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CHAPTER 1

INTRODUCTION

The progressive settlement of structural founda-
tions on compressible soils, such as clay and peat, raises
problems of practical importance in construction. The
theory of consolidation of soil, derived by Terzaghi (1925)
and based on simplifying assumptions, has been applied to
the field as a practical instrument for analyzing the
settlement problems.

The discrepancies between the values obtained from
theoretical predictions and those of field measurement have
urged investigations and studies on time-dependent behavior
of the scil skeleton during the process of consolidation.
Some terms like "Secondary consolidation”, "Secondary time
effect”, "Secular compression”, and "Secondary compression”
were named to describe the soil behavior which could not be
explained by Terzaghi's Theory which applied the princinles
of hydrodynamics and heat transfer to consolidation. Thus,
consolidation has generally been divided into two phases:
one is "Primary consolidation"”, (Terzaghi's Theory) and the
other is "Secondary consolidation”,

In Terzaghi's Theory, the permeability of soil

during consolidation was assumed to be constant, but it has



been found that the permeability of soil decreases as the
void ratio decreases. The purpose of this research work
is to investigate the significance of the variation of
permeability, as well as the variations of void ratio and
effective pressure. The experimental testing was con-
ducted with the aid of X-ray techniques which showed the
deformations in the soil sample during consclidation.
Pressure transducers were used for the measurements of
pore water pressures and total pressures at the sample
bottom.

By relating the effective pressure, the void ratio,
and the permeability, the classical Terzaghi Theory was
extended by accounting for the variations of the permeabil-
ity during consolidation. This "Extended Theory"” shows
the effects on consolidation of various load increment
ratios and the effects of various "Flow-Loading Parameters”
which relate the variations between void ratio, effective
pressure, and permeability. In Terzaghi's Theory, the
curves of degree of consolidation and dissipation of pore

water pressure are independent of load increment ratio.



CHAPTER 2

LITERATURE REVIEW

Consolidation is a time-dependent volume reduction
involving a decrease of water content. Terzaghi (1925)
developed the classical concepts for consolidation with a
single hydrodynamic process, which was later termed "Primary
consolidation”. It was assumed that for every void ratio
there exists a maximum effective pressure that can be
supported by the intergranular soil skeleton. When an
applied loading is in excess of the capacity of the soil
skeleton at a particular void ratio, the excess pressure is
supported by the pore water within the voids, thus excess
pore water pressure is developed. The development of excess
pore water causes water to dissipate from the soil according
to Darcy's Law. The resulting decrease in void ratio in-
creases the supporting capacity of the intergranular soil
skeleton and thus relieves some of the excess pore water
pressure., This process continues until the excess pore
water pressure is reduced to zero and the applied loading
is supported entirely by the scil structure. The mechanism
of classical consolidation is the development and subsequent

dissipation of pore water pressures.



It has been found that the behavior of cohesive
soils, such as clay and peat, under one dimensional con-
solidation cannot be explained satisfactorily by Terzaghi's
Theory. The theory implies a f£inal compression (complete
consolidation) by applyving hydrodynamics to the process.
Observing the settlement of embankments and structures and
correlating the results of undisturbed soil sample tests,
Buisman (1936) gave a formula for the secular time effect.
This effect, governing the portion of the settlement after
the dissipation of pore water pressure, was termed "Second-
ary consoclidation®., This time dependent behavior of the
soil skeleton had not been considered in Terzaghi's Theory
which attributed the settlement of soil to the expulsion
of pore water from the assumed elastic soil ckeleton under
external loadings. The portion of the settlement during
the period of pore water pressure dissipation was termed
"Primary consolidation”™. Based on the possibility of
isolating the hydrodynamic phase (primary consolidation)
from the secular time phase (secondary consolidation) in
the whole process of consolidation, Koppejan (1948) expressed
formulae combining the Terzaghi theory and the Buisman
secular time effect. The validity of these formulae depends
upon the application of the Casagrande conventional method
to the basic settlement»wlogérithmic time curves.

Leconards and Girault (1961) found that, depending

upon the load increment ratio and upon whether or not the
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pressure increment straddled the effective preconsolidation
pressure, the conventional e-logt curves could be classified
according to three typical shapes, two of which could not
isolate hydrodynamic phase from secular time phase using
Casagrande's method. In Terzaghi's Theory, the non-dimen-
sional theoretical curve was independent of load increment
ratio because of the assumption that the non-linear con-
tinuity equation could be linearized.

Taylor and Merchant (1942) started the investigation
on the rheological properties of soil skeleton by taking
into account the shearing strain rate and the effective
pressure duration, and proposed a spring and linear dashpot
as a model with the behavior of the soil skeleton related
to the time rate of compression. Tan (1957) studied the
rheologi¢a1 properties of clays with the help of a plasto-
meter. Assuming the soil skeleton as a porous Maxwell body,
Tan extended Biot's general theory (1941) on three-dimen-
sional consolidation which considered the soil skeleton to
be elastically reversible, porous and filled with water.
Gibson and Lo (1961) used a Voigt element to describe
analytically the mechanics of secondary consolidation sharing
the assumption by Taylor and Merchant (1942) that the rate
of secondary consolidation was proportional to the un-
developed secondary éompresion of the so0il skeleton and the
ultimate amount of secondary compression was assumed to be

known. Wahls (1962) used a model that differed from those



previously proposed. The model combined, in series, a
Kelvin body and a secondary dashpot to describe the mechan-
ism of the consclidation process. The dashpot in the
Kelvin body illustrated the concept of the hydrodynamic
process; the secondary dashpot with a variable dashpot
coefficient illustrated the concept of'seconéary consolida~
tion.

It was found that all these rheological models
could not explain satisfactorily the three types of con-
solidation curve proposed by Lecnards and Girault (1961).
Barden (1965) extended these linear rheclogical models of
the Terzaghi-Taylor concept of secondary consolidation by
proposing a more natural non-linear rheological model
obtaining an approximate finite difference solution by
means of a digital computer. The dependency of secondary
consclidation on sample height and load increment ratio
was presented.

A number of investigations on the consolidation of
compressible soils were made., A summary of the investiga-
tions on secondary consolidation could be made as follows:
(a) An approximate linear relationship between settlement
and the logarithm of time for secondary consolidation,
exists for both clay and peat. (Buisman; 1936; Hanrahan,
1954)

(b) The ratio of the secondary conéolidaticn per cycle of

time, Rs’ on the settlement-log time scale to the primary
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consolidation, RlOO’ increased in a consistent pattern with
decreasing load increment ratio, irrespective of the total
pressure. (Leonards and Girault, 1961; Wahls, 1962)

(c) The coefficient of secondary consolidation, CG,
(expressed in terms of volumetric strain or void ratio
change per cycle of log time) was aepen&ent on void ratio
(and, consequently, the total pressure) and was independent
of the magnitude of the pressure increment and the pressure
increment ratio. (Wahls, 1962)

(d) The coefficient of secondary consolidation, (‘:mf was
considérably affected by temperature, therefore, Ca for thin
samples in laboratory testing was not necessarily valid for
thick lavers in the field. (Leonards and Ramiah, 1959: Lo,
1961)

(e) The influence of the length of drainége cn the rate of
secondary consolidation has been proposed in three hypotheses:
(1) The rate of secondary consolidation was independent of
the length of drainage. (Lake, 1961; Simons, 1961; Brawner,
1961) (2) The rate of secondary consolidation was pro-~
portional to the length of drainage. (Thompson and Palmer,
1951; Kapp, 1951) (3) The rate of secondary consolidation
was proportional to the square of the length of drainage.
(Hanrahan, 1954; Lea and Brawnen, 1959)

(f) A hypothesis was proposed that the mechanism of

secondary consclidation was a viscous or plastic flow of the

soil skeleton. (Tayleor, 1942; Tan, 1957; Schroeder and



Wilson, 1962)

Recent investigations on primary consclidation have
been conducted. The Terzaghi theory, simplifying the
relationship of the variations in void ratio, permeability,
and effective pressures, was unable to explain the primary
consolidation satisfactorily. McNabb (1960) derived the
one dimensional conscolidation equation in a very general
form. Schiffman (1958), by some exponential approximation,
took into account the varyving permeability and time-dependent
loading for the consolidation theory. Davis and Raymond
(1965) derived a non-linear theory of one-dimensional con-
solidation for the boundary conditions of the oedoneter.

As primary and secondary consolidation are parts of
a single continuous process, the relationship between the
characteristics of primary consolidation and secondary time
effect are controversial. ﬁanéen (1961) suggested an
approximate model law for simultaneous primary and secondary
consolidation with the assumption that secondary consolida-
tion started as soon as an increase in effective pressure
wasg developed. The validity of this approximation was
limited because of the assumption that the settlements
observed in consolidation testing could represent the actual
properties of the undistrubed soil.

Abbott (1960) developed a numerical method to deal
with the consolidation problems of non-homogeneous soils.

The results, after comparing the calculated and prototype
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gsettlements, indicated that the variations of permeability
and compressibility reguired critical investigation.

For highly compressible soils like peat, the change
of permeability corresponding to the change of wvoid ratio
and the effective pressure is known. It is important to
have an understanding of the mechanism of primary consolida-
tion which affects inherently the secondary consolidation
and thus the whole process of consolidation. This is the

purpose of this thesis,



CHAPTER 3
EXTENDED THEORY ON ONE DIMENSIONAL

PRIMARY CONSOLIDATION OF SOIL

To derive an equation representing the mechanism
of the one-dimensicnal consclidation of soil, the following
assumptions have been made:

Assumptiocns

(1) The soil skeleton is initially isotropic,
homogeneous and is fully saturated with water. Both the
water and the solid constituents of the soil skeleton are
incompressible; therefore the change in the volume of the
soil skeleton is equal to the volume of the pore water
expelled.

(2) Fluid flow and the movement of soil particles
are assumed to be along the vertical axis., Darcy's law is
valid.

(3) The relationship between the void ratio and
effective pressure is

Pl
e =e =~ a log =,
o = Po

Where e, and e are the void ratios corresponding to
the effective pressures Pé at time t=o0, and Pi at time t=t

respectively. (The viscous characteristics of the soil

10
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skeleton under constant effective pressure have not been
taken into account here.) a is compression index.

(4) To consider the variation of the permeability
k, corresponding to the change of veid ratio and effective
pressure during the process of consolidation, the following

relationship is assumed:

k o o e
ve P = e (B

where k and ko are the permeabilities corresponding to
e and ey respectively.

or

k
k O ] ¥
log (rig / pre;) = -0 log (B'/2g)

where n=tan & which is the magnitude of the rate of change

of log ( with respect to log (P'/PO). The

k
k / [o] )
i+e i#eo
angle ¢ between the characteristic line and the abscissa,
as shown in Fig. 1, could be considered a parameter

representing the soil property.

o9 (15 /72
(&)

4\
27.
1 10 10 ~— log (P'/P')
1 (o]
5]
1071 |
k n k N
P'''= o P
_2 Ire TFe~ ©
10 L le)
n=tan 6



k piB

Let 15 = K
where K = ke p'" = Tnitial scoil condition.
fi+eQ ]

(5) The total pressure is the sum of the effective
pressure and the excess pcré water pressure. The total
pressures at a horizontal plane are uniform; so is the
effective stress. Therefore, the settlement of soil par-
ticles in this horizontal layer will be the same.

Derivation

Pig. 2 is a sketch describing a soil stratum under
consolidation beneath a footing. The footing has a unit
area on which a total pressure, P, is applied.

Consider a soil element ABCD of unit horizontal
area. Let the thickness of the solid particles be dz. If
its void ratio is e, the volume of the void in this element
will be edz. Defining the distance between AD and BC of
the soil element as

dL = dz + edz = (l+e)dz
the distance, at time t, from the top of the socil stratum to
a layer at depth z of the solid particles will be

Z
Lz, t) = j [1+e(z,t)] dz

O

Let v be the vertiocal velocity of water flow at the
plane AA'D'D, and let V be the volume of the soil element.
The change of the volume per unit time per unit area will be
the difference of the flow velocity through the soil element,

that is,
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P
v
: y 4 unit area
, Footing |H||l||”|”
U * D' " o . o l " & 5 . l
unit S . \ = T :. L (z,0) 4
area . : .
azff /’137 aL - |- u‘li" L
g 2 4 c! H=1(z o ) | - . o
edz e o/ A D . z
; N ) :
B € IR R dL . L= (1+e)dz
' / » . , -~
AYA B ..k \ ‘O
v+ -a-i- dL _ ] . ) . ' ) ‘ . .
ST RS S R R P RO R T T R TR RS TR —
Impervious Layer
Fig. 2
v _ IV __3v _ov
IE (v + 3T, dL)+v = 3T, 4L = 3z dz
gince ‘
V = dL = (l+e)dz
therefore
vV _ 3 _ de
Sr S 5x [ (l+e)az | = s dz.
According to Darcy's law,
. v4 =t oD
v =-ki =-k *é-I-:
3h

where h is the pressure head, and 3T i.

Let u(z,t) be the excess pore water pressure at

that layer
_ uf(z,t)
then h = el

where Y, = unit weight of water.

" e dh . 3 ( u(z,t)
Now, v =k 3 ™~* g [ YW
_ -k du(z,t)

T yw(l¥e) 3z
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Therefore,
Maed [ wdee 2™
at 8z (I¥eyyw 3z ]

The equation of continuity will be

de(z,t) _ 3 k(z,t) __ 3u(z,t) (1)
at Y (I+e(z, %) J yw 2z

This equation was derived by McNabb (1960).

Since
P=p? (z,t) + u(z,t)
du(z,t) _ _ 3P'(z,t)
3z 22
e ¥
e = e-a log (P'/P))
LI S ) 3}
2t p! at
where
a' = o
logelo
Let
e (BN = x
where
ko n
K = (P') - Initial condition.
T+e0 o
Substituting into Eq. (1)
al P'(z,t) = K 9 1 aP'(z,t)}
wy . S
Pi(z,t) 3t Yw 232 P'(z,t) n RS
or
1 3P'(z,t) _ g 3 1 3P (z.,.t)
' — . I o
Pi(z,t) ot T P (z,t) n 2z
where
K
foe
K= e i
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Since -
L{z,t) = J 1 (z,t) | 4
z i [ + e(z ] z
L{(z,0) = Jz [l + e(z,o)J dz

o

dL(z,0) = (1+ec)dz

ey = e(z,0) = Initial void ratio.

Substituting into Eq. (2)

1 3P'(L,t) _ kg (Lveg) (BO7 1 3P' (L, t)

P'(L,t) At a' yw 3L { P (L,t) P L }
where

L = L(z,0). (3)

Eg. (3) is the general equation governing the one-
dimensional primary consolidation of soil. The initial and

boundary conditions are:

i) P'=Pé for o<L <H t=0;
ii) P'=Pé & APénPi for o <L<H too;
$ 4 teD 1Dt . %
iii) pr ~PO + APQ Pl for L=o t>0;
. aP'
iv) 37 = © for L=H o<t <m,

where AP& is the load increment, therefore, A& will be the
load increment ratio.

Eq. (3) can be rewritten into the well known Terzaghi

form,
9P’ (L,t) _ o 2°P'(L,t)
ot v 2

oL
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by making the following simplifications:

a) n=o0
de _ _ . .
b) IBBT = a, instead of assumption (3)
de _ _ a'
dp P

where a, was defdned by Terzaghi as the coefficient of
compressibility, and Cv is called the coefficient of con-
solidation which equals k(lt€)  guch kind of simplifi-

w
avy

cation neglecting the variation among the void ratio,
permeability, and effective pressure made the Terzaghi
consolidation equation be independent of load increment
ratio,

If n is defined as 1, that is, the Flow~Loading
Parameter 6, representing the soil property, is 450, Eg. (3)
becomes

1]
1 P! (L, ) _ ollteo)Pg a L 22! (L) )
BT(L, E) 3E aTyw 5T | FT(L,E) ~ oL

This is the form derived by Davis and Raymond (1965)
by different approach with some simplifications.

Solutions of the extended equation

The extended equation governing the physical

property of one dimensional consolidation of soil is

vy I ¥ b
1 9P (n,t) _ Soflte ) (RO, g 3P (L, t)
P'(L,t) at a' yw AL, [P'(L,t)] n 3L



or
-1
1 B (L) _ o 2 ([ ‘Fo 9P (L, t)
P'(L,t) 2t v 8L [?'(L,t)] n 51,
k0(1+eo)Pé

where Cé = = coefficient of consolidation.

a’ yw

Let x = L = L(z,0) = the depth ratio of any
H L(zc,o)

horizontal plane at time t=o0 to the initial depth of the

soil stratum H, which is L(zo,o); Z is the total thick-

ness of the solid particles of the soil stratum.

p = E; , the ratio of effective pressure P' to
P
©

the preconsolidated pressure Pé.

T = Cgt , the time factor. x, p, T are dimen-

H
sionless.

Substituting, Eg. (4) becomes the non-dimensional

form:

17

(4)

aIp{x.,T) ) [ 1 ap(x,T) ] (5)

1
p{X,T) aT . 3X 3X

with the following initial and boundary conditions:

i) p=1 for o < x < 1, T=0;
P'+AP0
ii) p= T = 1+A for x < x < 1, Ta=eo ;
o

A is lecad increment ratio
iii) p=1+a for x=o T>0;

iv) P o for x=1 0 < T < o,
X 2 =
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1) For n # 1,
1

T)(l°n) or p(x,T) = C(x,T)I-H,

let C(XrT) = P(X:

Eg. (5) becomes

1 aC(x,T) azc(x,T) (6)
Clx,TY AT Ax 2

This non-linear partial differentiai equation was
solved by numerical analysis with the help of digital
computer.

Let C(i,j) be the value of C at depth ratio x=i,

time factor T=j.

X=1 —
i=1 A S i=11
j=1 Space dimension (i)
Efi~1,3-1}
Impervious
AT boundary
c(i,j)
C_
ax
C(i+l,j+1)
T \

Time dimension (j)

Fig. 3 Finite Difference Space-Time Grid
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Eg. (6) becomes

1 c(i,j+1)-C(i,§) _ 1 e 1 iy oegs
ey 13+ = 1y [ C(i+l,9)+C(i~-1,7) 2&(1,3)]

Ax
or
1l Cc(i,j+1)-C(i,j-1) _ 1 ) ) - e s
z fé(i,j) 3%“““ = ;;i [ C(i+l,j)+C(i-1,3) 2C(1,3)J
Let
Ax = 0.1 R = Ag = DATI
Ay *

.. AT = R x 0.01

where R is the increment ratio in the matrix representing
the d?pth ratio and time factor. In order to avoid
osciigtory effect, proper values of R for different boundary
conditions were found, and were shown in appendix B.

Degree of consolidation (8) is

1
< Jo, (eo—e)dx

3
je (eo”ef) dx

where ee is the final void ratio for a given load increment.

10 p 10
% log T Ay % log p Ay
[o]
°° 10 P'+ P! ) 10
% 109°25-2  ay % log (1+A) Ax
O
1 Th 1
log c(i,HT ™ x0.1 % log C(i,§)I™®

log (1+a) x0.1 10 x log (1+4)


http:sho\r.rn
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Let U(i,j) be the pore water pressure ratio, that
is, the ratio of pore water pressure at any depth ratio ¥
and time factor T to the theoretical maximum pore water

pressure APé ’

PI+AP! - P'(i,]) 1+4 - p(i,3)
U (ilj) = - &
¥
APO a
1
I“I’l

14+A - C(ivj)
A

=

Fixing the given boundary conditions on the finite
difference space-time grid (Fig. 3), Eg. (6) was solved
with the simple explicit process. The curves of degree of
consolidation (S) and dissipation of maximum pore water
pressure (U) versus time factor (T) were plotted in Fig. 14

and Fig. 15.

2) FPor n=1]1,

Eqg. (5) becomés

1 apl‘f’T) - 3 [ 1 apl(}(lT) ]
p(x,T) 3T ax Py (x,T) 3X
or
3 32
5T log pl(x:T) = ;‘;2’ 1Og Pl(X:T)
where
oo =Bl _ B _P' 1 _ p
1 Pf PO+APO o i+ T+4
PL = Pé+APé = final effective pressure.

4
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The initial and boundary conditions become
1

l) plmz.ra D<X<l T = 0O
ii) py =1 o<y <1 T = o
iii) Py = 1 X = O T > ©
p
iv) 33%=o x =1 0<T <o

This is the same form as Terzaghi's theory, and
is the same as Davis and Raymond‘s equation, therefore,

N=eo F |

= 1 2 : -M“T
log py = ( log 5% ) 2: -3~ (8in My) e
N=0
or
Py (IIK)
where
Ne=eo 2
B = 2 (Sin My) at?
N=0 M
M= (2N+1) =/2
c;,t
T = ooy = time factor
H
X = EL%LEL = depth ratio at the original position.

The pore water pressure ratio

P'+A9é -45p!

o) o l+A-p _ 1+A - (1+A)P1

L
APO A A

U(x,T) =

Ulx,T) = 2 o-py = L8 {1 *[T}K]B}
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Degree of consolidation
1

Jo (eo—e) dy

S = :
Jo (e —eg)dx
1 ]
o Po
S(X,T) L
Pe
lOg ”?T_" d)(
0 o
f 3 pt P% 1
lOg ?‘T » ?‘1" dx [
= Jo £ o = 1 + 103 P] ax
1 P% 109 P%
log BT dy ﬁg
lo o
‘o
1 1
l 3 -
= 1 - log pl//éog 5% dy = 1 B dy
o 0

U(x,T) and S(x,T) were calculated with computer.

The curves of degree of consclidation and dissipa~
tion of pore water pressure are shown in Fig. 14 and
Fig. 15. Discussions on this extended theory are presented

in Chapter 6.



CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE

Experimental Apparatus

A consolidometer was used to determine the rate
of deformation within the sample and to measure the pore
water pressures along the consolidometer wall. X-~-rays
were used fo record the deformation within different zones
of the sample; the X-ray pictures showed the movements of
markers placed in the sample. The consclidometer was
kept at constant temperature for each test using a
4 cu. ft. water bath. The water temperature was kept
constant by a thermoregulator and a mixer. Fig. 4 shows
the apparatus.

A) Consoclidometer -~ The consclidometer which was

designed to determine the characteristics of one~dimensional
consolidation, consisted of an aluminium cylinder, base and
cover, and loading piston. Fig. 5 shows the consclidometer.
The aluminium cylinder was lined with teflon to
minimize the friction between the soil sample and the
cylinder wall, and the friction between the piston and the
wall. The teflon liner was 1/2" thick, 4-1/32" I.D., and

12-1/8" high. Two openings, 1-3/4" wide and 5-1/4" long

23


http:consolidomet.er

FI1G. 4 EXPERII\/IENTAL APPARATUS

l I

' l
y
|
3 | [
|
! |
| |
|
| | N
§ {5
| N
i a3
1 | l l
|
|
{
{ {

i W’ ltllll ‘

b
4

e

: lg_*_‘m1

%
B
|
!

aQ— CONSOLIDOML_TER d — PoRE PRES TRANSDUCERS g — THERMOREGULATER ™
b — X RAY APPARATUS © — DIAL GAUGE N — FISHER UNITIZED

C == RECORDER f — MIXER BATH CONTROL



DEAD LOAD

L

NN

25

7

Wil

12°

STELL ROD (3 EQUIDISTANCE)

.L'
2

T

OVERFLOW

!

\=

13" 54" winDow
(2 DIAGONALLY OPP.
IN ALUM. CYLINDER)

RECORDER

OLE
HOLET LOADING
PISTON
ALUMNUM . NN TEFLON
WALL  F 454 LINER -
v % |
/////////l///////////////////////////ﬁ A
7l POROUS STONE ,':
| B perieier? 3/
4 4
o REPERENCE
LINES
\ r’///
ol E
_____ s PORE PRESS.
TRANSDUCERS
#0
S #
______ v
______ 4 \ w3
_____ ‘ g
== W || ——D——
—{-_TOTAL PRESS. =]
- O-RING TRANSDUCER 7 / =]
A /111117 110001117
BASE

FIG.S5 CONSOLIDOMETER




26
were cut in the aluminiuﬁ wall diametrically opposite to
each other. 1In one opening, reference lines were placed
to relate the movement of soil to the consolidometer;
these reference lines, consisting of 0.015" lead solder,
showed on X-ray pictures. On. one side, 90° from the
openings, five transducers for pore water pressure
measurements were fixed to the cylinder:; the transducers
were enclosed in brass casings to waterproof the connection.
The distances of these casings from the bottom of the
cylinder were 3/8", 7/8", 1-3/8", 2-3/8", 3-3/8". To
measure the total pressure at the bottom of the sample, a
transducer was located at the center of the surface of the
base which acted as the bottom of the cylinder. The
cylinder was tightened to the cover and the base by three
1/2" screwed rods. An O-ring sealed the cylinder to the
base. The soil sample was lcaded by means of a piston and
dead weights.

B) Transducers and Casings -- Pressure transducers

were used for pore-water pressure and total pressure
measurements. A displacement of the diaphragm of the trans-
ducer occurs when a pressure is applied; the displacement
changes the length of four strain gauges connected to the
diaphragm and wired in the form of a Wheatstone Bridge.

Any changes in the lengths and consequently in the resist-

ances of these gauges alter the electrical balance of the



OUSING
TRANSDUCER AND H
FIG. ©

)



28
bridge. These changes can be calibrated against applied
pressure. Fig. 6 shows the transducer and the casing.

The model number of the transducers is PA-208-TC-25-350
from Statham Instruments Inc., Los Angeles. The following
data are quoted from the company's publication for one of
the transducers used.

a) Serial No.: 34730

b) Pressure Range: O to 25 Psi (with 100% overload)

¢) Excitation: 7 Volts (A.C. or D.C.)

d) Input Resistance: 346 Ohms

e) Output Resistance: 346 Ohms

f) Compensated Temperature Interval: «~65F to +250F

g) Volume Change at the diaphragm at full scale

6 in3

pressure: approximately 0.2 x 10~
h) Calibration Factor: 402.2 Microvolts (open
circuit) per volt per Psi
All the outputs from the transducer were connected
to a Beckman multi-channel reccrder. (Fig.4) The recorder
was the Beckman-Offner Type R Dynograph from Beckman Instru-
ments, Inc., Offner Division, Schiller Park, Illinois. 1Its
basic modules were couplers, preamplifiers, power amplifiers,
writing elements, paper drives and power supplies. Different
heads of water were applied to the transducers for calibra-
tion of transducers and recorder.

Brass casings were made to waterproof the trans-

ducers. Provision was made to release trapped air in the
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casing through a screw control.

c) X-ray Apparatus -- The X-ray apparatus used in

this research work is commercially called a Fedrex X-ray
140 kv, which was made in Copenhagen, Denmark. The appara-
tus consisted of two units, namely, the source unit con-
taining the high tension filament transformer and X-ray
tﬁbe, and'the control unit containing controls, switches,
and measuring devices. The apparatus was operated on
110 volts at 60 cycles with a power consumption of 1.5
kilovolt-amps. The voltage supplies to the tube were
regulated steply from 30 kilovolts to 100 kilovolts and/or
from 70 kv to 130 kv. The tube current was regulated from
0 to 4 milliamps. All the pictures taken in the tests
were on tube voltage of 120 kv, tube current of 4 mA, and
exposure time of 20 seconds.

The anode angle was approximately 20° and, by
suing the principle of line focus, an effective focal
spot of 1.5 mm. was obtained. (Fig. 7)

D) ZX«ray Film -~ The film was Kodak Industrial

X-ray, type KK35mm Roll film, and was cut into rectangular
shapes of 1-1/4" x 7-1/2".

E) Film Holder ~-- The film holder was made of

two pieces of cardboard (1-1/2" x 7-1/2%") sandwiching a
black paper envelope which kept the film dark. Two
pieces of 0.005 inch thick lead screens, facing each other,

were stuck on the inside of the paper envelope, so that
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when the paper envelope was closed the lead screens were
in direct contact with the film. The lead screens
absorbed the longer wavelength scattered radiation more
than the primary radiation and intensified the latter more
than the former. (Lo, 1964) the holder, after being
loaded, wés enveloped with a membrane and was secured
with a rubber band. It was inserted into the water and
was attached on the window of the cylinder where horizon-
tal lead solders were set as reference lines.

F) Marker ~-- Four pieces of lead soclder with
0.015" diameter were soldered together to form a cross:
these crosses were used as merkers and leocated horizontally
along the center line of the semple, approximately half
inch apart vertically.

Preparation of Sample

The soil sample used in this research work was
amorphous~granular peat, which was obtained two feet
below the surface of a lake near Parry Sound, Ontario.
This material is dark grey in colour and is composed of
fine organic fibers and mineral particles. The vegetal
cover is classified as FI (Radforth, 1952). The water
content of the sample before testing was in the region of
550 to 650% of the dry weight. Its specific gravity was
within the range of 2.2 to 2.3. The liquid limit was 400%,
and the plastic limit was 170%. The ignition loss was

25.5 of oven dried weight.
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After being remoulded by mixing (in order to have
a homogeneous sample), the peat was poured slowly into
the consolidometer. It was sampled layer by layer. 2
lead marker was placed on top of each layer which wasabout
half an inch in thickness.

Before the load increment was applied to the
sample, it had been consolidated under certain pressure
(such as the loading piston itself, or the piston plus
another appropriate loading) for a certain time which was
three days beyond the time required for the total dissipation
of the pore water pressure of the sample. . The purpose of
this kind of sampling was to obtain a sample as homogeneous
as possible.

Testing Procedure

The settlements of the top surface of the sample
were measured by a dial gauge; these were taken as refer-
ences to determine the time interval for taking X-ray
pictures that showed the settlements of the layers. The
X=-ray pictures after being developed were read by a porta
trace which could read the displacements of the markers to
the nearest 1/64 of an inch. For every load increment, the
X-ray pictures were taken until the pore water pressures
were dissipated out. The tests were terminated when the
trends of the variation of total pressure and the rate of

secondary consolidation could be determined.



miy -
The

ata of pore water pressures and of total

o

pressures recorded by Beckman recorder were obtained with

calibrating factors.
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CHAPTER 5

DATA ANALYSIS

Pore water pressure measurements of transducersi#l,
#2, #3 and #4, and total pressure measurements at the
bottom of the sample, Py, were obtained during the con-
solidation process. These measurements are shown in Fig. 8
and Table I, Appendix A, which also shows the séttlements
at the top of the sample. Positions of the four markers,
A, B, C and D during ccnsolidation were obtained from
X~ray radiographs. The results are shown in Table II after
the correction of X~-ray parallax was made. (Fig. 9)

By extrapoclating the data obtained in transducers
#1, #2, #3 and #4, pore pressure isochrones were constructed,
which are shown in Fig. 10. The pore pressure isochrones
are the pore pressure profiles for various times. The
hydraulic gradient (i) for any position at any time may be
calculated for the pore pressure isochrones. The hydraulic
gradients at the positions of the markers at any time are
shown in Table II.

At the end of the consclidation test, the water-
contents of the sample at upper, middle, and lower portions

were found to be 197.78%, 193.8£3%, and 193.59% respectively.
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The average value of water content was 195.08%. Multi-
plving the average water content of peat by its specific
gravity (2.30) the average void ratioc of the peat sample
at the end of the test was 4.487. The soil sample was
assumed homogeneous before the load increment was applied.
The thickness of the solid particles, éo' of the sample
was calculated as 0.375" from the final sample height of
2.056" and the final void ratio of 4.487.

The soil layer between marker A and marker B was
named Zone AB, similarly, Zone BC and Zone CD. The thick-
ness of the solid particles of Zone AB (ZAB) compared
with the total thickness of the solid particles of the
whole sample (zo), has the same ratio as the thickness of
Zone AB at time t=o0 [LAB (z,o).J, compared with the
original thickness of the sample [ L(zo,o) or H ]. The
thickness of the solid particles in Zone AB, Zone BC, and
Zone CD were calculated as 0.0676", 0.0377", and 0.0392"
respectively. Xnowing the thickness of the solid particles
and knowing the changes in thickness of lavers for various
time intervals, the changes in void ratio (Ae) for these
time intervals of each layer were calculated and are shown
in Table III.

The permeability of Zone AB over the time interval

from t1 to t, (At = t2-t1) was calculated according to the

formula

AL’

K - At A1 !
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where AL' is the change in depth of Zone AB over the time
interval At. Ai is the average difference between the

hydraulic gradients, which equals

(1p-1p ] £ " [ia“is ] t,

2 -

{iA*iB ]t was the difference between the hydraulic
1
gradients at the positions of markers A and B at time ty-
Total pressure measurements were obtained during

the test. P the total pressure at the top of the sample

T
applied by the piston equaled 9.70 psi. Pos the total
pressure at the bottom of the sample, varied with time.
(Fig. 8) As the change in total pressure through the
thickness and across the area was unknown, an assumption
was made that the total pressure varied linearly through
the thickness of the sample and was uniform over the area,
(a discussion of this is presented in Chapter 6). Deter-
mining the total pressures at the positions of markers for
various times by assuming the linear distribution from the
obtained data (PT and PB), and determining the pore-~water
pressures at these positions, cobtained from the pore pressure
isochrones, average effective pressures for each zone over
the time interval were obtained.

Table ITII and Table IV show the data of void ratio

(e), permeability (k) and effective pressure(P'). This

data were plotted in Pig. 11 and Fig. 12.
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In order to find the Flow-Loading Parameter (8)

of peat, a relationship between Log ( lie //1+é ) and
1
¥ .
LOg(’%T) was required. kl, e, and Pi are the permeability,

void ratio and effective pressure at the starting time of
measurement. Plotting the values of the general relation-

ships of e-log P' and e-log k, a general trend of

Log | lie /’1té ) versus Log (g;-) was obtained; the data
were shown in Tible V and plotteg graphically in Fig. 13.
¢ was found to be 61°.

The general relationships between P', e, k and T%g

are shown in Table VI.
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CHAPTER 6

DISCUSSIONS ON THE EXTENDED THEORY

This research was conducted to investigate some
fundamental properties of peat, from which an extended
theory governing the one~dimensional consclidation of
soil could be derived. 1In order to demonstrate the
validity of the theory, the basic assumptions necessary
for the derivation were investigated:

1) The assumption of a linear relationship'
between the void ratio (e) and the logarithm of effective
pressure (log P') is justified by Fig. 1l1. The scattering
of different zones on the e~log P' curve can be attributed
to:

a) The variation of the property of peat itself;
(Hanrahan, 1954)

b) The viscous or plastic deformation of the soil during
the consolidaticon process, which could not be con-
sidered in the primary consolidation theory:; this theory
treats the scil skeleton as an elastic body;

¢) The non-planar strain which could be caused by non-
uniformly distributed effective pressures over the area

of the sample; the boundary of the consoclidometer and

44
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the unknown distribution of frictional force along
the cylinder wall could cause a deviation from the
plane strain condition.

As far as the whole soil sample is concerend, a straight
line relationship between e and log P' is shown to be
valid in Fig. 1l1.

2) A linear relationship between the void ratio
(e) and the logarithm of permeability (log k) is shown
in Fig. 12.

3) The relationship between the effective
pressure and its corresponding void ratio and permeability

are assumed to be

k k

4 tané 2 tang
1+el(Pi) an = ]+e2(Pé) an
or
k k P
tog (k- /el ) = -tano loa(gh)

where kl and e, are the permeability and void ratio
corresponding to the effective pressure Pi. & is the Flow-
Loading Parameter representing the behaviour of the soil
during consolidation. Fig. 13 shows this relationship.

The scattering between the zones may be inherited from

Fig. 11 and Fig. 12. Combining the data for the general

relationships of e-log P' (Fig. 1l1) and e-log k (Fig. 12),
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a straight line relationship was obtained on the

X s p .
log (1+e /Il&el) - 1oq(§I) graph (Fig. 13); the Flow-

Loading Parameter (6) was found to be 61°. ror different
soils, the parameter ¢ may be different. Therefore, in
dealing with consolidation, this parameter mav be one of
the major factors. The value of Tég in theequation of
continuity Eq. (1) was taken as a constant during the
consolidation process by Terzaghi. However, Fig. 13 shows:
a) PFor small load increments,that is, P/Pl is nearly 1,
the change in T%E is small no matter what 6 is. There-
fore, the simplification of Terzaghi by taking I%E as a
constant during the consolidation process is acceptable for
small load increment ratics.

b) PFor large load increment ratio, the change in ng
becomes significant for large values of 6. However, for
small values of 6, this change becomes insignificant.

¢) The change in Tég increases as load increment ratio
or/and the Flow-Loading Parameter (6) increases.

4) A general theory was derived basically
depending on the soil properties discussed previously.
Curves were plotted relating both the Degree of Consolida-
tion (S) and the Dissipation of Maximum Pore-water Pressure
(U) to the classical Time Factor (T). (Fig. 14 and Fig. 15)
The effects of the load increment ratio (A) and the Flow-
Loading Parameter (6) can be seen on these graphs. The

influence of these parameters can be compared to the
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Terzaghi Theory (dotted line) which was assumed to be
independent of these parameters, and the theory by Davis
and Raymond (1965) which happens to coincide with the
special case of 6=45°, vVarious values of the load
increment ratio (A) were chosen as 0.25, 0.5, 1, 2, 4, 8.
The chosen values of the Flow-Loading Parameter (6) are
0°, 15°, 30°, 45°, 60°, 75°.

The influences of the load increment ratio (A) and
the Flow-Loading Parameter (6) on the degree of consolida-
tion and on the dissipation of pore water pressure at the
bottom of the sample are shown in Fig. 16 and Fig, 17. For
small load increment ratios, that is, an increase in
effective pressure which is small relative to the initial
effective pressure, the influence of the Flow-Loading
Parameter (6) on the degree of consclidation and on the
dissipation of pore-water pressure is small for wmlues of ¢
from 0° to 75°. (Fig. 16) This indicates that, for a
small load increment ratio, the consideration of the ratio
T§€ as a certain constant value during the consolidation
process is acceptable. This consideration was made by
Terzaghi when he derived his classical consolidation
theory. However, as the load increment ratio increases,
the influence of 6 becomes greater. This indicates that
when the increase in effective pressure is large relative

to the initial effective pressure in the consolidation
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FIG.17 INFLUENCE OF FLOW-LOADING PARAMETER (8)
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process, the interaction between the permeability (k),
void ratio (e) and effective pressure(P') becomes signifi-
cant. Therefore, for larger load increment ratios, the
degree of conscolidation and the dissipation of pore-water
pressure are affected not only by the load increment
ratios but also by the Flow-Loading Parameters which
relate the void ratio (e), permeability (k) and effective
pressure (P'). (Fig. 16)

Fig. 17 shows that the time for degrees of con-
solidation of 50% and 100% is independent of load increment
ratio when 0 equals 45°, When 6 is greater than 450, the
time increases as the load increment ratio increases;
when 6 is smaller than 450, the time decreases as the load
increment ratio increases. The dissipation of pore water
pressure has a similar trend. (Fig. 17)

5) In order to make a comparison between this
extended theory, the David and Raymond theory, and the
Terzaghi theory, the experimental data were plotted inte
S-log T, and U~log T curves, according to each of the
theories. The dimensionless parameters are Degree of Con-
solidation (S), Dissipation of Maximum Pore-water Pressure
(U) and Time Factor (T); these are plotted in Fig. 18 and
Fig. 19.

The experimental data were fitted at $=50%, and

U=50%, It is noted that according to the definition of a
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best fitting curve, the general theory fits the experi-
mental data.

6) The total pressure at the center of the
bottom of the soil sample was measured. Tig. 8 shows the
variation of total pressure during the consolidation
process., The total pressure was measured as 9.20 psi at
the instant of the load increment application which pro-
duced a piston loading of 9.70 psi over the top of the
sample, The frictional resistance between the cylinder
wall and the scil may be cne of the reasons causing the
difference between the measured (9.20 psi) and the
anticipated (9.70 psi) values. The total pressure
decreased to a value of 8.82 psi (about 96% of the initial
value) when the pore water pressure at #4 transducer
reduced to 93% of its initial (maximum) value. Following that,
the total pressure increased until the end of the primary
consolidations reaching the maximum value of 12.00 psi.
After the pore water pressure dissipated, the total pressure
remained at the constant value of 12.00 psi. The total
pressures over the bottom of the sample are generally
uniform during the early stages of consolidation. As the
pore water pressure dissipates, the distribution becomes
more non-uniform. Fig. 20 describes the possible pressure
distribution over the bottom area of the sample. The total
forces on the sample bottom are represented by A and B, in

Fig. 20. The force represented by A is equal to the force
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© Soil . L. soil

9.20 psi (measured) 12.0 psi (measured)

Early Stage of Consolidation End of Consolidation

Fig. 20 Pressure Distribution on the Sample Bottom

represented by B, plus the force absorbed by the frictional
resistance between the so0il and the consolidometer.

The non-uniformly distributed total pressure
during the later stages of the consolidation process, which
is not compatible with the assumption of a uniformly dis-
tributed total pressure over any horizontal area within the
soil sample, may be one of the reasons causing the scatter-
ing between the experimental data and the theoretical
curves of degree of consolidation and dissipation of pore-
water pressure. (Fig. 18 and Fig. 19)

7) Because of the geometrical confinement of the

consolidometer on the soil sample, the validity of the
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assunmption of uniformly planar total pressure, which was
made during the derivation of the consolidation theory,
may be affected. Thus, an elementary study on the boundary
conditions of the soil sample under consolidation is
necessary.

When the primary consolidation is terminating,
that is, when the pore water pressure has dissipated to
almost zero, the properties of the soil are assumed to be
elastic, homogeneous, and isotropic. The properties are
Modulus of Elasticity (E), Modulus of Rigidity (G), and
Poisson's ratioc (v). If the theory of elasticity is
applicable, the physical properties and the boundary con-
ditions are:

Navier's Equation:-

2 37U ? 3u U
3°U z y\) _ E Y Y )
Ea%"'G(ayaz’Laz) ?,'(ay"’i)“"
Y z
2 2 2
3 U 3 U 3"U 30 aU
z 4 Y G z Y
E + G o+ + = [ —==4+ L) =0
322 ( aY2 9ZdYy ) VY( Ay RS )
Boundary wmnditions:
(a) UZ(YIO) = 0O,
ra BUZ
(b) E 55 (y,L) 2xydy = -P,
JO
(% 3U,(y,0)
(c) E I (y,0) 2)ydy
JO

L
U (a,z)
wf et B
= -P + Jo ( : 4 5% E 2)a ) dz,
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i
QO

(a) Uy(a,Z)

I
0

(e) UY(O’Z)
aUy(a,z) aUZ(a,z)

(£) T, (a,2) =G ( T aahan
3U (a,z)
=-_f......_l..a.;_'.._..E'
3U_(y,0) 3U_ (y,0)
. - Y "2
tg) TYZ(Y’O) G ( 5z 3y )
- . au, ( -
- 1 3%z Y,
(h) T Z(YfL) =G < auy(Y,L) + aUz(v,L)
Y R4 3y
U

= -f, 533 (y,L) E
where

U, is the displacement of the soil particles in z
(vertical) direction;

UY is the displacement in y (radial) direction;

£, fl’ f2 are the coefficients of friction between
the soil sample and the wall, base, and the piston
respectively.

P is the total force acting on the loading piston
which imposes a uniformly distributed pressure (p=§) on the
top of the sample; where A is the area of the piston.

Fig. 21 is a dimgramatic sketch of the stress conditions.

Because of complicated boundary conditions, the dis-
placement functions, from which the stress conditions can be

obtained, were unable to be solved analytically. However,

3 BUZ(Y!Z)
the stress is not a uniformly planar stress ¥ T3z =0

because of the shearing stresses (TYz(a,z)) acting along the
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walls, Because of the viscous property of the soil skeleton,
the stress distribution within the soil during consolidation
is unknown. The non-uniform distribution of total pressures
over the bottom area obtained from the experimental data,

shows that the assumption of planar stress and strain is not

vindicated.
2
4
Area=A ?
n_a P/ bo2 2
A .
B T RO H
§ t
f .
L(t) Soil } 21 L(v)
5 ! o ey
C " ¥ — -— T Y
e

Fig. 21 A Diagramic Sketch of Stress Conditions




CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1) An extended theory was derived for one-
dimensional consolidation with the assumption of planar
stress and strain. In the theory, the change in the per-
meability and the change in the void ratio were taken
into account.

2) For remoulded samples which are prepared in a
consolidometer, the non-uniform distribution of the
preconsolidated pressure inherently affects the soil
properties of subsegquent consolidation and shearing
strength tests.

3) The boundary conditions of the consolidometer
are not compatible with the field conditions. Besides
the drainage condition, the increase of total pressure at
the bottom centervof the soil sample is contrary to the
field conditions where the pressure distribution under a
load increment decreases with depth.

4) Therefore, predictions from the consolidometer
test to the field consolidation conditions are doubtful.

5) The significance of frictional resistance
along the consolidometer walls has been investigated by

60
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others (Leonards and Girault, 1961): this resistance can
be minimized by increasing the ratio of sample diameter
to depth. Therefore, it would be unsuitabkle to have a
thick soil sample for the consolidometer test, because of
the introduction of frictional force along the wall.

Recommendations

1) It is recommended that further investigations on
the boundary pressure distribution of the scil sample
within the consolidometer are needed. The assumption of
planar stress and planar strain in the theories of con-
solidation needs further justification.

2) A study on field drainage conditions may evaluate
the merits of the application of the consclidometer.

3) Investigations on the Flow-Loading Parameters
for various kinds of soil are needed.

4) PFurther study, combining the primary and
secondary conscolidation effects should lead to the under-

standing of the consclidation process.
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TABLE I

EXPERIMENTAL DATA

Po = 2.60 psi
H= 2,946" APO = 9.70 psi ., = 7.450 (average)
Temp. = 38.2°C P = 12.30 psi e = 4.580 (average)
Elapsed Total #1 #2 #3 4 $4 Settle~ |Sample Degree of
Time Pres. at | Pore W. | Pore W. |Pore W. | Pore W. | % of Max. | ments [Height | Primary Con-
the bottom Pres. Pres. Pres. Pres. Pore W.P, s L(z ,t) solidation
t PB u u u u U ¥ S
(min.) (psi) (psi) (psi) (psi) (psi) (%) (ins.) (ins.) (%)
0 0.000 2.947 0
i 9.20 8.65 9.10 9.20 9.20 100 0.037 2.910 4.46
- 9.20 8.50 9.06 9.19 9.19 99.89 0.046 2.901 5.55
4 9.20 8.28 9.00 .15 9.15 99.46 0.058 2.889 6.99
8 9.20 7.90 8.90 9.05 9.05 98.37 0.084 2.863 10.13
15 9.03 7.25 8.76 8.90 8.91 96.85 0.108" 2.839 13.03
30 8.96 6.04 8.65 8.85 8.86 96.30 0.149 2.798 17.97
47 8.90 5.16 8.43 8.73 8.75 $5.11 0.190 2.757 22.91
77 8.82 4.02 8.06 8.43 8.55 92.93 0.239 2,708 28.83
100 8.82 3.30 7.72 2.25 8.35 90.76 0.271 2.676 32.59
150 8.90 1.75 7.05 7.75 8.08 87.83 0.332 2.675 40.04
220 9.02 1.05 6.28 7.15 7.46 81.09 0.400 2.615 48.25
340 9.32 0.35 5.14 6.04 6.44 70.00 0.495 2.542 59.71
470 9.76 0.04 4.02 4.83 5.16 56.09 0.571 2.376 68.88
590 10.20 0 3.02 3.82 4.12 44.78 0.628 2,319 75.75
1060 11.25 0 1.01 1.41 1.54 16.74 0,743 2.204 89.63

L9



TABLE I (Continued)

Elapsed Total #1 #2 $#3 4 $#4 Settle~ | Sample Degree of

Time Pres. at | Pore W. | Pore W. |Pore W. | Pore W. | % of Max. | ments | Height | Primary Con-

the bottom Pres. Pres. Pres. Pres. Pore W.P. L(zo,t) solidation
t PB u u u u U s S
(min.) (psi) (psi) (psi) (psi) (psi) (%) (ins.) (ins.) (%)
1150 11.25 0 0.85 117 1.29 14.02 0.75% 2.192 91.07
1665 11.70 0 0.22 0.42 0.44 4.78 0.792 2.155 95.54
1810 11.75 o 0.15 0.32 0.39 4,24 0.800 2.147 96.50
2545 11.78 0 0.05 0.10 0.10 1.09 0.819 2.127 98.79
4390 12.00 0 0 0 0 0 0.840 2.106 101.32
5765 12.00 0 0 0 0 0 0.848 2.098 102.29
7225 12.00 0 0 0 0 0 0.855 2.092 103.13
10585 12.00 0 0 0 0 0 0.860 2.087 103.74
14985 12,00 o 0 0 0 0 0.865 2.082 104,34
21745 12,00 0 0 v 0 0 0.870 2.077 104.95
27505 12.00 o 0 0 0 0 0.874 2.073 105.42

tloo = Elapsed time at the end of primary consolidation = 3500 (min.)

[
i

50 Elapsed time at 50% degree of consolidation = 540 (min.)

it

S100 Settlement at the end of primary consolidation = 0.829"
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TABLE II

DATA AT THE POSITIONS OF MARKERS

Marker A
Elapsed|Height [Change Time Hydraulic| Pore Total (1) (2) (3) Total Pres.
Time Above of Interval| Gradient|Pres. | Pres. at Increment
Base |Height the bottom L'
- L' AL At i u Py Pp-9.70 L(zo,t) (L)x(2) APn=P,~(3)
(min.)| (ins.)/(ins.) (min.)| (psi/inJ| (psi) (psi) (psi)
8 2.5441 |0.0125 7 4.34 7.34 9.20 -0.58 0.890 -0.516 9.636
15 2.5316 |0.0375 15 7.20 6.32 9.03 -0 .71 0.891 -0.632 9.622
30 2.4941 |10.0364 17 8.60 5.18 8.96 -0.77 0.893 ~0.687 9.617
47 2.4577(0.0740 53 8.20 4.56 8.90 -0.84 0.891 ~-0.748 9.608
100 2.3837|0.1231 120 8.56 3.22 8.82 -0.78 0.889 -0.693 9.612
220 2.2606 |0.0990 120 6.56 1.88 9.02 -0.53 0.885 ~0.469 9.639
340 2.1616 |0.0750 130 5.46 1.58 9.32 -0.16 0.880 ~-0.140 9.681
470 2.0866 |0.0525 120 4.84 1.53 9.76 +0.28 0.878 +0.245 9.634
590 2.0341 (0.1060 470 3.60 1.12 10.20 +1.02 0.876 +0.893 9.826
1060 1.9281)0.0665 750 1.28 0.37 31.25 +1.80 0.871 +1.567 9.932
1810 1.8616 |0.0275 735 0.32 0.08 11.75 +2.06 0.865 +1.781 9.978
2545 1.8341 (0.0215 3220 0.09 0.02 11.78 +2.19 0.865 +1.894 9.996
5765 1.8126 |0.0025 1460 0 0 12.00 +2,30 0.868 +1.996 10.003
7225 1.8101 | 0 0 12.00

(*Total pressures are assumed to vary linearily through the depth)

Sample
Top 9.70
A AP
Lz ,t) P
_J__ a
Bottom P
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TABLE II (Continued)

Marker B
Elapsed [Height|Change Time |[Hydraulic| Pore Total (1) (2) (3) Total Pres.
Time Above of Interval| CGradient|Pres.| Pres. at Increment
Base |Height the bottom L'

Lt AL" At i u Py PBw9.70 L(zo,t) (Lyx=(2) APTzPBn(B)
(min.) | (ins.) | (ins.) (min.)| (psi/in.) | (psi) (psi) (psi)
8 2.0133|0.0020 7 1.14 8.38 9.20 -0.58 0.707 -0.410 9.530
15 2.0113|0.0180 15 1.46 8.16 9.03 -0.71 0.711 ~0.504 9.495
30 1.9933(/0.0180 17 2.87 9.56 8.96 ~0.77 0.716 -0.551 9.481
47 1.9753|0.0495 53 3.56 7.00 8.90 ~-0.84 0.718 ~-0.603 9.463
100 1.92580.1100 120 4.11 6.05 8.82 -0.78 6.717 -0.559 9.479
220 1.8158|0.0850 120 4.92 4.52 9.02 -0.53 0.710 -0.376 9.546
340 1.7308|0.0735 130 4.49 3.82 2.32 -0.16 0.702 -0.112 9.652
470 1.6573|0.0515 120 3.28 3.18 9.76 +0.28 0.695 +0.194 9.785
590 1.6058|0.1000 470 2.70 2.42 10.20 +1.02 0.688 +0.701 10.018
1060 1.5058|0.0565 750 1.13 0.86 11.25 +1.80 0.679 | +1.222 10.277
1810 1.4493(0.0200 735 0.26 0.20 11.75 +2.06 0.674 +1.388 10.371
2545 1.4293|0.0217 3220 0.08 0.06 11.78 +2.19 0.673 +1.473 10.416
5765 1.4076(0.0043 1460 0 0 12.00 +2.30 0.674 +1.550 10.449

7225 1.4033 0 0 12.00

Lo



TABLE II (Continued)

Marker C
Elapsed| Height [Change Time Hydraulic| Pore Total (1) (2) (3) Total Pres.
Time Above | of Interval| Gradient |Pres.| Pres. at Increment
Base |Height the bottom L’
L' AL’ At i u PB PB--9.70 L(zo,t) (1)x(2) APTf—‘PB"M(?))
(min.)| (ins.){{ins.) (min.) | (psi/in.) | (psi) {psi) (psi)
8 1.7171 |0 7 0.86 8.62 9.20 ~-0.58 0.602 ~-0.349 9.469
15 1.7171 |0.0050 25 0.91 8.49 9.03 -0.71 0.608 -0.431 9.421
30 1.7121 |0.0070 17 2.10 8.13 8.96 -0.77 0.616 -0.474 9.404
47 1.7051 |0.0380 53 2.49 7.80 8.90 -0.84 0.621 -0.521 9.381
100 1.6671 |0.0875 120 3.05 7.00 8.82 -0.78 0.622 ~0.485 9.405
220 1.5796 |0.0710 120 3. 7% 5.60 9.02 -0.53 0.618 -0.327 9.497
340 1.5086 [0.0630 130 3.36 4.71 9.32 -0.16 0.612 ~0.097 9.637
470 1.4456 |0.0435 120 2458 3.84 9.76 +0.28 0.€07 +0.168 9.810
590 1.4021 |0.0880 470 2.28 2.97 10.20 +1.02 0.601 +0.613 10.107
1060 1.3141 |0.0520 750 0.94 1.07 11.25 +1.80 0.592.| +1.065 10,434
1810 1.2621 [0.0190 735 0.20 0.24 11.75 +2.06 0.587 +1.209 10.550
2545 1.2431 [0.0210 3220 0.07 0.07 11.78 +2.19 0.585 +1.281 10.608
5765 1.2221 [0.6025 1460 0 0 12.00 +2.30 0.585 +1.345 10.654
7225 1.2196 0 0 12.00
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TABLE II {(Continued)

Marker D
Elapsed |Height|Change Time Hydraulic| Pore Total (1) (2) {3) Total Pres.
Time Above of Interval| Cradient|Pres.| Pres. at Increment
Base |Height : the bottom L'

t b AL* At i u PB PBw9.70 L(zo,t) (L)x{(2) APT:-'-“-PB"(?;)
(min.) | (ins.) | (ins.) (min.) | (psi/in.) | (psi) (psi) (psi)
8 1.4085|0 7 0.57 8.84 9.20 -0.58 0.495 ~0.287 9.407
15 1.4085|0.0025 15 0.62 8.72 95.03 ~0.71 0.499 -0,354 9.344
30 1.4060|0.0050 17 0.81 8.59 8.96 -0.77 0.506 -0.389 9.319
47 1.4010|0.0290 53 1.33 8.40 8.90 -~0.84 0.510 ~0.428 9.288
100 1.372010.0735 120 2.00 7.72 8.82 -0.78 0.511 ~0.398 9.318
220 1.2985|0.0600 120 2.57 6.46 9.02 ~0.53 0.508 ~0.269 9.439
340 1.2385]|0.0525 130 2.18 5.42 9.32 ~-0.16 0.502 ~0.080 9.620
470 1.1860|0.0351 120 1.73 4.38 2,76 +0.28 0.498 +0.139 9.840
590 1.1509|0.0704 470 1.67 3.46 10.20 +1.02 0.493 +0.502 10.217
1060 1.0805|0.0410 750 0.76 1.26 11.25 +1.80 0.487. | +0.876 10.623
1810 1.03%5|0.0135 735 0.18 0.38 11.75 +2.06 0.484 +0.997 10.763
2545 1.0260|0.0148 3220 0 0.08 11.78 +2.19 0.483 +1.057 10.832
5765 1.0112|0.0016 1460 0 0 12.00 +2.30 0.484 +1.113 10.886

1225 1.0096 0 0 12.00

L
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TABLE IIT

CALCULATIONS IN DIFFERENT ZONES
Zone AB
Thickness of solid particles, Zpp= 0.0676"
Elapsed Time [Time Interval|Change in|Change in| Average Change in| Void|Average | Average
from At=t,-t, Thickness Hydraglic Permeability |Void Ratio|Ratioc|Pore W. Total
I S e P U B I
A 7B AtxAixl0, APT
(min.) {(min.) (ins.) |(psi/in.) | (cm./min.) {psi) ‘(péi)
0 8 6.273
8 15 7 0.0105 4.470 3.08x10”5 0.155 6.118 7.55 9.583
15 30 15 0.0195 5.694 2.09x10“5 0.289 5.829 6.81 9.558
30 47 17 0.0184 5.185 1.91x10"5 0.273 5.556 6.08 9.549
47 100 53 0.0245 4.545 9.33:»:1()"6 0.363 5.193 $.21 9.535
100 220 120 0.0131 3.045 3.29xl()"6 0.195 4.998 3.92 9.546
220 340 120 0.0140 1.305 8.21x10"6 0.207 4.791 2.95 9.592
340 470 130 0.0015 1.265 8.36x10“7 0.022 4.769 2.53 9.666
470 590 120 0.0010 1.230 6.21x10“7 0.015 4.754 2.06 92.759
590 1060 470 0.0060 0.525 2.23:1(16”6 0.009 4,745 1.19 9.922
1060 1810 750 0.0100 0.105 1.16x10~5 0.148 4.597 0.38 10.104
1810 2545 735 0.0075 0.035 2.67x10”5 0.110 4.487 0.04 10.174
2545 5765 3220 0 0 4,487 10.206
5765 7225 1460 0 0 4.487 10.226
I=1.786

€L



TABLE III (Continued)

Zone BC
Thickness of solid particles, Zpc™ 0.0377"
Elapsed Time |Time Interval|Change in|Change in Average Change 1in| Void|Average| Average
- from At=t2--t1 Thickness Hydraglic Permeability|Void Ratio|Ratio|Pore W. Total
fte S T -
B “C Atxaix10.9 AP;
(min.) (min.) (ins.) | (psi/in.)| (cm./min.) (psi) (psi)
7.471
8 15 E § 0.0020 0.415 6.31x10'5 0.053 7.418 8.41 9.499
15 30 15 0.0130 0.660 l.20x1(}“4 0.345 7.073 8.09 9.458
30 47 17 0.0110 0.920 6.46x10-5 0.292 6.781 7.62 9.442
47 100 53 0.0115 1.065 l.87x10“5 0.305 6.476 6.96 9.422
100 220 120 0.0225 1.115 1.541{10'~5 0.596 5.880 5.79 9.442
220 340 120 0.0140 1.150 9.60x10*6 0.372 5.508 4.66 9.521
340 470 130 0.0105 0.930 8.27x10”6 0.279 5.229 3.89 9.644
470 590 120 0.0080 0.575 l.()Exlo—5 0.212 5.017 3.10 9.797
590 1060 470 0.0120 0.305 7.68x10"6 0.318 4.699 1.83 10.062
1060 1810 750 0.0045 0.125 4.40x10"6 0.119 4.580 0.59 10.355
1810 2545 735 0.0010 0.035 3.56):10'~6 0.027 4.553 0.14 10.460
2545 5765 3220 0.0007 0 0.019 4.534 0.003 10.512
5765 7225 1465 0.0018 0 0.047 4,487 0 10.551
I=2,984

L
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TABLE III (Continued)

Zone CD
Thickness of solid particles, Zop= 0.0392"
Elapsed Time |Time Interval|Change in|Change in Average Change in| Void|Average| Average
from At=t,-t, Thickness |Hydraulic|Permeability|Void Ratio|Ratio|Pore W.| Total
tl to t2 AL’ Gradient LY Pres. Pres.
AlﬂlC*lD k*AtxAixlﬂ.Q Ae e u Incz;ment
T
(min.) (min.) (ins.) |(psi/in.)| (cm./min.) (psi) ipsil
7.009
8 15 7 0 0.290 0 7.009 9.00 9.438
15 30 18 0.0025 0.790 1.94x10 =3 0.064 6.945 8.48 9.382
30 47 17 0.0020 1.225 8.81x10 -6 0.051 6.894 8.23 9.361
47 100 53 0.0090 1.105 1.41x10 = 0.229 6.665 7.73 9.334
100 220 120 0.0140 1.115 9.60x10 -5 0.357 6.308 6.69 9.361
220 340 120 0.0110 1.180 7.12x10 = 0.281 6.027 5.55 9.444
340 470 130 0.0105 1.000 7.41x10 -6 0.268 5.759 4.59 9.628
470 590 120 0.0084 0.715 9.80x10 - 0.214 5.545 3.66 19.825
590 1060 470 0.0176 0.395 8.70x10 % 0.449 5.096 2.19 10.162
1060 1810 750 0.0110 0.100 1.35x10° " 0.281 4.815 0.74 10.528
1810 2545 735 0.0055 0.045 1.53x10 - 0.140 4.675 0.19 10.656
2545 5765 3220 0.0062 0.035 5.05x10 ~6 0.164 4.511 0.04 10.720
5765 7225 1460 0.0009 0 0.024 4.487 10.770
I=2.522

QL
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TABLE IV

RELATIONSHIP BETWEEN VOID RATIO (e), PERMEABILITY (k)
AND EFFECTIVE PRESSURE (P')

Zone AB
Elapsed Time Average Permeability k Average “Total Pres. | Effective
From t, to t, | Veid ratio I+e Pore Pres. P,=2.60+AP, | Pressure
© k u P!

(min.) (cm./min.) (cm./min.) (psi) (psi) (psi)

g8 15 6.196 3.08x10°° | 4.280x10°° 7.550 12.183 4.633

15 30 5.973 2.09x107> 2.997x10"° 6.810 12.158 5.348

30 47 5.693 1.91x107° | 2.854x107° 6.080 12.149 6.069

47 100 5.375 9.33x107% | 1.265x107° 5.210 12.135 6.925

100 220 5.096 3.29%107% | s5.397x1077 3.920 12.146 8.226

220 340 4.896 8.21x10"°% | 1.392x107® 2.950 12.192 9.242

340 470 4.781 8.36x10"7 | 1.446x10"7 2.530 12.266 9.736

470 590 4.762 6.21x10"7 | 1.078x107’ 2.060 12.359 10.299

590 1060 4.750 2.23x107% | 3.878x1077 1.190 12.522 11.332

1060 1810 4.672 1.16x107° 2.045x10°° 0.380 12.704 12.324

1810 2545 4.542 2.67x107° | 4.817x10°° 0.040 12.774 12.734

2545 5765 4.487 0 12.806 12.806

5765 7225 4.487 0 12.826 12.826

9L



TABLE IV (Continued)

Zone BC
Elapsed Time Average Permeability k Average Total Pres. |Effective
From t1 to tz Void Ratio 1+e Pore Pres. PT-~2.60+APT Pressure
e k u p!
(min.) (cm./min.) (cm./min.) (psi) (psi) (psi)
8 15 7.444 6.31x10"° 7.473x107° 8.410 12.099 3.689
15 30 7.246 1.20x1074 1.455x107° 8.090 12.058 3.968
30 47 6.927 6.46x107° 8.149x10°° 7.620 12.042 4.422
47 100 6.629 1.87x107° 2.451x107° 6.960 12.022 5.062
100 220 6.178 1.54%107° 2.145x10°° 5.790 12.042 6.252
220 340 5.694 9.60x10™° 1.434x107° 4.660 12.121 7.461
340 470 5.369 8.27x10~° 1.298x107° 3.890 12.244 8.354
470 590 5.124 1.06x107° 1.731x107° 3.100 12.397 9.297
590 1060 4.858 7.68x107° 1.311x107° 1.830 ' 12.662 10.832
1060 1810 4.639 4.40x107° 7.803x10’ 0.590 12.955 12.365
1810 2545 4.566 3.56x10°° 6.396x10 0.140 13.060 12.920
2545 5765 4.544 0.030 13.112 13.082
5765 7225 4.511 0 13.151 13.151

LL



Zone CD

TABLE IV (Continued)

Elapsed Time Average Permeability k Average Total Pres. | Effective
From tl to t2 Void Ratio I+e Pore Pres. PT=2.60+APT Pressure
e k u P!
(min.) (cm./min.) (cm./min.) (psi) (psi) (psi)
8 15 7.009 9.000 12.038 3.038
15 30 6.977 1.94x107° 2.432.107° 8.480 11.982 3.502
30 47 6.920 8.81x107° 1.112x10~° 8.230 11.961 3.731
47 100 6.780 1.41x107° 1.812x107° 7.730 11.934 4.204
100 220 6.486 9.60x10"° 1.282x107° 6.690 11.961 5.271
220 340 6.167 7.12x107° 9.934x10" ' 5.550 12.044 6.494
340 470 5.893 7.41x10°° 1.075x107° 4.590 12.228 7.638
470 590 5.652 9.80x107° 1.473x10°° 3.660 12.425 8.765
590 1060 5.320 8.70x10” % 1.376x107° 2.190 1 12.762 10.572
1060 1810 4.955 1.35x107° 2.267x107° 0.740 13.128 12.388
1810 2545 4.745 1.53x107° 2.663x107° 0.190 13.256 13.066
2545 5765 4.593 5.05x10"° 9.029%10" 0.040 13.320 13.280
5765 7225 4,499 0 13.370 13.370

8L
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TABLE V
DATA FOR DETERMINATION OF

THE FLOW-~-LOADING PARAMETER (0)

Zone AB

(P])=4.633(psi) T;éz = 4.280x10"° cm./min.
g
v /Pl V l+e //,l+e
1.000 “1.50x10°
1.154 7.00x10"t y
1.309 6.67x10 "+
1.495 2.95%1071
1.776 1.26x1071
1.990 3.25x10°%
2.101 3.38x1072
2,223 2.52x102
2.450 9.06x10™2
2.660 4.78x107t
2.748 1.12x10°
Zone BC kl e
Pi = 3,689 (psi) ?:gz = 7,.473x10 cm./min.
P1/P} K *y
l+e 1+el
1.000 1.00x10°
1.075 1.95x10°
1.198 1.09%x10°
1.372 3.28x10 %
1.695 2.87x10 1
2.022 1.92x107%
2.265 1.74x107%
2.520 2.32x107%
2.936 1.75%x1077
3.351 1.04x1073
3.502 8.56x10




TABLE V (Continued)

Zone CD
. ky - .

(Pi)=3.038(931) ngz.z 2.432x10 cm./min.
_ -

PR 1}:9; / 1+i1

1.000 1.00x10°

1.152 4.57x107%

1.228 7.45.1071

1.384 5.27x10™ %

1.735 4.08x10° %

2.137 4.42x107%

2.514 6.06x10" 1

2.885 5.66x10 *

3.480 9.32x10"%

4.078 1.09x10°

4.300 3.71x107 %

80



AND EFFECTIVE PRESSURE

TABLE

VI

(P') OF THE PEAT SAMPLE

GENERAL RELATIONSHIP BETWEEN VOID RATIO (e), PERMEABILITY (k)

Effective Void Permeability %
Press.;ure Ratio k k / (o) pt/p!
P e k I+e I+e/ T#e o
(psi) (cm. /min.) (cm./min.)
2.60 7.65 1.00x10™% 1.16x107° 1 1
3.00 7.40 7.80x10 > 9.29%107° 7.92x10" % 1.15
4.00 6.82 4.11x107° 5.24x10”° 4.83x107 % 1.54
5.00 6.40 2.52x107° 3.38x10°° 3.14x107% 1.92
6.00 6.02 1.60x107° 2.28x107° 2.24x107 % 2.31
7.00 5.75 1.17x107° 1.73x10°° 1.75x107 % 2.69
8.00 5.48 8.60x10° 1.33x107° 1.25%10° % 3.08
9.00 5.25 6.61x10~° 1.06x107° 1.08x10°1 3.46
10.00 5.00 5.00x10”° 8.33x10’ '9.16x1077 3.85
11.00 4.73 3.60x107° 6.28%1077 7.66x10" > 4.23
12.00 4.65 3.31x10”° 5.84x107 7 6.59x10 ~ 4.62

18
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TABLE VII

COMPARISONS OF EXPERIMENTAL DATA TO PREVIOUS THEORIES

1) Pore Pressure Dissipation at the Bottom. (x=1)
Curves were fitted at U=50% (U=Percentage of

max. pore pressure).

Tg0= Time factor at U=50%
Tg0= 1.300 The extended theory
(for A=3.73, 6=61°)
Tgo= 0.380 The Terzaghi theory
Tgc= 0.560 : The Davis and Raymond theory
U

tsom 540 (min.) = Elapsed time from
U=100% to U=50%
tgoos 3500 (min.) = Elapsed time from

U=100% to U=0%
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TABLE VII (Continued)

Pore Percentage | Elapsed | The Extended The The Davis
Pres. | of Max. P. Time Theory Terzaghi | and Raymond
Pres. Theory Theory

u U t T T T

(psi) (%) (min.)

9.20 100 1 0.002 0.001 0.001
9.19 99.89 2 0.005 0.002 - 0.002
9.15 99.46 4 0.01¢0 0.003 0.004
9.05 98.37 8 0.020 0.006 0.008
8.92 96.96 15 0.036 0.011 0.016
8.86 96.30 30 1 0.072 0.021 0.031
8.75 95.11 47 0.113 0.033 0.049
8.55 92.93 77 0.186 0.054 0.080
8.36 90,87 100 0.241 0.070 0.104
8.13 88.37 150 0.362 0.105 0.155
7.56 82,17 220 0.530 0.155 0.228
6.56 71.30 340 6.819 0.239 0.352
5.23 56.85 470 1.130 0.331 0.488
4.18 45,43 590 1.420 0.415 0.612
1.56 16.96 1060 2.550 0.745 1.100
0.47 5.11 1665 4,000 1.170 1.727
0.39 4,24 1810 4,360 1.275 1.877
0.10 1.09 2545 6.14¢C 1.791 2.639
0 0 4390
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TABLE VII (Continued)

Degree of Consolidation.

Curves fitted at $=50% (S=Degree of consolidation).

S

T50 = Time factor at S=50%

Tgo = 0,420 The extended theory
(for A=3.73, 8=61°)

Tgp = 0.195 The Terzaghi theory; the Davis
and Raymond theory

tgo = 240 (min.) = Elapsed time from

8=0% to S=50%
t100= 3500 (min.) = Elapsed time from
S=0% to S=100%

S100 = 0.829" (Primary Compression)



TABLE VII (Continued)

85

Settle- Degree of Elapsed The The Terzaghi Theory;
ment Consolidation Time Extended the Davis and
Theory Raymond Theory
s S t T i
(ins.) (%) (min.)
0.037 4.46 1 0.002 0.001
0.046 5.55 2 0.004 0.002
0.058 6.99 4 6.007 0.003
0.084 10.13 8 0.014 0.006
0.108 13.03 15 0.026 0.012
0.149 17.97 30 0.053 0.024
0.190 22.91 47 0.082 0.038
0.239 28.83 77 0.135 0.063
0.271 32.69 100 0.175 0.081
0.332 40.04 150 0.263 0.122
0.400 48 .25 220 0.385 0.179
0.495 59.71 340 0.595 0.276
0.571 68.88 470 0.822 0.382
0.628 75.73 590 1.033 0.479
0.743 89.63 1060 1,855 0.861
0.755 91.07 1150 2.021 0.938
0.792 95.54 1665 2.914 1,353
0.800 96.50 1810 3.147 1.461
0.819 98.79 2545 4.54 2.068
0.840 101.32 4350 7.681 3.566




CALCULATICNS FOR THEQORETICAL CURVES

TABLE VIII

OF CONSOLIDATION AND DISSIPATION

OF PORE PRESSURE AT SAMPLE BOTTOM

Load Increment Ratio

The Flow-Loading Parameter

86

S = Dégree of Consolidation

U = Percentage of Max. Pore Pressure

T = Time Factor
1) e =0°

A=0,25 A=0.5 A=1 A=2 A=4 A=8
T ] U S U S U S U s U S U

0.001 5.6100 5.6(100 6.2|100 6.6 (100 7.11100 8.1/100
0.002 6.9|100 7.0(100 7.4(100 8.21100 9.3|100 11.0|100
0.004 8.6 (100 8.9]100 9.6 (100 11.1 (100 12.7|100 15.5|100
0.008 | 11.4 (100 12.0|100 13.0 (100 15.0 (100 17.8|100 21.7|100
0.010 | 12.8|100 13.5|100 14.4 (100 16.3 (100 20.0(100 24,3100
0.020 | 17.2|100 18.2(100 20.2|100 22.51(100 28.01100 34,2100
0.040 | 24.3 (100 25.7| 99.8|28.2| 99.8(32.5| 99.7(39.1| 99.6|48.3| 99.3
0.080 ['34.3| 97.0(36.5| 96.7(40.0| 96.2(46.9| 95.7|55.5| 93.0|68.2| 84.4
0.100 [ 39.0( 94.3|40.7| 94.0|44.9| 93.1(52.0| 91.0|61.2| 86.0|75.9| 70.4
0.200 ([ 54.2| 75.6 (57.4| 73.7(63.1| 69.6(72.0| 60.0|85.0| 44.0|96.3| 14.3
0.400 | 74.4| 43.7(78.4| 39.5|84.6| 31.9(92.0| 20.2|98.2 5.5(100 0.2
0.700 | 89.6| 18.01(90.9| 17.1|96.0 2.01992.1 2.5[/100 0.1
1,000 | 95.9 7.0197.6 4.8|99.2 1.9(99.9 0.2
1.500 | 99.2 1.8(99.6 0.8(100 0.1
2,000 | 99.9 0.1(100 0.1




TARLE VIITI (Continued)

3

Am2

0.001
0.002
0.004
0.008
0.010
0.020
0.040
0.080
0.100
0.200
0.400
0.700
1.000
1.400
2.000
2.100
2.200

100
100
100
100
15.5|100
21.0(100
29.5| 99.8
41.6| 97.1
47.0| 93.6
65.0| 70.1
86.9| 31.2
97.5
99.6
100

W W~ n
(8 oo e W ]

O J
L L]
=0 U

15.5
17.2
24 .0
33.8
48.0
54.0
75.0
93.5
9%.4
1co

3) o

0.001
0.002
0.004
0.008
0.010
0.020
0.040
0.080
0.100
0.200
0.400
0.800
1.300
1.600
2.000
2.400
2.500

WO I
L . @
(81 Io B0 N )

14,

20.0
28.4
40.0
44.5
63.0
84.2
97.8
99.7
100

100
100
100
100
100
100
99.9
97.8
96.0
78.5
36.0
4.0




TABLE VIII (Continued)

3¢

0.001
0.002
0.004
0.008
0.010
0.0620
0.040
0.080
0.100
0.200
0.400
0.800
1.000
2.000
2.900

100
100
100
100
100

100

99.9
98.0
94.8
78.0
50.0
19.6
12,3

1.1

0.1

(o2 I ]
[ W e ol

10.
12.0
16.0
22.6
31.9
35.7
50.4
69.8
88.7
93.1
99.4
100

5) o

-

9]

0.001
0.002
0.004
0.008
0.010
0.020
0.040
0.080
0.100
0.200
0.400
0.800
1.000
2.00
3.00
3.50
4,40
€.00
8.4
12.50

O~ wn n
L] L e * >

b< QO N

100
100
100
100
100
100
99.9
28,2
96.6
84.4

 60.4

30.0
21.0

oow
- N

OO

a2 & @

O n
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TABLE VIITI (Continued)

6) o = 75°
A=0.25 A=0.5 A=1 A=2 A=4 A=8
T S U S U g U S U s U [ U
0.001| 5.4[100 5.3(100 5.2/100 5.2|100 5.1(100 5.1|100
0.002| 6.3(100 6.0|100 5.8(100 5.5/100 5.4(100 5.3(100
0.004 | 7.4|100 7.0/100 6.5/100 6.0/100 5.7(100 5.5(100
0.008 | 9.4(100 8.6(100 7.7|100 6.9/100 6.4 (100 6.0(100
0.010 | 10.2(100 9.4/100 8.3/100 7.3|100 6.6 (100 6.2|100
0.020| 13.7|100 [12.3|100 |10.5|100 8.9(100 7.8(100 7.1|100
0.040 | 19.1(100 |16.8|100 |14.0]/100 |11.5|100 9.6(100 8.3/100
0.080 | 26.8| 98.4(23.2| 99.0/19.1| 99.4|15.2| 99.6|/12.2| 99.8|10.5| 99.9
0.100| 29.8| 96.9(25.9| 98.0|21.2| 98.8(16.7| 99.3|13.4| 99.6/11.2]| 99.8
0.200| 41.9| 86.0(36.3| 90.4|29.5| 94.1/22.9| 96.8|17.8| 98.4|14.5| 99,2
0.400 | 58.5| 64.8|50.7| 74.6/41.2| 84.3|31.6| 91.4|24.3| 95.6(19.3| 97.8

0.800| 77.6| 37.2|68.5| 51.6/56.3| 68.6|43.4| 82.4(33.1| 90.7|26.0| 96.1
1.000| 90.5| 16.8|74.5| 43.1/61.6| 62.3|47.8| 78.6|36.3| 88.9|28.3| 94.4
2.000 | 95.8 7.2/89.8| 18.4|77.8| 40.2|62.1| 64.2|47.5| 81.1|36.8| 90.4
4,00 99.9 0.1198.0 4.0/91.0| 18.1|76.2| 46.1|59.5| 70.5|46.3| 84.9

7.00 99.9 0.1/97.5 5.2|86.4| 29.5|/69.7| 59.3|54.6| 78.9
10.00 99.1 1.9(91.3| 19.9(75.3| 51.9|59.6| 74.6
16.00 99.9 0.2(96.2 9.2|182.6| 40.4|66.2| 68,2
20.00 97.8 5.6|85.7| 34.8/69.3| 64.6
40.00 995.9 0.2/93.7| 17.5|78.8| 52.0
50.00 95.7| 12.5|81.5| 47.1
90.00 99.0 2.5(88.,2| 33.0

160.00 99.9 0.1{94.1) 18.0
250.00 96.1| 10.1
400.00 98.0 4.8
600.00 : 99.2 1.1
1000.00 100 0.1




APPENDIX B

COMPUTER PROGRAM USED FOR ANALYSIS
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2

IX

NOMENCLATURE USED FOR COMPUTER PROGRAM

Program Symbol

A
ARA

ABC

BBEB

c(x,J)

CcC

DEL

I,J,kK,L,J,N,
IA,IB,IC,MM,

Out

P(I,J)

PW(K)

PROD

Q

Meaning or Eguivalent
Function
Function
Function
Function

Punction
1-n p!

C: C=p (where p = BT

the ratio of effective

pres. to preconsolidated

pres.)‘
/180
A, Load Increment Ratio
P'+AP?
l-tane . .0 0o _ .
(pqy) i Py= -§z- = 144;

¢=The Flow-Loading Parameter

Counters
Subroutine Function

p (Ratio of effective pressure

g
to pre-consolidated pres., %T

1 ©
1-tan8

Function

‘3; Counter



Program Symbol
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TABLE IX (Continued)

Meaning or Equivalent

NE

X
x 0.01

e

8, Degree of Consolidation
U (x= 1/2), Percentage of

Max. Pore Pressure at x=1/2
U (x=1), Percentage of Max.

Pore Pregsure at y=1



606
801

222

100
200
300
400
500

800
444

10

93
TABLE X

COMPUTER PROGRAM FOR THE SOLUTION OF EQUe(5)

A SOLUTION TO THE EXTENDED THEORY ON ONE DIMENSIONAL PRIMARY
CONSOLIDATION OF SOILS

THEORETICAL CURVES OF THE DEGREE OF CONSOLIDATION AND THE
DISSIPATION OF MAXIMUM PORE WATER PRESSURE ARE OBTAINED FOR
VARIOUS VALUES OF LOAD INCREMENT RATIO ( DEL ) AND THE
FLOW=-LOADING PARAMETER ( THE )

COMMON C(129400)eT(400)sABC sPWI(5)sKsNsDEL (&)
COMMON S
DIMENSION THE(6)sTHET(5)
READ(54+1) DELs THE
FORMAT(6F1Ue3)
WRITE(692) (DEL(N)sN=196)s(THE(K) sK=195)
FORMAT(1X9e6F10e3/5X95F1263)
CC=3e14159/18060
MM=0
N=1
K=1
L=1
AAA=DEL (N)
ABC=ALOG10(10+AAA) %100
BBB=THE (K)
WRITE(69222) AAA.BBB
FORMAT (1HO92X9s5HDEL= sF10e3910Xs5HTHE= sF10e3)
THET(K)=1eU-TAN(CC*THE(K))
PW(K)=1eO0/THET(K)
G=(1eO0+DEL(N) ) ¥X*THET(K)
IF(GeLEe240) GO TO 100
IF(GelLEe2e5) GO TO 200
IF(GeLEe6eU) GO TO 300
IF(GelLEe«840) GO TO 400
IF(GeLEe1l50) GO TO 500
R=04,001
GO TO 800
R=0e1
GO TO 800
R=0604
GO TO 800
R=0e03
GO TO 800
R=0e015
GO TO 800
R=001
WRITE(69444) R
FORMAT (1HO 92X e3HR= +F10e4)
J=1
DO 10 I=2+12
C(lsed)=1a0



TASLE X ( CONTINUED )

RR=R*U40U1
T(J)=(Q-10) *RR
11 C(I+J)=G
21 J=1
DO 15 I=2,11
15 C(IsJ+1)=ClIsJ)*¥(1eC+R*¥(CII+1sJ)+C(I=15J)=2e0%CLIsJ)))
I=12
C(Ied+1)=C(I=-25J+1)
DO 35 J=2+399
DO 40 I=2,11
2=C(I+19J)+C(I=19J)=240%C(IsJ)
A=C(I9J=1)+2eU*R*¥C(IsJ)*2Z
B=C(IsJ)¥*(1leU+R*Z)
C(Ied+1)=(A+B) /240
40 CONTINUE
I=12
ClIeJ+1)=C(I=2sJ+1)
35 CONTINUE
J=400
IF(LeEQel) GO TO 101
IF(LeEQe2) GO TO 202
IF(LeEQe3) GO TO 303
IF(LeLEe25) GO TO 404
IF(LeEQe(26+6*¥MM)) GO TO 505
GO TO 808
101 CALL OUT(1s10s1)
CALL QUT (209100510}
CALL 0UT(150+400+50)
IF( SeGTeuUe999) GO TO 909
GO TO 8U8
202 CALL QUT(100+4G0+100)
IF( SeGTeUe999) GO TO 909
GO TO 8U8
303 CALL 0UT(200+4005200)
IF( SeGTe0e999) GO TO 909
GO TO 808
404 CALL OUT(400+4004+400)
IF( SeGTeUe999) GO TO 909
GO TO 8C8
505 CALL OUT(40Us4009400)
IF( SeGTeUe999) GO TO 909
MM=MM+1
808 IF(LeEQe15U) GO TO 909
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TABLE X ( CONTINUED )

L=L+1
LL=(L=-1)%399
SS=LL
J=1
Q=J
T(J)=(Q+SS5-10) *RR
DO 91 I=1.12

91 C(IeJ)=C(I1sJ+399)
I=1
DO 92 J=2+400
Q=J
T(J)=(Q+5S—-1.0)*RR

92 C(lsJ)=G
GO TO 21

909 K=K+1
IF(KeGTel) GO TO 777
GO TO 801

777 N=N+1
IF(NeGTel) GO TO 333
GO TO 606

333 STOP
END

SUBROUTINE OUT(IASIBSIC)
COMMON C(129400)sT(400)sABC sPW(5) sKsNsDEL(6)
COMMON S
DIMENSION P(11)
DO 10 J=TAsIBsIC
PROD=140
DO 11 M=1s11
P(M)=C(MeJ)*%PW(K)
11 PROD=PROD*P (M)
S=ALCG1U(PROD/SQRT(P(1)*P(11)))/ABC
UCl =(P(1)=P(6))/DEL(N)
Uc2=(P(1)y=-P(11))/DEL(N)
10 WRITE(696) SsT(J)s UCle UC2
6 FORMAT(1HOs1Xo&4H S= sF7e393Xe3HT= sF9e593Xs9HUC(1/2)= sF7e3
13Xe7HUC(1)= sFT7e3)
RETURN
END



APPENDIX C

NOMENCLATURE
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TABLE XI

NOMENCLATURE

Area of the loading piston.

Volume to represent the total force
acting at the samplé bottom during
the early stage of consolidation,.
Compression index. Radius of the

loading piston.

a/Log. »

elo
Nezoo 2
> 2 (sinmpe™ T,
H=0

Volume to represent the total force
acting at the sample bottom at the

end of consolidation.
IO
p( n)

k(l+e)

aVC w

by Terzaghi; where & is coefficient

, coefficient of consolidation

of compressibility.

3
ka(l*eo)Po , coefficient of consolida~

a' Y
tion in the extended theory.
Modulus of elasticity of the soil.
Void ratio.

Void ratio at the beginning time of

measurement.
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TABLE XI (Continued)

Initial void ratio.

Coefficient of friction between the
soil sample and the cylinder wall.
Modulus of rigiﬁitj of the soil.

Pore water pressure head.

Initial depth of the soil stratum.
Hydrauliec gradient = %%.

Space dimension in numerical analysis.
Time dimension in numerical analvsis
Permeability.

Permeability at the beginning time of
measurement.

Initial permeability.

L(z,0), Depth of layer at initial
condition.

Depth of layer at time t

z
ite(z,t) dz, z is the thickness

o
of the solid particles in that layer.

(2N+1) n/2.

0,1, 2, 3 . . . =
tan 0.

Total pressure.

Final total pressure = PO+AP°.
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TABLE XI (Continued)

Preconsolidated total pressure.
Effective pressure.

Final effective pressure = P1
PO+APO

Preconsolidated effective pressure.
Total pressure increment.

Ratio of effective pressure to
preconsolidated pressure.

P'/Pé

Ratio of final effective pressure to
preconsolidated pressure = Pi/Pé

PO+APO -1 4 &

Degree of consclidation.
C't

b4

H2

Time factor =

Percentage of max. pore water
pressure.

Displacement of the soil particles
in y (radial) direction.
Displacement of the soil particles
in z (verticle) direction.

Pore water pressure.
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TABLE XI (Continued)

Volume of the soil element.
Vertical velocity of pore water
flow. Poisson's ratio of the soil.

Depth ratio at initial condition

L _ L(z,0)
H Lizo,o)

Unit weight of pore water.
Load increment ratio.

The Flow-Loading Parameter.
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