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INTRODUCTION

This report compares two methods of calculating the con-
solidation settlement of highly compressible submerged clay
deposits subjected to a free draining surcharge. As shown by
Baligh and Fuleihan (1978) settlements of 0.9 to 1.2 m occurfed
in a layer of clay 30.5 m thick on which was placed a 3.0 m
ltayer of sand. Under these conditions the conventional
Terzaghi (1943) method of predicting the magnitude and progress
of settlement is inappropriate, because of its assumption of

smail strains.

The two methods that are being compared have been put
forward by Baligh and Fuleihan (op. cit.), and by Eisenstein
and Sandroni (1979) respectively. These methods modify the
conventional Terzaghi's theory of consolidation by taking into
account the changes in the magnitude of the imposed load as the
fill sinks below the water level and the changes in the length
of the drainage path. The practical importance of these ana-
lyses is 1n the prediction of the magnitude and the time rate
of settlement of reclamation fills placed over lacustrine de-

pesits in coastal lagoons and estuarine depocsits.

CONVENTIONAL ANALYSIS

The classical Terzaghi's one-dimensional consolidation

theory for saturated clays has been found to generally over-—



estimate the time of consolidation. This theory is based on
the following set of simplifying assumptions, regarding mate-
rial properties and the dimensionality c¢f compression (Terzaghi,
op. ¢it.). These assumptions, in reality only approximately

satisfied, are:

1. The soil is saturated.

2. The water and soil constituents are incompressible.

3. Darcy's law is valid.

4. The coefficient of permeabiiity (k) is constant.

5. The time lag during consolidation is only due to low
permeability of the soil.

6. The strains of the soil skeleton are controlled by a
linear time dependent relationship (mV is independent
of strain).

/. The soll skeleton is homogenecus.

8. The strains, velocities and stress increments are
small, and the theory is quasi-static.

9. Secondary compression is neglected.

10. The surcharge load is applied rapidly.

For the soil conditions considered in this paper, it is
assumption (8) that is not complied with. The other assumpt-
ions are retained and are assumed to be valid. The final
settlements of these normally consclidated, highiy compressible

soft clay deposits are large, and therefore the changes in the



vertical stress are large. C(onsequently the thickness of these
clay layers is considered a variable rather than a constant.

The problem then becomes one of a moving boundary.

During consolidation,the settlement of the soil layer is
governed by the vertical strains generated by an increment of
loading. In the conventioanl analysis, for each layer i, the
magnitude of the settlement is calculated as follows

p==% m,H, ac; (1)

The governing field equation for the time rate of consoli-

dation settlement, due to time-independent loading, is
C 2%u _ 2u
vizr = 5t (2)

The solution to equaticon (2) is wusually given in the form of

u = f(T) (3)
where
T = CV t (4)
(H07?)2

These two separated parts of the analysis are connected by
the assumption that the developed strains are related to the
corresponding excess pore pressure. That is

4}6}' = & - Aui (5)

S0IL CONDITIONS

A schematic diagram of the soil and lcading conditions is

shown in Figure 1. A highly compressible, soft clay deposit,



with an initial height HO, is overlaying a free draining and
incompressible stratum. On this clay layer is instantaneously

placed an incompressible sand fill with a thickness H The

£
water level is above the top of the clay, and remains constant

due to the external environment.

During consolidation the thickness of the clay layer
decreases, the sand fill becomes increasingly more submerged
and the lenght of the drainage path increases. This settlement

is large compared to the initial height of the clay stratum.

ANALYSIS ACCORDING TO EISENSTEIN AND SANDRONI

Eisenstein and Sandroni (cop. cit.) analysis is briefly
summarized below. Only the main equations are noted. Their
derivations can be found in reference 3. A schematic diagram

of the soil conditions is shown in Figure ft.

The aim of this analysis is to evaluate the amount of
fill that will be required to obtain a specified final ele-~
vation. The total height of reguired fill is

He = Ho + Hy + by (6)

The time rate of consolidation will be analysed for the

height of fill Hf.



1. Change in Load

The change in load due to submergence of the sand fill
is taken into account by considering the amount of water that
is squeezed out during consolidation. The total stresses at
the top and bottom of the clay layer are calculated. The
average change in load across the consolidation layer then 1s

AT = k(oo ) (7)

p tp bp
ﬂt(YS - Yy - YW/Z)

+ 45, ) = ‘/apt(YS S T S

d W S d

2. Change in Thickness

The change in thickness of the clay layer during consoli-
dation is expressed as
H = HO ~ B (8)
The settlement of the layer is calculated using Terzaghi's

equation

p = H m, ac" (9)

3. Modification of Settlement Calculation

The initial and final effective stresses in the middle
of the consoclidating layer are calculated. The decrease in
the thickness of the consolidating layer is taken into con-
sideration by uéing equation (8} in the evaluation of the

final effective stress. The initial effective stress is cal-



culated based on the soil conditions prior to the placement
of fill. The average effective stress change is then obtained
using
I - ! - 1
sc' = © s . (10)
then

Aa”f = HS(YS - Yw) + Hde + Df(Ys - Yw) (11)

By rearranging this equation together with equation (9) the
final settlement is

HomV[HS(YS ~ Yw) + Hde]

To- HOmV(YS - Yw)

Py =

4. Modification of Consolidation Theory

The change in lcad during consolidation is taken into
account by modifying the Terzaghi field equation according to

Gibson (1958).

54 -9 o (13)
where B is a pore pressure coefficient defined by Bishop
(1954). By using equation (9) p is established. Then by
substituting equation (7) and the p term into equation (13)

and rearranging,the following is obtained

‘Hm (Y - Y, - Y /2)
CVQEU = aU[T - B 0 V¥ S d W
az 7 ot HOmV(Y - Yy - YW/Z) -1

S

1 (14)

A modified coefficient of consolidation (CV*} is introduced



C * = v (15)
- Yd - Yw/E)

Homv(YS - Yd —YW/E) -1

The conventional Terzaghi's field equation is then retained

using the modified coefficient of consolidation.

CV*QZU = Ju (16)
dz°? ot
The modified time factor T* then is
_ * t
T* = CV (17)

- 2
(Hy/2 - py/2)
It is used in evaluating the progress of consolidation with
time. However since T* is a function of settlement it has
tc be reevaluated during the consolidation calculations as the

magnitude of settlement changes.

The computation procedure for this method of analysing

consolidation settlement i1s shown in the examples.

ANALYSIS ACCORDING TO BALIGH AND FULEIHAN

Baligh and Fuleinan {op. cit.) consider the effects of
large settlements by means of a smaill strain one dimensional
theory. Their analysis is briefly summarized below. O0Only the
final equations are noted. Their derivations can be found in
reference 1. A schematic diagram of the site conditions is

shown in Figure 1.



1. Modificaticn of Settlement Calculation

The authors introduce two parameters, ﬁ?and C where
A =1 - {YS - Yd)/\!w =1 - n(1 - §) (18)
and
C = mVHOYw (19)
the parameter g2 deals with the properties of the fill, while
parameter C measures the flexibility of the consolidating

clay layer.

Using 8 and C the consoclidation settlement equation is
modified as follows

pe = e (20)
1 + AC Yw

When C is small, such that C << 1, the settlement eqguation

{20) reduces to the classical Terzaghi equation.

2. Modification of Consolidation Theory

Terzaghi's field equation {3) is modified to take into

account the settlement effect. The resulting expression is

H,
C 3*h = 3h - BC 1 2h dz (21}
Vaz?  Jt T ¥ gC ) ot

This linear integro-differential equation reduces to the
classical Terzaghi's equation when the flexibility parameter

{ is negligible.

Equation {(21) is solved by converting it to a normalized



equation and then using the perturbation method. The following

boundary conditions apply
+

t = 0 h(z,0) = AQ + Hw
_ Ty
z =0 h{0,t) = Hw
z = H, h(H . t) = H

The terms in the expansion are as follows

W, = 22;1‘exp(—n‘2T)siﬂ(n'Z) (22)
neid s
WO = Zgilexp(—n”]’) (23)
neldsn
W, = _!J,:Z:l exp{-n'?*T)[T + (24)
neid, nl
2 exp{n't - m'#)T - 1] sin(n'Z)
meli3g HYTTTTR T
Wq = ;%E;l exp{-n"*T)[T + (25)
ShaSTY
Zexp(n'® - m'?)T - 1]
hxﬁ‘ n'?i - m'’?

where

n' nft/2 mt o= mn/2

#

both n and m consist of odd integers only.

and
Z: 7 TZ CVt
HO72 (HOYZTT
Tog obtain the total excess head at time t
ah = ag{W_(Z2,T) + 8C W, (Z,T)] (26)
v, ° T 8T

The term wo corresponds to Terzaghi's solution and w1 is a

modifying factor for the changes in stress.

The degree of consolidation Is given by
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0(r)y =1 -W_(T) - &¢C W1(Z) (27)
© T+ 8C

or

U(T) = O(T) .- BC W(T) (28)

Terzaghi W 1
The computation procedure is shown in the following

examples,
EXAMPLES

Two typical examples are presented to illustrate and
compare the proposed methods of evaluating consolidation of

soft clays.

EXAMPLE 1

This example is taken out of Baligh and Fuleihan's
paper. The relevant scil properties are listed below and

the soil conditions are shown in Figure 2.

Properties of the clay:

C 8.0 » 1074 cm?/s

v

m

L= 2.23 x 1070 me/n

0.223 ¢cm?/kg

i
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Properties of the sand fill:

Y = 2.0 g/cm?

YZ = 1.84 g/cm?®

S = 0.25

n = 0.333

aq = 0.886 kg/cm?

1. Terzaghi's Method

Time factor:

T = CV

(8.0 x 10°%) (3600)(26)t = 8.26 x 10™° t/day

(183072)7

Degree of Consolidation:

for 0 < U <509 0 =2 Cvt (29)
T TH;TZTT
for U > 50% U= 1 -8 exp(-12T/4) (30)
“Tr‘z'

Final total settlement:
pf - mvHoAq
305(0.002 - 0.001) + 305(0.00184)

i

44

0.866 kg/cm?

Pe (0.223)(1830)(0.866) = 353.41 cm

The results of the Terzaghi's analysis are summarized in

Table 1 and shown in Figure 3.
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2. Eisenstein and Sandroni's Method

Final total settlement:

In order to evaluate the final settlement it s

necessary to know Hd' Since H, and HS are known, H, can be

f d
obtained by substituting equation {6} into equation (12).

Pe (1830)(0.223)[305(0.001}) + 0.00184Hd]

1 - (1830)(0.223)(0.001)

11

689.45[0.3056 + 0.00184Hd]
and using equation (6)

H. = HS + H, + then 610 = 305 + Hd + Df

i d ¥ Pr

then Pe = 689.45(0.305 + 0.00184(305 - pf)]
solving for Pe and Hd we get Pe = 263.3 ¢m
Hd = 41.7 ¢cm

First iteration:
The following calculations are shown in Table 2.

The time factor and the degree of consolidation are
calculated using Terzaghi's analysis. The settlement at time
t is calculated using the modified Pes @S obtained above.

That is

b, = D% Df

1.
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Second iteration:

The modified time factor T* and coefficient of conso-
lidation CV* are calculated. Using equation {15}

cv* = 9.11 x% 10"4 cm/s

The pore pressure coefficient B is assumed to equal one,

then using equation (17)

T* = 9.11 x 10" %

(1830 - QtJZ
2

The degree of consolidation U* is evaluated using equations
(29) and (30} together with the modified time factor and the

coefficient of consolidation.

Third iteration:

The modified time factor is calculated using Pt obtained
in the second iteration. A new value for the degree of conso-

tidation and the amount of settlement at time t is determined.

Since the change in the degree of consolidation between
the second and the third iterations is negligible another

iteration is not necessary.

The final iteration is presented in Table 1 and shown

in Figure 3.
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3. Baligh and Fuleihan's Method

Modifying parameters:

C

(0.223)(1830)(0.001) = 0.40
A8 =1 - 0.333(1 - 0.25) = 0.75

and AL 0.30

Final total settlement, using equation (20):

0.866 = 266.46 cm

P 4
0.30 0.00¢1

= 0.
P+

Degree of consolidation, using egquation (28):

0.30 W
T+ 0.30

"'UTerzaghi 1

The values obtained using the above equation and the
amount of settlement at time t are summarized in Table 1 and

shown in Figure 3.

EXAMPLE P2

This example iIs taken out of Eisenstein and Sandroni's
paper (op. cit.}). The relevant scil properties are listed

below and the soil conditions are shown in Figure 4.

Properties of the clay:

C

v 0.01 cm?/s

1t

m 0.5 cm?/kg

v
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Properties of the sand fill:
Y = 2.05 g/ ¢m?
Y, = 1.75 g/ cm?
S = 0.25 (assumed}
n = 0.30

AQ 0.796 kg/cm?

t. Terzaghi's Method

Time factor:

T = (0.0

) (3600) (24)t = 3.46 x 107° t/day
1 F]

(

00072)
2 1 &t (29)
VAl THO72)2

for U > 509% U=1 -8 exp(-12T7/4) (30)
ﬁ?

1
(
Degree of Consoclidation:

for 0 < U <509 0

Final total settlement:
Pe = mVHoaq
100(0.00205

I
o

AQ .001) + (1000 + 495 - 1100)0.00175

0.796 kg/cm?

it

(0.5)(1000)(0.796) = 398 cm

Pe

The results of the Terzaghi's analysis are summarized in

Table 3 and shown in Figure 5.



16

2. Eisenstein and Sandroni's Method

Final total settlement, using equation (12}:

#

po = (1000)(0.5)[100(0.00205 - 0.001) + 100(0.00175)]

1 - 1000(0.5)(0.00205 -~ 0.001)
294 .74 c¢m

then using equation {6)
Hf = 100 + 100 + 294.7 = 494.7 cm

First iteration:

The following calculations are shown in Table 4.

The time factor and the degree of consolidation are cal-
culated using Terzaghi's analysis. The settlement at time t
is calculated using the modified Pes @S obtained above. That
is

Py = U2 by

Second and third iterations:

The modified time factor T* and coefficient of conso-
lidation Cv* are calculated. Using equation (15)
CV* = 0.011 ¢m/s
The pore pressure coefficient B is assumed to equal one.

Then using equation (17}
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T* = 0.011 t
000 - p

(1 )
-

The degree of consolidation U* is evaluated using equations

(29) and (30) together with the modified time factor and the
coefficient of consclidation. The amount of settlement at

time t is determined.
Since the change in the degree of consolidation between
the second and the third iteraticons is negligible another

iteration is not necessary.

The final iteration is presented in Table 3 and shown

in Figure 5,

3. Baligh and Fuleihan's Method

Modifying parameters:

1]
t

C (0.5)(1000)(0.001) 0.50

g =1 -0.30(1 - 0.25) 0.78

it

and aC 0.39

Final total settlement, using equation {20):

P, = 0.50 0.796 = 286.3 cm
f 39 UTooT.

Degree of consolidation, usingequation (28}:

0 =10 0.39 W

Terzaghl = 4 g—g
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The values obtained using the above equation and the
amount of settlement at time t are summarized in Table 3

and shown in Figure 5.

DISCUSSION

The two methods that are compared in this report are
only applicable to cases where the water table is and re-
mains, during consclidation, within the fill layer. Once
the fill sinks below the water table the classical Terzaghi

solution would be used.

Both of these methods, of analysing consolidation settle-
ments of soft compressible clay deposits, provide basically
the same results. This is shoewn by the degree of consolidat-
ion graphs in Figures 3 and 5 and in Tables 1 and 3. The
maximum difference in the degree 0f consolidation is 4%
in example 1 and 10% in example 2, while there is only a
1.2% and 2.9% difference,respectively, in the final settle-
ment values. These analyses predict a faster time rate of
consolidation than that predicted by Terzaghi's analyses.
There also is a decrease of one third in the final settle-

ment values,

The method proposed by Eisenstein and Sandroni is simple

tc use since i1t utilizes Terzaghi's classical field equation.
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The degree of conselidation and the time factor have been

modified but the rest of the analysis has retained the shape
of the field equation. Therefore the solutions that have been

worked out for many common situations are applicable.

The analysis proposed by Baligh and Fuleihan is more
difficult te use. This analysis establishes a new integro-
differential equation, whose evaluation is time consuming.
If large size graphs were available of the solutions, then
this method would be relatively easy to use. This analysis
also requires that the degree of saturation of the fill be
known. This value is notneeded in fisenstein and Sandroni's

analysis.

Eisenstein and Sandroni's analysis provides solutions
to consolidation cases where the final desired ground eleva-
tion is known, such as during reclamation projects. If only
the amount of fill that has been placed is known, such as
during preloading, then Baligh and Fuleihan's analysis is
more appropriate. If the former andysis is used, the amount
of fill that will be above fhe water table at 100% consolidation
must be estimated and calculated by a trial and error method,
as seen in example 1. Should Baligh and Fuleihan's analysis
be used for a reclamation project then the amount of fill that
would be required to obtain a final ground elevation would have

to be calculated by a trial and error method.
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Both ¢f the methods compared in this report provide
similar results. However since field data were not available
to compare these methods to, it is not known whether they
accurately represent actual field conditions. It would

be very usefull to carry out a comparison with field data.
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LIST OF SYMBOLS

u

U%

pore pressure coefficient defined by Bishop (1954)
flexibility parameter (Baligh and Fuleihan (op.cit.))
coefficient of consolidation

thickness of fill above the water table

thickness of fill

thickness of given layer i

initial thickness of clay layer

thickness of fill below the water table

height of water level

total head, sum of elevation and pressure heads
coefficient of permeability

coefficient of volume compressibility

porosity

surcharge load

degree of saturation

time factor

modified time factor (Eisenstein and Sandroni {(op.cit.))
time

pore pressure

degree of consclidation

W,sWy,W_ , W, modifying factors (Baligh and Fuleihan (op.cit.))

z

A

&

0’ "o
thickness of consolidating layer

saturation parameter (Baligh and Fuleihan (op.cit.))

increment



unit weignt of fill

unit weight of submerged fill
unit weight of water

final surface settlement
settlement at time t
effective stress

total stress
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