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Abstract

In this research, soil consolidation is explored icomprehensive analytical and experimental
study.
The pore pressure development and dissipatiocldgrat its liquid limit under one-dimensional
compression was investigated using the mid-plame pessure measurements.
In general, the Terzaghi’s theory of consolidafwedicted the pore pressure dissipation and the
percent consolidation accurately as long as thepkarnwas in a normally loaded state. For a

preconsolidated state however, the results obtabhederzaghi theory are doubtful. Coefficient of

consolidationc, for smaller pressures varied during consolidatamd although the soil was in a fully

saturated state for relatively high pressure inems) the pore pressure developed was less than the
applied pressure. Then, the effect of differentspoge increment ratios on one dimensional
consolidation tests has been studied. The secomdanpression effects have been founded to increase
as the pressure increment ratio is reduced.

Consolidation of a clay layer delimited betwedreets with small permeability was also
investigated in this study. The consolidation tlyeair compressible soils usually assumes drainagge-fr
boundaries. This change in boundary conditionshat drainage surface necessitates the use of an
approximate technique for solution of the governpagtial differential equation. In this study, the
solution was obtained by using the Galerkin Metlhod compared with the “free drainage” case. As
expected, the consolidation in the case of restiidrainage proceeds at a much lower rate.

The compression consolidation behavior of trampeys in a semi- saturated state was also
analyzed in this research program. It is genefallgwn that the type and energy of compaction bring
about deviations in the soil structure and hence,it$ engineering properties. Therefore, in the
experimental phase of this study, soils were pexpay different trampling efforts and also by diéfet
compaction methods.

Finally, a reasonably realistic theory of soil soldation has been proposed and the
effect of variable permeability and compressibilign the consolidation behavior was
investigated followed by a mathematical treatmeinthe behavior. Subsequently, laboratory
consolidation tests with mid-plane pore pressur@asuements were conducted on different

kinds of clay.
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Preface

This study includes a comprehensive study on swoisalidation and is presented in the
following episodes:

In the first chapter, the pore pressure developraedt dissipation under conditions of
one dimensional compression in the oedometer fay grepared afts liquid limit is
investigated, making use of the mid-plane pore sunes measured during compression. In
general, the following points have been observe@leaaghi’'s theory of consolidation predicts
accurately the pore pressure dissipation and theepeconsolidation as long as the sample is in
a normally loaded state. For a preconsolidatec dtatvever, the results obtained by Terzaghi

theory may be doubtful. b) Coefficient of consotida c,for smaller pressures is observed to

vary during consolidation. c) It has been obserlhed although the soil is in a fully saturated
state for relatively high pressure increments, gt pressure developed is less than the applied
pressure.

In the second chapter, an experimental programarised out to investigate the effect of
the pressure increment ratio on the shape of caee time curves and secondary
compression characteristics. Therefore, one dimeasiconsolidation tests on remodeled soft
clay using different pressure increment ratiosrwé or less, with load increment duration of one
week, are performed. Five different methods arel isevaluate the coefficient of consolidation

¢, which yielded reasonably close values. The secondampression effects have been found
to increase as the pressure increment ratio iscegiurhec, values and the end of primary void

ratio effective stress relationship appear to loependent of the pressure increment ratio.

In the third chapter, consolidation of a clay lagetimited between sheets with small
permeability is investigated. The consolidationattyeof compressible soils usually assumes
that at the boundaries the drainage is free. )ahe surrounding layers are pervious. When
free drainage is thus inhabited, the boundary d¢mrd at the drainage surface changes
necessitating the use of an approximate techniqueotution of the governing partial
differential equation. In this chapter, the solatis obtained by using the Galerkin Method.

The solution obtained is compared with the “freainlage” case and consolidation is drawn

Xii



therefrom. As expected, the consolidation in theecaf restricted drainage proceeds at a much
lower rate.

In the fourth chapter, investigation has been ua#en in order to analyze the
compression consolidation behavior of trampled <l@ya semi- saturated state. Furthermore, it
is known that the type and energy of compactiongebout deviations in the soil structure and
hence, in its engineering properties. Thereforeheexperimental phase of the study, soils are
prepared by different trampling efforts and alsadfferent compaction methods.

In the fifth chapter, the effect of variable peripdty and compressibility on the
consolidation behavior is investigated. For thigeotive, a mathematical treatment of the
behavior is presented. Subsequently, laboratorgaa@hations tests with mid plane pore pressure
measurements are conducted on soft, remolded, nreldated and undistributed samples of
Tabriz clay. The test results, when compared withtheoretical findings, indicate that most of

inherent discrepancies may be explained via thetigee theory developed in this study.
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CHAPTER 1 - One Dimensional Consolidation with Speal

Reference to Pore Water Pressures

1.1 Introduction and Purpose of this chapter

The Soil consolidation under tall and heavy strieguand development of new highway
systems necessitates detailed study of soil behawider stress. To study the rate and amount of
settlement of structures founded on clay soil 1&gy important aspect of soil mechanics. This

settlement results from the interaction of varigygnomena.

a) Shear strain that develop simultaneously with ckang load (immediate or initial
settlement).

b) Time dependent shear strain (creep).

c) Time dependent volume changes that occur duringipdison of excess pore pressure
(consolidation).

d) Time dependent volume changes after excess possyres are essentially dissipated

(secondary compression).

In this chapter, the one dimensional consolidatieory proposed by Terzaghi will be
studied as far as its applicability to a highly gtia soil at its liquid limit, representing the
normally consolidated case. Mid-plane pressure oreasents will be made use of in this

investigation. Mainly, this chapter is to be cadraut to serve the following purposes.

a) To investigate the inducement and subsequent dissipof pore water pressure for one
dimensional compression realized in the oedombtemeans of mid plane pore pressure
measurements, and hence to check the applicabilifrzaghi’'s theory of consolidation
to the oedometer testing conditions.

b) To check the applicability of the common empirioathods used to evaluate the time
rate of compression of oedometer samples (i.e. dtasde Logarithmic fitting method

and Taylor square root fitting method).



1.2 The Organization of this chapter work

So far various studies on consolidation relevarih yiore pressure measurement have
been carried out. In many of such studies strikohgparture from Terzaghi theory of
consolidation has been observed, particularly fesgure increment ratios other than one and
for pressures greater than the preconsolidatedsyresin this chapter in order to fulfill the
preliminary assumptions of Terzaghi consolidatibeary, that is complete saturation, and a
normally loaded soil, the grey clay used has beaepgred at its liquid limit. An oedometer of
larger size than conventional consolidometers le@Enlused in order to eliminate side friction
and arching effect. Single drainage at the top prasided and mid plane pore pressure were
measured by means of an automatic pore pressureedéw this chapter the general theory of
conventional consolidation has been given andiaisacludes an account of the tests performed
and the results obtained therefrom and then the dastion of this chapter is devoted to

discussion and conclusion.

1.3 The Mechanism of One Dimensional Consolidation

A soil may be considered to be a skeleton of sptains enclosing voids which may be
filled with gas, with liquid or with combination afas and liquid. If a sample of soil is placed
under sustained stress so that its volume is deedean a drained manner, there are these
possible factors to which this decrease might trébated.

a) A compression of solid matter.
b) A compression of water and air within the voids.
c) An escape of water and air from the voids.

Under the loads usually encountered in soil magkessolid matter and the pore water,
being relatively incompressible do not undergo apjable volume change. For this reason, it is
sufficiently accurate to consider the decease lnnae of mass, if it is completely saturated, as
due entirely to an escape of water from the volledimentary clay deposits are usually

saturated.



Compressibility of soil mass depends on the rigidit the soil skeleton. The rigidity in
turn, is dependent on the structural arrangemeptdfcles, and in fine grained soils on degree
to which adjacent particles are bonded together.

A honeycombed structure or in general any structuin high porosity, is more
compressible than a dense structure. A soil contb@sedominantly of flat grains is more
compressible than the one containing mostly spakgrains. A soil in remolded state may be
much more compressible that the same soil in undiist state.

When the pressure on a soil is increased equaliyl direction the volume decreases. If
the pressure is later decreased to its previousevabme expansion will take place, but the
volume rebound will not be any means so great apthceeding compression. In other words,
soils show some elastic tendency but they areiel@sa small degree.

As the compression occurs, the pore water is ddaactcording to Darcy’s law, (Taylor
1948). The gradual process which involves, simeltarsly, a slow escape of water and a
gradual compression and which will be shown larirvolve also a gradual pressure
adjustment is called consolidation.

The consolidation of clay under a load does no¢ tallace instantaneously; clays are so
impervious that the water is almost trapped inegbres. When an increment of load is applied
the pore water can not escape immediately. Sireg ghrticles tend to approach one another
and pressure develops in the pore water whichliedcthe excess pore pressure. The hydraulic
gradients set up the due to this excess presswee dhe fluid to drain from the soil. As
drainage continuous, the excess pressures dissgatesince the externally applied total
pressure is constant pressure is gradually tramesfeio the soil skeleton. The part of stress
carried by soil skeleton is called effective stre3sil skeleton then deforms under the increase
in effective stresses. This is called consolidation

The rate of settlement is rapid at first and theardases to a small fairly constant value.
Due to a decrease in excess pore pressure on ¢hbam during consolidation and due to the
decrease impermeability on the other hand. In Tghs theory, the decrease in permeability
during consolidation is not taken into account. ldger, later on Barden (1965) has shown that
this phenomenon is important. The progress of datetmn can be observed by measuring

decrease of excess pore water pressure which isaie object of this chapter. This decrease



occurs at different rates in different parts of gample. It occurs more rapidly at the place
where drainage is facilitated.

It is well known characteristics of clay consialglle time is required for the occurrence
of the compression caused by a given incremerdadf. |

This large time lag can be attributed to two pheeoa First is due to time required for

the escape of pore water, this is called hydrodyoday. It is due basically to permeability
which controls the flow of the pore water. Secoadtdr is complex one and is called plastic
lag. It is only partially understood and it is dweplastic action in adsorbed water near grain to
grain contacts or points of nearest approach téacbnTerzaghi theory neglects such secondary

effects as the plastic lag.

1.4 Terzaghi's Consolidation Theory

The compression of soil is classified into two s&g
a) Primary consolidation which is due to the dissipatbf excess pore pressures. In this stage
it is assumed that no plastic lag exists and alttme lag is due to a low value of the
coefficient of permeability.
b) Secondary compression which occurs subsequentet@timary. The causes of this is
rather complex.
Terzaghi (1948) developed a theory in which it kad functions that may be
recognized as analogous to those expressing tveofldeat.
The assumptions which he used in this theory are:
Homogeneous soil
Complete saturation
Negligible compressibility of soil grain and water
Action of infinitesimal masses no different fromattof larger, representative masses.
One dimensional flow.
One dimensional compression.

Validity of Darcy’s law.

© N o g A~ w Dd P

Constant values for certain soil properties whictually vary somewhat with pressure.



9. The greatly idealized pressure void ratio relagbip a, :j—gconstant.

10.No plastic time lags during primary compression.

The fundamental expression for flow in saturateitl masses representing the time rate

0°h 0°h 0°h _ . o
of change of volume |k +k +k dxdy.dz=0. This expression is dependent

“ox>  Yoy* ‘o7
only on assumptions one to four inclusive and sewar one dimensional flow, which is
assumption six, the absence of gradient ixthend y directions eliminates the first two terms
of the parenthesis. The permeabilitymay, from this point on, be designated simply ky
giving
0°h

k—-dxdy.dz 1.1
552 (1.1)

The volume of element igixdy.dz, the pore volume isdxdy.dlee,and since all
€
changes in volume must be changes in pore volunsecand expression for the time rate of

dxdy.dz
+e

change of volume may be writt%(dxdy.dleeej. Since is the constant volume of

xdy.dz _oe

solids, the above expression may be wri XE equating this expression to expression

(1.1) and cancelinglxdy.dz gives:

0z° 1+e ot
only heads due to hydrostatic excess pressuretenldl to cause flow in the case under

consideration. Thudy in the above equation may be replacedy{y , giving

- =  X— 12
Y, 02" 1l+e ot (12)

The hydrostatic excess presswris not necessarily the only pressure in the wateaddition

static water pressure of unrestricted magnitudey regist, but they play no part in



consolidation because they do not tend to cause. fltotal pressure isp, = p+u if we
differentiate this expression
dp, =dp+du
Since p; is constantdp, =0, then dp =—du (1.3)
and coefficient of compressibilitg, which is the slope of straight line curve of presswersus

void ratio is negative

de
_de 1.4
a, : (1.4)

Substitution of equation (1.3) into equation (1lgiyes following expression of assumption
nine

de=gdu (1.5)

Substitution of this relationship in equation (1gh)es

k(L+e) 0% _du

1.6
ay, 0z ot (1.6)
The group of terms in the bracket may be written
k(L+e) _ (1.7)
aVu

The soil property designated lay is called the coefficient of consolidation. Itsémtion in the
equation (1.6) gives

0°u  du
So7 "ot (1.8)

which is partial differential equation of consoliga. In the consolidation theory thez
coordinate distance is measured downward from tiface of the clay sample. The thickness
of the sample is designated By the distanceH thus being the length of the longest drainage
path.

A dimensionless time factor is defined as



Dimensionless pressure variabéis defined asV = —whereu, is initial excess pore
u

pressure, and dimensionless variaBle Z =ﬁ, zis measured from the surface of the

compressing layer, and substituting in equatio8)(1.

ow _ oW
AT~ 9z2 (1.9)
is obtained.

The solution of equation (1.9) for relatively siramledometer conditions is given by

T

45 (2m+1) sin—> 2 ~lem+1)z (1.10)

Then, the average value @t is given by

1
[w(z,T)dz
W=2— (2.12)
[wdz
0
_ n2(2m+1)7}-|-
So thatw = = [ ) 1.12
ot nsz‘)(Zm+1) © (1.12)
For mid plane pore pressuZe=1.0in (1.10) so that
4.2 1 [n2(2m+1)%}-r
W.=— 1.1
" ﬂgg(Zm+1)e (1.13)
and defining the percent consolidation as
[w(zT)
WI(Z,T)dz N 2 (2me1)?
U :1—W:1—£— 8 Z [ ’ l)ﬂT (1.14)
A @m+ﬂ '
.[V\/ldz m:O
0

The degree of mid plane pore pressure dissipatiytimen be given by



e_[nz (2m+1)%}-|-

(1.15)

_w =1 4y 1
D=1-W, =1 ”;}(Zmﬂ)

1 MID-PLANE DISSIPATION V.S. TIME FACTOR
2 AVERAGE PERCENT CONSOLIDATION V.S. TIME FACTOR
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Figure 1. 1: Mid-Plane dissipation versus timedacf) and average percent consolidation

versus time factor (2)

This expression represents a mathematical sertbsswiutions obtained by successive
values of the integem from zero to infinity the tern(2m+1) does not depend on any physical
characteristics of clay but it is introduced toiligate the solution.

Since equations (1.14) and (1.15) simply show éta&tion betweetJ vs T and D vs
T it is possible and more convenient to represemhthg a curve. Therefore, instead of solving
the equation whenever a time factor value is reguihe value may be read directly from the
curve.

These are shown in Fig 1.1. It is also convenieknow for the section frod = @

U =60 percent, the curve is very closely approximatedneyparabola

T =gu2 (1.16)



1.5 Criticism of Terzaghi Theory under the Light of Past Research

Leonards and Ramiah (1959) noted the striking chang the shape of compression

time curves as the load increment ratio was reduared also values ofc, calculated from

conventional curve fitting procedures were as tallincrement ratio was reduced.
Pore pressure measurement made by Leonnards GndAAkischaeffl A. G. (1964)
during the consolidation test demonstrated that:

1. The ratio of initial excess pore pressugeto the increment of applied pressuke is

essentially one for all conditions of loading pred air does not come out of solution as a
result of sampling or rebounding in oedometer.
2. The rate of pore pressure dissipation is refigbédicted by the Terzaghi theory when

the load increment ratio is sufficiently large, agsbentially the same value qf is obtained

from the compression time curve as from the poesgure dissipation curve.

3. For the curves which result from small load @ment that straddles the

preconsolidation pressurqy,, the rate of pore pressure dissipation. (Measpard pressures

generally dissipate more rapidly than those prediétom the Terzaghi model).

Consequently, it is no longer meaningful to cklteic, from the compression time

curve using curve fitting procedures based on &dghi model.

Crawford (1964) suggested that laboratory conatilidh test be conducted at a steady
rate of compression, sufficiently slow to preveavelopment of significant pore pressures.

He concluded that there is substantial field evigetinat the prediction of consolidation
settlement from laboratory tests is not alwayss$attory. Much of the difficulty in predicting
consolidation settlement from laboratory tests rhaydue to great differences between rates of
compression in the laboratory and in the field.

It is shown that in order to create hydrodynanfiea the laboratory rate may be as
much as several million time as fast as the fiaté.r

Pore pressure measurements show that the maxim@assyse developed in the
specimen is 80% of the applied load and that, phessure dissipates as a direct function of
deflection.



Primary consolidation by direct measurement is tbtm be completed a little earlier
than suggested by usual empirical methods.

Taylor (1948) in some tests observed time pattefnsverall sample compression and
pore pressure at the bottom of the sample whicimatoagree with those predicted by usual
consolidation theory and hence attempted to develttyeory for taking into account the effects
of interparticle bonding and structural viscosity.

Leonards and Girault (1961) measured pore pressiirehe base of fixed ring
consolidometer with the aid of the null meter ie fbw pressures range a mercury manometer
was used to measure the pressure. They made campari theoretical and experimental pore
pressure dissipation vs time.

Some values of coefficient of consolidation haverbeomputed for different pressures
for different methods.

Table1.1
ak%rrz % & Cm%e(xlo_4
I I [l
0.2 2.0 12.5 12.9 15.6
1.1 3.0 1.46 0.93 1.41
5.3 0.15 0.13 9.14 0.67

Col I. Values calculated from dial reading time \®s using Casagrande log time
method.

Col Il. Values calculated from the pore pressunees at%a_ =05

Col Ill. Values calculated from the pore pressureves at a time correspondingtg
on the dial reading time curve.

They stated that anomalous behavior using small leerement ratios can not be

attributed to side friction as suggested by Taylor.
It is also dear that the values gfcalculated from any particular test procedure aan b

greatly in error when applied in situ conditionseshthe load increment ratios varies with depth.
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Finally the rate of pore pressure dissipation canpbedicted reliably from Terzaghi
theory only if comparatively large load incremeatios are applied. If the load increment ratio is
smaller than the critical value Terzaghi theory can predict even approximately the rate of
excess pore pressure dissipation.

L. Barden and P.L Berry (1965) made a series ofsalgiation tests on normally

consolidated clays and they stated that in testis thin sample and small pressure increment

ratio; H < O.S,A%<l the effect of structural viscosity is extremely rked and causes a

complete departure from theoretical Terzaghi bedravihe shape of settlement time plot departs
from the characteristic Terzaghi shape, becaudargé secondary compression, and the pore
water pressure dissipation curves also departs fhencharacteristic Terzaghi shape. For thicker

sampleH = 25n. and A0/0_:1 behavior closely resembles the theoretical Terzabhpe,

including negligible secondary compression.
They mainly dealt with the study of effects of viay permeability and nonlinear void
ratio effective stress relation on the consolidapoocess.

It was seen that for various type of clays dissgmabf pore pressure are different. The
small variation in permeability undeﬁ%:l meant that the Terzaghi theory was not
considerable in error.

For thin samples and small pressure incrementsdtie effect of structural viscosity

dominates the consolidation process and obscueesftbcts of other important factors such as

varying permeability etc.

Test on the thicker sample Wil‘ha/a >1 minimize the effects of structural viscosity and
suggests that these effects may be negligibleesti¢ld scale and that undue preoccupation with
test on small laboratory samples may be misleading.

The proposed nonlinear theory incorporating a pabitigy varying ask = k; (1+ b\/a)

gives also very close agreement with experimeeallts.

For tests in which the variation of permeabilitysiwall, curve fitting based on Terzaghi
theory is found to be suitable method of extrapodptaboratory results, even permitting the
prediction of pore pressure behavior from settlenobservation.

11



At the field scale, where structural viscosity isnimized. The simple linear Terzaghi
theory may therefore be generally applicable to rtregority of clays exhibiting no unusual
properties.

Robinson (2000) prepared an interesting technicé nhat concerns the use of pore
water pressure measurements to estimate the deaffaf consolidation.

Singh (2008) developed diagnostic curve methods dwnultaneously identifying
consolidation coefficient, final settlement, andicaof top and bottom excess pore-water
pressures from observed settlements, in the casieeafr excess pore-water pressure. Simple

eguations has been proposed for estimating comdimidcoefficient and final settlement.

1.6. Experimental Procedure

1.6.1 Soil Used
The soil used in the study is Tabriz grey Clay whpsoperties have been reported by
Khak Kavan Soli test laboratory. Samples taken itierént depths from different locations
show that the clay has well defined consistencytéinin general, the natural water content and
plastic limit vary within 20 and 35 percent, aneé {iquid limit between 55 and 75 percent. The

unit weight of the clay ranges between 1.75 an8 }t(?ne’ , and the specific gravity of particles

is between 2.6 and 2.7. The shrinkage limit vabietsveen 15 and 20 percent.

The results of laboratory consolidation tests iatbdhat the coefficient of volume
compressibility,m,, does not change considerably with depth.

The consistencies limits of the soil are used is $tudy are as shown in Table 1.2.

Table 1. 2: The soil consistehmits that used in testes

LL PL SL G

75 36 13 2.70
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1.6.2 Details of apparatus
a) Oedometer:

Oedometer used, is made of steel with inside dianmdt102.6 mm and height of 25.4
mm. Details of the oedometer is shown in Fig. AtZhe bottom a porous stone was housed in
order to measure mid plane pore pressures. Thaipatone at the top of the sample is for
drainage of water as the consolidation proceedings.

Application of the vertical stress was providedabsteel sphere which was placed on the
steel circular plate. One dimensional vertical nagie was provided by porous stone and a top
drain valve.

Settlements were followed by a dial gage placethemlate where oedometer was put.

The mid plane pore pressure was measured at aicellesn placed in the center of the
base, using pore pressure apparatus which wasetk-and periodically checked by the parts
of the oedometer are shown in Fig. 1.2.

Y

. |
S R

(9
—~t §1 !102.6 mm—»?
\ NN |/><|V
[
N

Figure 1. 2: The parts of the oedometer that usetkbt

&

®

R, —Steel ring
P, —Steel base for soil to be placed
P, — Steel plate

P, —Copper valve for connecting nylon tube
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R, —Porous stone
P, —Porous stone
R, —Drainage valve

To minimize effects of side friction, the side vgallere smeared with Vazeline grease.
To understand the magnitude of side friction L. d&ar and P. L. Berry (1965) made some
series of tests. Under lower pressure (0 psi 3)) gstre was no arching at the transducers.
Under high pressure (60 psi- to 140 psi) immediatglings of total stress were approximately
3% lower because of the side arching effect, byias pressure dissipated and stress became
effective this arching was destroyed. The centaldducers indicated that side friction had no
effect in the area pore pressure was measured.

The reading at the edge showed that the redustistress caused by side friction was
less than 3% even at the worst location. Thusnt loa accepted that the average reduction in
total stress across the base of the sample wilese than 2% and anomalous pore pressure
behavior can not therefore be attributed sideifnceffects.

b) Pore pressure device:

For measuring pore water pressure, Model No. 35tkMd_eonardo Farnell automatic
pore water pressure measurement apparatus was TUseecquipment automatically measures
the pore water pressure requiring almost no floware fluid from the sample.

The layout of the apparatus is shown in Fig. 18 pressure change is sensed by the
monitoring unit which consists of a Perspex blotte@hed by a pipe to the oedometer.

Within the perspex block is a mercury “U” tube angair of platinum contacts. The
monitoring unit is connected via an olil filled tutwethe control unit, which houses the pressure
gauge together with the control mechanism.

Any increase in pore pressure causes the merctiyvihe “U” tube of the monitoring
unit to move and establish contact with platinumevan the high side of the “U” tube. This
electrical contact is used to operate a relay éncitmtrol unit, which switches on a heater

connected in an oil circuit.

14



HEATER BLEED SCREW

1
OIL HEATER
OIL RESERVIOR
BOURDON GAUGE
X MANUAL
=& PUMP
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x
2 ADJUSTMENT
%  VALVE
= N
Lt |
['4
SAMPLE a
w MONITORING
— g N
NEOPRENE VALVE
RELAY CONTACTS
MERCURY "] |

Figure 1. 3: The layout of the apparatus

The oil expansion restores the mercury in the ‘We to its original position and at the
same time the pressure change is indicated onaihgeg When the expanding oil restores the
mercury to its original position the heater is shéd off. Since the heater is maintained above
ambient temperature it now cools and contractsillibe seen therefore that mercury maintains

a constant position in “U” tube by alternate expams&nd contraction of the oil.
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1.6.3 Time Lagsin Pore Pressure Measurement

In these test results it is seen that there wasrtain time elapsed for the pore pressure
to reach its peak value. These time lags in measeme of pore pressure were also researched

by Whitman, Richardson and Healy (1961). They statee factors affecting measured pore
pressures as,

a) Excessive flexibility in the measuring systemci®flexibility has two effects.

1. It alters the overall compressibility of the pghase and changes the distribution of

total stress between mineral skeleton and poregphas
2. It leads to a time lag in the response of thasugng system.

b) Mineral skeleton of low compressibility interpele bonding, structural viscosity
and very tight packing of particles are possibksons why stiffness of the mineral skeleton
might approach that water.

The time required for any level of pressure todmched in measuring chamber is a
function of the permeability of porous stone of bo#tom of oedometer and coefficient of
compressibilitym, .

If AU;is less tham\o the problem is to decide whether the cause is(stiffl mineral
skeleton) or extraneous (flexibility in measurirygtem).

In order to make this decision there is need fdear picture of the effect of measuring
system flexibility.

Where Ao applied pressure

AU, pore pressure measured

AU , pore pressure assumed to be in reality

AU, _ 1
AU, 1+B

B=9/aHm,
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m, = Coefficient of compressibilitjl“%

G =Flexibility of measuring systenir(® per |%]2 )

H =Thickness of samplén)

A =Area of oedometer

Suppose that for some reasons the minerals skeietguit stiff. For example ifm, is

about 5 times the compressibility of water theRUO_—A—O 83 using values ofA Hand

G, Bbecomes 0.5 an% =0.67 which means recorded pressure is much lessthieaactual
A
pressure.
Pore pressures during drained compression (cormasiolig
The theoretical determination of a curve such asghown in Fig 1.4 involves the

solution of the one dimensional consolidation.

e T e k., ERROR N MEASUREMENT
-~ H""-.LM
AU, e N\
/ N
F \‘,.
/ %
/
/ H‘a..%
-'ll.. E
/
4
-{/
TIME (t)

Figure 1. 4:&dimensional consolidation

2
EquatloncvH —% with the following boundary condition at the basehe sample

_l &J'—dt

An approximate solution of this equation was ol#dinsing the ten lump electric

analogues. Solutions obtained in this manner arteal in dimensionless form.
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Fig 1.5 which showéU%U as a function of the average consolidation ramogHe
A

sample as a whole, whefdJ , denotes the initial value d&U , . These solutions are based on

the assumption that, is the same for consolidation and rebound.

B=.001
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U=AVERAGE DEGREE OF CONSOLIDATION

Figure 1. 5: Diagram OQU%U respect to average degree of consolidation
A

The assumption is reasonable in the case of ovesotidated soils, and the error
resulting from this assumption tends to decreaseuleded response time of the measuring
system in normally consolidated soils. Therefofethiese curves are used in design of a
measuring system a conservative indication of ksfggmance will be obtained. During
undrained compression, the time-log did not affeetpeak value oAU, only the time required
to achieve this peak value. Now, however, the tiagein the measuring system is important, for

AU , in time variant. The effect of the lag is revehie Table 1.3.
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Table 1. 3: Effect of the lag

B Max AU%UA
Undrained Drained
0.001 1 0.99
0.01 0.99 0.98
0.05 0.95 0.88
0.10 0.91 0.78

Thus, of B is much greater than 001, the peak measiégin a drained compression

test may be much less than the actual infhidl, . In such test therefore, the presence of modest
amount of air in the measuring system may be dizast

Fig.1.6 shows comparison of various measured waitreTerzaghi theory.

N =~ TERZAGHI THEORY

AUs
AG
/

0 N
0 1

U=AVERAGE DEGREE OF CONSOLIDATION
Figure 1. 6: Comparison of various measured valte Wierzaghi Theory
The flexibility of the system used in this thesssG = G, + G, where
G, =Flexibility of nylon tube

G, =Flexibility of pore device

From Bishop and Henkel (1962) values@fand G, are given as:
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Gl=o.5x10‘ﬁy
b
in?

et _Gin3
G, = 37x10 /y
in?

1.6.4 Preparation of Sample and Testing Procedure

The oedometer and plastic pipe were filled withevatnd checked that there was no air
bubbles. Then ends of the pipes were closed andwamy thin film of water remained on the
deaired ceramic porous stone in order to prevemh fentering the porous stone. After that the
soil clay was prepared at its liquid limit in therfn of slurry and placed into the oedometer by
means of a spoon and at each thin layer of soibdttlmmeter was shocked to provide escape of
air bubbles. When the oedometer was full the expeass of the soil was trimmed off. The
important measurement has been the rate of setitemnel rate of dissipation of mid plane pore
pressures. In order to minimize the effect of dtrtad viscosity it was desirable. To test with a

pressure increment ratio of one and with a relgtittack sample.

Loads were applied in steps, each load doublingptBeious vaIue.AU/Uzl, and each

load was allowed to stand until essentially mosttled base pore pressure measured had
dissipated.Load increments wered— 0225- 050,05-10,10-20,20-40, and

40- 8.oky ..
cir

After these six increments have been completediria€load of 8.Ok%rr2 on the

sample was reduced mok%rrz and the sample was allowed to rebound for two daymg
which time water was provided from drainage valwethe sample to swell.
Then reloading from 2.0 te,',.ok%rr2 and from 4.0 t08.0k%rr2 were applied and at

each stress increment same procedure of loadinghaadurement of compression and excess

pore pressure was made.
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1.7 Experimental Results and Their Interpretation

Table 1.4 shows that the coefficient of consolwmlatj, computed for each stress

increments by square root fitting, log fitting afidm dissipation tests are more or less equal to

each other indicating that prediction of consoimatby Terzaghi theory gives satisfactory

results for the soil tested. The valuescpfshowing discrepancies for certain stress incresnent

the log fitting method are due to the back of sqoiats in the curves. More points could not be

obtained due to the fact that consolidation takksg time for completion and the pore pressure

device had to be cleaned therefore, to be ablmighfthe tests in the shortest possible time each

load was allowed to stand only for a limited per{adproximately 24 hours).

Table 1. 4: The coefficient of consolidatiapn computed for each stress increments by

different methods

Pressure Square root Log fitting method From dissipation tests Void Ratio
ky Fitting method
cn’?
Lo G, tso G, ts G Lo G,
(min) o2 (min) o2 (min) TP (min) 2
c c c c
ée( ée( ée( ée(
0-025 | 127 | 55x10™* 36 57x10* | 8 | 62x10* | 140° | 55%x10™ 25-141
025- 050 | 163? | 332x10*| 62 328x10“ | 8 | 62x10™ | 155° | 432x10" 141-131
050-10 | 162° | 340x10* | 69 | 295x10* | 7.7% | 675x10°| 164° | 40x10" | 131-117
10-20 | 167 | 316x10*| 68 | 300x10* | 10° | 40x10™* | 184% | 191x10™*| 117- 0945
20-40 | 233 | 163x10* | 98 208x10™* | 153% | 170x10™| 2522 | 103x10™*| 0945- 0772
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40-80 | 290% | 105x10* | 170 | 120x10* | 183% | 119x10™"| 285%* | 080x10™ 0772- 059
Reloading | 194% | 235x10*| 25 | 820x10™ | 133? | 270x10% 19 | 181x10*| 065- 063
2- 400
Reloading | 224? | 175x10™ 87 235x10% | 13 | 235x107% 212 | 148x10™*| 063- 0587
40-80

According to Terzaghi, for fully saturated cld§s=1), at timet = Q applied stress is

equal to excess pore pressure. But tests showit ikatot true for high stress increments. For the

first three stress incremefts 0JdB&25- 050, 05-10 k%rrz ratio of pore pressure to

applied stress is equal to one, tha€Cis 2—U =1, but for higher stress increments it was observed

g

that this ratioC started to decrease. For reloading case very sialakks of C was obtained, for

the stress increment oR.0 - 4'b%rr2’ C = 025and for the increment of4.0 - 8'6%#'

C was equal to 0.41. This is illustrated in Fig. and Table 1.5.

Table 1.5

Stress Void| Coefficient of | Initial | Coefficient of | Water | AU G

Ratio | Compressibility| Void volume Content| A0 | AH.M,
Ratio | Compressibility

Aak%rrz Ae av:gcn%g e m:1fveo w C B
0-0.25 1.00 | 4.00 2.50 1.140 0.93 1.004.1x10°®
0.25-0.50 | 0.20 0.80 1.50 0.320 0.56 1.0048x10°
0.50-1.00 | 0.14 0.28 1.30 0.121 0.48 1.08890x10°
1.00-2.00 | 0.22 0.22 1.16 0.102 0.43 0.9%165%x10°
2.00-4.00 | 0.20 | 0.10 0.94 0.051 0.35 0.8040x10°
4.00-8.00 | 0.14 0.035 0.74 0.020 0.27 0.8235x10™*
Reload 0.03 | 0.015 0.66 0.009 0.24 0.2%2x10°°
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2.00-4.00

4.00-8.00 | 0.04 0.01 0.63 0.006 0.23 0.4h48%x10°
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Figure 1. 7: Pore water pressure versus totalsstres

Fig. 1.8 shows the rati@ :2—Uversus water content, it is seen that as the colagian
o

is progressed, around the plastic li@istarts to decrease and somewhere between the afpeink

limit and the plastic limit a very sudden drop@bccurs.
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Also, as the coefficient of volume compressibility, decreasesC again decreases as

indicated in Fig.1.9.
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Figure 1. 9: Ratio ofC :2—U versus coefficient of volume compressibility,
o}
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From these observations it seems possible thaheasvater content decreases the soil
sample starts to become stiff and the soil skelattains a more rigid state so that some of the
applied stress may be taken by the soil skeletanth® other hand Whitman and Healty (1961)
state that the flexibility of the pore pressure sugang system may cause such an apparent
reduced reading of the of the actual pore pressure.

The controversial point may be analyzed in theofeihg way.

At each stress increment it was observed thattaingrme clasped for the pore pressure
to reach its peak value.

As it was discussed before the reduction in theswmea peak pore pressure can not be
attributed to the flexibility of the apparatus. $Hollowing from the fact that for each stress
increment as computed in table 1.5 values of Bbismall that reference to fig.1.5 indicates at
once that the measured value of peak pore presshmged be almost equal to the applied
pressure. But the observations show that the odfeeak pressure to applied pressure is 80-85%
instead of 99-100%.

Furthermore, reference to the same figure indictitas some time lag is expected and

this is observed in the tests performed. Calculativased on the,values obtained indicate that

no dissipation of base pore pressure can occurnitile interval of this time lag.

The pore pressure device initially was directly mected to the triaxial test chamber and
within an increase of chamber pressure uﬂ@g%rrz there was no time closed expect for

several seconds and also the measured pore pregasrebserved to be equal to the applied
stress. This may be taken as evidence that thepressure apparatus itself is inflexible with the
usual filling methods used in this study.

Therefore it may be concluded that the observatfoteveloped pore pressure not being
equal to applied pressure is due to rigid minekaleton which develops at the water content
approximately near the plastic limit. (Fig. 1.8)

As Crawford (1964) reports the dissipation v.s coespion curves are observed to be

straight lines (Fig.1.10 and Fig. 1.11). This neetiat the coefficient of compressiapmay be

taken as a constant during the consolidation peoces
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Another interesting observation is that the cal@dacoefficient of consolidatiort, ,
corresponding to each percent of pore pressurepdism as computed by means of fig.1.12
seemed to decrease for lower stress incrementshigber stress increments seems to be
constant as indicated in fig. 1.12 Terzaghi inthisory assumes, to be constant, however at

lower stress increments do not hold.
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It is known that, the coefficient of consolidatisngiven by the equation, = and
aly

here specific gravity of watey,,, and void ratioe are constant and as indicated above
coefficient of compressibilitya,is also constant during consolidation process. Tienonly

variable which remains is the permeability. So tiat variation of coefficient of consolidation
¢, during consolidation process can be attributethéovariation in permeability.
L. Barden and P.L Berry (1965) reports that foussted, normally consolidated clays,

permeability is a complex function of the void eaand of soil structure and hence decrease
during the consolidation process.
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The amount of variation is of the order% =2or k% =3 for most clays but can be
f f

as high ag% =50for certain highly compressible clays.
f

The most commonly accepted variation is the linead ratio logarithm of permeability
relation.

Fig.1.13. shows percent compression versus pepmergolidation. Excluding reloading
and the first stress increment at which part ofviagy liquid sample was inevitably squeezed out
of the oedometer it is seen that they fall on @ limclined as an angle &f5° means that at

identical times, percent consolidation is approxghaequal to percent compression.
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Figure 1. 13
Percent consolidations computed fram for 90% dissipationJ_and for each percent

dissipationU, were plotted on Figs 1.14-1.21. In addition, platcmttlement8=i where
100
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O Was computed as 100% compression from Fig 1.10Fand.11 by means of extrapolating

the dissipation v.s. compression curves and the ptade pore pressure dissipati@h were
platted on these figures.
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An analysis of these curves show that the valuggeafent consolidatiod, computed
from c, for each percent dissipation are more close wahsettlement valueSthan the values
of consolidation computed from, for 90% dissipatiorJ, .

For reloading cases these relations can not be $aenindicates that percent
consolidation and percent compression are entitislynct entities for the preconsolidated soil.
Thus, for such a case, the applicability of thezéghi theory seems doubtful. Fig 1.22 shows
void ratio versus pressure and Fig 1.23 shows ratid v.s log pressure. Also, an example of
Casagrande log fitting and Taylor square rootfiftmethods to determine 100% and 90%
consolidation respectively are illustrated on Fig4land Fig 1.25.
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1.8 Conclusion

1. Terzaghi theory is observed to hold true inneating the rate of compression in the
oedometer of the clay used, as long as the sndtipreconsolidated.

2. For tests in which the variation of coefficiefitconsolidation, consequently the
coefficient of permeability is small, the usualweifitting methods are found to be suitable for
the interpretation of laboratory test results, epermitting the prediction of pore pressure
behavior from observations of compression.

3. The ratio of measured peak pore pressure toegppitessure decresases as the
coefficient of compressibility decreases, most ptif due to an increase in the rigidity of the
soil skeleton

4. Percent of total compression seems to be eqymdrcent consolidation for each
identical time as long as the clay is normally lecd
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5. If the clay is preconsolidated the pore pressgisgipation and percent compression of
the sample seem to be distinct entities. Thereforesuch soils the applicability of Terzaghi’s
theory may be doubtful, although it may be usedramdication.

6. For lower stress increments, the coefficientsasfsolidationc, computed for each

percent mid plane pore pressure dissipation deesess going from 10% to 90% dissipation.
This shows that the value of permeability changesd consolidation, leading to a deviation

from the conventional theory of consolidation.
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CHAPTER 2 - One Dimensional Consolidation for Diffeent

Pressure Increment Ratios

2.1 Introduction and Purpose of this chapter

In this research, one dimensional consolidatioristes remodeled soft clay using
different pressure increment ratios of one or lea#) load increment duration of one week,
were performed. Five different methods were usedvimuate the coefficient of consolidation

C,which yielded reasonably close values. The secgnclampression effects have been found
to increase as the pressure increment ratio iceetdrheC, values and the end of primary void

ratio effective stress relationship appear to loependent of the pressure increment ratio.

The influence of the pressure increment r%ﬁ%ﬂ/a )on the results obtained from one-
0

dimensional consolidation tests have been studigdabnumber of researchers including
Newland and Allely (1960), Leonards and Giraultg1® Wabhls (1962), Madhav and Sridharan
(1963), and Lun and Parkin (1985). The resultscati that the rate of excess pore pressure
distribution can not be reliably predicted from therzaghi theory if the load increment ratio is
small. The compression versus the logarithm of toueves lose their characteristics shapes

with an inflection point for(A%) less than about}é with the result that the Casagrande
0

time fitting method becomes inapplicable. The tiraquired for the development of the linear

secondary compression part of the compressionitog turves and,,,have been stated to
increase with decreasin@&% ) The relative importance of primary and secondsffgcts
0

and secondary compression characteristics hashakso shown to be included by the pressure
increment ratio. While there is agreement on thereased secondary effects if pressure
increment ratio is reduced Newland et al (1960)dffiect on the rate of secondary compression

has been expressed in various ways and some rasglit®ntroversial.
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Newland and Allely (1960), and Wahls (1962}ed that the slop of the secondary
compression line (plotted in terms of void ratioanbe versus the logarithm of time) is
independent of the pressure increment ratio. While and Parkin (1985) results are essentially
in agreement with the above, Madhav and Sridhairzsh the rate of secondary compression
(defined as the void ratio change per logarithnyicle of time per unit pressure increment) to
increase with decreasing pressure increment ratis.also stated that the duration of previous
increment affects secondary compression when thgspre increment ratio is small. Leonards
and Girault (1961) plotted the rate of secondamp@ession as compression per cycle on the

log time scale R,, per unit pressure increment, per unit heightashgle versus the pressure at

the end of the incremen%J.H vs o and found large rates of secondary compression

associate with small pressure increment ratios.

The void ratio change at the completion of primaonsolidation is considered to be
contributed by the compressibility of the soil stwre with effective stress and the
compressibility with time (secondary compressiorrimy the time required for primary
consolidation). It is suggested that for any sdétyca unique of primary (EOP) void ratio
effective stress relationship exists independenhefduration of primary consolidation which is
related to the thickness of the consolidating laed the pressure increment ratio.

Hence, in this study, an experimental progmeas carried out to investigate the
effect of the pressure increment ratio on the shapsompression time curves and secondary
compression characteristics. Five different curittnf§y methods were used to determine
coefficient of consolidation for comparison andcteeck their applicability when the pressure

increment ratio is small.

2.2 Experimental Study Procedure

The results of three consolidation tests w@@% ) of 1.0, 0.6 and 0.25 carried out on
0

identical remolded samples of clay are presentdst Jamples were prepared by the slurry
consolidation method and the maximum consolidapoessure applied w%k%rrz. The

liquid and plastic limits of the clay used were 98%d 23% respectively and the percentage of
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clay size (< 2um)was 63%. The specific gravity of solid particles was@24nd the soil was
classified asCH . The predominant clay mineral was illite. A floggiring type large diameter
oedometer (diameter =112.7 mm and height= 19 mns) wsad in performing tests. The sides
of the oedometer were greased in an effort to menthe effect of side friction. The applied
pressures were maintained on the sample for a gaioone week to ensure virtually the
completion of the secondary consolidation under phevious increment of load which is
considered to be important when the pressure inemématio is small. The average room
temperature during the tests wa&2°C and during load increment duration (1 week) the

temperature variation was only a few degrees.

2.3 Experimental Results and Discussion

Coefficient of consolidatiorC, values given in Table 2.1 to Table 2.3 were cateddy

the inflection point method, the improved rectamguhyperbola method and the negative
tangent method in addition to the commonly usedisgjuoot of time and the logarithm of time
fitting methods. All these methods, however, weesadoped for the conventional oedometer
test procedures in which the pressure incrememt fiat 1.0. The experimental results of
Leonards and Girault (1961), Wahls (1962) and tresgnt study show that the compression
against the logarithm of time curves lose their rabteristics shapes for small pressure

increment ratios. Fig. 1 illustrates typical curastained forA% =1.0, 0.6, and 0.25 for

0

comparable pressure ranges. To eliminate the phbigsilmf scale effects, the curve
corresponding tcA%_ =0.25 was replotted to a larger scale which shovwedabsence of an

0
inflection point even more clearly. The compresssguare roots of time plots have also been
found to deteriorate and the initial experimentaings, which should normally lie on a straight

line, show a larger dispersion at smaller presgureement ratios. As a result, it has not been

possible to apply the logarithm of time and thdection point methods, and the best fitting

straight line was used in the square root of tinethod forA7J =0.25. Tables 2.1 to Table
0

2.3 give C, values forA%_ =1.0, 0.6 and 0.25 respectively for pressure ramgeater than
0
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the pressure applied in sample preparation stape. résults indicate agreement between

various methods and no definite trend of depend@fiCyor t,,,values on pressure increment
ratio.

Table 2. 1: Coefficient of Consolidation valué% =10
0

Coefficient of consolidatioer(m2 yrj
Pressure Root time| Log time | Inflection Negative Improved rectangular
method method point method | tangent method| hyperbola method
V%
cn?

0.5-1.0 0.38 0.21 0.35 0.22 0.37
1.0-2.0 0.39 0.14 0.33 0.19 0.26
2.0-4.0 0.11 0.09 0.21 0.14 0.15
4.0-8.0 0.09 0.08 0.20 0.12 0.14
8.0-16.0 0.13 0.07 0.18 0.10 0.14

Table 2. 2: Coefficient of Consolidation valué% =0.60
0

Coefficient of consolidatiorC\,(m2 yr)
Pressure Root time| Log time | Inflection Negative Improved
method method point method | tangent rectangular
ky method hyperbola method
cn’?

0.64-1.02 0.2§ 0.11 0.12 0.25 0.28
1.02-1.64 0.11 0.08 0.09 0.15 0.15
1.64-2.62 0.12 0.07 0.07 0.16 0.14
2.62-4.19 0.09 0.06 0.07 0.15 0.14
4.19-6.71 0.09 0.06 0.07 0.14 0.16
6.71-10.74 0.07 0.06 0.06 0.11 0.12
10.74-17.18 0.08 0.06 0.06 0.06 0.11
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Pore pressure measurements were not availablealoate C, values or to assess the

end of primary consolidation. So, a simple checlk warried out to examine the conformity of
the experimental compression curve with a theamktaurve calculated from the Terzaghi

theory by employing theC, values obtained using the square root methodwor gressure

ranges for tests Witlﬁ%_ =10 and A%_ = 025.The experimental and calculated points
0 0

deviate a small amount after about 90% consolidatibe measured compressions being

approximately 5% larger than the calculated one®dth the pressure increment ratios.

Table 2. 3: Coefficient of Consolidation valué% =0.25
0

Coefficient of consolidatioer(m%r)

Pressure Root time| Negative Improved rectangular

method tangent hyperbola method
ky method

cn’?

0.61-0.76 0.4( 0.29 0.38
0.76-0.95 0.55 0.52 0.35
0.95-1.19 0.32 0.25 0.29
1.19-1.49 0.3¢ 0.24 0.28
1.49-1.86 0.446 0.23 0.29
1.86-2.33 0.23 0.32 0.19
2.33-2.91 0.28 0.23 0.21
2.91-3.64 0.16 0.19 0.22
3.64-4.55 0.25 0.17 0.19
4.55-5.68 0.21 0.11 0.19
5.68-7.11 0.11 0.13 0.14
7.11-8.88 0.10 0.09 0.15
8.88-11.1 0.18 0.14 0.15
11.1-13.88 0.1d 0.11 0.14
13.88-17.35 0.13 0.15 0.13
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Wahls (1962) developed a consolidation equation @maghosed a procedure to obtain
theoretical consolidation curves that closely agpnate experimental curves and to determine
EOP void ratio. Although not specifically statedusred by Wahls (1962), in the present study

the author’'s method was used to determjjgand C,. Although the procedure due to Wahls

predicts the form of experimental consolidationvas;rfOIA% <10, the C, values obtained
0

become increasingly smaller than the ones detednine the other methods a‘é%_ is
0

reduced. The influence of the pressure incremetih @ secondary compression was also
examined. Although the compression dial readingsug logarithm of time plots indicate a
fairly unique final independent of the pressureémeent ratio (Fig 2.1) in agreement with Lun

and Parkin [19], the coefficient of secondary coeggionC, defined as the vertical strain per

logarithmic cycle of time increases as the presgu@ment ratio is reduced.
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Figure 2. 1: Comparison of dial reading versus mgtes
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This is illustrated in Fig 2.2 where the avera@gvalue is plotted againél%_ . The
0

plots of the secondary compression per cycle onlalgetime scaleR,, per unit pressure

increment, per unit average height for the paréicpressure increment versus the final effective

stress are also given in Fig.3. As obser\)é\}zlgJ H decreases as the pressure increases, and at

a given pressure, increase as the pressure inctaat#m is reduced, in conformity with the

findings of Leonards and Girault (1961).

0.010 |

0.009 |

Co 0008 |
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Figure 2. 2: Variation oC, with /a

An opportunity was taken to check the concept afueness of the EOP void effective stress

relationship for any soft clay which is also indegent of the pressure increment ratio. Fig.2.4

presents EOP void ratio effective stress curveseists with A% =10 and A% = 025
0

0
where the EOP void ratios were calculated from dealdings corresponding tg,,as
found from the square root time fitting method. These agreement exhibited in this figure and

the results of other tests support the proposedegin
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2.4 Conclusions

For a small pressure increment ratid%% = 025in the present study) the form of
0

experimental consolidation curves do not permitltdgarithm of time and the inflection point
methods of time fitting to be applied. A comparisainthe square root of time, logarithm of
time, inflection point, negative tangent and impdvrectangular hyperbola time fitting

methods indicated in general a close agreementeeetwheC, values obtained. The pressure

increment ratio does not appear to influer@e values in a consistent way. The secondary

compression effects increase ég/a is reduced. The end of primary (EOP) void ratio
0

effective stress relationship seems to be indeperafeéhe pressure increment ratio.
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CHAPTER 3 - Clay Layer Consolidation Delimited Between Sheets

with Small Permeability

3.1 Introduction and Purpose of this chapter

The problem of consolidation of clayey soils isaitractive one for the soils engineers
and scientists mainly due to the fact that the tewluof this particular problem provides the
answers to the question of the rate and amourgtdémsent of engineering structures.

The classical theory of consolidation due to Tenz#$934) is the most widely used one
mainly because of its simplicity. This theory isrywavell-known to the soil scientists and its
presentation is given in almost any textbook on s@chanics (Taylor (1948), Lambe (1969),
and Ccott (1963)). The consolidation theory of coespible soils usually assumes that at the
boundaries the drainage is free. That is, the sadimg layers are pervious.

The fundamental assumptions of the Terzaghi thdmye been criticized by many
researchers and a number of modifications have lpegposed during the last two decades
(Barden (1965), Berry (1964), Taylor (1942)).

Another interesting point inherent in obtainingugmns by means of this theory is the
boundary conditions prevailing for a certain proble question. Terzaghi and Frochlich (1936)
give a number of closed form solutions for diffarbonundary conditions which are applicable to
various field problems.

As far as the boundary conditions are concernewhostl all of them represent the
consolidation clay soil with its pore water disajiag into pervious boundaries. Therefore, in
such cases, the boundary conditions are relatsietple, and closed form solutions are readily
obtainable.

Kang-He et al. (1999) studied one dimensional cliestion of two-layered soil with
partially drained boundaries. In their paper, loyfexplicit analytical solution was presented for
one-dimensional consolidation of two-layered suilth partially drained boundaries. Lee et al.
(2005) studied one-dimensional consolidation ofetag systems. They found a general
analytical solution, which is more explicit tharhet solutions. Wang et al. (2004) investigated

soil consolidation by vertical drains with doublerpsity model.
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In this study, due to the case studied, the boyndanditions are not as simple,
necessitating the use of an approximate solutibe. dase presented is a clay layer of relatively
large thickness sandwiched between two thin layafrssoil whose compressibility and
permeability is much lower than the layer in betweEherefore, discharge during consolidation
of the pore water of the sandwiched layer into tleeghboring top and bottom layers is not
“free” as in most usual cases, but restricted.

In summary, this chapter the case in which the Hannlayers have a low permeability
is studied. When free drainage is thus inhibited, hloundary conditions at the drainage surface
changes necessitating the use of an approximataitpe of solution of the governing partial
differential equation. Therefore, the solution istaaned by using the Galerkin Method. The
solution obtained is compared with the “free drgeiacase and conclusions are drawn
thereform. As expected, the consolidation in theecaf restricted drainage proceeds at a much

lower rate.

3.2 Assumptions

The assumptions made for the solution of this ebhre as follows:

a) The consolidation layer is soft, saturated, radlyrioaded clay.

b) All the main and subsidiary assumptions madeénclassical theory of consolidation

are assumed to be applicable to the consolidadiyey |

c) The thickness of the consolidating layer is viamge in comparison to the top and

bottom layers.

d) The compressibility and the permeability of ttensolidating layer are much greater

than that of the top and bottom layers.
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e) In view of assumptions ¢ and d given above,cit@ribution of the top and bottom
layers to consolidation is considered negligible #imese layers are regarded as semi-pervious

membranes hindering the expulsion of pore watenftiee consolidating layer.

3.3 Mathematical Treatment of the Process

In this treatment reference is made to Fig. 3.2 3ymmetric nature of the problem with

respect to the centre line enables its treatmettieérhalf space bounded by the center line and

defined by the space variabtavhere z measured is positive downwards.

SOIL OF LOW PERMEABILITY

@ i T @
z? S SOFT , SATURATED < H
G : : : —1¢
< S T
@ — @

/SOIL OF LOW PERMEABILITY

Figue 3. 1: Configuration of the problem

Under the imposed total stress an initial excess pore pressure of magnitude
u, = o develops in the saturated, soft clay. The hydragradient then set up due to this excess
pore water pressure initiates flow of pore watevanls the top and bottom boundaries I-I and
lI-11 respectively, and the excess pore pressussipates as a function of timteand depthz.
Thatisu = uz,t)

The flow occurs according to Darcy’s law.

v =_K,0u (3.1)
© Y. 0z
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whereV,is the flow velocity inz direction, kis the permeability of the soft clay. On the other
hand, time rate of dissipation of excess pore mtessure[%j at a point in the consolidation

layer is proportional to the divergence of veloc{fierzaghi (1934), Taylor (1948), Lame
(1969), and Ccott (1964)) that is

N, ___a o (3.2)
0z l+g, ot
Combination of eq. (3.1) and eq. (3.2) yields
2
ou__ay, o (3.3)

077 k(l+e) ot
Eq. (3. 3) is the famous equation of consolidawaposed by Terzaghi wher® the
compressibility coefficient is and,is the initial void ratio of the soft clay respeetiy.

It is possible to render equation (3.3) dimensissilby employing dimensionless pore
pressure, space variable and time as follows:
u

w=—, Z =£, T= (1+2_e°)kt,
Uy H H%a ),

(3.4)

where H is half thickness of the soft clay afdis called the time factor. Thereby, the

dimensionless form of equation (3.3) is

0°wW  ow
0z2 _aT (3.5)

The water expelled from the consolidation layetramsferred across the boundaries I-1

and II-1l to the adjoining layers according to

v(0,t) =in hu(0,t) (3.6)

Where h may be termed the specific permeability of theigeenvious membranes whehehas

the dimensions ftij It should be noted that if the specific permdagbis multiplied by
ime

length, it yields the usual conception of permaghbitith dimension{lirrlr?;h}
[
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On the other hand, the same transference law mayabed for the lower neighborhood
of the boundary:
|:V(O't):£xa_u:| 3.
yW 0z z=0
The combination of (3.6) and (3.7) then yields &o&indary condition which express

the “hindrance” to flow at the boundaries i.e.:

[h.u(o,t): kx"_“LO Y

0z

At this stage,h may be expressed in terms of the drainage lendtand the
permeabilityk of the consolidation layer in the following form:

k =mh.H (3.9)

wherem is obviously a positive number greater than uratyd specifies the magnitude
of hin relation to the permeability of the soft clay.

The boundary condition (3.6) may be expressed endimensionless form through the

first expression of eq.(3.4) and when combined wdhation (3.9) yields:

w-Y=0 T-o0 109)
0z

The other boundary conditions are
wW(z0)=10 0<z<1 T=0
w,(1T)=0 Tx0

Equations (3.5) with the boundary conditions (3.48) (3.11) describe the process of

(3.11)

consolidation.

3.4. Solution of the Equation
Although the boundary conditions are homogeneowu$psed form solution of equation
(3.5) is not readily available, because of the reatf the boundary condition (3.10). Therefore,
an approximate method is employed, which will beadded subsequently.
The functionvv(Z,T)wiII be approximated by selecting a trail solutmithe form

wz,T)=>a(T)4(2) (3.12)

i=1
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for ndiscrete variables(T), where theg,(Z) are known functions. The boundary

conditions at Z= @nd Z =1is homogenous, therefore if th¢i(Z)satisfy the following

conditions:
do. _
4 _d_é - Z=0
at (3.13)
W_o T 5o
dz B

then it would be possible to maIve(Z,T)compIy with the boundary conditions with no
restriction. A simple family of polynomials can balected to satisfy condition (3.13), i.e.

Zi+l

. =1+7Z -
9 i+1

(3.14)

A trial equation (3.12) constructed with polynomidl14) would satisfy the boundary
conditions, but it would not satisfy the initial a@inon, or the governing equation.

Therefore, some kind mathematical approximatiomeegiired to satisfy these conditions.
In this chapter Galerkin’s weighted residual meth®odsed to fix the unknowu, (T)so that the
initial condition and the governing equation areragimately satisfied. The points of the
Galerkin method is given in almost all text books mmmerical methods (Hildebrand (1956),
Hartree (1962), and Salvadori (1952)) . In the asialyequation (3.12) is limited two terms. By
virtue of the initial condition of (3.11\)\/(2 ,O) =1.0forming the initial residual yields:

Rla,(0),0,(0),z] =1- (1+ z —Z?ZJal(o) - (1+ yd —%jaz(o) (3.15)

Through the application of Galerkin’s criteria, drpaf constanta,(0)and a,(0) can be

obtained for which the residual expression (3.15)ld/be the least.
Now for,T < 0 using the governing equation (3.5), it is posstiolebtain the equation

residual

(14527 \da _2’|da
R[ai(T),az(T),Z]—(HZ : JdT +(1+z - J 4273, (3.16)

Applying the Galerkin criteria to this residual, airpaf differential equations for the

a(T)and a,(T) is obtained. They are considered as the propagatipiations for tha(T).

Then the approximate solution is obtained by sgjvihese equation subjects to the initial
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conditions obtained from the initial residual givieym expression (3.15). The Galerkin criteria is

applied to the equation residual by setting

1
[Rla(m).a,(T).2]p(z)dz=0i=12,.. (3.17)
0

And it yields

gd_ai+@'d_az+ﬂal+l_732 =0

5dT 360dT 3 ' 12 (3.18)

691da , 1291da, 17
360dT 630 dT 12

As governing equations for tregand a,

23
+—a, =0
126‘2

If the Galerkin criterion is also applied to thetigli residual (3.15) by setting

1

[Rla(T).a,(0).2]p,(z)dz=0 i=12,.. (3.19)

0

It yields

4 9 691
3 ‘gai(o)‘ﬁ)az(o) =0
(3.20)
17 691 1291
- (0)_

=L 255 =£%5,(0)=0
12 360 630%()

For the initial value ofg, and a,.
The solution to eq. (3.18) which satisfies the ctads given by expression (3.20) is
found to be:

31 = 05%—0.74T + 2.4%—117T
a2 — 0.14e— 0741 _ 2l3(b—ll7T

(3.21)

The corresponding approximate solution W(lz,T)with these values is then:

2

w(z,T):a{1+z—Z7J+a2(1+z—%3} (3.22)

The approximation to the initial consolidati(w(Z ,O): 100f eq.(3.22) is shown in Fig.

3.2.
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Figue 3. 2: Fit of Initial Condition by the solutio

To obtain the percent consolidation, the usualnitn is used, which is given by the

expression

1
IW(Z,T)dz

u=1-4—— (3.23)
[w(z 0)dz
0

Substitution of equation (3.22) in equation (3.2i@)ds
4 17

U=l-—a-— 3.24
A% (3.24)

The percent consolidatidd thus obtained is plotted against time factan Fig. 3.3. For

purpose of comparison the Terzaghi solution with way free drainage is also included in the

same figure.
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3.5 Discussion and Conclusions

Consolidation of a soft, saturated clay soil defedi by sheets of soil with a low
permeability is treated by means of employing goraximate procedure for the solution of the
governing partial differential equation. ReferertoeFig. 3.1 would illustrate the limitation
brought forward by the approximate procedure asamrthe compliance with the initial
condition is concerned. The nature of this appration indicates that the accuracy of the
method used is within tolerable limits as far as tondition is concerned.

Fig. 3.3 represents the very large deviations bnowbout by the low permeability
layers from the free drainage case in which expuol®f pore water is not inhibited by any
means. As it is expected, the consolidation inftheer case proceeds at a much slower rate.
Particularly expansive and very plastic soils mayash” into the coarser layers which are
presumed to provide free drainage as in the Terzagbry, and this phenomenon may lead to
semi-pervious membranes as assumed in this stutytHe author’s opinion that the judgment
should be left to the practicing engineer as fathasestimation of field rates of consolidation is
concerned. However, the present study brings tot layiother aspect of the consolidation
process which should be taken into consideratiorsiinations where the free drainage is
inhibited.
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CHAPTER 4 - One Dimensional Consolidation Behavioof

Trampled Clays in a Semi-Saturated State

4.1 Introduction and Purpose of this chapter
The extensive use of earth in engineering constmugustifies research in order to
understand the engineering properties of compasteld. In general, earthen structures are
constructed by compaction at or around the optimmuater content. When compacted at
optimum, the soil is in a semi saturated staterefioee, the conventional Terzaghi theory may
not readily be applicable to such a case.

The present investigation has been undertakeorder to analyze the compression
consolidation behavior of soils compacted at opticmditions. Furthermore, it is known that
the type and energy of compaction bring about diewia in the soil structure and hence, in its
engineering properties. Therefore, in the expertalguhase of the study, soils are prepared by

different trampling efforts and also by differeangpaction methods.

4.2 Theoretical Discussion

Unsaturated soil usually consists of soil solidstewand air. In order to be able to make
a mathematical analysis of deformation of such & wader externally applied loads, it is
necessary to determine first the state of distisloudf air and water in soil voids. A survey of the
accumulation of knowledge on the physical and eraging properties of soils shows that for
soils with a relatively high degree of saturatiobdi@e 80%) the air is in the form of occluded
bubbles. For a soil compacted at optimum thereftdre,air is assumed to be in the form of
occluded bubbles. Starting with atmospheric pressuseich bubbles, it is evident that the pore
water would initially be in a state of tension (Lanilg61).

If a load is applied to such a soil, the skeletod the pore fluid share this load. On the
other hand, under its share of the external pressiie pore air compresses according to Boyle’s
law and goes into solution in the surrounding wateoeding to Henry’s law. This process takes
a very short time in the laboratory and is calleel ‘instantaneous Compression”. The amount of
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compression of air bubbles should be equal to theuat of compression of the soil skeleton.
Instantaneous compression is assumed to occurtedlyein an undrained manner.

If the load increment applied is large enough toseaa positive excess pore pressure in
the soil, the process of “consolidation” starts saduent to the process of compression. The
“consolidation” process, like Terzaghi’s assertisnmainly governed by the pore pressure
dissipation characteristics. In a partially satedasoil, it is to be expected that the part of air
which dissolves in water according to Henry’s law dgtiihe “Instantaneous Compression” will
come out of the solution as the excess pore prestigsipates. These expanding bubbles may
become trapped by the soil skeleton and hinder fluch a process combined with a decrease
in void ratio throughout consolidation will obvioystause a variation in the permeability
(Barden 1965).

Thus, it becomes clear that the concept of a aahspermeability as asserted in
Terzaghi’s theory of consolidation may not be fiele for the present case (Taylor (1941)).
Therefore, in the mathematical treatment of thecg@ss of consolidation, the average
permeability has been assumed to vary as a funofibme.

In the mathematical phase of the investigatiom;aiculate the amount of instantaneous
compression, an expression has been derived makegf Boyle’s law of compression of air
and Henry’s law of solubility, assuming undrained poassion.

This expression is given in the form:

Ae, =C, eAu, 4.1)

where

Ae, = Amount of instantaneous compression
C,, = Compressibility of the pore fluid
Au,, = Excess pore pressure developed

And the pore compressibilit¢, is given by the expression:

C :ixuao(eao-'-heN)

" (4.2)
& \u, +Au,

where
& = Initial void ratio

u, = Initial pore air pressure
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e, =Initial pore air volume
0

h=Henry’s coefficient of solubility

e, =Pore water volume

On one hand, equations (4.1) and (4.2) enable oneatoulate the amount of
instantaneous compression if measurements of tesexXpore pressure developed are made and

on the other of the value of the excess pore watessure if the amount of instantaneous
compression has been measured.

The mathematical treatment for the following procesgonsolidation has been made
assuming an average permeablti@), which varies with time during consolidation. The

effective stress principle is applied in its singbléorm, and secondary effects are neglected.
The continuity equation for the case can be writen

0 ou)_ ., Xﬂ
05 )= (s 2

when S,e are the degree of saturation and void respegtiveand tare the space and

time variables andiis the pore pressure. Rewriting (4.3) yields:

9°u % ( 0S aej

= L P 4.4
o7 (re k) ot o (44)
In equation (4.4):
BS_g,M (4.5)
ot ot
e_, 4o
ot ot

whereC,is the pore fluid compressibility ana =S—e, coefficient of compressibility.
u
Substituting (4.5) and (4.6) in (4.4), the equatgmverning the consolidation process is
obtained.
ou_ ¥
02 (1+e)k(t)

Pore compressibilityC,may also be taken as a function of time. Now, taiced4.7) to

ou
(eC. +Sa )5 4.7)

a dimensionless form, the following substitutiona ba made:W :E; z =% where
U
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u, =Initial excess pore pressure
H =Sample thickness
Furthermore, a coefficient of consolidati@})(t) dependent on time may be defined such

that:

C (t):l+q % k(t)
! Yo Sa +¢C,

It is obvious that for a fully saturated s&,, =0;S = 1.0)with a constant coefficient of

(4.8)

permeability (4.8) becomes:

c, ={Lrek (4.9)
’ ayy

And (4.7) becomes:

ou d°u

—=C, — 4.10

ot "0z (4.10)

Which are the coefficient of consolidation and tpartial differential equation
respectively as given in Terzaghi (1923).

Moreover definition of a time factorg, such that:

_ 1
To= { C, (t)dt (4.11)
Will render (4.7) to read:
a_vv:_azv\zl (4.12)
oT, oz

with the usual boundary conditions

W(z,0)=10 withT>0

w(0T)=0 0<Z<10

W,(L,T)=0

This last equation is identical in form to the uJsdéfusion equation proposed by
Terzaghi and its solution may easily be obtainethaform of Fourier series. The solution to

this equation has been reported in many textbonksod mechanics.

Now equation (4.11) is written in the form:
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(4.13)

R()= [C, (1) (4.1)

Defining a function for the variation of the coefént of consolidation with time. For the

Terzaghi theory of consolidatio@, =C, the coefficient of consolidation is constant, ttiere

(4.14) will read
R({t)= jcv (t)dt (4.15)

This implies that if experimentally determined \eguof R(t)are plotted versugthe
resulting curves will be in the form of straightdggoing through the origin with a slop equal to
C

For R(t)being a function other than such straight lines, ithplication would be that
deviations from the Terzaghi theory occur. The bajra of compacted soils which are to be
discussed presently indicate such deviations.

Another deviation from the Terzaghi case of consoiah arises in the manner of
computation of percent consolidation of a soil sempn the Terzaghi case the percent
consolidationU is given by:

%J =i><100 (4.16)

00

Whereas in case of a compacted soil the equatiomoified to make allowance for the
instantaneous compression
%J :ﬁxmo (4.17)

00

where

S =Compression at any time after the start of test
S, = Total compression at end of test

S =Instantaneous compression
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4.3 Experiments

In order to verify the foregoing ideas, tests haeen performed on samples of Tabriz
Red Clay [4] compacted at the optimum water contdérthe standard proctor energy and one
half proctor have been made also on samples whglstatically compacted to the optimal of
conditions cited above. The tests involve the meamsant of mid plane pore water pressure by
means of an automatic pore pressure measuringedelvar the purpose of testing, a special
oedometer has been devised and the porous staverg]lfor pore pressure measurement has
been chosen to be of a special type. (Air entrye=®40 psi). The oedometer was designed so as
to reduce frictional effects to a minimum.

The time response characteristics of the pore presdevice have been checked by
various means and have proven to be satisfactorthéo purpose. Load increments have been
applied using a Karol- Warner type of consolidomet&ng air to create the necessary pressure,
it has been found that this is advantageous inyapplthe loads instantly. The values of
compression were recorded very frequently at thenbety of the test so that the value of
instantaneous compression could be obtained. Eigides a typical example for the use of test
results to evaluate the magnitude of instantaneoogression. For the subsequent consolidation
process to locate 100% consolidation following Ciaf (1964); compression was plotted
versus mid plane pore pressure dissipation anéttrapolation of the straight line portion was

made use of to determine the desired value.

10 20 30 40 50 60 70 80 10 100 110 120 130 140 TIME (secs)

m/\ 0

E

x 2

= )
- 4 G=1-2 kg/cm
pd

© 6

%)

0

B8

o

S 10

5] \

Figure 4. 1: : Evaluation of instantaneous comparisample prepared by 15 blow proctor
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Fig 4.2 is typical of the procedure. The valuegespnting the end of consolidation have
been compared by those which could be obtained bglusmpirical procedures. Although
reasonably close agreement has been obtainedddodhrithmic fitting method, no relationship
could be established with the Taylor square rodinfit method. The values of instantaneous
compression assessed by test results have beerammp those obtained via equations (4.1)
and (4.2) and the deviations for various tests Hasen found to be within 0% to 20%. This
implies that the equation proposed together withassumption inherent in their derivation is
reasonably correct. Pore pressure dissipation test® been used in conjunction with the
solution of equation (4.12) to obtain the formstloé function R(t)defined by equation (4.14)
versus time. These forms have also been compardtietdorm given by equation (4.15)

(Terzaghi case) which can be easily obtained byuetialg a C, depending on a specific

percentage of consolidation (e.g. 90%).

20 1

40 | 5

<G =1-2 kg/cm
-3,

S100 =26 x 10 in

60 + by extrapolation

¢ 8100 by log fitting

80 1

PERCENT MID PLANE PORE PRESSURE DISSIPATION

100 + + t + + + + + + } +
14 15 16 17 18 19 20 21 22 23 24 25

-3
COMPRESSION ( inx 10)

Figure 4. 2: Pore pressure dissipation vs compassandard proctor sample

Fig 4.3 is a typical curve of such a cammgon. As is apparent in this typical curve, most
of the tests indicated that Terzaghi case may béapglicable up to about 60% consolidation
and from there on, it overestimates the rate ok pmessure dissipation largely due to the

assumption of a constant coefficient of consolwlati
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Figure 4. 3: Time factor vs. time (standard pros@mple)

The actual percentages of consolidation as obsdreed the dial readings have also
been compared to the values that have been obtaomadoore pressure dissipation observations
used in conjunction with the solution of equatiorl®). The agreement is usually found to be
close and tolerable within the limits of the expeaital accuracy involved. Fig 4.4 is given as a

typical curve to illustrate such a comparison.
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Figure 4. 4: Percent consolidation vs time 15 bppactor sample

A common and very interesting observation made tyinaihe tests is that initially the
pore water is in a state of tension whose magnitacease as the compactive effort is increased
and/or as a static compaction procedure is apptigoreference to the usual dynamic proctor
compaction method for the same density and watetacbrFurthermore, it has been observed
that unless the applied pressure is sufficientigdao cause the development of a positive excess
pore water pressure, no hydrodynamic consolidagimtess can start, that is, compression
consists of the instantaneous one only, followedcbgep effects. For statically compacted
samples having a relatively high initial negativagowater pressure, the inducement of positive
EeXCess pore pressures may require several sucegssissure increments to be applied. Fig 4.5
illustrates this point of view with respect to thatstally compacted samples.
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Figure 4. 5 : Pore pressure development staticaltlgpacted samples

4.4 Conclusions

The conclusions reached as a result of the inwedgtig may be summarized as follows:

1. The total process of consolidation consists rofirsstantaneous compression which
takes place in a very short time, and of a subsequecess of consolidation.

2. The observed amounts of instantaneous compreasgofound to be compatible with
equations (4.1) and (4.2). This means that theclassumptions of air being in an occluded form
and initial air pressure being initially atmospleeaire not far from the truth.

3. The comparison of test results obtained with dasnprepared by different compaction

methods reveals that the instantaneous compreasimunt is greater for statically compacted
samples than those dynamically compacted.
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4. For a given method of compaction, the magnitaflénstantaneous compression is
larger for the smaller compactive effort.

5. In general, the ratio of instantaneous compoest total compression decreases as at
the compactive effort decrease.

6. Pore pressure dissipation tests indicate treegtimates of the rates of compression
based on pore pressure measurements are quitetclosality with the exception of very high
initial pressure applications, where part of thealtostress thrown into the soil skeleton
presumably accelerates the secondary effects.

7. The use of a constant coefficient of consol@aseems to be justifiable only where
rough work other than research is involved and ighapplicability is possible only within up to
60% consolidation.

To assess such a constant coefficient of consmitiathe empirical logarithmic fitting
procedure may be employed. However, the difficultyhis curve fitting procedure lies in the
long duration of testing required to reach the eaidconsolidation. Whenever possible,

dissipation tests should be performed in preferémseich empirical method.
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CHAPTER 5 - A Realistic Theory of Soils Consolidatn

5.1 Introduction and Purpose of this chapter

Consolidation is a process by which soils decreaseoiume. It occurs when stress is
applied to a soil that causes the soil particlggack together more tightly, therefore reducing its
bulk volume. When this occurs in a soil that isusatied with water, water will be squeezed out
of the soil. In the Classical Method, the magnitwdeconsolidation usually is predicted by a
theory developed by Karl von Terzaghi but Labomatobservations of the consolidation
behavior exhibit discrepancies between the theony e results. These discrepancies are
usually attributed to the secondary effects thauocduring primary consolidation. On the other
hand, Terzaghi’'s theory presupposes the constahpgrmeability and compressibility of the
soil. In this study, the effect of variable permiégband compressibility on the consolidation
behavior is investigated. For this objective, a heatatical treatment of the behavior is
presented. Subsequently, laboratory consolidatitests with mid plane pore pressure
measurements are conducted on soft, remolded, mrelidated and undistributed samples of
Tabriz clay. The test results, when compared withtlleeretical findings, indicate that most of
inherent discrepancies may be explained via thetigee theory developed in this study.

The theory of consolidation proposed by TerzagBi2@) is a very useful tool for the
determination of settlement rates and amounts. eSthe proposal of this theory, various
researchers have investigated its validity andiegipility. These subsequent studies have led to
the development of various procedures for estimgasiettlements. Seed (1965) discusses such
various methods and procedures. The experienceedtthrough the years after the proposal of
the Terzagi theory indicate that for one dimendiaoasolidation in particular, it gives results of
acceptable accuracy in many field cases.

However, laboratory tests on various types of clagicate that, although the
hydrodynamic approach presented by the theory oabendisputed on the whole, there seem to
be discrepancies between the theoretical predicatiord observations of the consolidation
behavior.

During the stage of primary consolidation, theseaappt discrepancies are largely

attributed to secondary (creep) effects and attenmatve been made either to modify the
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assumptions implicit in Terzaghi’s theory to agmere closely with observed behavior (Barden
(1965) and Schiffman (1964)) or to propose rheaoagiodels which would better suit the
observed behavior (Wahls (1962) and Lo (1961)).

In this study, the main point of argument is thathough the existence of secondary
effects may not be ignored, most of the discrepabetween the predictions based on Terzagi’s
theory and observed behavior during laboratoryrigsnay be accounted for by modifying two
assumption of constant permeability and the assompf constant compressibility.

In order to carry the discussion further, a qualieaoutline of the Terzaghi theory with
its assumptions is accounted for in the followiegtsn.

The classical prediction procedure of the rateandunt of consolidation via Terzaghi’s

theory (1924) includes following assumption (Lamb@g0)):

. The soil is homogenous (uniform in compositiorotighout).

. The soil is fully saturated (zero air voids doevater content being so high).

. The solid particles and water are incompressible.

. Compression and flow are one-dimensional (varagis being the one of interest).

. Strains in the soil are relatively small.

o 01 A W N B

. Darcy's Law is valid for all hydraulic gradients.

7. The coefficient of permeability and the coefiai of volume compressibility remain
constant throughout the process.

8. There is a unique relationship, independeninoé tbetween the void ratio and
effective stress.

If pore pressure dissipation measurements arenadsi® during consolidation testing; it is
possible to estimate the rate of settlement by ntakise of the dissipation time data. The usual
consolidation coefficients calculated by two differ@rocedures usually yield similar results for
soft soils (Crawford (1964)).

The conventional Terzaghi theory (1924) proposedultly saturated soils contains two
assumptions which may be criticized from the viewinpaf soil behavior. That is; the

supposition of a constant compressibility coeffiti@, and a constant permeability coefficient

k. It should be evident that as the consolidatiooceeds, (effective stress increase) the soil

attains a more compact structure which should iabist result in a decrease in its overall
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compressibility. Evidence of this behavior has bebtained through several studies (Leonards
et al. 1964). In addition, it has definitely beesiablished that the permeability is a function of
void ratio. It is obvious that the void ratio ofsail sample decreases during consolidation;
therefore it is natural to expect a decreasing pability coefficient during the process. In fact,

other researches give experimental as well as thiealrevidence towards the recognition of a

variable permeability (Barden (1965), Schiffmang88 and Schmid (1957)).

The propose of this study is to incorporate thesgables in a mathematical treatment of
the problem and to demonstrate by proper testiagttte inclusion of these two variable factors
may in fact account for most of the deviations tregieatedly occur between the predictions
based on the Terzaghi theory and the test redwdt§1061), Crawford (1964), Leonards (1964)).

It should be noted that a similar problem has heeated by Barden and Berry (1965)
with a different mathematical approach which reslta non linear partial differential equation
whose solution is obtained by a finite differenceprapch employing a suitable computer
program, since a closed form solution can not lainkd and also recently Lekha et al. (2003)
studied consolidation of clays for variable permigband compressibility. In their paper, an
analytical closed form solution is obtained fortieal consolidation considering the variation in
the compressibility and permeability. In additioGeng et al (2006) studied non-linear
consolidation of soil with variable compressibiliéynd permeability under cyclic loadings. In
their paper, a simple semi-analytical method hanlseveloped to solve the one-dimensional
non-linear consolidation problems by consideringe tbhanges of compressibility and
permeability of the soil layer, subjected to corogied time-dependent cyclic loadings at the
ground surface.

The line of treatment herein, on the other handyes at the description of the
consolidation process by a linear partial diffel@rgquation whose closed form solution is

obtainable via the theory of linear partial diffietiel equation.

5.2 Mathematical Development

In the mathematical treatment of the problem, tre¢ problem is to decide on the nature
of a functional relationship between permeabilitpmpressibility and the main variables
governing the process of consolidation. The eqnaBothe manner in which these parameters
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are to be included into the mathematical modehefdonsolidation process, while retaining the
other assumptions inherent in the classical Terzhglory.

Since the dependency of these parameters on viiadisaevident, the most reasonable
approach would be to express them as functionsidfrabio, or, since ratio is a function of pore
water pressure, as functions of pore water pressiines

k =k(u) and a, =a,(u) (5.1)
Eq. (5.1) suggests that the properties are furetidioth time and space. That is

k=kzt) and a, =a,(u,t) (5.2)

At this stage, a postulate must be made as to thetioa of the permeability and
compressibility defined by eq. (5.2).

To illustrate the foundations of this postulateference is made to Fig. l1a. Prior to
loading, the values of permeability and comprebgibare constant with depth and may be

denoted a%k, and a,, respectively. As soon as the load is applied, alafetion starts and after

an infinitesimal time, the excess pore water pnessa the drainage surfa@g= b@come zero.
Via eg. (5.2) this means that both permeability aoohpressibility reach their final values and
remain constant thereafter at the surface. On thmer ttand, the values of these properties at any
depth vary with time as consolidation proceeds.

Therefore, at mid plane =H via eq. (5.2), the permeability and compressipéaite
given respectively by
k, =k(H,t) and (5.3)

a, =a,(H.t)

It is possible to describe the variatmnthese properties with space between drainage
surface z= Oand the mid plane = H and to define the time dependent functions indctate
eg. (5.3). The variation of these properties withtdenay be described by various mathematical
functions (Birand (1972)). On the other hand, ipassible to define the “space averages” of

permeability and of compressibility as follows:
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(5.4)

At this stage, the variation &fand a with time during the consolidation process needseto

defined.
It seems feasible to define these relationshigaragions of decay, i.e.

k=ke™ anda=ge” (5.5)
with
k(0)=k a(0)=a
Klt,)=k, alt)=2,
In the expressions aboke
In the expressions aboveand a are the initial values ok and a, k, and a, are their

final values, respectively, after a suitably loimge t, during which the primary consolidation is

assumed to be almost complete. It is also poswldefine the space variation kfanda, with

suitable functions of depth and carry on with thehematical treatment by substituting these
relationships in egs. (5.4) (Birand (1972)).

Herein, it is assumed that the tinhgs long enough so that, although its value may be

accepted as a finite value mathematically, the €xp®re water pressure may be considered to
be dissipated at the end of this period for alcpecal purposes. The final expression governing
the dissipation of excess pore pressures by theeiorlapproach (Birand (1972)) and by the
analysis given herein are found to be substantihky same although the former one may be
considered more “exact” by the mathematician. Howduethe benefit of this exactness, it

entails the use of cumbersome mathematical formoulstand some necessary simplifying
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assumptions derived from possible behavior of ghilsng the consolidation process to facilitate
the analysis.

Reference to Fig 5.1b. shows the variation of m@ssibility via effective stress (or
with time for all practical purposes) and represengeneral curve usually obtained through

consolidation dissipation tests.
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Figure 5. 1: (a) Variation of pore water presspermeability and compressibility and (b)

Variation of Compressibility during consolidation
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Egs. (5.5) mean that bothand k vary with time as a function of decay and reachrthei
final values at the end of consolidation.

Once the mathematical formulation of permeabiktgnd a (eq 5.5) are made, it remains
to write down the continuity equation of consolidatia the usual manner and substituting these
mathematical formulations therein, to obtain theegoing equation of consolidation.

The continuity expression is written as follows:
0z\ dz) 1l+e, ot
On the other hand, the effective stress law gives:

g=0-u (5.8)

where g =effective stressg = total stressy =pore pressure.
The compressibility is defined as

a=-2_0¢ (5.9)
00 Ou
Now, remembering tha\fg—f[e :%X%,and substituting eq.(5.9) in eq. (5.7), one obtains
i[g@j=_”w xax U (5.10)
0z\ 0z) 1+g, ot
In eq (5.10)k is independent of space, therefore this equatiarbeawritten in the
following form:
2 —
a_LZJ :Lxgx@ _‘(5)
0z= 1l+e Kk ot

Substituting the values af andk from eq (5.5) into this expression; the governing
partial differential equation is obtained:
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azu: Y& e(a—ﬂ)@ (5.12)
072 (l+e)k ot

It is possible to express this equation in a dinmmess form by specifying the variables
Wand Z

w=%  z=Z (5.13)
U, H

whereu, =initial pore pressureH =characteristic thickness and a time facksuch

that

T (i/+a1§[|1|)5 t (5.14)

Also specifying a constamy

A:(a_cvﬂ (5.15)

2

wherec, = T': , (5.16)

the usual coefficient of consolidation, eq.(5.18¢tmes:

aa\/\z/ e W (5.17)
9z T

It is obvious that depending on the relative valolee and S (signifying the effects of

permeability and compressibility respectivelfmay assume both positive and negative values,
therefore, eq. (5.17) needs to be solved for bo#itipe and negative possible valuesAf It is

of further interest to note that in the case ofstant permeability and compressibility during the
process, or if the rate of change of both parammésathe same, A becomes equal to zero and the

process is governed by the partial differentialagoun arrived at by Terzaghi (1924).

W _ W

= 5.18
0Z?> 0T ( )

74



The solution of eq (5.17), subject to the usuakoeeter boundary conditions, is obtained

as:

© 2 (2nn1)? AT
w(z:):Z{( 4 (sinzn;lizjg(“ )%} (5.19)

= |(2n+ 1)7T

where ¢ is the naperian base of the logarithm anth an integer.

Similarly, consolidation is defined by the expressi

Jl'W(Z,T)dZ 3
Uzl—‘)l—zl—sz 1 A (5.20)
[w(z 0)dz

0

and the expression for mid plane pore pressureéndy the expression:

w 2 (2n+1)? eEAT
Wm(Z,T)=;2n1+1sin2n2+1m e (5.21)

Egs. (5.20) and (5.21) are plotted for various fpgesiand negative values of the
parameterA as illustrated in Fig 5.2 and Fig 5.3, respectively

As in the case of the classical theory of consadlidathese curves constitute the bases of
the evaluation of rates of settlement via the thatwveloped in this paper. The use of these
curves may often involve a trial and error procedwith regard to the appropriate selection of

the value ofA
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5.3 Experimental Investigation

The soil used in the study is the Tabriz grey Clalye properties of these clays are
related in general.

The particular soil used showed the following indesperties:

LL =68% PL=23% Pl =45% SL=12% with a Casagrande classification ©H

It was intended to study the consolidation of thié lsehavior in three distinct conditions

these being:

a) Soil sample denoted By : 1

Soil in a remolded state at a soft consistency. Yiozlthis state the first soil sample was
prepared at a consistency equaling a water conterall 0 LL —10 %

b) Soil sample denoted b§—- : 2

Soil initially in a soft consistency, however, impeconsolidated state. For this purpose
the soil sample in (a) was consolidated up to taseeffective stress, rebound, and then tested to
observe its behavior. Thus, the soil was testedlaboratory induced preconsolidated state.

c) Soil sample denoted I8~ :3

Soil in its natural state, being soaked prior tstitey without allowing any change in
volume.

This procedure may also be called the soak swelignted type of test which is used for
expansive Tabriz Clay.

Equipment and testing procedure:

The equipment consists of a consolidometer in wtbelse pore pressure could be
measured by means of an automatic non flow typeood pressure apparatus. The layout of the

equipment is schematically illustrated in Fig 5.4.

77



HEATER BLEED SCREW

OIL HEATER
o 0
OIL RESERVIOR
BOURDON GAUGE GAUGE H
\
&
MANUAL
/ PUMP
— =
L]
/]
MANOMETER
pumMP OUT
VALVE
BLOCK
Y
‘;3 ADJUSTMENT
J ¥  VALVE
N i
A o
...................................... i
SAMPLE o
L MONITORING
| ........ J
- UNIT
NEOPRENE VALVE
[+
RELAY CONTACTS
MERCURY "] ‘l’

Figure 5. 4: Pore Pressure Device, Oedometer

78



Details and the time response characteristics ofpibve pressure device have been
investigated in earlier research and found to hiesfaatory for the purpose of consolidation
testing (Birand 1969).

Sample S- 1s loaded under the following increments, the corsgien and pore
pressure development dissipation being measure24ftiours under each increment@éﬁz):

0.00-0.25; 0.50; 1.0; 2.0; 4.0; and 8.0.

The pore pressure measurement line is then closed tlae sample unloaded to

2.00k%rr2. This load is kept on the sample for 24 hours.sThie new loading stage is made
on sample S- 2which is preconsolidated Emk%rrz' This loading stage consisted of

reloading sampleéS— 2hus prepared in two increments, namely: 2.0-4.0:840 k%rrz' For

these two increments the compression and pore peedsiia are observed as in sangpte. 1

The sample in its original void ratio, (sampB- ) i8 flooded without allowing any volume
change for 24 hours. Then, it is loaded in theofeihg increments: 1.0; 2.0; 4.0; S!f%rrz'

During loading, the necessary data is obtained #seifprevious cases. It should be noted at this
stage that the pressure increment ratio used thouidesting is 1.00 to minimize the secondary
time effects.

On the other hand, another important factor affgctionsolidation behavior is the
preconsolidation pressure (Taylor (1948) and LeW®50). In this investigation, it is hoped to
throw some light on to this controversial point bgans of the behavior of test sample , a?
least for the soil investigated.

5.4 Presentation of Results

In presenting the results, the very first step wdaddthe determination of the amount of
primary consolidation. Where pore pressure measemésnare made, it is better to use the
criterion of zero excess pore empirical procedofesirve fitting. Therefore, as was proposed by

Crawford (1964), for each increment, compression wans were plotted versus the pore
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pressure dissipation and the straight line portibthe curve (which is straight up to about 70%
consolidation as predicted by means of the midelpore pressure data) was extrapolated to
zero pore pressures to determine the amount of @ssipn during primary consolidation. This

amount is designated af,, Therefore, if compression of the sample at anyetimd,, the

percent consolidatiob) at that time is found by the expression,

V% =-% x100 (5.22)

100

Using this expression, the percent consolidationeshbre calculated for each increment
and plotted against time in the lower portion in 5i§ to 5.16 inclusive. They are shown by the
solid lines marked “experimental”.

Subsequently, using the time values correspondiri®o consolidation on these curves,

the coefficient of consolidation of consolidati@) is obtained via eq (5.16) for the Terzaghi

case (Fig 5.2A= DPand thus, these curves are fitted through 50%aatation by the Terzaghi

predictions. These predictions are shown in theréigiby the dotted lines marked “Terzaghi”

The method proposed herein was then applied asv®illo

By inspection a suitablédvalue is chosen and using the time value correspgnid
50% consolidation once again, a new consolidati@fficent corresponding to thigvalue is
found. Then the fitting procedure related aboveasied out using the theoretically developed
curves for the choserAvalue in Fig 5.2. This trial procedure was repeatetii a good
agreement between the “experimental” and “predictedves was obtained. The curves that fit
the actual behavior in the best manner are alsaslom the same on the same figure as above.
The same fitting procedure for the appropridtealue found as above is applied to the observed
pore pressure dissipation values for comparisois, time making use of the theoretically
developed curves in Fig 5.3. The results of theseparisons are presented in the top portions of
Figs 5.5 to 16 inclusive, solid lines again repntisigy the experimental observations, and the

other corresponding to the fitting made via thevaht A value.
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5.5 Discussion of Results

An analysis of the curves obtained by the procedrteleged in the previous section may
be related as follows:

In general, it is obvious that for the soil invgatied in various states, the Terzaghi theory
seems to be still a very powerful tool in predictthg rates of settlement. However, except for
the three pressure increments of sarf§pte, whose behavior is presented by Figs 5.6, 5.7, 5.8
and for the last pressure increment of samfle pr8sented by Fig 5.16, there exist
discrepancies between the actual the actual caladimin behavior and its Terzaghi predictions.
These deviations, which are largely attributed tectsdary effects”, are seen to be correctable
by means of the theory forwarded in this study. This very strongly supports the idea that
these deviations mostly result from varying comgitdbty and permeability during
consolidation, which is the starting point of thedretical development in this investigation. The
cases exemplified by Figs 5.6, 5.7, 5.8 and 5.ldxety agree with Terzaghi behavidr= . 0
The actual pore pressure dissipation behavior, evfited either by the Terzaghi theoy= 0
or the theory proposed hereil € appropriate value) seems to be very closely prabliet This
shows once again the predominate character of theoflynamic process during consolidation
rather than the secondary effects.

It is worth nothing that the parametéris always positive. Eq (5.15) indicates that in this
case, the rate of decrease of permeability is teelgminant factor rather than the rate of
decrease of compressibility, for the soils testidis also interesting to note that for the
preconsolidated sampl8— tts generalized theory is applicable for determgnihe rates of
compression, since the applicability of the Terzalgeory (rather the hydrodynamic philosophy
behind it) has been questioned for preconsolidsbdd.

Reviewing the behavior of the sample of soft corsisy (sampleS— J it is seen that
deviations from Terzaghi theory occur when the fiogtd increment is applied (Fig 5.5) and
again when increments of large magnitude are appliegs 5.9, 5.10, 5.11). This may be due
to the fact that in both cases the soil samplerésymably subjected to larger alteration in its

structure and its engineering properties duringsobdation. In fact, both compressibility and

81



permeability should be considered as functionshefrhagnitude of applied pressure as well as
an intrinisic property of the soil depending onvtsd ratio, structure, degree of saturation, etc.
Therefore, it would not be wrong to presume thatibssmple loaded in increments up to a

certain pressure would follow a different pressuremheation curve than if the ultimate pressure

had been applied all in one step.

In this investigation, note should be made of thea that that the usual empirical curve
fitting methods such as the square root fittinghuodtor the logarithmic fitting method are not
employed, mainly due to the fact that the measun¢miepore pressure is believed to be a better
substitute. In view of the present study on the oti@nd, a criticism of these methods may be
made. Fig 5.17 shows the average consolidationgol@gainst the square root of the time factor,
for the Terzaghi case and for values/Af + 200 A=- 100t is obvious that the application
of the square root fitting method to any soil babain any other manner than that of Terzaghi
A=0 would give vastly incorrect results both as to tinae of completion of primary

consolidation and to the value of the coefficieht@nsolidationC, .

Fig 5.18 shows the same curves plotted againsbtaithm of time. It seems from these
figures that although deviations are apparent,etiners introduced by using the “logarithm of
time” fitting method would be smaller. Foh=+ 1600s method is seen to yield about 90%
primary consolidation instead of 100%. For largesipve A=+ 100 values, the errors become
much larger. This observation may in fact accoameast partly for the discrepancies that occur
between the settlement rates predicted in the ladmgrdby these empirical rules and those

actually taking place in the field.

5.6 Conclusions

As a result of the present study the following cosidas may be reached:

1) The Terzagi theory, in predicting the settlenraes is a very valuable tool.

2) The observed departures from this theory seele tmostly due to the variation in the
compressibility and the permeability of the soibr Ehe specific soil tested, permeability seems
to be the predominant factor.

3) Using the theoretical treatment forwarded in tiigdy, it is possible to eliminate

largely the discrepancies and predict the ratesgttfement more accurately.
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4) As far as the soil used in this study, it is shahat the proposed theory may also
account for its apparent departures from the Tdvizaghavior in a preconsolidated state as well.

5) The empirical curve fitting procedures shouldapplied with caution. Although the
logarithmic fitting procedure seems to be moreatd®, for important civil engineering estimates
of rate of settlement and for research, pore pressgissipation tests seem to be the best

procedure.
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Notations

a, Coefficient of compressibility

¢, Coefficient of consolidation

e Void ratio

e, Initial void ratio

f( ) Function of

k, Initial coefficient of permeability
k. Final coefficient of permeability
n Porosity

p Stress

Ap Stress increment

t Time

u Excess over hydrostatic pressure
V Velocity

V,,, Directions velocity inx, y, z

w Water content

w, Water content at liquid limit

z Distance
A Area

C Parameter o*A—U
Ao

D Dissipation of mid-plane pore pressure
G, Specific gravity

H Thickness of layer

P Load

S Settlement

T Dimensionless time factor

U Degree of consolidation
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V, Volume of voids

V. Volume of Solids
V_Volume of water

W, Weight of solids

W, Weight of water

y. Unite weight of solids
¥, Unite weight of water

o Total stress
o Effective stress in soil
Ao Stress increment

a (T) Trial solution (Time function)

k Permeability
h Specific permeability
R Function residual

u, Initial pore pressure

u Pore pressure

W Pore pressure (Dimensionless)

Z Space parameter (Dimensionless)
@, (Z)Trial solution (Depth function)
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