( from Fig. 5.2, Vesic, 1967) has been found to
be equal to 2.75 m. Besides, Ky, tand' value of sand has been obtained from Fig. 5.1(b).

Now, Py (sand)= (27t x 0.23)[ (60.75+86.875)/2 x 0.2 x 2.75 + 86.875 x 0.2 x7.25]
=241 kN

Cl1



The base capacity of pile has been obtained uéing Eq. 5.9 and Fig. 5.5 ( Meyerhof, 1976)
Pou = ApTipNg < Ap(50Ng Jtand

=1 (0.23)* x 50 x130 x tan 35°
=756 kN

Thus, Total P= py (clay)* py (sand) + P (sand) = 1100 kN

C2
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Input file of the geo

FOOTING 51 0.550
999 52 0.550
194 167 4425 53 0.550
00 54 0.550
I111111000 55 0.850
DOO0O 56 0.850
1 0.000 9.450 57 0.850

0.000 9.013 58 0.850

0.000 8.575 59 0.850

0.000 8.138 60 0.850

0.000 -7.700 61 0.850

0.000 7.450 62 0.850

0000 7.200 63 0.850

0.000 7.175 64 0.850

0.000 7.000 65 0.850
10 0.000 6.600 66 0.850
1 0000 6000 67 0.850
12 0.000 5.200 68 0.850
13 0.000 4.200 69 0.850
14 0.000 3.000 70 0.850
15 0.000 1.600 T 0.850
16 0.000 0.000 72 1.125
17 0250 9.450 73 L125
18 0250 9.013 74 1125
19 0250 8575. 75 1.150
20 0250 8.138 76 1.150
21 0250 7.700 77 1.150
22 0250 7.450 78 1.150
23 0250 7200 79 1.150
24 0250 7.175 80 1.150
25 0250 7.000 81 1.150
26 0250 6.600 82 1.150
27 0250 6.000 83 1150
28 0250 5.200 84 1150
29 0250 4.200 85 1.150
30 0250 3.000 . 86 1.150
31 0250 1.600 87 1.150
32 0250 0.000 88 1.150
33 0275 9.450 89 1.150
34 0275 9.013 90 1.400
35 0275 8.575 91 1.400
36 0275 8138 92 1.400
37 0275 71.725 93 1.400
38 0.550 9.450 94 1.400
39 0550 9.013 95 1.400
40 0.550 8.575 96 1.400
41 0.550 8.138 97 1.400
42 0550 7.725 98 1.400
43 0.550 7.700 99 1.400
44 0.550 7450 100 1.400
45 0.550 7.200 101 1400
46 0.550 7.175 102 1.400
47 0550 7.000 103 1.400
48 0.550 6.600 104 1.400
49 0.550 6.000 105 1.900
50 0.550 5.200 106 1.900

D1

Appendix D
metry specification of sqare footing

4.260
3.000
1.600
0.000
9.450
9.013
8.575
8.138
7.7125
7700
7.450
7.200
7175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
7.700
7.450
7.200
9.450
9.013
8.575
3.138
7.725
7.450
1.175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013
8.575
8.138
71.725

7450 .

1175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013

107
108
109
110
11
112
113
114
15
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

. 140

141
142
143
144
145
146
147
148
149
150

151

152
153
154
155
156
157
158
159
160
161
162

1.900
1.900
1.500
1.900
1.900
1.900
1.900
1.900
1.900
1.900
1.9040)
1.900
1.900
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
2.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
3.650
4,900
4.900
4.900
4,900
4,900
4.900
4.900
4.900
4.900
4,900
4,900
4,900
4,900

8.575
8.138
7.725
7.450
7.175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013
8.575
8.138
7.725
7.450
7.175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013
8.575
8.138
7.725
7.450
7.175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013
8.575
8.138
7.725
7.450
7.175
7.000
6.600
6.000
5.200
4.200
3.000



163 4.91)
164 4.900
165 6.400
166 6.400
167 6.400
168 6.400
169 6.400
170 6.400
171 6.400
172 6400
173 6400
174 6.400
175 6.400
176 6.400
177 6.400
178 6.400
179 6.400
180 8.150
181 8.150
182 8.150
183 8.150
184 8.150
185 8.150
186 8.150
187 8.150
188 3.150
189 8.150
190 8.150
191 8.150
192 8.150
193 8.150
194 B.150

212
223
234
245
256
267

189
1

1 10

o 1l

6 12

613

6 14

515
3

Input file of the geo

1.600
0.000
9.450
9.013
8.575
8.138
7.725
7450
7175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000
9.450
9.013
8.575
8.138
7.725
7.450
7175
7.000
6.600
6.000
5.200
4.200
3.000
1.600
0.000

18 17
19 18
20 19
21 20
22 21
23 22

33824237

25 24

9 10 26 25

11 27 26
12 28 27
13 29 28
14 30 29
15 31 30
16 32 3t

24
25
26
27
28
29
k)
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
16
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61 -

62
63
64
65
66
67
68
69
70
7
)
73
74
75
76
77
78
79

Appendix D

13 3 21 43 42 37
4221 22 44 43
42 22 23 4544
13 3 24 46 45 23
24 25 47 46
25 26 48 47
26 27 49 48
27 28 50 49
28 29 51 50
29 30 52 51
30 31 53 52
31 32 54 53
38 39 56 55
39 40 57 56
40 41 58 57
41 42 59 58
33436059 42
2 43 44 61 6O
2 44 45 62 61
13 3 46 63 62 45
1 46 47 64 63
1 47 48 65 64
48 49 66 65
49 50 67 66
50 51 68 67
51 52 69 68
52 53 70 69
5354 71 70
55 56 76 75
56 57 77 76 .
57 58 718 77
58 59 79 78
3360727959
260617372
3372738079
42061627473
363 81 74 62
373 74 8] 80
1 63 64 82 81
1 64 65 83 82
1 65 66 84 83
6 66 67 85 84
6 67 68 86 85
6 68 69 87 86
6 69 70 88 87
57071 89 88
1
1
1
1
}
1
1
i
1
6

—_ = A SN O SR e

p— s =N G TN N

75 76 91 90
76 77 92 91
TT 78 93 92
78 79 94 93
79 80 95 94
80 81 96 95
81 82 97 96
82 83 98 97
83 84 99 98
84 85 100 99

D2

80
81
82
83
84
85
86
87
88
89
90
91
92
03
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
H9
120
121
122

[T N N N T S N S S N N N S S I R )

123 -

124
125
126
127
128
129
130
131
132
133
134
135

G
6

o

_— b ko e e ed e LR

4

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4 .
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

metry specification of sqare footing

85 86 101
86 87 102
87 88 103
88 89 1M

90 9

1 106

91 92 107
92 93 108
93 94 109
94 95 110
95 96 111
9 97 112
97 98 113
98 99 114
99 100 115 114

100
101
1602
103
105
106
107
108
109
110
111
112
113
114
115
116
117
118
120
121
122
123
124
125
126
127
128
129
130
131
132
133
135
136
137
138
139
140
141
142
143
144

"\—'—"—"—"—“'—-——-'—-‘UIC;\C\C.\C\-——-—-—-———"—"——‘MO\C\O\C\'—"—"——"—"—-'—

&

101 1
102 1
103 1
104 ]

100

10

1

102
103
105
106
107
108
109
110

11

1

112

11

16
17
18
19

106 121
107 122

108
109
110
111
12
113
114
115
116
117
118
119
121
122
123
124
125
126
127
128
129
130
131
132
133
134
136
137
138
139
140
141
142
143
144
145

123
124
125
126
127
128
129
130
131
132
133
134
136
137
138
139
140
141
142
143
144
145
146
147
148
149
15t
152
153
154
155
156
157
158
159
160

3

115
116
117
118
120
121
122
123
124
125
126
127
128
129
130
131
132
133
135
136
137
138
139
140
141
142
143
144
145
146
147
148
150
151
152
153
154
155
156
157
158
159



136 4
- 137 4
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167 4
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145
146
147
148
150
151
152
153
154
155
156
157
158
159
160
161
162
163
165
166
167
168
169
176
171
172
173
174
175
176
177
178

Appendix D

Input file of the geometry specification of sqare footing

146
147
148
149
151
152
153
154
155
156
157
158
159
160
161
162

‘163

164
166
{1
168
169
170
In
172
173
174
175
176
t77
178
179

164
162
163
164
166
167
168
169
170
171
172
173
174
175
176
177
178
179
181
182
183
184
185
186
187
188
189
190
191
192
193
194

160
161
162
163
165
166
167
168
169
170
171
172
173
174
175

176

177
178
180
181
182
183

134 -

185
186
187
188
189
190
191
192
193

D3
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Appehdix D
Input file of main part specification for footing

FOOTING21

999

16711990010

0001194001167

3

138 ,

13002125 0.085 1.08 898 0.2500 14.5 0000
2 1 30.0E6 30.0E6 0.20.2 12.5E6 002350000
385023.0 23.35E4 1.0135E4 10.0 025 0 0.00000
480000 2335E4 1.0135E4 10.0.025 0 000000
55 50.0E3 0.2500.031.0 1.60 40 200 000.00.0
630,02125 0.0851.08 898 0.250019.5 0000
15 ,

1945 0.0 0.0 0.0000.00.0 49.78

2 7.2 34.0 32,625 34000 0.0 0.0 82.0

3 6.0 45.95 50.025 45.950.0 0.0 0.0 99.0

4 1.6 68.76 89.625 68.76 0.0 44.00 0.0 138.275
5 0.0 5123 105.625 51.230.0 60.0 0.0 0.0

0 40 1 '
11000000

11000000

11000000

11000000

11000000

110.00.00.0

11000000

11000000

10 11000000

10 10 11 11000000

11 11 12 11000000

12 12 13 11000000

13 13 14 11000000

14 14 15 11000000

1515 16 110.00.00.0

15 16 32 210.00000

3532 54 21000000

51 54 71 21000000

69 71 89 21000000

83 89 104 21000000

97 104 119 210.00.000

111 119 134 210.00.00.0

125 134 149 210.00.00.0

139 149 164 21000000

153 164 179 210.00.000

167 179 194 210.00.000

167 194 193 110.00.00.0

166 193 192 11000000

165 192 191 110.00.0 0.0

164 191 190 110,000 0.0

163 190 189 11000000
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Input file of main part specification for footing

162 189 188 110.00.00.0 )
161 188 187 110.00000
160 187 186 11000000

" 159 186 185 110.00.00.0 "

158 185 184 110.00.000

157 184 183 110.00.00.0

156 183 182 110.00.0 0.0

155 182 181 110.00.00.0

154 181 180 110.00.00.0
1110-1000 0001100000,

1117 0.0 0.0 0.0 0.0 0.0 0.0
2260-1000 6G000100.000.

1117 0.0 153. 0.0 153. 0.0 153.
37190-1000 0000100.000.

11 1700 1989. 0.0 1989. 0.0 1989.
420390-1000 0000100000,

11 17 0.0 1020. 0.0 1020. 0.0 1020.
5401190-1000 0000100.000.

11 17 0.0 2040. 0.0 2040. 0.0 2040.
6120 1980-1000 0000100.000,
11 17 0.0 1007.25 0.0 1007.25 0.0 1007.25
71991990-1000 00011 00.000,
1117 0.0 12.75 0.0 12.75 0.0 12.75
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	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168
	00000169
	00000170
	00000171
	00000172
	00000173
	00000174
	00000175
	00000176
	00000177
	00000178
	00000179
	00000180
	00000181
	00000182
	00000183
	00000184
	00000185
	00000186
	00000187
	00000188
	00000189
	00000190
	00000191
	00000192
	00000193
	00000194
	00000195
	00000196
	00000197
	00000198
	00000199
	00000200
	00000201
	00000202
	00000203
	00000204
	00000205
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	00000208

