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COMMENTS

The user is advised to close and restart the sadtwéter each analysis to start another
analysis. The user should not select secondargmettt analysis without selecting primary
settlement analysis for the case when the thickiseggjuired to be calculated by the software
(i.,e. when the “Large” radio button in the “Soildperty” dialog box of the settlement
analysis part of the software is checked). The tgnmary consolidation settlement” is

changed to “primary settlement”. The software miap &ave other errors.
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ABSTRACT

Consolidation and settlement analysis is one ofntiaén tasks of a geotechnical engineer.
There are different methods of analyzing consalbaaand settlement. In this study, software

for the analysis of consolidation and settlemerteigeloped.

The developed software analyzes one dimensionalotidation for saturated and unsaturated
soils. Consolidation analysis for saturated salslone by the Fourier series solution and by
finite difference solution of Terzaghi’s one dim@mal consolidation equation for saturated
soils. Consolidation analysis for unsaturated sisilsone by finite difference method. The

analysis is done for different loadings, scenaripainage conditions and soil conditions.

The software analyzes immediate settlement, prinsatflement and secondary settlement.
Primary settlement calculation is done by compogssndex method, average modulus of
compressibility method and coefficient of volumengwessibility method. Secondary
settlement calculation is done by constant modoflusompressibility method and variable
modulus of compressibility method. The analysisiase for different loadings, foundation

types, and locations of the foundation, drainagelt®mns and soil conditions.

The result of consolidation analysis by Fourieiesemethod and finite difference method
give approximately similar result. For the consatidn analysis by finite difference method,
the stability of the calculation is very sensitite the beta value. The result may not be
reliable for inappropriate beta values. The dewedbsoftware can be used to analyze
consolidation and settlement simply, quickly anduaately. Comparison of results obtained
from different analysis methods of consolidatiorl aettlement can be also made with the
software. The developed software is also importargtudy the properties of the results for

different values of input parameters.

Xii
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CHAPTER ONE

Introduction
1.1 Background

Now a days, the use of software has become vergriaut in many fields of studies. This
even goes further with the progressive developmérbmputers which enables users to do
their works with easily portable desktops and lpptd ' he use of software makes many works

which were tedious and even impractical manuallyga@one within seconds.

In engineering, software application has becomensomfor many purposes. One reason for
this is that many engineering subjects involve daagnount of calculations which are time
consuming and at times difficult to tackle. Theastheason is the development of numerical

methods including the well known methods like ndifference and finite element.

This study is aimed at developing software for ofidation and settlement analysis, which

play major role in geotechnical engineering.

The basic differential equation for one dimensiatasolidation of saturated soils was first
derived by Terzaghi [8] [1] [9]. For unsaturatedisadifferent contributions have been done
by Biot, Larmour, Hill, Olson, Scott, Blight, Bandge Fredlund and Hasan and other
researchers. Fredlund and Hasan developed twalpaifferential equations from which pore

air and pore water pressures could be calcula2gd. [

Different ways have been suggested to use the adapations for practical purpose. The first
way is solving by using Fourier series. By this noel, a solution can be obtained for
Terzaghi’'s one dimensional consolidation equatidme problem here is that it is difficult to
compute the sum up to a reasonable accuracy witd balculation. The problem even goes
further if the series do not converge with few suiifee second method is to use tables which
correlate one value to the other. This method, éviens less accurate, is easy and workable
method for hand calculation. The third method diisg the equations is to use numerical

methods like finite difference method and finiterabnt method. This method is the most
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powerful method which can be used for various caEke problem of this method is again

the large amount of calculation work involved.

There are three settlement types. These are imteed@tlement, primary settlement and
secondary settlement. Calculation of primary settlet and secondary settlement involves
calculation of pressure distribution under the pa@hwhich settlement is to be calculated.
This can be done by using pressure distributiooutation equations. Pressure distribution
calculation using these equations can be done Imguke equations directly or by using
tables prepared from these equations. Calculagarguhe equations directly, and even using
tables prepared from these equations, could beéculifffor manual calculation because
pressure distribution calculation involves presstateulation at different points for a given
depth. And, if primary settlement after a givendims needed, the degree of consolidation

should be first calculated which is part of congation analysis. [8]

Tesfahun Redi developed earlier software for codatbn analysis by finite difference
method for saturated soils. The developed softwsdorms consolidation analysis for
different scenarios, initial excess pore water sues distributions, drainage conditions, for

variable ¢ case and for multi-layered soils. [3]
1.2 Objectiveof the Thesis

The general objective of this thesis is to devedofiware that analyzes consolidation process

and settlement. The specific objectives of theithae the following.

» To develop a simple, faster and accurate way offyaimg consolidation process and
settlement.
» To develop an easy way of comparing results obdhibg different methods of

consolidation and settlement analysis.
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1.3 Problem Statement

Hand calculations of consolidation process andeseéint analysis are laborious and time
consuming. The development of software would enéghe calculation process and would

serve as a tool for the practice.
1.4 Organization of the Thesis

This thesis has five chapters. The first chaptataios a general introduction about the study,
the objective of the study and the problem stateéroethe study. The second chapter is about
the previous works done regarding consolidation ssttlement of soils. In the third chapter,
the methodology of the study is provided. This udes the works done to arrive to the final
result (i.e. the software), the inputs required tfoe software, the cases considered and the
outputs obtained from the software. In the foutlpter, the procedures to use the software
are presented. In the fifth chapter, the applicatd the software is presented. In the sixth
chapter, which is the last chapter, the conclusionade from the study and the

recommendations for further studies are stated.
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CHAPTER TWO

Literature Review
2.1 Consolidation Analysis

The application of loading on a soil layer will saua change in stress in the soil. This change
in stress will be carried by the soil grains ang plore fluid in the soil. The component carried
by the soil grains is called effective stress amel tcomponent carried by the pore fluid is
called pore pressure. In general, the total stkdsbe carried by the pore fluid initially and as
time progresses the stress will be transferred foore fluid to the soil structure. This rate of
transfer is influenced by the permeability of tloél.sThe increase in stress in the pore fluid
will cause the pore fluid to escape from the sdiial in turn will cause a volume change in
the soil. This process of escape of pore fluid fittw soil due to change in stress in the soil
and transfer of pressure from the pore fluid tosbié structure is called consolidation.

2.1.1 Onedimensional consolidation for saturated clay soils

The theory of one dimensional consolidation forussted clay soils was proposed by
Terzaghi [9]. Assumptions used to derive Terzaghiie dimensional consolidation theory
are [1]:

» The clay layer is homogeneous.

» The clay layer is saturated.

» The compression of the soil layer is due to thengkean volume only, which in turn,

is due to the squeezing out of water from the spidces.
» Darcy’s law is valid.
» Deformation of soil occurs only in the directiontb& load application.

» The coefficient of consolidation ¢s constant during the consolidation.

With the above assumptions, the governing equdtorone dimensional consolidation of
saturated soils was derived [9].

ou 2%u

E = Cvﬁ (21)
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Where:

u = Pore water pressure

z = Depth

¢, = Coefficient of consolidatiotx, = k/p,,gm,)
k = Permeability

pw = Unit weight of water

m,, = Coefficient of volume compressibility

Different ways are attempted to solve Eq. (2.1)ighrous solution can be obtained by using

Fourier series. A solution can also be obtainedgiBnite difference method.
2.1.1.1 Solution using Fourier series

The governing differential equation is solved fdffestent boundary conditions and different
initial excess pore water pressure distributiortse Solutions for excess pore water pressure
and degree of consolidation for cases that arellyseracountered in practice are given below

[6].

A. Single drainage

= Rectanqular initial stress
Pervious
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= Triangular initial stress
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= Trapezoidal initial stress
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_ 2prqo + pr(qu — 4o)

= 2.7
UTRrp T+ 9 (2.7)
Where:
m=oo 1
—_m2
Up = 1-— _2 W e meMt
m=1,3,5
1
pr=1- 32 o™ -(2m-1)*Mt
T 3 (2m — 1)3
m=1,2,3

B. Double drainage

= Rectanqular initial stress
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m=oo

2 —1)mt1 mnz
u(z,t) = —da ZZB% e MMt sin—.— (2.10)
m=1,z,
8 — 1
_ -m2M
,uT—l—; Z?)Swe meMt (211)
m=1,5,

= Trapezoidal initial stress
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8 1 o
wr=1-g ) e
m=1,3,5
= Special trianqular initial stress
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2.1.1.2 Solution using finite difference method

Finite difference method can be used to solve theegning differential equation. To use the
finite difference equations, the given depth antetshould first be divided with an appropriate

depth step and time step [1].

Ui-1,

Ui, i Ui, j+1
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Excess pore water pressure at interior nodes gsileaéd as [4]:

c,At

(A2)2 (ui—l,j —2u; + ui+1,j) (2.16)

Ujj+1 = Ui T

Excess pore water pressure at boundary nodescisatad as [4]:

c,At
ul-'jﬂ = ui,j + (AVW(Zui_lJ - Zui,j) (217)

Excess pore water pressure at the interface ferdalysoils is calculated as [1]:

B T T a2 T+ (/) Cor /) ey + Ry T
2k
—zum,-) (2.18)
ki +k, ’
Degree of consolidation is calculated as [4]:
Uy, +u -
(o) + 2,
U — time=t (219)

() + 5w
2.1.2 One dimensional consolidation for unsaturated soils

In 1941, Biot proposed a general theory of constilich for unsaturated soil with occluded air
bubbles. Assumptions used in Biot's theory wereilainto those used in Terzaghi’s theory.
For one dimensional consolidation, Biot’s theorguléed in an equation similar to Terzaghi’s
one dimensional consolidation equation, but thdfiment of consolidation, ¢ was modified

to take into account the compressibility of thegyfluid. Larmour, Hill and Olson showed
that Terzaghi’s equation with a modified coeffidief consolidation can be used to describe
the consolidation behavior of unsaturated soilfwitcluded air bubbles. Scott incorporated
void ratio change and degree of consolidation chamig the formulation of the consolidation
equation for unsaturated soils with occluded aibldes. Blight derived a consolidation
equation for the air phase of dry, rigid, unsatnlasoil. Barden presented an analysis of the

one dimensional consolidation of compacted, unagdrclay. [2]

10
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Fredlund and Hasan presented two partial diffeatetjuations which could be solved for the
pore air and pore water pressures during the coladimin process of an unsaturated soil. The
air phase was assumed to be continuous. Both eqsatiere solved simultaneously, and the
method is commonly called a two phase flow approddte formulation by Fredlund and
Hasan was similar in form to the conventional omaethsional Terzaghi’'s derivation. The
derivations also demonstrated a smooth transit@wéen the unsaturated and saturated cases.
Similar consolidation equations have also been gseg by Lloret and Alonso. The two

partial differential equations are given below. [2]

2.1.2.1 Water phase partial differential equation

ou,, ou, k, 0*u, 1 0k, o0u, 0Jk,
my — = —(m}, —mYy) + + + 2.20
2 ot v 200t py,g 0y? pwg dy 0y Dy (2:20)
Where:

my, = Coefficient of water volume change with resperta change in the net
normal stress

mY = Coefficient of water volume change with respteca change in the matric
suction

k,, = Coefficient of permeability with respect to wate

p,, = Density of water

g = Gravitational acceleration

The above equation is a general form of water phzs#ial differential equation. The

equation can be simplified for special soil corafis.

A. Saturated conditiorFor saturated conditiom}}, andm¥ will be equal to the

coefficient of volume changey,. The saturated coefficient of permeability is dlsua

assumed to remain constant during consolidationga® So, the above equation will

take the form of Terzaghi’s equation for saturegeis.
ou,, k, 0%u,

ot pygm, 9y?

(2.21)

11
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B. Dry soil conditionFor this condition, the coefficients of water vole changeny),

andm}’, and the coefficient of permeability with respeztwvater,k,, will go to zero.
Substituting zero value for these parameters, tlaemwphase partial differential
equation will vanish.

C. Special case of unsaturated saidsan unsaturated soil air and water flows can

take place simultaneously during consolidation. €twesolidation equation, presented

in EqQ. (2.20), for the water phase can be rearmagdollows:

ou,, ou, o%u,, cY ok, ou,, ok,,
—=—Cy—+¢) +— +c 2.22
ot ot UV 9y "k, dy ay 9 oy (222)
Where:

C, = Interactive constant associated with the wateasp partial differential
equationCy = (1 —my'/my})/(my /miy)
¢y = Coefficient of consolidation with respect to theater phasec) =

kw/pwgm?
cg = Gravity term constant, = 1/my’

If the last two terms are neglected, a simplifiednf of water phase partial differential

equation can be obtained.

ou,, ou, =~ 0%u,
gt - v Yo gy

(2.23)

There are many cases where the dissipation of xbese pore air pressure occurs almost
instantaneously. For these cases, the above equatibbe further simplified to a form
similar to Terzaghi’'s equation.

2
du,, w0 U

7 =Cy ayz (224)

12
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2.1.2.2 Air phasepartial differential equation
< “ ., - S)n) ou,
—\ M1k — My —

i, ot

_ Ouy D} 0%u, _ 1 oD} du,
2 0t  (wa/RMi, 0y> (w,/RT)i, dy 8y

(2.25)

Where:
m$, = Coefficient of air volume change with respecatohange in the net normal
stress
mg = Coefficient of air volume change with respectaichange in the matric
suction
S = Degree of saturation
n = Porosity
D, = Coefficient of transmission for the air phase
w, = Molecular mass of afikg/kmol)
R = Universal gas constaR = 8.31432 J/(mol.K))
T = Absolute temperatur@ = t° + 273.16)(K)
t° = Temperature°C)
0, = Absolute pore air pressufe, = u, + tgem) (kPa)
u, = Gauge pore air pressuiiePa)

Ugtm = Atmospheric pressuf@,;,, = 101kPa )

The above equation is a general form of air phasgap differential equation. The equation

can be simplified for special soil conditions.

A. Saturated conditioffor saturated conditiom$, andmgwill be equal to zero. The

coefficient of transmission);, will approach to zero. So, the air phase partial
differential equation will vanish.

B. Dry soil conditionFor this condition, the coefficients of volume oba with

respect to the matric suction approach zero. Thdficeent of transmission);;, will

change to a constant valuelyf. So, the air phase partial differential equatiokh lve:

13



Software Development for Consolidation and SettigrAealysi:

N AN D} 0%uy,

- (mlk - a_a) 3t (wy/RT)u, 0y?
Rearranging the above equation will give an equatioform similar to Terzaghi’s equation.
du, Dy 1 0%u,

0t  (wq/RT) (m{, 0, + n) dy?

(2.26)

(2.27)

C. Special case of unsaturated sdits this condition air and water flows can take

place simultaneously during consolidation. The otidation equation, presented in

Eq. (2.25), for the air phase can be written as:

ou, ou,, 0%u, c%aD}; du,
=—C +cd + — 2.28
ot 4 ot Y 9y2 D; dy 9y (2.28)
Where:

C, = Interactive constant associated with the aiisphzartial differential equation,
_ mz /miy
1-mz/mf, — (1 — S)n/(@ymy)

Ca

¢ = Coefficient of consolidation with respect to thie phase,
. D; 1
Cy = -
Y (wg/RT)0,m%, (1 —m§/ms) — (1 —S)n

If the variation of D; with space is neglected, the above equation wilimplified as:

L 07U
+ ¢y 6y2

Ju, c du,,
at ot

(2.29)

Equation (2.23) and Equation(2.29) are solved simultaneously using finite difference
method [2].

Pore water pressure is calculated as:

Pwgr’ Cw
.. f— .. + — a

(2.30)

14
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Pore air pressure is calculated as:

.Bafla Ca
Ug(ij+1) = Ua(ij) T A=C,C) A=C.C) Bwgi (2.31)
Where:
At
Bw = C‘l‘;vﬁ
At
Ba = C{?m

gr’ = Uy(i-1,j) — ZuW(i_]-) + Uw(i+1,))

&= Ug(i-1,j) — 2Ua(i,j) T Ua(i+1,))

Pore water pressure and pore air pressure valugbdajiven time step are calculated using
pore water and pore air pressure values of pretimesstep. To pass to the next time step the

pore water pressure and pore air pressure valugisgdime step should be calculated.

2.2 Settlement Analysis

Settlement is a vertical movement of structurestdusgtresses in soils. The total settlement of
a structure is the sum of three components narmalyediate settlement, primary settlement

and secondary settlement. [1]

2.2.1 Immediate settlement

Immediate settlement or elastic settlement is chusethe elastic behavior of soils. It is

calculated from the elastic parameters of the Rjil.

1-u
S; =qB I, (2.32)

S;= Immediate settlement
q = Contact pressure

u = Poisson’s ratio

15
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E = Modulus of elasticity
B = Least lateral dimension

I, = Influence factor

2.2.2 Primary settlement

There are different ways of calculating primarytlsetent. These methods are given below [8]

[4]:

2.2.2.1 Compression index method

loglo_ (2.33)

Where:
c. = Compression index
AH; = Depth step
e, = Initial void ratio
p1 = Overburden pressure
p2 =p1 +A4p
Ap = Additional pressure due to applied load

2.2.2.2 Average modulus of compressibility method

Sp = A 2.34
)= (2:39)
Where:
A = Area of pressure distribution curve
E; = Average modulus of compressibility
2.2.2.3 Coefficient of volume compressibility method
S, = m,pH (2.35)

16
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Where:

m,, = Coefficient of volume compressibility
p = Stress due to applied additional load

H = Thickness of soil

2.2.3 Secondary settlement

It is a settlement due to plastic deformation oilssdt is a time dependant settlement.

Immediate settlement and primary settlement aftaite values while this is not the case in

secondary settlement. [8]

Two methods of determining secondary settlemengiaen below:
2.2.3.1 Constant modulusof compressibility method

With this method secondary settlement is calculatef6]:

S, = 2 In(ty/t,) (236)

SS

Where:

A = Area of pressure distribution curve
E.; = Modulus of compressibility for secondary settrn
t, = Time for completion of primary settlement

t, = Time for which settlement is to be calculated

2.2.3.2 Variable modulusof compressibility method
Secondary settlement by this method is calculasdé]a

Sy = M (2.37)
V2

Where:

F =2 (Fy + 4F, + Fy)

F, =In(1+ (Ao /0)))

17
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F, =In(1 + (Acy, /o))
F;=1In (1 + (Aab/ab))
o, Om, 0p = Initial overburden pressure at the top, midaiid bottom respectively.

Aoy, Aoy, Aoy, = Additional pressure at the top, middle and buottespectively.

AITTTTTT] A P InQ+Aoisy)
0,~YZ+ Gp Ao, F>
'S
Fs
v v
y4 z

Pressure distribution due to a given load, foredéht loading types, can be calculated by
using equations that are given below.

A. Vertical uniform load of rectanqular plan ar@aessure distribution under the

corner of the load [7]:

y
\ 4

Oz

“N

Y
«

ab abz 1 1
07 =5 [arctan (ﬁ) + R <a2 T2 + o 22)] (2.38)

18



Software Development for Consolidation and SettierAealysi:

B. Vertical triangular load of rectanqular plan areaitv the triangular face

parallel to bPressure distribution under the corner of the [@d

r s

|l »!
~ i}

T

z
P abz az R —+/(a? + z?)
=— — 2.39
921 = o0 R(z? + b?) * bR (@ + z2) (2.39)
P ab az R —./(a?+ z?)
Oz2 = o~ arctan <§) + PR 5 (2.40)

C. Horizontal uniform load of rectangular plan ar®aessure distribution under

the corner of the load [7]:

T
a
v
la »nl
™~ i}
b
P —
Z +022 Gzl,,IZ
L J [ 2
P a 72 a

(2.41)

7 = on [ZZ+a?) Z2+D2R
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P a z2  a
Oy = —— — o
72 2r | [(z% + a2) z:+Db?R

(2.42)

D. Horizontal triangular load of rectangular plan areaith the triangular

face parallel to lPressure distribution under the corner of the [G&d

A

a
: b :
_Pnz 72 a z . (zR) 2.43)
=2 2+ R BV '

0,, IS taken from table.

E. Vertical uniform load of Circular plan are&ressure distribution under the

center of the load [7]:

<
<« > < >
I I 1

il LT[ [ T T[]

Foru#0

c=P{1—— (2.44)
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Foru=0

1

[1 +2 (g)z]

oc=P<1-—

Where:

a , b = Dimensions of a rectangular foundation.

r = Radius of a circular foundation
z = Depth
R = \/(az + b? + z2)

1-2u

o= 2(1-p)

21

(2.45)
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CHAPTER THREE

Methodology
3.1 General

As stated in chapter one, the aim of this thesisoiglevelop software for analysis of
consolidation and settlement. A software is dewetbpusing visual basic.net 2008
programming language. Flowchart is first preparefbie going to designing the interface of
the software and writing the code. The next wonkgrened is preparing interface, writing the

code and debugging.

The prepared flowchart describes the flow of thekwehich includes the inputs required, the
way of arriving to the output and the output of Huétware. The flowchart is presented in the
appendix part of the thesis. The software has ai#fioun user interface. These forms
communicate to each other through globally declaradables in a module. Debugging is
done repeatedly during the coding time.

The software performs consolidation and settleraeatysis for different loading conditions,
different drainage conditions and different soihdions. The analyses done by the software

for these conditions are given in the next sectadrthis chapter.
3.2 Consolidation Analysis

As stated in chapter two, consolidation analysislmadone by using Fourier series solution
of the consolidation equation or by using finit6efience solution. The developed software

can analyze consolidation by the two methods.
3.2.1 Consolidation analysisusing Fourier series solution

Consolidation analysis using Fourier series sofutd consolidation equation is done using
equations (2.2) to (2.15) in chapter two. Inputquieed, conditions considered and the

outputs of the software for this case are giveowel
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3.21.1 Input

Inputs required for this case include initial exx@®re water pressure distribution, drainage
condition, thickness of consolidating layer and fioent of consolidation of the soil. In
addition to this inputs, time, depth and degreecohfsolidation values may be needed

depending on the required output.
3.2.1.2 Conditionsconsidered

For consolidation analysis using Fourier seriestgmh, one assumes that the soil is saturated.
It is also assumed that soil layer is homogeneBimggle and double drainage conditions are

treated.

Initial excess pore water pressure distribution bangiven or it can be calculated from
contact pressure due to given surface loading. ifiteal excess pore water pressure
distributions considered are trapezoidal and spedangular (Fig. 3.1). Rectangular and
triangular initial excess pore water pressure ithgtions can be handled using the trapezoidal
case. Special triangular initial excess pore watessure distribution is considered for double
drainage only. For initial excess pore water presslistribution from contact pressure case,
the contact pressures considered are rectangufarmrcontact pressure and circular uniform
contact pressure. Here the initial excess pore rwatessure distribution is taken as the
calculated pressure distribution by approximatingpia trapezoidal shape. For rectangular
uniform contact pressure case, pressure distribsitio turn initial excess pore water pressure
distributions, under the center and at the chariatte point of the load area are considered
whereas for circular uniform contact pressure cas#ial excess pore water pressure

distribution only under the center of the load aseeonsidered.
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oy P

@ (b)

q

u

Figure 3.1: Initial excess pore water pressure rilsition. (a) Trapezoidal initial excess pore
water pressure distribution; (b) Special trianguiaitial excess pore water pressure

distribution.
3.2.1.3 Output

The output is presented numerically and graphicdllye Numerical outputs are degree of
consolidation for given time, time required for givdegree of consolidation and pore water
pressure at a given depth and time. The graphiggluts are isochrones for given time and

time versus degree of consolidation graph.

3.2.2 Consolidation analysis by finite difference method
3.22.1 Saturated soils
A. Input

Inputs required for this case include initial exxe®re water pressure distribution, drainage
condition, number of soil layers, thickness, caéint of consolidation, change in coefficient
of consolidation and coefficient of permeability edich soil layer, time, depth step and time

step. Inputting coefficient of permeability is metjuired if the analysis is for single soil layer.

B. Conditions considered

By this method of analysis, a single layer and iaitered soil profile can be handled.

Drainage can be single or double drainage.

Initial excess pore water pressure distribution bangiven or it can be calculated from

contact pressure due to given surface loading.el@igal and special triangular initial excess
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pore water pressure distributions can be giventdRegalar and triangular initial excess pore
water pressures can be handled by the trapezadal €or initial excess pore water pressure
from contact pressure case, rectangular uniforntacbpressure and circular uniform contact
pressure distributions are considered. Initial egcpore water pressure distributions at the
center and at the characteristic point of the lageh are considered for rectangular uniform
contact pressure distribution case whereas ireiiaess pore water pressure distribution only

at the center is considered for circular uniformtest pressure distribution case.

In addition to the above conditions, this case @wtudes different load scenarios. These
scenarios are constant load scenario, variable kwashario and abrupt change of load
scenario. For constant load scenario, Eq. (2.16)(ZE17), Eq. (2.18) and Eq. (2.19) are used
to calculate pore water pressure and degree ofotidason. However, for variable load and

abrupt change of load scenarios, these equatiemmedified as given below [4].

= Variable load scenario

Excess pore water pressure at interior nodes aslledtd as:
cyt
ui,j+1 = dui,j+ui,j + Z_Z (ui_l,j - Zui,]- + ui+1,j) (31)
Excess pore water pressure at boundary nodescidatad as:
c,t
ui'j+1 = dui'j + ui'j + Z—Z(Zui_l'j — Zul-'j) (32)

Excess pore water pressure at the interface feréalysoils is calculated as:
(Az)? 1 + (kz/k1)(cp1/cy2)

2k, 2k,
X (mui_lj - Zui'j + T i+1, ) (33)

Upj1 = AUy + U+

Where:

du; ; = Change in excess pore water pressure per gaehstep due to the change in

load
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Degree of consolidation is calculated as:

(52) 31

[(uo ;un) I ui]o

U= (3.4)

Where:

- [(“":”n) +ynt ui] = Term calculated using pore water pressure & tim
t

- [(u":u") + ¥t ui] = Term calculated using unconsolidated pressutienatt.
o

=  Abrupt change of load scenario

For calculations at the times different from thediof abrupt change of load, excess pore
water pressure is calculated using equations (2(26)7) and (2.18). For calculations at the

time of abrupt change of load, the following eqoas are used.
Excess pore water pressure at interior nodes aslledtd as:
c,t
ui'j+1 = dui'j+ul-'j + Z—z(ui_l'j - Zul-'j + ui+1'j) (35)
Excess pore water pressure at boundary nodescigai@ld as:
c,t
ul-'j+1 = dui'j + ul-'j + Z—Z(Zui_l,j - Zui'j) (36)

Excess pore water pressure at the interface feréalysoils is calculated as:

Cp1At 1+ k,/k,
(Az)21 + (ky/k1)(cp1/Cu2)

2k, 2k,
(mui_lj - Zui'j + —1u; )

ui,j+1 = dui,j + ui_j +
(37)

Where:

- du;; = Change in excess pore water pressure due @btet change in load
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Calculation of degree of consolidation will be ddneEq. (3.4).

C. Output
The outputs of this case are given in tabular aragbligcal form. The outputs obtained in
tabular form are pore water pressure for each depgp and time step and degree of
consolidation for each time step. Graphical outmres isochrones for given time and time
versus degree of consolidation graph. Isochronesphotted in two options. One option is
plotting isochrones for each time step up to theemitime. The second option is plotting

isochrone for a selected time step in the rangbeogiven time.
3.2.2.2 Unsaturated soils

Consolidation analysis for unsaturated soils inetudnalysis with respect to both water and

air.

A. Input
Inputs related to the water phase are initial exgege water pressure distribution, drainage
condition for water, coefficient of permeability twi respect to water, density of water,
coefficient of water volume change with respeathiange in net normal stress and coefficient

of water volume change with respect to change itiocxsuction.

Inputs related to the air phase are initial exgesse air pressure distribution, drainage
condition for air, molecular mass of air, coeffitief transmission, coefficient of air volume
change with respect to change in net normal saedscoefficient of air volume change with
respect to change in matric suction.

In addition to the above inputs other inputs regpiiare thickness of soil, degree of saturation,
porosity, temperature, time, depth step and tirap. st

B. Conditions considered

Consolidation analysis for unsaturated soils bitdidifference method is done for only single

soil layer. Single or double drainage can be carsil
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Initial excess pore air and pore water pressurgilgigions considered in this analysis case
are trapezoidal initial excess pore air and poreéew@ressure distributions and special
triangular initial excess pore air and pore watespure distributions. Here also rectangular
and triangular initial excess pore air and poreewatessure distributions can be handled by

the trapezoidal case.

Excess pore water pressure and excess pore asupgesalculation at interior nodes is done
using equations (2.30) and (2.31). For excess water pressure and excess pore air pressure

calculation at boundary nodes, equations (2.30)2r81) are modified to the following form.

Equation for calculating pore water pressure:

_ BwIgi’ Cw a 3.9
Uw(ij+1) = Uw(ij) T (1—C,Cp) - (1—C,Cp) Bafi (3.9)

Equation for calculating pore air pressure:

Uori s = U+ ﬁafla _ Ca ﬁ gw (38)
a(hf+1) ah) (1 - Can) (1 - Can) Wt .
Where:
At
Pw = CZVF
At
Ba = SA—yz

g = 2Uy(i—1,j) — 2Uw(ij)
= 2Ug(i-1,j) — 2Uqqj)

Degree of consolidation calculation is done usigg(.19) for the air and water phases.

C. Output
The outputs of this case are also obtained in &atard graphical form. The outputs obtained
in tabular form are pore air pressure and porewatssure for each depth step and time step
and degree of consolidation for air and water phéseeach time step. Graphical outputs are

isochrones for given time and time versus degreeoofolidation graph for both phases.
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Isochrones for each time step to the given timésochrone for a selected time step in the

range of the given time can be obtained.

3.3 Settlement Analysis

Settlement analysis part of the software contasthsutation of immediate settlement, primary
settlement and secondary settlement. Immediatéersett is a settlement independent of
time whereas primary settlement and secondaryesattit are time dependant settlements.
Primary settlement can be calculated as primaryessnt for given time or final primary
settlement. Secondary settlement is calculatedtifioes after the completion of primary
settlement. Time of completion of primary settlemfar given loading is an input required

from the user.

Immediate settlement is calculated by using eqna{fh32). Final primary settlement is
calculated using equations (2.33), (2.34) or (2.88pending on the selected calculation
method. Primary settlement for given time is cadted from the final primary settlement and
degree of consolidation. Degree of consolidatiocaisulated by Fourier series method using
equations (2.3), (2.5), (2.7), (2.9), (2.11) and 8. Secondary settlement is calculated using
equations (2.36) and (2.37) depending on the salexdiculation method.

3.3.1 Input

Inputs required for settlement analysis part ofsb#ware include load, type and dimension
of the footing for which settlement is to be ca#tatl, surcharge above the base of the footing,
thickness of the soil layer, unit weight, influerfeetor (for immediate settlement calculation),
Poisson’s ratio, modulus of elasticity, moduluscompressibility, compression index, initial
void ratio, coefficient of volume compressibilitgarameters related to secondary settlement
(i.e. modulus of compressibility for secondary Isetent and/,), coefficient of consolidation,
drainage condition, time for one hundred percensobdation and time. All the above inputs
are not necessary for any settlement analysisifhas required from the user depend on the

type of analysis.
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3.3.2 Conditions consider ed

The conditions considered depend upon paramekershe type of settlement to be calculated
and point at which the settlement is to be caleglaGenerally, settlement analysis is done for
single soil layer. The overburden pressure from dbié above the base of the footing for

which settlement is to be calculated and other doallove the base of the footing are
considered as surcharge. The foundation types demsl are rectangular foundation and
circular foundation.

For rectangular foundation, vertical loads and Zwtal loads will be accepted by the
software. Vertical loads accepted include pointleath eccentricity in both directions, line

load with eccentricity, distributed load with agezoidal shape. Any other distribution that
does not comply with the standard flexure formslaot accepted by the software. Horizontal
loads accepted include uniformly distributed loadl &riangularly distributed load. Fig. 3.2

shows some selected loading geometries for veditaélhorizontal loads.

For circular foundation case, point load at theteerine load at the centerlines and vertical
uniformly distributed load will be accepted.

Thickness of the settling layer can be given byuber or can be determined by the software.
The thickness determined by the software is takentha depth from the base of the
foundation to a depth at which the pressure duth¢oload coming from the foundation

becomes ten percent of the over burden presstinatadepth.

Immediate settlement calculation is carried outdoly vertical loading. The given load will
be averaged to uniformly distributed load to usdoit immediate settlement calculation.
Immediate settlement calculation is done at théergat the corners and at the characteristic

points for rectangular foundation and at the cefatecircular foundation.
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Primary settlement and secondary settlement cdlonlés done at the center, at the corners
and at the characteristic points for rectangulaméation and at the center for circular
foundation. For a rectangular foundation, calcolafior vertical load is done at the center, at
the corners and at the characteristic points wdaleulation for horizontal load is done at the

center and at the corners only.

§ (b)

Figure 3.2: Loads. (a) Point load; (b) Line load;)(Trapezoidal load; (d) Triangular load.
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3.3.3 Output

The outputs of the settlement analysis are predentemerically and graphically. The

numerical outputs include immediate settlemenglfprimary settlement, primary settlement
for given time, secondary settlement, final tottlsment and total settlement for given time.
Graphical outputs are pressure distribution ane tnersus total settlement graph.

32



Software Development for Consolidation and SettigrAealysi:

CHAPTER FOUR

Application of the Software

In this chapter, the contents of the developedwsoé and the procedures that will be

followed to use the software are presented.

4.1 General

When the software is started, the window in Figudewill appear.

Consalidation and SelEment Analysi

File Edit Define Result Help
DHE|»a® @

Figure 4.1: Main window

The window given in Figure 4.1 contains menus snupper left corner. These are the File,
Edit, Define, Result and Help menus (Figure 4.2)e Tontents of these menus are given

below.
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File Edit Define Result Help
1HE| % 3@

Figure 4.2: Menus
4.1.1 File menu

This menu contains the New, Save As and Export camgdst The New command lets the
user to select the type of analysis. The Save Asntand allows the user to save the inputs
used for analysis. The Export command is used poreXinite difference calculation table to
excel in the case of consolidation analysis bytdimiifference method. These commands can
also be accessed by using the shortcut keys ghem tor by the buttons provided in the
toolbar.

4.1.2 Edit menu

The commands in this menu are the Cut, Copy antke Rasnmands. These commands are
used to cut, copy and paste a text respectivelgs@rcommands can also be accessed by
using the shortcut keys given or by the buttonvidesd in the toolbar.

4.1.3 Define menu

This menu contains commands used to insert induesaFor consolidation analysis, the first
command is the Load command which is used to imgawameters related to load. For
settlement analysis, the first command is the 8iracand Load command. This is used to
input parameters related to foundation and loac f&xt command for both consolidation
and settlement analysis is the Soil Property contim@his command allows the user to input

parameters related to soil.
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4.1.4 Result menu

The result menu contains commands that provideigee with the results of the analysis. For
consolidation analysis, the commands in this memreutlhe Consolidation, Isochrones and
Time Vs Degree of Consolidation Graph commands. Cbesolidation command is used to
display numerical outputs of consolidation analy3ise Isochrones command and the Time
Vs Degree of Consolidation command are used tdaligpochrones and time versus degree
of consolidation graph respectively. For settlenardlysis, the menu contains the Settlement,
Pressure Distribution and Time Vs Settlement gramhmands. The Settlement command is
used to display numerical outputs of settlementyaisa The Pressure Distribution command
and the Time Vs Settlement Graph command are uselisplay pressure distribution and

time versus settlement graphs respectively.

4.1.5 Help menu

The Help menu contains the GeoSAP Help and AbowtSB® commands. The GeoSAP
Help command can also be accessed by using theeshkey given or the Help button in the
toolbar.

In starting both consolidation and settlement agig)ythe first step is to click New in the File
menu to display the New dialog box (Figure 4.3)e Tew dialog box allows the user to

select the type of analysis to be done.
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r. MNew [ﬂ1

Analysiz Type

Consolidation Analysis by Fourier Series Method
Consolidation Analysis by FDM for Saturated Soil
Consolidation Analysis by FDM for Unsaturated Soil
Settlement Analysis

Figure 4.3: New dialog box

4.2 Consolidation Analysisby Fourier Series
Method

To start this analysis, select Consolidation Anialysy Fourier Series Method in the Analysis
Type list box in the New dialog box and click Okhén click Load in the Define menu. The
Load dialog box will appear (Figure 4.4).

([l Load =0

Initizl Excess Pore Water Pressure Distribution

@ Trapezoidal () Special Tiangular () Opt...
Pressure (Trapezoidal)
At the Top (kPa) D
ft the Bottom (kPs) O

(]

{xie |

0K || Cancsl

Figure 4.4: Load dialog box
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In the Initial Excess Pore Water Pressure Distiilouigroup box, select the given initial
excess pore water pressure distribution. If thep@zaidal or Special Triangular radio button
is selected, give the loads and click OK. If thet.Opadio button is selected, another Load

dialog box will appear (Figure 4.5).

' .
B o= ==

Vertical Load

Load Shape Caleulation at...
@ Rectangular (" Circular @ Center

Uniformiy Distributed Load () Charctenstic Point

load Fa}) 0

Dimension

Length m) O Width ) 0

| ok || cancel |

Figure 4.5: Load dialog box

In the Load Shape group box, select the shapeeogitren load and in the Calculation at...
group box, select the point of calculation at whecimsolidation analysis is to be done. Then
give the required values in the Distributed Load &imension group boxes and click OK.
For circular load shape case, calculation will lmmel at the center only. Then click Soil

Property in the Define menu. The Soil Propertyatydbox will appear (Figure 4.6).

BB soil Property lth
Drainage
@ Atthe Top (1 Atthe Bottom ¢ Double Drainage
Thickness im) 0

Coefficient of Consolidation {m2Ar) 0

[ ok || cancel |

Figure 4.6: Soil Property dialog box

Insert the given values required in Soil Properiglal) box and click OK. Then click
Consolidation in the Result menu. The Consolidatimhog box will appear (Figure 4.7).
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r. Conszolidation ﬂr

U{¥} for Given Time i'ﬁme for Given U{%) | Pore Pressure |

Time sy O

Degree of Consolidation (%) =

Cancel

oo |

Figure 4.7: Consolidation dialog box

Select the tab with the required value, from thee¢htabs. Insert the given values and click
Calculate. Click Cancel in the Consolidation dialmgx. Then click Isochrones in the Result

menu under Graphs submenu. The Isochrone dialogvblbappear (Figure 4.8).
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~ N
BB Lsochrone [éJ

Time fr=) [ Plot I | Clear | | Cancel

Figure 4.8: Isochrone dialog box

Give the time and click Plot. Click Cancel in trem¢hrone dialog box. Then click Time Vs
Degree of Consolidation Graph in the Result mendeurGraphs submenu. A plotting area

will appear. Give the time and click Plot. Clickrigal to end.

4.3 Consolidation Analysisby FDM for Saturated
Soil
4.3.1 Constant load scenario

To start this analysis, select Consolidation Analysy FDM for Saturated Soil in the
Analysis Type list box and select Constant Loadn&de in the Scenario group box both in
the New dialog box and click OK. Then click Loadtle Define menu. The Load dialog box
will appear (Figure 4.9).
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r. Load

i |
Initial Excess Pore Water Pressure Distrbution
@ Trapezoidal () Special Tiangular (1 Opt...
Pressure (Trapezoidal)
Atthe Top (kFa} O
At the Bottom §cPa} O
[ ok || Canesl

Figure 4.9: Load dialog box

In the Initial Excess Pore Water Pressure Distrdouigroup box, select the given initial
excess pore water pressure distribution. If thgp@zaidal or Special Triangular radio button
is selected, give the loads and click OK. If thet.Opadio button is selected, another Load

dialog box will appear (Figure 4.10).

[ . Load

|

Wertical Load
Load Shape

Lozd {<Fa)

Dimension

Length {m)

@ Rectangular

Uniformly Distributed Load

Calculation at...

1 Cireular @ Center
(71 Characteristic Point

0

0 Width {m) 0

Figure 4.10: Load dialog box

In the load shape group box, select the shapeeofitren load and in the Calculation at...
group box, select the point of calculation at whicimsolidation analysis is to be done. Then
give the required values in the Uniformly DistriedtLoad and Dimension group boxes and
click OK. For circular load shape case, calculatiol be done at the center only. Then click

Soil Property in the Define menu. The Soil Propelitlog box will appear (Figure 4.11).
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B soil Property ﬁ
Drainage No. of Soll Layers
@ A the Top A the Bottom Double Drainage Soi Layer 2 0K
0 0 ] 0
0 1] 0 0
[ ok || Coneel

Figure 4.11: Soil Property dialog box

In the No. of Soil Layers group box, give the numiiiesoil layers and click the OK button in

the same group box. Insert other given values redun Soil Property dialog box and click
OK. Then click Consolidation in the Result menueT@onsolidation dialog box will appear

(Figure 4.12).

.
. Consolidation

==

Time fyrs) 0

Time Step fyrs.) 0

| Calculate || Cancel

Figure 4.12: Consolidation dialog box

Insert the given values required in Consolidaticalod) box and click Calculate. Then click

Isochrones in the Result menu under Graphs subniéraulsochrone dialog box will appear

(Figure 4.13).
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. —
. Isochrone @

Time =) O Time Step frs) O [] For Given Time

Pt | [ Cear || Cancel

Figure 4.13: Isochrone dialog box

Give the time and time step and click Plot. Thi#l vasult in isochrones at each time step. If
isochrone at specific time is required, check tbhe Given Time checkbox, give the time and
click Plot. The time should be within the total &ngiven above. Click Cancel in the
Isochrone dialog box. Then click Time Vs Degre€ohsolidation Graph in the Result menu
under Graphs. A plotting area will appear. Give tihee and time step and click Plot. Then
click Export in the File menu. The Export dialog<baill appear (Figure 4.14).
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([ Epor =

Expaort finte difference calculation table to microsoft excel.

Figure 4.14: Export dialog box

Click OK and the finite difference calculation tahlill be exported to Microsoft excel.

4.3.2 Variableload scenario

To start this analysis, select Consolidation Analygy FDM for Saturated Soil in the

Analysis Type list box and select Variable Loadr&® in the Scenario group box both in
the New dialog box and click OK. Other procedurdsthas analysis are similar to the

procedures of constant load scenario except tHegdlzoxes in Figure 4.9 and Figure 4.10
will be changed to dialog boxes shown in Figuréafmd Figure 4.16 respectively.

([ Load S |

Initial Excess Pore Water Pressure Distrbution

@ Trapezoidal () Special Tiangular () Opt...

Pressure (Trapezoidal)

Initial Pressure
Atthe Top kPa) 0

At the Bottom (kPa) 0

Pressure Change
Change at the Top kPaAr) 0 “hange Durst o

Change at the Bottom (cPasdr) D

Change Duration fyrs) 0 QK I| Cancel

Figure 4.15: Load dialog box
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e E5)

Vertical Load
Load Shape
@ Rectangular Loading 7) Circular Loading

Uniformhy Distrbuted Load
Initial Load (kPa} 0

Load change kPasAr) 0
Change Duration fyrs) 0

Dimension
Length (m) 0 Width {m) 0
Calculation at... 0K ]

@ Center () Charactenstic Point
Cancel |

Figure 4.16: Load dialog box
4.3.3 Abrupt change of load scenario

To start this analysis, select Consolidation Analygy FDM for Saturated Soil in the

Analysis Type list box and select Abrupt Changéadd Scenario in the Scenario group box
both in the New dialog box and click OK. Other prdares of this analysis are also similar to
the procedures of constant load scenario excemiftheg boxes in Figure 4.9 and Figure 4.10

will be changed to dialog boxes shown in Figure/4atd Figure 4.18 respectively.

(B Load S5

Intial Bxcess Pore Water Pressure Distrbution

@ Trapezoidal (1 Special Trangular (71 Opt..

Pressure (Trapezoidal)
Initial Pressure
At the Top kFa) 0O

At the Bottom (kFa) 0

Pressure Change
Change at the Top kPa) 0

Change at the Bottom {kFa) D

Time of Change frs) 0 oK || Cancsl

Figure 4.17: Load dialog box
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([ Loa =)

Vertical Load
Load Shape
@ Rectangular Loading 73 Circular Loading

Uniformly Distrbuted Load
initial Load (<Fa) 0
Load change («Fa) 0
Time of Changefrs.) 0

Dimension

Length (m) 0 Width {m) 0

Calculation at ... [ oK J
@ Certer () Charactenstic Poirt e
| Cancel |

Figure 4.18: Load dialog box

4.4 Consolidation Analysisby FDM for
Unsaturated Soil

To start this analysis, select Consolidation Analysy FDM for Unsaturated Soil in the
Analysis Type list box in the New dialog box anetklOK. Then click Load in the Define
menu. The Load dialog box will appear (Figure 4.19)

& ™
I Load e S|
Intial Excess Pore Pressure Distribution Air Phase
@ Trapezoidal ") Special Triangular Pressure (Trapezoidal)
Water Phase Atthe Top kPa) 0

Pressure (Trapezoidal) At the Bottom kPa) O
At the Top §Fa)

=

At the Bottom §cPa) 0

ok |[ cancel |

Figure 4.19: Load dialog box
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In the Initial Excess Pore Pressure Distributioougr box, select the given initial excess pore
pressure distribution. Give the loads and click lKen click Soil Property in the Define

menu. The Soil Property dialog box will appear (Feg4.20).

. Soil Property ﬁ -
Water Phase
Thickness (m) [ Coefficient of Permeabilty fmAr) 0
ddfm) 0 Density of Water (kg/m3) 1000
Degree of Saturation (%) 0 Coefficient of Water Volume Change with Respect to:
Porosty 0 Change in Net Nomal! Stress (kPa-1) 0
T ©0 0 Change in Matric Suction kPa-1) 0
Drainage for Water Air Phase
@ Atthe Top () Atthe Bottom () Double Moalecular Mass of Air fkg/kmol)  28.97
Drainage for Ar Coefficient of Transmission{"1E-20ys) 0

@ Atthe Top At the Bottom Double Coefficient of Air Volume Change with Respect to
Change in Net Normal Stress (kPa-1) 0

[ ok ][ cancel | Change in Matric Suction (Pa-1) 0

Figure 4.20: Soil Property dialog box

Insert the given values required in Soil Properiglal) box and click OK. Then click

Consolidation in the Result menu. The Consolidatimiog box will appear (Figure 4.21).

i — b
. Consolidation &J

Time frs) 0 Time Step §rs) 0

Max. Time Step for Stabilty = Unstable | Caleulate | | Cancel |

Figure 4.21: Consolidation dialog box

Give the time and time step and click CalculateeMklick Isochrones in the Result menu

under Graphs submenu. The Isochrone dialog boxappkar (Figure 4.22).
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" ~
BB sochrone LJ&
Tme s} 0 Time Step fyrs) 0 [ For Given Time
FOR.. + Mzt Tme Stepfor Stabilty = Unstable | Plot J | Clear | | Cancsl
N

Figure 4.22: Isochrone dialog box

Select the case for which isochrone is to be plditem the For... combo box. Give the time
and time step and click plot. This will result sBochrones at each time step. If isochrone at
specific time is required, check the For Given Tioheck box, give the time and click Plot.
The time should be within the total time given.dkliCancel in the Isochrone dialog box.
Then click Time Vs Degree of Consolidation Graphtlie Result menu under Graphs
submenu. A plotting area will appear. Select theectr which isochrone is to be plotted
from the For... combo box. Give the time and timg stad click Plot. Then click Export in
the File menu. The Export dialog box will appeaig(ffe 4.14). Click OK and the finite

difference calculation table will be exported tockdisoft excel.
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4.5 Settlement Analysis

To start this analysis, select Settlement Analysithe Analysis Type list box, the required
settlement types in the Settlement Type group bukthe methods of analysis for primary
settlement and secondary settlement in the Analysthod group boxes all in the New
dialog box and click OK. Then click Structure andad in the Define menu. The Structure
dialog box will appear (Figure 4.23).

r. Structure [‘E_E-J1
Foundation
Foundation Type -
| ok || cancel |

Figure 4.23: Structure dialog box

Analysis can be done for rectangular foundation @eincular foundation. The procedures for
these two cases are given in the next sections.

4.5.1 Rectangular foundation

In the Structure dialog box, in the Foundation Tyjmenbo box, select Rectangular. Give

other given values required in Structure dialog bod click OK. The Load dialog box will
appear (Figure 4.24).
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B Load ﬁ

Vertical Load Horizontal Uniform Load

Load Type] - Direction ~ Load§Pa) O
Horizontal Trangular Load
Loadi kFa) 0 Load3 fFa) 0
Load2 (cPa) 0 Loadd §cFa) 0

MNote: Y - més is taken as length and X - 2ds is taken as width. | OK ! :- Cancel |

LS

Figure 4.24: Load dialog box

In the Vertical Load group box, in the Load Typenm box, select the type of load. Insert
the load and other given values required in Vertloaad group box. In the Horizontal
Uniform Load group box, in the Direction combo bmelect the direction. Insert the load
value in the Horizontal Uniform Load group box.tle Horizontal Triangular Load group
box, insert the load values and click OK. Thenlkc&oil Property in the Define menu. The

Soil property dialog box will appear (Figure 4.25).
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l-. Soil Property [-Lhr

Thickness of Settling Layer
@ Known 1 Large
Thickness {m)
Effective Unit Weight §cMN/m3}
I

Modulus of Blasticity kPa)

0
0
]
Poisson’s Ratio 0
0
Compression Index 0
]

Initial Woid Ratio

Modulus of Compressi.bilityfor i)
Secondary Settlemertt JcFPa)

OK Cancel

Figure 4.25: Soil Property dialog box

If the thickness of the soil layer is known, chéls& Known radio button in the Thickness of
Settling Layer group box and insert the thicknesisi®v. Else if the thickness of the soil layer
is required to be calculated by the software, chibeklLarge radio button in the Thickness of
Settling Layer group box. If the value of J’ to figen is the same at the center, corners and
characteristic points, insert the value. Else & #alue of J' to be given is different, click the

button near the J' text box and the J' dialog bakappear (Figure 4.26).

I'. J. i ; iﬂ

J'at the Center [
J'at the Comers 0

J' at the Characleristic Points 0

| oK || Cancel |

Figure 4.26: J' dialog box
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Insert the values of J' at the center, corners @matacteristic points and click OK. If the
modulus of elasticity is to be given, insert thelueaand the value of modulus of
compressibility will be calculated from it. Else tiie modulus of compressibility is to be
given, click the Es button and the Modulus of Coasgibility dialog box will appear (Figure
4.27).

r -
B Modulus of Compressibility =

Modulus of Compressibilty kPa) 0

| ok || Cancel

Figure 4.27: Modulus of Compressibility dialog box

Insert the value of modulus of compressibility atidk OK. The modulus of elasticity will be
calculated from the given modulus of compressipilinsert other given values required in
Soil Property dialog box and click OK. Then cliclet®ement in the Result menu. The
Settlement dialog box will appear (Figure 4.28).

( . Settlement w"

Required Settlement
Required Settlement - Time: fyr.} 0

Time for 100% consolidation fyr) 0

Calcuate ||  Camcel |

Figure 4.28: Settlement dialog box

In the Settlement dialog box, in the Required 8etdnt combo box, select the type of
settlement required. Insert other inputs requirethe dialog box and click Calculate. Another

Settlement dialog box will appear (Figure 4.29).
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. Settlement S )

FPrimary Co

Settlement at the Center Due to All Loads | Settlement at Comers Due to All Loads | Settlement at Characteristic Points Due to Vertical Loads

Figure 4.29: Settlement dialog box

Click the three tabs to see the settlement valuekffarent locations of the foundation and
click Done. Then click Pressure Distribution in Result menu under Graphs submenu. The

Pressure Distribution dialog box will appear (Figdr30).
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f 5
BB Pressure Distribution Lﬁ

FOR... | | [FAT: p

Plot Cancel |

Figure 4.30: Pressure Distribution dialog box

Select the load type for which pressure distributi® to be plotted and the location of the
foundation at which pressure distribution is topbetted from the FOR... and AT... combo
boxes respectively and click Plot. Click Cancel &émeh click Time Vs Settlement Graph in
the Result menu under Graphs submenu. The Tim&e®etit Graph dialog box will appear
(Figure 4.31).
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g 5
. Time-Settlement Graph &J

Final Time frs) O
Time for 100% consolidation v} 0

Coefficient of Consolidation {m2/4r) 0

Drainage
@ Atthe Top 71 A the Bottom i Double

[ ok || cancel |

Figure 4.31: Time-Settlement Graph dialog box

Insert the required inputs and click OK. A plottiagea will appear. Give the location of the
foundation at which time versus settlement grapo ise plotted and click Plot. Click Cancel

to end.
45.2 Circular foundation

In the Structure dialog box, in the Foundation Tyoenbo box, select Circular. Give other
given values required in Structure dialog box alck©K. The Load dialog box will appear
(Figure 4.32).
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y B
B Load &]
Vertical Load
Load Type -
|
|_OK || Cancel
b

Figure 4.32: Load dialog box

In the Vertical Load group box, in the Load Typentm box, select the type of load. Insert
the load value and click OK. Then click Soil Prdagan the Define menu. The Soil property
dialog box will appear (Figure 4.25).

If the thickness of the soil layer is known, chéle& Known radio button in the Thickness of
Settling Layer group box and insert the thicknesisi®. Else if the thickness of the soil layer
is required to be calculated by the software, chihekiLarge radio button in the Thickness of
Settling Layer group box. If the modulus of elasfiés to be given, insert the value and the
value of modulus of compressibility will be calcdd from it. Else if the modulus of
compressibility is to be given, click the Es butenmd the Modulus of Compressibility dialog
box will appear (Figure 4.27).

Insert the value of modulus of compressibility atidk OK. The modulus of elasticity will be
calculated from the given modulus of compressipilinsert other given values required in
Soil Property dialog box and click OK. Then cliclet®ement in the Result menu. The
Settlement dialog box will appear (Figure 4.28).
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In the Required Settlement combo box, select tipe ©f settlement required. Insert other
inputs required in the dialog box and click CaltelaAnother Settlement dialog box will

appear (Figure 4.33).

. Settlement lﬂ"j_]‘

CENTER

Figure 4.33: Settlement dialog box

Click Done and click Pressure Distribution in thesRIt menu under Graphs submenu. The

Pressure Distribution dialog box will appear (Figdr34).
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r ==Y
. Pressure Distribution [&

[ ot J[ cear || Concel |

Figure 4.34: Pressure Distribution dialog box

Click Plot. Click Cancel to cancel the dialog b@ken click Time Vs Settlement Graph in the
Result menu under Graphs submenu. The Time-Settlke@eaph dialog box will appear
(Figure 4.31). Insert the required inputs and cldk. A plotting area will appear. Click Plot.

And click Cancel to end.
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CHAPTER FIVE

Validation of the Software

To validate the software developed, examples haee lworked out as presented in Appendix

B. From the examples, the following observatiomale.

» The result obtained from the common calculationhoés and the results of the
software are more or less similar in all analyses.

» The result of consolidation analysis by Fourieriesemethod and finite difference
method give approximately similar result. The vatigore water pressure obtained
from the two methods is more or less the same. #re value of degree of
consolidation from the methods is also similar eifahis not as similar as the pore
water pressure.

» The developed software is simpler, faster and raocerate.
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CHAPTER SIX

Conclusion and Recommendation
6.1 Conclusion

Conclusions from the study include:

1. The result of consolidation analysis by Fourieriesemethod and finite difference
method give approximately similar result.

2. For the consolidation analysis by finite differenosethod, the stability of the
calculation is very sensitive to the beta valuee Thsult may not be reliable for
inappropriate beta values.

3. The developed software can be used to analyze kdaison and settlement simply,
quickly and accurately. Comparison of results of#di from different analysis
methods of consolidation and settlement can be miade with the software. The
developed software is also important to study ttoperties of the results for different

values of input parameters.

6.2 Recommendation

There are additional cases to be considered wheslmgortant for the practice and open for
further studies. These include settlement analfmisunsaturated soils, consolidation and

settlement analysis for two dimensional and thieeedsional consolidation processes.
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Flowchart
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APPENDIX B

Example Problems
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This chapter contains analysis of example probleyithe common computation methods and
by the developed software. Finally the results ioleth from the two methods will be

compared. Three example problems will be analyzsd;fone on consolidation analysis for a
saturated soil, one on consolidation analysis for umsaturated soil and the other on

settlement analysis.

5.1 Consolidation Analysisfor a Saturated Sail

A 5 m thick saturated caly soil is given. It is v@gd to calculate degree of consolidation for
three years, time for 50% degree of consolidatiwh isochrone after two years all for single
and double drainage cases. The analysis will bes dynthe two methods, i.e. by Fourier

series method and by finite difference method. ddefficient of consolidation is 1.57sec.

:100 kPa R 100 kPa .
OA OO.OOOD O|OOOOOJ)
Pervious 7'y Pervious
5m 5m
Impervious v Pervious
>
50 kPa 50 kPa

Figure B.1: Initial excess pore water pressure riligttions
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5.1.1 Result from common calculation methods

5111 Fourier seriesmethod
A. Degree of consolidation for three years

Degree of consolidation for trapezoidal initialests is calculated as:

= Single drainage case

2urqo + pr(qu — qo)

Urrp =

qu + qo
Where:
8 — 1
—m2M
1=z )z
m=1,3,5
m=oo 1
r L Z ﬂe—@m—nzm
3 (2m —1)3
m=1,2,3

The calculation is done using excel and given below
Table B.1: Degree of consolidation for three yearssingle drainage case

m=1 m=3 m=5 m=7 m=9 m=11 HR
0.51988 0.00165 4.9E-07 5.9E-12 2.4E-18 3.1E-26 47.8462

m=1 m=2 m=3 m=4 m=5 m=6 Hr
1.2E-07 -1E-12 3.4E-19 -4E-27 33.8766

0.66194 -0.0007 .
|J.'|'Rp=52-5027

= Double drainage case

2urqo + pr(qu — q0)
qQu + 9o

Utrp =

Where:

m=oo
8 1 2
_ E -(2m-1)2M
e =1 w2 (Zm—l)ze( e

m=1,3,5
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The calculation is done using excel and given below
Table B.2: Degree of consolidation for three yefarsdouble drainage case

m=1 m=3 m=5 m=7 m=9 m=11 MR
0.13717 1.7E-21 3.2E-65 2E-133 3E-226 0 86.2832

m=1 m=3 m=5 m=7 m=9 m=11 Hr
0.13717 1E-08 1.7E-21 2.6E-40 3.2E-65 3E-96 86.2832

|J.'|'Rp=86-2832

B. Time for 50% degree of consolidation

The time for the given degree of consolidation vié obtained by calculating degree of

consolidation for different times until 50% conslaiion is obtained. The calculation is done

using excel and given below.
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Table B.3: Time for 50% degree of consolidationdimigle drainage case

Time
(yrs.) | m=1 m=3 m=>5 MR m=1 m=2 m=3 Mt WUrrp
1| 0.699 | 0.0238 | 1E-08 | 27.721 0.89 | -0.01|0.0002 | 11.985 32.96606
2 | 0.6028 | 0.0063 | 4E-15 | 39.089 | 0.7676 | -0.003 | 5E-06 | 23.51 44.28233
2.1 | 0.594 | 0.0055 | 1E-15 | 40.053 | 0.7563 | -0.002 | 3E-06 | 24.605 45.20283
2.2 | 0.5853 | 0.0048 | 2E-16 | 40.995 | 0.7452 | -0.002 | 2E-06 | 25.687 46.09713
2.3 1 0.5767 | 0.0042 | 5E-17 | 41.915 | 0.7342 | -0.002 | 2E-06 | 26.757 46.96718
2.4 1 0.5682 | 0.0037 | 1E-17 | 42.814 | 0.7234 | -0.002 | 1E-06 | 27.814 47.81473
2.5 0.5598 | 0.0032 | 3E-18 | 43.695 | 0.7128 | -0.001 | 8E-07 | 28.857 48.64132
2.6 | 0.5516 | 0.0028 | 6E-19 | 44.558 | 0.7023 | -0.001 | 5E-07 | 29.888 49.44831
2.61 | 0.5508 | 0.0028 | 5E-19 | 44.643 | 0.7013 | -0.001 | 5E-07 | 29.99 49.52798
2.62 0.55 | 0.0027 | 5E-19 | 44.729 | 0.7002 | -0.001 | 5E-07 | 30.092 49.60747
2.63 | 0.5492 | 0.0027 | 4E-19 | 44.814 | 0.6992 | -0.001 | 5E-07 | 30.194 49.68677
2.64 | 0.5483 | 0.0027 | 3E-19 | 44.898 | 0.6982 | -0.001 | 5E-07 | 30.296 49.7659
2.65 | 0.5475 | 0.0026 | 3E-19 | 44.983 | 0.6971 | -0.001 | 5E-07 | 30.398 49.84485
2.66 | 0.5467 | 0.0026 | 3E-19 | 45.068 | 0.6961 | -0.001 | 4E-07 30.5 49.92361
2.661 | 0.5466 | 0.0026 | 3E-19 | 45.076 | 0.696 | -0.001 | 4E-07 | 30.51 49.93148
2.662 | 0.5466 | 0.0026 | 2E-19 | 45.084 | 0.6959 | -0.001 | 4E-07 | 30.52 49.93935
2.663 | 0.5465 | 0.0026 | 2E-19 | 45.093 | 0.6958 | -0.001 | 4E-07 | 30.53 49.94721
2.664 | 0.5464 | 0.0026 | 2E-19 | 45.101 | 0.6957 | -0.001 | 4E-07 | 30.54 49.95507
2.665 | 0.5463 | 0.0026 | 2E-19 | 45.11 | 0.6956 | -0.001 | 4E-07 | 30.55 49.96293
2.666 | 0.5462 | 0.0026 | 2E-19 | 45.118 | 0.6955 | -0.001 | 4E-07 | 30.561 49.97079
2.667 | 0.5462 | 0.0026 | 2E-19 | 45.127 | 0.6954 | -0.001 | 4E-07 | 30.571 49.97865
2.668 | 0.5461 | 0.0026 | 2E-19 | 45.135 | 0.6953 | -0.001 | 4E-07 | 30.581 49.9865
2.669 | 0.546 | 0.0026 | 2E-19 | 45.144 | 0.6952 | -0.001 | 4E-07 | 30.591 49.99435
2.6691 | 0.546 | 0.0026 | 2E-19 | 45.144 | 0.6952 | -0.001 | 4E-07 | 30.592 49.99514
2.6692 | 0.546 | 0.0026 | 2E-19 | 45.145 | 0.6952 | -0.001 | 4E-07 | 30.593 49.99593
2.6693 | 0.546 | 0.0026 | 2E-19 | 45.146 | 0.6951 | -0.001 | 4E-07 | 30.594 49.99671
2.6694 | 0.546 | 0.0026 | 2E-19 | 45.147 | 0.6951 | -0.001 | 4E-07 | 30.595 49.9975
2.6695 | 0.546 | 0.0026 | 2E-19 | 45.148 | 0.6951 | -0.001 | 4E-07 | 30.596 49.99828
2.6696 | 0.5459 | 0.0026 | 2E-19 | 45.149 | 0.6951 | -0.001 | 4E-07 | 30.597 49.99907
2.6697 | 0.5459 | 0.0026 | 2E-19 | 45.149 | 0.6951 | -0.001 | 4E-07 | 30.598 49.99985
2.6698 | 0.5459 | 0.0026 | 2E-19 | 45.15 | 0.6951 | -0.001 | 4E-07 | 30.599 50.00064
2.6699 | 0.5459 | 0.0026 | 2E-19 | 45.151 | 0.6951 | -0.001 | 4E-07 30.6 50.00142
2.67 | 0.5459 | 0.0026 | 2E-19 | 45.152 | 0.6951 | -0.001 | 4E-07 | 30.601 50.00221
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Table B.4: Time for 50% degree of consolidationdouble drainage case

Time
(yrs.) | m=1 m=3 m=5 MR m=1 m=3 m=5 Mt WUrrp
0.1 | 0.764 | 0.0074 | 8E-05 | 22.858 | 0.764 | 0.0529 | 0.0074 | 17.58 | 24.616774
0.2 0.72 | 0.0017 | 7E-07 | 27.828 0.72 | 0.031|0.0017 | 24.727 | 28.862365
0.3 |1 0.6786 | 0.0004 | 6E-09 | 32.098 | 0.6786 | 0.0182 | 0.0004 | 30.278 | 32.705051
0.4 | 0.6396 | 9E-O5 | 5E-11 | 36.03 | 0.6396 | 0.0107 | 9E-05 | 34.961 | 36.385911
0.5 ] 0.6028 | 2E-0O5 | 4E-13 | 39.714 | 0.6028 | 0.0063 | 2E-05 | 39.087 | 39.923186
0.6 | 0.5682 | 4E-06 | 3E-15 | 43.182 | 0.5682 | 0.0037 | 4E-06 | 42.814 | 43.304595
0.7 1 0.5355 | 1E-06 | 3E-17 | 46.449 | 0.5355 | 0.0022 | 1E-06 | 46.233 | 46.521192
0.8 1 0.5047 | 2E-07 | 2E-19 | 49.528 | 0.5047 | 0.0013 | 2E-07 | 49.402 | 49.570611
0.81 | 0.5017 | 2E-07 | 1E-19 | 49.826 | 0.5017 | 0.0012 | 2E-07 | 49.706 | 49.866419
0.811 | 0.5014 | 2E-07 | 1E-19 | 49.856 | 0.5014 | 0.0012 | 2E-07 | 49.737 49.89591
0.812 | 0.5011 | 2E-07 | 1E-19 | 49.886 | 0.5011 | 0.0012 | 2E-07 | 49.767 | 49.925383
0.813 | 0.5008 | 2E-07 | 1E-19 | 49.915 | 0.5008 | 0.0012 | 2E-07 | 49.797 | 49.954841
0.814 | 0.5005 | 2E-07 | 1E-19 | 49.945 | 0.5005 | 0.0012 | 2E-07 | 49.827 | 49.984282
0.8141 | 0.5005 | 2E-07 | 1E-19 | 49.948 | 0.5005 | 0.0012 | 2E-07 | 49.83 | 49.987225
0.8142 | 0.5005 | 2E-O07 | 1E-19 | 49.951 | 0.5005 | 0.0012 | 2E-07 | 49.834 | 49.990168
0.8143 | 0.5005 | 2E-07 | 1E-19 | 49.954 | 0.5005 | 0.0012 | 2E-07 | 49.837 | 49.993111
0.8144 | 0.5004 | 2E-07 | 1E-19 | 49.957 | 0.5004 | 0.0012 | 2E-07 | 49.84 | 49.996053
0.8145 | 0.5004 | 2E-07 | 1E-19 | 49.96 | 0.5004 | 0.0012 | 2E-07 | 49.843 | 49.998996
0.8146 | 0.5004 | 2E-07 | 1E-19 | 49.963 | 0.5004 | 0.0012 | 2E-07 | 49.846 | 50.001938
0.8147 | 0.5003 | 2E-07 | 1E-19 | 49.966 | 0.5003 | 0.0012 | 2E-07 | 49.849 | 50.004881
0.8148 | 0.5003 | 2E-07 | 1E-19 | 49.969 | 0.5003 | 0.0012 | 2E-07 | 49.852 | 50.007823

As it can be seen from Table B.3 and Table B.4, tihee to attain 50% degree of
consolidation is 2.6697 years for single drainagsecand 0.8145 years for double drainage

case.

C. Isochrone after two years

The isochrones for the given time for single drgmmand double drainage cases will be
plotted by first calculating pore water pressurediffierent depths for the given time. The
calculation is done by using excel and given inl&dh5 and Table B.6. And the isochrones

are given in Figure B.2 and Figure B.3.
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= Single drainage case

Pore water pressure will be calculated as:

Where:

u(z,t) = ug(z,t) + ur(z,t)

m=oo

m=

4 1
Uz ) = =g, ) —e M
3,5

3 8 m=o (_1)m+1
ur(z,6) = — (qu = 4o) am-12
m=1,2,3

—-(2m-1)?>Mt

. . mnz
sin——

2h

- (2m-—-Dnz
sin——_——

2h

Table B.5: Pore water pressure at different deftissingle drainage case

Depth
(m) | m=1 m=3 m=5 m=7 m=1 m=2 m=3 m=4 u(z,t)
0 0 0 0 0 0 0 0 0 0
0.5]14.813 |1.3413 | 0.011| 8E-06| -4.715|0.1423 | -7E-04 | 4E-07 11.59203
1] 29.262 | 2.3902 | 0.0155 7E-06 | -9.314 | 0.2536 | -1E-03 3E-07 22.60597
15| 429929181 | 0.011| -1E-06 | -13.68 | 0.3096 | -7E-04 | -6E-08 32.54389
2| 55.66|2.8099 | 2E-18 | -9E-06 | -17.72 | 0.2981 | -1E-19 | -4E-07 41.05056
2.5 |66.958 | 2.0891 | -0.011 | -6E-06 | -21.31 | 0.2217 | 0.0007 | -3E-07 47.94547
3(176.609| 0.913| -0.016 | 3E-06 | -24.39 | 0.0969 | 0.001 1E-07 53.21874
3.5|84.373 | -0.462 | -0.011 | 9E-06 | -26.86 | -0.049 | 0.0007 | 4E-07 56.99449
4190.059 | -1.737 | -4E-18 5E-06 | -28.67 | -0.184 | 2E-19 2E-07 59.47145
45193528 | -2.632 | 0.011| -4E-06 | -29.77 | -0.279 | -7E-04 | -2E-07 60.85545
5194.694 | -2.954 | 0.0155 | -9E-06 | -30.14 | -0.313 | -1E-03 | -4E-07 61.29825
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Pore Water Pressure (kPa)

0 20 40 60 80 100 120

0.5 /
1

Depth (m)

2.2 /
35 /

4.5 /
5

== |nitial Stress

Figure B.2: Isochrone after two years for singlaitiage case

= Double drainage case

Pore water pressure will be calculated as:
u(z,t) = up(z,t) + ur(z,t)

Where:

1 p-(@m-12Me i (Z2m - Dnz

2m -1 2h
m=1,2,3

4
uR(Zl t) = ;qo

m=oco

2 (—pm+t . mnz

ur(z,t) = —(qu— ) ;37 e MMt Sin—--
m=1,2,
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Table B.6: Pore water pressure at different deftinglouble drainage case

Depth
(m) | m=1 m=2 m=3 m=4 m=1 m=2 m=3 m= u(z,t)
0 0 0 0 0 0 0 0 0 0
0.5 12.037 | 0.0008 | 4E-12 | 9E-25| -3.009 | 0.082 | -2E-04 | 4E-19 9.110658
1|22.897 | 0.0009 | 4E-28 | -1E-24 | -5.724 | 0.1326 | -2E-04 | 5E-35 17.30578
1.5 31.514 | 0.0003 | -4E-12 | 4E-25| -7.879 | 0.1326 | -8E-05 | -4E-19 23.7687
2| 37.047 | -6E-04 | -9E-28 | 7E-25| -9.262 | 0.082 | 0.0001 | -1E-34 27.86713
2.5 38954 | -1E-03 | 4E-12 | -1E-24 | -9.739 | 2E-17 | 0.0002 | 4E-19 29.21477
3|37.047 | -6E-04 | 1E-27 | 7E-25| -9.262 | -0.082 | 0.0001 | 2E-34 27.70321
3.5(31.514 | 0.0003 | -4E-12 | 4E-25| -7.879 | -0.133 | -8E-05 | -4E-19 23.50347
4122897 | 0.0009 | -2E-27 | -1E-24 | -5.724 | -0.133 | -2E-04 | -2E-34 17.04055
4,51 12.037 | 0.0008 | 4E-12 | 9E-25| -3.009 | -0.082 | -2E-04 | 4E-19 8.946736
5| 5E-15| 4E-19| 2E-27 | 1E-39| -1E-15| -3E-17 | -9E-20 | 3E-34 3.55E-15
Pore Water Pressure (kPa)
0 20 40 60 80 100 120
0
0.5 /
1 /
15
—_ 2
E
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: /
e 3
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Figure B.3: Isochrone after two years for doubla@idage case

78




Software Development for Consolidation and SettigrAealysi:

B.1.1.2 Finitedifference method

By this method, all the required values will beccddited from the finite difference calculation
tables for single drainage and double drainagesc@sble B.7 and Table B.8). A depth step
of 1m and a time step of 0.2 year are taken. Fesedlvalues the value of beta will be:

c,At  1.5%0.2
= = =03
Az? (1)2

The value of beta is less than 0.5. So, the deeth @&nd time step values taken fulfill the

stability requirement.

Table B.7: Finite difference calculation table &ingle drainage case

... continuel

24.481 | 22.954 | 21.675 | 20.583 | 19.637 | 18.803 | 18.057 | 17.381 | 16.761 | 16.187 | 15.649

43.873 | 41.643 | 39.712 | 38.012 | 36.494 | 35.120 | 33.861 | 32.696 | 31.607 | 30.582 | 29.611
55.832 | 53.893 | 52.083 | 50.381 | 48.772 | 47.241 | 45.780 | 44.380 | 43.035 | 41.740 | 40.490
61.328 | 60.109 | 58.782 | 57.385 | 55.948 | 54.492 | 53.032 | 51.581 | 50.146 | 48.733 | 47.347
62.761 | 61.901 | 60.826 | 59.599 | 58.271 | 56.877 | 55.446 | 53.998 | 52.548 | 51.107 | 49.683
42.161 | 44.12 | 45.956 | 47.69 | 49.337 | 50.908 | 52.412 | 53.857 | 55.247 | 56.588 | 57.883
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Table B.8: Finite difference calculation table fdouble drainage case

... continue«

0 0 0 0 0 0 0 0

20.679 18.255 16.132 14.265 12.619 11.167 9.883 8.749
33.279 29.432 26.040 23.044 20.397 18.056 | 15.984 14.151
33.055 29.301 25.963 23.000 20.371 18.040 | 15.975 14.146
20.318 18.044 16.008 14.192 12.577 11.142 9.869 8.740

0 0 0 0 0 0 0 0
71.37837 | 74.65813 | 77.56205 | 80.13321 | 82.40974 | 84.42541 | 86.2101 | 87.79028

A. Degree of consolidation for three years

= Single drainage case

The degree of consolidation for three years carnaben from Table B.7. The value is
46.758 % .

= Double drainage case

The degree of consolidation for three years carnaben from Table B.8. The value is
84.738 %.
B. Time for 50% degree of consolidation

= Single drainage case

From Table B.7, it can be seen that the degre®wdalidation is approximately 50% a#¢
years. So, this time will be taken as the time5@¥ degree of consolidation.

= Double drainage case

From Table B.8, it can be seen that the degreeon$aidation is approximately 50% &t
year. So, this time will be taken as the time fo¥bdegree of consolidation.
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C. Isochrone after two years

= Single drainage case

Using the pore water pressure for two years in @&V the isochrone is plotted and given in
Figure B.4.

Pore Water Pressure (kPa)

0 20 40 60 80 100 120
0 \
0.5
1
1.5 /
2

2.2 /
3.5 /

4

. /1

Depth (m)

= |nitial Stress

Figure B.4: Isochrone after two years for singlaitiage case
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= Double drainage case

Using the pore water pressure for two years in @ &8 the isochrone is plotted and given in
Figure B.5.

Pore Water Pressure (kPa)

0 20 40 60 80 100 120

0 \

0.5 /
1 \ /

15 N

2

2.2 /
3.5 /

N
B /

Figure B.5: Isochrone after two years for doublaidage case

B.1.2Result from the developed software

Depth(m)

= |nitial Stress

The required results in the above example probleen calculated using the developed

software by inputting the given values to the saf@v

82



Software Development for Consolidation and SettigrAealysi:

B.1.2.1 Fourier seriesmethod
A. Deqgree of consolidation for three years

= Single drainage case

I'-. Consolidation @ )

U{%) far Given Time |T|me for Given U{%) | Fore Prassure |

Time fyrs.) 3

Degree of Consclidation (%)= 52.503

| Cancel

Figure B.6: Degree of consolidation for three yetossingle drainage case

= Double drainage case

r T 5
. Consolidation @

U{%) for Given Time |T|rne for Given U{%) | Fore Fresswel

Time §me} 3

Degree of Consolidation ()= 86283

| Cancel

Figure B.7: Degree of consolidation for three yeosdouble drainage case
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B. Time for 50% degree of consolidation

= Single drainage case

II-. Consolidation ww

Degree of consolidation (%) 50

Time frs) = 2.6697

| Cancel

Figure B.8: Time for 50% degree of consolidationdmgle drainage case

= Double drainage case

r T 5
. Consolidation M

Degree of conzolidation (%) 50

Time frs)= 0.8146

| Cancel

Figure B.9: Time for 50% degree of consolidationdouble drainage case



Software Development for Consolidation and SettierAealysi:

C. Isochrone after two years

= Single drainage case

0 10 20 30 40 50 &0 70 20 %0 100 110
0 u(kPa)

05 ‘\

25 -,"

\

45

? 2m ISOCHRONE AFTER 2 YEARS —— nitial Stress

Figure B.10: Isochrone after two years for singtaidage case
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= Double drainage case

0 10 20 30 40 50 60 70 80 90 100 110
0 u(kPa)

AN

05 g

}

35 /
i

? Zm ISOCHRONE AFTER 2 YEARS —— itial Stress

Figure B.11: Isochrone after two years for doubtaidage case

B.1.2.2 Finitedifference method

Here also, the required values will be calculatednfthe finite difference calculation tables
for single drainage and double drainage cases €8l and Table B.10). As in the case of
manual calculation, a depth step of 1m and a titee of 0.2 year are taken. The stability is

checked in the manual calculation case.
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Table B.9: Finite difference calculation table &ingle drainage case

[Time: fyrs.) [o [o2 o4 Jos o8 |1 [12 14 |18

| Depth=0m 0 0 0 0 0 0 0 0 0

| Depth=1m |90 60 48 405 3534 31543 28633 26336 24481
| Depth=2m 80 80 71 638  58.022 53385 49609 4643 43873
| Depth=3m |70 70 0 6784 65243 6264 60188 57923 55832
| Depth=4m 60 60 618 6324 6373 63722 63216 62387 61.328
| Depth="5m |50 56 584 6044 6212 63116 6348 63321 62761
Consolidation (%) |0 20533 25333 29173 32413 35241 37764 40055 42161

... continue
[1s |2 22 |24 |26 |28 |3 [32 |34 [3s |
0 0 0 0 0 0 0 0 0 0

229 21672 20583 19637 13803 18057 17381 16761 16187 15643
41643 35712 33012 36454 3512 33861 32696 31607 305682 296N
53892 52083 50331 48772 4V241 4578 4438 4303 4174 4045

60.109 537832 57385 55048 54452 53032 51581 50146 48733 4747
61901 60826 59539 58271 568Y7 5h446 53998 52543 51107 49633
4412 45956 4763 49337 50908 52412 53857 hh24Y H65HAE 570881

Table B.10: Finite difference calculation table fdwuble drainage case

[Time fyrs.) [o [o2 o4 Jos o8 |1 [z Ja ]
| Depth=0m 0 0 0 0 0 0 0 0
| Depth=1m |90 60 48 405 34935 30441 26676 2346
| Depth=2m |80 80 71 6245 5489 48334 42632 3765
| Depth=3m |70 70 655 592 5239 47221 41381 37.269
| Depth=4m 60 45 39 3525 3186 28641 25623 22.843
| Depth="5m [ 0 0 0 0 0 0 0
Consolidation (%) |0 32 404 4736 5342 53764 6349 676
... continue
[te s |2 [22 |24 [26 |28 |3 |
0 0 0 0 0 0 0 0

20673 1325 16132 14265 12619 11167 5383 3743
33273 29432 2604 23044 20357 18056 1553 1405
33088 29301 25963 23 20371 1804 15578 14146
20318 13044 16008 14192 12577 11142 5863 84

0 o 1] 0 0 0 0 0
71378 74658 V562 80131 B240 84425 BE2 3779
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A. Degree of consolidation for three years

= Single drainage case

From the finite difference table for single drairatpse (Table B.9), degree of consolidation
for three years i46.758 %.

= Double drainage case

From the finite difference table for double draieagse (Table B.10), degree of consolidation
for three years i84.738 %.

B. Time for 50% degree of consolidation

= Single drainage case

From Table B.9, the time for approximately 50% @egof consolidation i8.4 years.

= Double drainage case

From Table B.10, the time for approximately 50%réegf consolidation i% year.
C. Isochrone after two years

= Single drainage case

0 10 20 30 40 50 g0 70 80 0 100 110
0 u(kPa)

05 \

1 My,

i

3 Z(m) ISOCHRONES o [nitial Stress
Figure B.12: Isochrone after two years for singtaidage case
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= Double drainage case

0 10 20 30 40 50 60 70 80 %0 100 110
0 u(kPa)

N
HHHHE

05 N

25

A

45

Initial Stress

7 2m ISOCHRONES
Figure B.13: Isochrone after two years for doubtaidage case

B.2 Consolidation Analysisfor an Unsaturated soil

This section contains an example problem on catettdn analysis for an unsaturated soil.

The required results are degree of consolidati@hismchrone for one year.

100 kPa - 100 kPa
(@) OO0 0000 [e) OO0 0000
Pervious Pervious
Water Air
5m 5m
Impervious Impervious
50 kPa Sokpa

Figure B.14: Initial excess pore water pressureriisitions
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- Degree of saturation = 80 %

- Porosity =0.4

- Temperature = 28

- Coefficient of permeability with respect to the eraphase = 0.005 m/yr

- Coefficient of water volume change with respectii@ange in net normal stress =
0.00015

- Coefficient of water volume change with respectthange in matric suction =
0.0001

- Coefficient of transmission = 0.2 * Tyear

- Coefficient of air volume change with respect t@mye in net normal stress =
0.001

- Coefficient of air volume change with respect tamfje in matric suction = 0.0001

The density of water is taken as 1000 kjand the molecular mass of air is taken as 28.97

kg/kmol.

B.2.1Result from common calculation methods
B.2.1.1 Degree of consolidation for one year

The required values will be calculated from thatéirdifference calculation tables for the
water phase and air phases (Table B.11 and Taf®).BA depth step of 1.25m and a time

step of 0.05 year are taken. For these valuesahue wf beta will be:
oy = kw/pwgmgv
= 0.005/1%9.81 x0.0001 = 5.1 m?/yr

D; 1
a
@ = (o /RT) 1gm% (1 — m%/m%) — (1 — S)n
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_ 0.2 % 10720
~ (0.02897/((8.31432 * (3600 * 24 * 365.25)2) * (20 + 273.16)))

1
" 101 +0.001 = (1-0.0001/0.001) — (1 —0.8) x 0.4

=15.37 m?/yr

At 5%0.05
c =
v AyZ ~ (1.25)2

= 0.163

Bw

At 1537005
ba= o m =2y

= 0.492

The value of beta is less than 0.5. So, the depih and time step values taken fulfills the
stability requirement. Here the is for a gauge pore air pressure value of zeros€guently,
the calculate@, value is the maximum for non-negative gauge par@rassure values and
so for gauge pressure values greater than zeroathe ofg3, will be less than the calculated

value.

Table B.11: Finite difference calculation table fwater phase

.. continuel
| o03s[ o4 o04s[ 05| oss| 06| 065]
0.000 0.000 0.000 0.000 0.000 0.000 0.000
41,562 | 39.322 | 37.381| 35.670 | 34.142 | 32.760 | 31.498
58.900 | 56.986 | 55.262 | 53.691 | 52.242 | 50.892 | 49.621
61.293 | 60.497 | 59.658 | 58.796 | 57.922 | 57.045| 56.171
60.131 | 60.004 | 59.690 | 59.242 | 58.698 | 58.088 | 57.432
36.059 | 37.731| 39.285| 40.741 | 42.115| 43.420| 44.665
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... continuel
[ o7[ o7s] os[ oss| 09| o9s] 1]
0.000 0.000 0.000 0.000 0.000 0.000 0.000
30.337 | 29.263 | 28.264 | 27.331| 26.459 | 25.641 | 24.872
48.416 | 47.266 | 46.163 | 45.101 | 44.077 | 43.087 | 42.131
55.303 | 54.442 | 53.591 | 52.750 | 51.918 | 51.096 | 50.284
56.748 | 56.044 | 55.330 | 54.609 | 53.886| 53.163 | 52.441
45.857 | 47.002 | 48.106 | 49.171 | 50.201 | 51.198 | 52.164

Table B.12: Finite difference calculation table fwr phase

... continuel

0.000 0.000 0.000 0.000 0.000 0.000 0.000

61.175 | 57.754 | 54572 | 51.632 | 48932 | 46.463 | 44.216
73.497 | 72451 | 71.282 | 70.026 | 68.710 | 67.359 | 65.993
64.555 | 64.988 | 65.359 | 65.661 | 65.889 | 66.043 | 66.124
58.720 | 59.734 | 60.683 | 61.559 | 62.356 | 63.070 | 63.700
23.804 | 24.980 | 26.148 | 27.300 | 28.430 | 29.533 | 30.606

... continuet

0.000 0.000 | 0.000 | 0.000 0.000 | 0.000| 0.000
42.174 | 40.325| 38.650 | 37.133 | 35.759 | 34.511 | 33.376
64.628 | 63.277 | 61.952 | 60.660 | 59.406 | 58.196 | 57.031
66.136 | 66.081 | 65.965 | 65.793 | 65.568 | 65.296 | 64.982
64.247 | 64.711 | 65.095| 65.401| 65634 | 65.796 | 65.891
31.646 | 32.654 | 33.629 | 34.571| 35483 | 36.366 | 37.222
The degree of consolidation for one year for théewahase can be taken from Table B.11

which is42.597% . And the degree of consolidation for one yeattierair phase can be taken
from Table B.12 which i24.666% .
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B.2.1.2 Isochrone after oneyear

Using the pore water pressure and pore air presalues for one year in Table B.11 and
Table B.12 the isochrones for the water phase hadair phase are plotted and given in
Figure B.15 and Figure B.16 respectively.

Pore Water Pressure (kPa)

0.000 20.000 40.000 60.000 80.000 100.000 120.000
0 \
0.5
1 /
/
2 N
25 \
_,, /[
\ L/

4

Depth (m)

4.5

= |nitial Stress

Figure B.15: Isochrone after one year for water pha
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Depth (m)
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B.2.2Result from the developed software

Figure B.16: Isochrone after one year for air phase

B.2.2.1 Degree of consolidation for oneyear

The degree of consolidation for one year is takemfthe finite difference calculation tables

given in Table B.13 and Table B.14 which are ol#difrom the software. The stability is

checked in the case of calculation by common method

Time fyrs.)
Depth=0m
Depth=1.25m
Depth=25m
Depth=3.75m
Depth=5m

Consolidation ()

Table B.13: Finite difference calculation table fwater phase

0
875
75
62.5
50
0

e
(LR T

72616
Fi]
62.5
53.328
21.073

0.1

0
63.044
72375
63.056
55591
24578

—
wn

==

5632

69.233
£3.243
57.388
27.503

[R]

=N =]

51.257
63.068

58.708
30.024

94

]
o

=N =]

47372
63.473
62.631
59.561
123248

(5]

==

44159
61.043
62.018
60.009
343243

(¥5]
o

=3 =]

41.562

£1.293
60131
36.059

e

= =

35322

60.457
60.004
3773

=R=

37.381
55.262
59.658
5969

39.285

o

==

53.691
58.796
59242
40.741
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... continuel
0.55 06 0.65 07 0.75 0.8 0.85 0.55 1
0 0 0 0 0 0 0 0 0 0

M142 3276 31458 20337 25263 28264 27331 26453 25641 24872
H2242 50.832 43621 43416 47266 46163 450017 44077 43087 4213
57922 57045 56171  5R303 H4442 53531 R2TR 51918 51096 50234
53638 58088 57432 56743 56044 5533  H460% 53886 53163 5244
42115 4342 44665 45857 47002 48106 43071 50200 51198 G264

Table B.14: Finite difference calculation table far phase

Time: fyrs.) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Depth=0m 0 0 0 0 0 ] ] i 0 0 0
Depth=1.25m 875 BAG48 80882 TE809 F2ES7  GRETE  B4BM  B1175 577 54572 51632
Depth=25m 75 7 75334 75593 75477 75058 74382 73497 72451 71282 T70.025
Depth=3.75m 525 525 52486 62709 63.102 63579 64077 64555 64938 65359  G5.661
Depth=5m 50 51499 52957 5423 5541 56543 57654 5372 59734 60683 61559
Consolidation (%) |0 17367 18253 19258 2034 247 2253 23804 2438 26148 273
... continues
0.55 06 0.65 0.7 0.75 0.8 0.85 0.95 1
0 0 0 0 0 0 0 0 0 0

48532 46461 446 427174 40325 3865 3733 35TEI MA11 333V6
63.71 67353 65993 64628 63277 61932 6066 59406 58196 57.031
65833 66043 66124 66136 66031 65365 65793 65560 6hZO6 64932
62356 6307 637 64247 64711 65095 65401 65634 65736  65.091
2843 255331 30606 31646 32654 33623 35N 35483 36366 3722

The degree of consolidation for one year for théewphase can be taken from Table B.13
which is42.597% . And the degree of consolidation for one yeattlterair phase can be taken
from Table B.14 which i24.666% .
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B.2.2.2 Isochrone after oneyear

0 10 20 30 40 5D 60 70 20 20 100 110
0 u(kFPa)
05
1
15 N

\

35 \
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45 \

° “m) ISOCHRONES Initial Stress

Figure B.17: Isochrone after one year for water pha
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Figure B.18: Isochrone after one year for air phase
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B.3 Settlement Analysis

Settlement analysis is done by hand calculationspmeladsheet and compared with the result
of the software for the foundation given below:

Z
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i
i
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i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

0.00 m——

Sand ve= 18 kN/m’®

GWT
-2.00m
A B
vi= 19 kN/m?
Clay

-12.00 m

Rock
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Y

P B
b=4m A ﬁ$_> X
e
- '
| |
a=8m
n=0.4
P=5MN Cv = 20*10“cm?/sec
e =03m E. = 30 MPa
V, =100

Figure B.19: Elevation and plan of an abutment

The required values are immediate (elastic) sedtgmfinal primary settlement, primary
settlement after two years and secondary settleafeert 35 years taking time for completion
of primary consolidation to be 25 years.

B.3.1Result from common calculation methods
B.3.1.1 Immediate (eastic) settlement

The immediate settlement is calculated as:

Where:

» S =Immediate settlement
= g = Contact pressure

» u = Poisson’s ratio

» E = Modulus of elasticity

= B = Least lateral dimension
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» ], = Influence factor
- I, is determined by first calculating height to widthd length to width ratios and by
reading the value from table for the calculatetbsatSo;
H/B = 10/4 =2.5
L/B =8/4=2.0
For these values,, will be taken from table as:
1, =1.22 [6]
- The stress distribution due to the vertical loadhvthe given eccentricity shall be
calculated by flexure formula [5].

P 6be, 6e,
Omax,min = a*_b [1 iTiT ;ep =0

- Checking whether the given eccentricity is withie kern or not:

a/6 =8/6=133m >e, =03m

P
axb

6e
[1 +—
a

Omaxmin =

5000 6 0.3
= 1+
84 8
Omax = 191.41 kN /m? ando,,;, = 121.09 kN /m?

- The average pressure will be taken for the calicaif immediate settlement. So;

_ Omax t Omin
Oavg = 2

191.41 + 121.09
Ogvg = >

156.25 kN /m?

1—p—2p?
oo 5]

20+ l1 —04—2+% (0.4)Zl

1-0.4

= 14 MPa = 14000 kPa
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- So, the immediate settlement will be:

1—pu?
Si = qB——1,
156.25 * 4 1- 047 1.22
= 25 %4 x ————x 1,
14000
= 0.04575m

B.3.1.2 Final primary settlement
- Primary settlement will be calculated at the ceneslge A, edge B, characteristic

points near edge A and characteristic points ndge é. Constank; method is used

for the calculation.

A. Calculation of contact pressure due to given loads

A 4

A

Y

A

I
v
A

A 4

A

Y

A

191.41 kPa 121.09 kPa

Figure B.20: Contact pressure distribution
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= At the center

The trapezoidal contact pressure in Figure 4.2@isded into different uniform and
triangular parts (Figure 4.21). Pressure distrdyufor each part is calculated and then added

to get the pressure distribution due to the trajppled@ontact pressure in Figure 4.20.

®) A B " (0 A
Figure B.21: Contact pressure distribution

@ A B -

- For uniform parts:

The pressure distribution is calculated using Bmess)'s equation of pressure distribution at
a corner of a rectangular area loaded with a umifppdistributed load.

o, = 4Pyi + 2P,i
Where:
- P, =121.09 kPa
- P, =(191.41-121.09)/2 = 35.16 kPa
- i = influence coefficient as a function of (lengtth) and (width/depth) which is

taken from table [7].

Table B.15: Pressure due to uniform parts (Figur21B(b))

-2 0 Infinity Infinity 0.25| 138.670
-4.5 2.5 0.8 1.6| 0.17739] 98.395
-7 5 0.4 0.8] 0.09314| 51.663
-9.5 7.5 0.267 0.533| 0.05231] 29.015
-12 10 0.2 0.4| 0.0328 18.194
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- For triangular parts:

The pressure distribution is calculated using Bimess|'s equation of pressure distribution at
different corners of a rectangular area loaded withangularly distributed load.

0'Z=2P11+2P12
Where:

- P =3516kPa

- iy = influence coefficient as a function of (WidthAigth) and (Depth/Width) for
parts 1 and 4 in Figure 4.3 (c) [7].

- i, = influence coefficient as a function of (WidthAgth) and (Depth/Widthjor
parts 2 and 3 in Figure 4.3 (c) [7].

Table B.16: Pressure due to triangular parts (Figu.21 (c))

-2 0 0.5 0 0 0.25| 17.580
-4.5 2.5 0.5 1.25| 0.04995| 0.12805] 12.517
-7 5 0.5 2.5| 0.038] 0.0587 6.800
-9.5 7.5 0.5 3.75| 0.02402] 0.0299 3.792
-12 10 0.5 5| 0.0154] 0.0174 2.306

Table B.17: Summary of pressure distributions @mif + triangular)

-2 0 138.670 17.580 156.250
-4.5 2.5 98.395 12.517 110.912
-7 5 51.663 6.800 58.463
-9.5 7.5 29.015 3.792 32.807
-12 10 18.194 2.306 20.500
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= At the edges

The trapezoidal contact pressure in Figure B.2iMgled into rectangular part with a value of
121.09kPa and triangular part with a magnitude @3ZkPa (i.e. 191.41kPa- 121.09kPa
=70.32kPa). The pressure distribution for each isagiven below.

- For uniform part:

The pressure distribution is calculated using Bmess)'s equation of pressure distribution at
a corner of a rectangular area loaded with a umifpdistributed load.

o, = Pi
Where:P = uniformly distributed load (kPa)

i = influence coefficient as a function of (lengtiydh) and
(width/depth). It is taken from table [7].

Table B.18: Pressure due to uniform part under péirand B

-2 0 Infinity Infinity 0.25 30.273
-4.5 2.5 1.6 3.2] 0.2311 27.984
-7 5 0.8 1.6| 0.17739] 21.480
-9.5 7.5 0.533 1.067| 0.12756| 15.446
-12 10 0.4 0.8]| 0.09314] 11.278

- For triangular part (Under edge A):

The pressure distribution is calculated using Bmess)'s equation of pressure distribution at
different corners of a rectangular area loaded withangularly distributed load.

024 = Piy
Where:P = uniformly distributed load (kPa)

iy = influence coefficient as a function of (Widthfigth) and
(Depth/Width) [7].
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Table B.19: Pressure due to triangular part undemp A

-2 0 0.5 0 0.25 17.580
-4.5 2.5 0.5 0.625| 0.1907 13.410
-7 5 0.5 1.25] 0.12805 9.004
-9.5 7.5 0.5 1.875| 0.0831 5.844
-12 10 0.5 2.5| 0.0587 4.128

- For triangular part (Under edge B):

o8 = Pip
Where:P = uniformly distributed load (kPa)

ip = influence coefficient as a function of (WidthAgth) and
(Depth/Width) [7].

Table B.20: Pressure due to triangular part undeirp B

-2 0 0.5 0 0 0.000
-4.5 2.5 0.5 0.625| 0.0397 2.792
-7 5 0.5 1.25]| 0.04995 3.512
-9.5 7.5 0.5 1.875| 0.046075 3.240
-12 10 0.5 2.5 0.038 2.672

Table B.21: Summary of pressure distributions @egular + triangular)

-2 0 30.273] 30.273 17.580 0.000 47.853| 30.273
-4.5 2.5 27984 27.984| 13.410 2.792 41.394| 30.776
-7 5 21.480] 21.480 9.004 3.512 30.485| 24.993

-9.5 7.5 15.446 15.446 5.844 3.240 21.290| 18.686
-12 10 11.278 11.278 4.128 2.672 15.406) 13.950
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= At the characteristic points

The trapezoidal contact pressure in Figure B.20diisded into different uniform and
triangular parts. The way of the division is simita the one as shown in Figure B.21, but the
point of division will be shifted from the centeo tthe characteristic points. Pressure
distribution for each part is calculated and thddeal to get the pressure distribution due to
the trapezoidal contact pressure.

- For uniform parts (Under characteristic pointsrresige A):

The pressure distribution is calculated using Bmess)'s equation of pressure distribution at
the corner of a rectangular area loaded with soumilfy distributed load.

O-Z=P1i1+P1i2+P1i3+P1i4+P2i1+P2i4_
Where:

- P, =121.09 kPa
- P, =(191.41-121.09) * 0.87 = 61.18 kPa

- i1,15,13,i4 = influence coefficients as a function of (lengepth) and (width/depth)
which is taken from table [7].

Table B.22: Pressure due to uniform parts

-2 0 0.25 0.25 0.25 0.25| 151.680
-4.5 2.5] 0.03494| 0.06392| 0.22406| 0.11258] 61.761
-7 5] 0.00986| 0.03202| 0.16121] 0.04889| 34.106
-9.5 7.5]0.00446| 0.01889| 0.11045] 0.0256| 21.141
-12 10| 0.00254| 0.01451] 0.07733] 0.0155] 14.409

- For uniform parts (Under characteristic points rezige B):

The pressure distribution is calculated using Bimess|'s equation of pressure distribution at
the corner of a rectangular area loaded with soumify distributed load.

UZ:P1i1+P1i2+P1i3+P1i4_+P2i2+P2i3
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Where:

- P, =121.09 kPa

which is taken from table [7].

P, =(191.41 — 121.09) * 0.87 = 9.14 kPa

i,,1,,13,i, = influence coefficients as a function of (lengtyth) and (width/depth)

Table B.23: Pressure due to uniform parts

-2 0 0.25 0.25 0.25 0.25] 125.660
-4.5 2.5]0.22406] 0.11258| 0.03494| 0.06392| 54.084
-7 510.16121] 0.04889| 0.00986| 0.03202| 31.048
-9.5 7.5]0.11045| 0.0256| 0.00446| 0.01889| 19.577
-12 10| 0.07733] 0.0155| 0.00254| 0.01451] 13.470

For triangular parts (Under characteristic poirgamedge A):

The pressure distribution is calculated using Bmess)'s equation of pressure distribution at
different corners of a rectangular area loaded withangularly distributed load.

O'Z=P1i1+P2i2+P2i3+P1i4

Where:
- P, =9.14kPa
- P,=61.18kPa
- 1,iy,1i3,i4, = Iinfluence coefficient as a function of (WidthfAgth) and

(Depth/Width) [7].

Table B.24: Pressure due to triangular parts

-2 0 0 0.25 0.25 0| 30.590
-4.5 2.5] 0.01659| 0.10025| 0.18054| 0.05128| 17.799
-7 510.00502]| 0.07746] 0.1115]| 0.02239] 11.811
-9.5 7.5]0.00458| 0.07638| 0.07029| 0.01242 9.129
-12 10| 0.00456| 0.07632] 0.04615| 0.00757 7.603
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- For triangular parts (Under characteristic poirgamedge B):

The pressure distribution is calculated using Bimess|'s equation of pressure distribution at

different corners of a rectangular area loaded withangularly distributed load.

Where:
- P, =6118kPa
- P, =9.14kPa
- g,y i3 0, =

(Depth/Width) [7].

O'Z=P1i1+P2i2+P2i3+P1i4

Table B.25: Pressure due to triangular parts

-2 0 0 0.25 0.25 0 4.570
-4.5 2.5] 0.04336| 0.05834| 0.01903| 0.01067] 4.013
-7 510.05014| 0.02257| 0.0051| 0.00786| 3.801
-9.5 7.5]0.04262| 0.01263| 0.00458| 0.00759| 3.229
-12 10] 0.03299| 0.0076] 0.00456| 0.00755| 2.592

Table B.26: Summary of pressure distributions @mif + triangular)

influence coefficient as a function of (WidthfAgth) and

-2 0 151.68 125.66 30.59 4.57 182.27| 130.23
-4.5 2.5 61.761) 54.084 17.799 4.013 79.56| 58.097
-7 5 34.106] 31.048 11.811 3.801 45.917| 34.849
-9.5 7.5 21.141 19.577 9.129 3.229 30.27| 22.806
-12 10 14.409 13.47 7.603 2.592 22.012] 16.062
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Fig B.22: Pressure distribution with depth. (a)e&ige A; (b) At edge B; (c) At center;
(d) At characteristic points near edge A; (e) Aadcteristic points near edge B.

B. Calculation of settlement

Using constant modulus of compressibility methde, final primary settlement is calculated
by dividing the area of the pressure distributianve by the modulus of compressibility. The
area is approximately calculated by Simpson’s fdanas [8]:

Zipy —Z
A="0 "0 ¢ ® (0; + 40, + )
Where:
- Z andZ,) are the depths at the top and at the bottom resphct
- o, 0, anday, are stresses at the top, middle and bottom respécti

Zoy —Z
4o =20~ 20

6 + 40, + ap)

10
= —(156.25 + 4 58.463 + 20.5) = 684.337 kPa/m
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Loy — 2
Ay = %(q + 40, + o)
10
= —(47.853 + 4+ 30.485 + 15.406) = 308.665 kPa/m
Loy —2Z
Ag = %(c& + 40, + 0p)
10
= ?(30.273 + 4 % 24,993 + 13.95) = 240.325 kPa/m
Zwy—Z
Acra = % (at + 40, + Ub)
10
= ?(47.853 + 4 % 30.485 + 15.406) = 646.583 kPa/m
Zwpy — 2
Acrp = % (Ut + 40, + ab)
10
= —(30.273 + 4+ 24.993 + 13.95) = 476.147 kPa/m
The settlement will be:
o _Ac_684337
PC = F T 30000 oM
o _Ma_308665
PA=TE T 730000 o
o _As_240325
PE = F T 730000 o
Aga4  646.583
Soers = = = 0.0216
perd = g T = 730000 m
Agp 476147
Spch = E, = 30000 _ 0.0159m
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Where:

- Ac, Ay A, Acra, Asrp = Area of pressure distribution curve at the ceraeedge A, at

edge B, at the characteristic points near edgdn@ characteristic points near edge B

respectively.

- Spcr Spar Spes Sperar Spers = Final primary settlement at the center, at edigat edge B,

at the characteristic points near edge A, the chenatic points near edge B

respectively.

B.3.1.3 Primary settlement after two years

To calculate the primary settlement after two yetire degree of consolidation for two years

should first be determined. And to get the degreeamsolidation for the given time, one

should know the initial excess pore water presslis&ibution first. The initial excess pore

water pressure distribution is approximated frome fhressure distribution diagrams. The

approximated initial excess pore water pressuftelgigion is given below:

47.853 kPa 30.273 kPa 156.25 kPa
< ! < » < »l
Q000000000 o o ooooooovo o ooooooovo
Pervious Pervious Pervious
Edge A Edge B Center
10 m 10m 10 m
Impervious Impervious Impervious
15.406 kPa 13.95 kPa 20.5 kPa
(a) (b) (c)
112
30.28 kPa

od5oocbe
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182.27 kPa 130.23 kPa
|l »l < |
oloooooooom O Oooooooodo
Pervious Pervious
CHR. A CHR. B
10 m 10 m
Impervious Impervious

¢ > ‘ > e
22.012 kPa (d) 16.062 kPa ( )

Figure B.23: Approximate initial excess pore wateessure distribution. (a) At edge A;
(b) At edge B; (c) At center; (d) At charactddgtoints near edge A; (e) At
characteristic points near edge B.

A. Calculation of degree of consolidation

The calculation of degree of consolidation is dosmg excel and given below.

Table B.27: Degree of consolidation for two years

Location | m=1 m=3 m=5 MR m=1 m=3 m=5 M HTRP

Center | 0.5936 | 0.0055 | 1E-05 | 40.089 | 0.7558 | -0.002 | 3E-06 | 24.647 | 51.948485
Edge A | 0.5936 | 0.0055 | 1E-05 | 40.089 | 0.7558 | -0.002 | 3E-06 | 24.647 | 48.00907
Edge B | 0.5936 | 0.0055 | 1E-05 | 40.089 | 0.7558 | -0.002 | 3E-06 | 24.647 | 45.788259
CHR. A | 0.5936 | 0.0055 | 1E-05 | 40.089 | 0.7558 | -0.002 | 3E-06 | 24.647 | 52.202661
CHR.B | 0.5936 | 0.0055 | 1E-05 | 40.089 | 0.7558 | -0.002 | 3E-06 | 24.647 | 52.139623

Where: CHR A and CHR B are characteristic points near edge A and edge B respectively.

B. Calculation of settlement

The primary settlement after two years will be aldted by multiplying the final primary
settlement by the degree of consolidation for twarg. The calculation at the five locations is
given below.
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Spc = 0.5195 % 0.0228 = 0.0118m

S

pa = 0.4801 % 0.0103 = 0.0049m

S

pg = 0.4579 % 0.0080 = 0.0037m

S

pera = 0.5220 % 0.0216 = 0.0113m

Spers = 0.5214 % 0.0159 = 0.0083m

Where:

Spcr Spar Sper Sperar Sperg = Primary settlement after two years at the cemiieedge A,
at edge B, at the characteristic points near edgbeAcharacteristic points near edge B
respectively.

B.3.1.4 Secondary settlement

Secondary settlement is calculated as:

FIn(t,/t,)
Ss = T

Where:
H
= F:g(F1+4F2+F3)
- F=mn(1+ (Ac;/0p)

- F=In(1+ Aoy /o))
- F;=1In (1 + (Acrb/ab))

The calculation is given in Table B.28. For thecad#dtion ¢, t, and \% are given to be 25

years, 35 years and 100 respectively.
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Table B.28: Secondary settlement at different iooat

At the top 156.25 36 1.67527767
At the middle 58.463 81.95 | 0.538478775
At the bottom 20.5 127.9 | 0.148662622 | 6.629759 0.0223
At the top 47.853 36 | 0.845546327
At the middle 30.485 81.95 | 0.316265972
At the bottom 15.406 127.9 | 0.113733496 | 3.7072395 0.0125
At the top 30.273 36 | 0.610263636
At the middle 24.993 81.95 | 0.266186677
At the bottom 13.95 127.9 | 0.103521453 | 2.9642197 0.0100
At the top 182.27 36 1.80221389
At the middle 45,917 81.95 | 0.444881356
At the bottom 22.012 127.9 | 0.158799747 | 6.2342318 0.0210
At the top 130.23 36 | 1.529853433
At the middle 34.849 81.95 | 0.354345204
At the bottom 16.062 127.9 | 0.118300667 | 5.1092249 0.0172
Where: CHR A and CHR B are characteristic points near edge A and edge B respectively.
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B.3.2Result from the developed software
The analysis is done with the developed softwackthe following result is obtained.

B.3.2.1 Final settlement
A. Settlement at the center

The settlement at the center of the foundationvisrgin Figure B.24.

. Settlement I&Jw

CENTER
0.04575
Primary Co g 0.024353773
0.022266793
0.092370567

Settlement at the Center Due to All Loads | Settlement at Comers Due to All Loads | Seftlement at Characteristic Points Due to Vertical Loads

Done

Figure B.24: Settlement at the center.
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B. Settlement at the edges

The settlement at the edges is given in Figure BZ2ner 1 and corner 2 are corners at edge
A whereas corner 3 and corner 4 are corners atdge

. Settlement I&Jw

CORNER 1

-04575

.010396770
.012437994
.068584764

immediate nen .04575
Primary Co 11 .010396770
; .012437994
. 068584764

: -04575
Primary Co .008124033
ndary Se g -009991930
-063865964

T .04575
Primary Co .008124033
7 e .009991930
.063865964

Settlement at the Center Due to All Loads | Settlement at Comers Due to Al Loads | Settlement at Characteristic Points Due to Vertical Loads

Figure B.25: Settlement at the edges.
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C. Settlement at the characteristic points

The settlement at the characteristic points isrgiveFigure B.26. Characteristic point 1 and
characteristic point 2 are characteristic pointedge A whereas characteristic point 3 and
characteristic point 4 are characteristic pointscage B.

. Settlement it S )

CHARACTERISTIC POINT 1

.04575
Primary Co : ment .019687217
"y g .020181527
.085618744

T € : - .04575
Primary Co : men .019687217
7 .020181527
.085618744

-04575

Primary Consolidati : .015531423
; .017453126
.078734549

i T .04575
Primary Co i i nt .015531423
7 .017453126
.078734549

Settlement at the Center Due to All Loads | Settlement at Comers Due to All Loads | Settlement at Characterstic Poirts Due to Vertical Loads

Figure B.26: Settlement at the characteristic pgint
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B.3.2.2 Settlement after two years
A. Settlement at the center

The settlement at the center of the foundationvsrgin Figure B.27.

. Settlement ot S )

CENTER
nec . 0.04575
Primary Con g 0.012651456
7 ]
0.058401456

Settlement at the Center Due to All Loads | Settlement at Comers Due to All Loads | Seftlement at Characteristic Poirts Due to Vertical Loads

Figure B.27: Settlement at the center.
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B. Settlement at the edges

The settlement at the edges is given in Figure BZ28ner 1 and corner 2 are corners at edge
A whereas corner 3 and corner 4 are corners atdge

. Settlement I&Jw

CORNER 1

-04575
.005000289

.050750289

nmediate nen .04575
Primary Co 1i .005000289

.050750289

. .04575
Primary Co .003720626

-049470626

T .04575
Primary Co .003720626

-049470626

Settlement at the Center Due to All Loads | Settlement at Comers Due to Al Loads | Settlement at Characteristic Points Due to Vertical Loads

Figure B.28: Settlement at the edges.
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C. Settlement at the characteristic points

The settlement at the characteristic points isrgiveFigure B.29. Characteristic point 1 and
characteristic point 2 are characteristic pointedge A whereas characteristic point 3 and
characteristic point 4 are characteristic pointscage B.

. Settlement &Jﬁ

CHARACTERISTIC POINT 1

.04575
Primary Co : ment .009468497

-055218497

T € : - .04575
Primary Co : men .009468497

.055218497

T i ems .04575
Primary Co 1i i g .007113047

.052863047

i ne .04575
Primary Co i i nt 007113047

-052863047

Settlement at the Center Due to All Loads | Settlement at Comers Due to All Loads | Settlement at Characterstic Poirts Due to Vertical Loads

Figure B.29: Settlement at the characteristic pgint

121



Software Development for Consolidation and SettierAealysi:

Pressure distributions under the center, cornedscharacteristic points are given in figures
Figure B.30 to Figure B.34.

0 1562 3125 46838 625 7812 9375 10938 125 14062 15625 171.88
1] P(kPa)

1 P

10 Zim) PRESSURE DISTRIBUTION GRAPH

Figure B.30: Pressure distribution under the center

122



Software Development for Consolidation and SettierAealysi:

0 5 10 15 20 25 0 5 40 45 50 55

] / P(kPa)

/

i /

10 Z(my PRESSURE DISTRIBUTION GRAPH

Figure B.31: Pressure distribution under edge A.
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Figure B.32: Pressure distribution under edge B.
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Figure B.33: Pressure distribution under characstic points near edge A.
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Figure B.34: Pressure distribution under characsié points near edge B.
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