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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
cubic feet 0.02831685 cubic metres
feet 0.3048 metres
inches 0.0254 metres
pounds (force) per square inch 6.894757 kilopascals
pounds (force) per square foot 0.04788026  kilopascals
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
square feet 0.09290304  square metres
tons (force) per square foot 95.76052 kilopascals



CONSOLIDATION OF SOFT LAYERS BY FINITE STRAIN ANALYSIS

PART I: INTRODUCTION

1. The importance of the ability to accurately predict the con-
solidation behavior of soft clay deposits is manifest in the millions of
dollars spent annually in the disposal of materials dredged from the
nation's waterways and wastes of the mining industries involved in phos-
phate and other mineral ore production. To adequately design the catch-
ments necessary to hold these vast quantities, knowledge of the rate of
settlement of the clayey material is required. The economics of the
disposal operation dictates that each specially constructed area be used
to its fullest potential. Therefore, estimating the consolidation in
each area is a prerequisite to determining the overall area needed to
support a specified application rate.

2. Methods currently available for computing the potential set-
tlements of soft clay deposits as a function of time are based on both
empirical and theoretical relationships. This report will deal prin-
cipally with the theoretical aspects of consolidation and their applica-
tion to the settlement of soft clay deposits under self-weight loading
(although the theory and techniques employed are equally applicable to
other types of loading as will be shown in a practical example). It
should be noted here that the method to be presented is limited to one-
dimensional consolidation of saturated clay deposits which in actuality
is no limitation when applied to the large wet disposal sites in current
use. Other limitations will be discussed as they apply to particular
solution techniques, but in general the theory will require only that
the clay deposits be homogeneous in material type.

3. The first theory enabling the prediction of one-dimensional
consolidation in soils was published by Karl Terzaghi in 1924. The
simplifying assumptions adopted for this original theory were such that
its applicability was effectively limited to the consideration of re-

latively stiff thin layers at large depths. For example, the assumption



that there is a constant relationship between void ratio and effective
stress and that permeability does not change within the consolidating
material is valid only when the ultimate change in effective stress is
small in comparison to the preconsolidation effective stress. Because
settlements in soft clay deposits such as dredged fill where strains
greater than 50 percent are not uncommon, the assumption of small
strains negates the usefulness of Terzaghi's theory unless soil param-
eters and layer thickness are continuously updated.

4. The usual form of Terzaghi's governing equation (Terzaghi and

Peck 1967) is

2

ax
where u is the excess pore water pressure and <, is the coefficient
of consolidation. The independent variables are time, t , and the ver-
tical space coordinate, x . Even though this differential equation has
limited applicability to the general problem of soil consolidation, it
has remained the popular choice among geotechnical engineers because it
is the simplest equation and is taught in all basic soil mechanics
courses. Solution of the Terzaghi equation is simplified because it is
linear and the same as the heat conduction equation for which analytical
solutions for a multitude of boundary conditions are available (Carslaw
and Jaeger 1959).

5. Many authors have offered alternatives to Equation 1 to better
simulate the actual behavior of soils. Schiffman and Gibson (1964) as-
sumed that permeability and the coefficient of volume change were known
functions of depth and derived the governing equation as

_a_z_u + 1 dk 3u _ ____Yme(X) du (2)
aX2 k dx 3x k(x) ot
where k 1is permeability, Yo is unit weight of water, m is coeffi~
cient of volume change, and other terms are as defined previously.

Davis and Raymond (1965) produced a nonlinear theory of consolidation by

assuming a constant logarithmic relationship between void ratio and



effective stress. Their governing equation is

A A B ;__2 dudd'| _1 3¢’ (3)
v]do' 8x2 o' IX 99X o' 3t

where o' 1is vertical effective stress and other terms are as previously

defined. Other theories or variations include the works of McNabb
(1960) and Mikasa (1965). However, all of these variations to the
original Terzaghi equation have their own unique limitations and are not
suited for application to large deposits of soft dredged fill or mine
tailings.

6. While the equations of McNabb and Mikasa did allow for large
strains, the first completely general theory of one-dimensional consoli-
dation in soils was published by Gibson, England, and Hussey in 1967.
Their governing equation, which will be fully developed in the next

section, is

Y '
Ys _Vd et Jse,d | k) do' de|, de_
(y l) de [l + e] 3z + 3z [yw(l + e) de 93z + at 0 (4)

w

where Yq is the unit weight of solids, e 1is void ratio, z 1is a
material coordinate to be explained later, and other terms are as de-
fined previously. The consolidation equation in this form is particu-
larly suited for application to thick soft clay deposits because it
intrinsically includes the effects of self weight, permeability varying
with void ratio, and a nonlinear void ratio—effective stress relation-
ship. It also is independent of the degree of strain which is the key
reason it is suitable for thick soft clay deposits susceptible to large
settlements. Hereinafter, Equation 4 will be referred to as the finite
strain theory while Equation 1 and its variations will be referred to as
the small strain theory.

7. The fact that Equation 4 is a completely general theory of one-
dimensional consolidation was demonstrated by Schiffman (1980) when he
showed that the small strain theory and its principal linear and nonlin-
ear variations are all special cases of the finite strain theory. Prac-

tical application of the theory and a comparison of results with those



of the small strain theory were presented by Gibson, Schiffman, and
Cargill (1981). Using conventional laboratory data for a soft marine
deposit, they demonstrated that faster and larger settlements are pre-
dicted by finite strain theory although predicted dissipation of excess
pore water pressure may be slower than that predicted by the small
strain theory.

8. The next part of this report will document the development of
the finite strain theory governing equation along with the initial and
boundary conditions necessary for its solution. The solution technique
to be employed is an explicit finite difference scheme which will then
be illustrated in a manner suitable for computer programming. The com-
puter program CSLFS (Consolidation of Soft Layers, Finite Strain) will
be used to solve a practical dredge fill consolidation problem and a
soft foundation consolidation problem to illustrate the capabilities of

the program. A user's manual for CSLFS is included in Appendix A.



PART II: FINITE STRAIN FORMULATION
OF ONE-DIMENSIONAL CONSOLIDATION

9. The basic assumptions necessary for the development of the
theory of one-dimensional finite strain consolidation are:

a. The soil system is saturated and consists of a compres-
sible soil matrix and incompressible pore fluid. While
the soil matrix is considered compressible, individual
soil particles are incompressible.

b. Pore fluid flow velocities are small and governed by
Darcy's law.
c. There is a unique relationship between soil permeability
and void ratio such that
k = k(e) (5)
d. There is a unique relationship between vertical effective

stress and void ratio such that
o' = o' (e) (6)
e. The material is homogeneous as to type.
These conditions are only slightly restrictive and imply monotonic load-

ing. The usual assumption made in the small strain theory restricting

the magnitude of strain is not made here.

Coordinate System

10. The election to allow unlimited strain makes the use of a
fixed coordinate system impractical due to the relatively large movement
of the top boundary of the consolidating layer. To simplify the re-
quired mathematics, a coordinate system which moves with the layer is
needed. This condition is satisfied when the coordinates are defined in
terms of the volume of solid particles in the layer, which happens to be
a constant quantity. These material or reduced coordinates (Ortenblad

1930) are uniquely suited for use in the time-dependent consolidation

10



problem because they are time independent and independent of the amount
of strain.

11. Before material coordinates can be employed, however, a rela-
tionship must be established between these coordinates and the more
conventional methods of thickness measurement. Consider the soil element
shown within the consolidating layer in Figure 1. At time t = 0 the
initial configuration is given in what will be called Lagrangian coordi-
nates. This system is related to '"real'" measurements at t = 0 . For
time, t , during the consolidation process, ''real' measurements are
made in terms of a convective coordinate system which is a function of

the Lagrangian coordinate and time.

2%
/
~—2%%g
77 ¢%8 0,
Sa 85 QD%QD %o
e g 05 g N g bo ¢
b =R & 7,2 59 §la,t)
o W
a £(a t)
= p
p 270 \ \

LAGRANGIAN CONVECTIVE
COORDINATES (a) COORDINATES (&)
t=0 +>0

Figure 1. Coordinate systems

12. Both Lagrangian and convective coordinates are a measurement
of the soil system, which includes both solid soil particles and the
pore fluid. As previously stated, the material coordinate is a measure
of the volume of solid particles only. A comparison of these three
systems is illustrated in Figure 2. As shown in the illustration, only
the Lagrangian and material coordinates are constant for all time for
particular points in the soil layer. It is, therefore, convenient to
develop the governing equation in terms of either of these systems. The
material coordinates will be used here.

13. Since material coordinates are not measurable in the usual

11
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Figure 2. Comparison of coordinate systems

sense, it is necessary to develop a method of conversion from one coordi-
nate system to another so that the layer thickness may be expressed in
easily understood conventional units at any time. Consider the differen-

tial elements of soil shown in Figure 3. If these elements are chosen

s ]
)

[
]

dg

WA/ %

.

77

t=0

LAGRANGIAN

Figure 3.

t>0

CONVECTIVE

+=08&+t>0
MATERIAL

Differential soil elements

such that they encompass a unit volume of solid particles, then

and

da

dg

12

(7)

(8)



dz = 1 (9)

where e is the initial void ratio and e 1is the void ratio at some
o

later time during consolidation. By simple ratios

dz. 1

da 1+ e (10)
o]
de
P 1 +e (11)
and
de _ 1+ e
da 1 + (12)
o]
Thus conversion from one coordinate system to another can be accom-
plished by simple integration such that
a
_ da
2 "/1 T e(a,0) (13)
0
and
Z
g =~/~[l + e(z,t)] dz (14)
)

These relationships will be used extensively throughout the remainder of
this development so that equilibrium and continuity conditions may be
expressed in the most easily understood manner and then transformed into

the material coordinate system for the governing equation.

Material Equilibrium

14. The equilibrium of a soil element having unit area

13



perpendicular to the page and a unit volume of solid particles is illus-

trated in Figure 4. The weight, W , of the element is the sum of the

do
‘ o +Ed§

o {w

GRAVITY

rc COORDINATES_t.+

Figure 4. Soil element in equilibrium

weights of pore fluid and solid particles:

W=e~y + (1) v, (15)

Therefore, equilibrium of the soil mixture is given by

3a

o+ 3

+ -_— =

dg (e Yy + YS) o 0 (16)
where o 1is the total stress. By simplifying and applying Equation 8,
an equation relating the spatial rate of change in total stress to the

void ratio and unit weights of solids and fluid is obtained:

50 , €M T s

e " 1+e 0 7

Multiplying through by ‘%% and substituting Equation 11 gives the
equilibrium equation in terms of material coordinates:

30

v, tev, Ty, =0 (18)
15. It is also necessary to derive an expression for the equilib-

rium of the pore fluid alone. Considering the total fluid pressure at

any time to be composed of both a static and excess pressure gives

14



u = u +u (19)

where u, s U and u are total, static, and excess pressures,

respectively. Static pressure equilibrium is ensured if

Ju
_©°

5E + Y, = 0 (20)

Therefore, differentiation of Equation 19 yields
— - —+ v =0 (21)

or in terms of the material coordinate

auw Ju
3z - EZ_ + 'Yw(l + e) =0 (22)

Fluid Continuity

16. To determine the equation of continuity for the fluid phase
of the differential soil element, the weight of fluid inflow minus the
weight of fluid outflow is equated to the time rate of change of weight
of fluid stored in the element. As shown in Figure 5, the weight of

fluid flowing into the volume is

n . v - ‘Y (23)
per unit area where n 1is the volume porosity which is here assumed
also the area porosity and v 1is the velocity of flow. Since the soil
solid particles are also moving during consolidation,

vV=v,_-v (24)

where subscripts f and s represent fluids and solids, respectively.

15
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Figure 5. Fluid flow through a
differential element

The weight of fluid outflow is
By ke (e v ey )de (25)
% o0& w

By specifying the differential element to have a unit volume of solid

particles, the weight of fluid contained within the element is
ey (26)

and its time rate of change is therefore

g—t (e Yw) (27)

Equating this time rate of change of the weight of fluid within an
element to inflow minus outflow results in
3 de _

| 3E [n(vf vs)] dg + Y 0 (28)
where the fluid is assumed incompressible and thus has a constant unit
weight which is cancelled in the equation.

17. Equation 28 is the equation of continuity expressed in terms
of the convective coordinate system. Utilizing the chain rule for

differentiation, the relationship

16



3F _ 3F d

2z ~ 3t dz (29)
can be written where F 1is any function. Equations 8, 11, and 29 can
be applied and Equation 28 can then be written as

0 Je _

S v - vl + 52 =0 (30a)
or

e(v,. - v )

3 f s’ jJe _

9z [ 1 + e ] * ot 0 (30b)
siuce

n-= = (31)

1 +e

Governing Equation

18. Before a governing equation can be assembled, two other re-
lationships are needed. The first is the well-known effective stress

principle

o=0"'"+4+u (32)

and the next is the equally well-known Darcy's law which is usually

written in the form

A (33)

Equations 21 and 31 can be used and this can be written in terms of

total fluid pressure and the void ratio as

e(v. - v) du
S s” _ _ ko W
1+e T, (35 + YW) (34)

By Equations 29 and 11, this becomes

17



|W

e(vf - VS) = -

du
W
Y., [32 +y, (1 e)] (35)

19. Now Equations 18, 30b, 32, and 35 can be united to produce a
governing equation. First, combine Equation 30b and 35 to eliminate the

velocity terms. Thus

Ju
0 k W Je _
3z |~ yw(l + e) <Bz + Y te Yw) + 3t 0 (36)

Next, use Equation 32 to eliminate u in Equation 36

L) k 90  d¢' de
3z [_ Yw(l + e) (Bz T3z Tt er)] * 3t 0 (37

and then Equation 18 to eliminate ¢ in Equation 37

3 k dg’ de
oz | Yw(l + e) <-Ys "oz T Yw>:| MY (38a)

f

o

or

Y y
s 9 k d k Elej Je _
(Yw - l) 3z (1 + e) + dz [Yw(l + e) 3z } + ot 0 (38b)

Again, by the chain rule of differentiation, the relationship

3F _ dF 3e

3z de 3z (39)

can be written and Equation 38b thus becomes Equation 4:

Y 1]
s _ ) 4 k() | 3e 3 k(e) do' de| . 3e _
(Yw 1) de [1 + e] 9z + dz [yw(l + e) de 32] * dt 0 (4)

which is the same as the previous Equation 4 and constitutes the govern-—

ing equation of one-dimensional consolidation in terms of the void
ratio, e , and the functions k(e) and o'(e)
20. An analytical solution to Equation 4 is not possible, but

once appropriate boundary conditions are specified, its numerical

18



solution is feasible with the aid of a computer. Of course, the rela-
tionships between permeability and void ratio and effective stress and

void ratio must also be known or assumed.

Boundary Conditions

21. Three types of boundary conditions are possible for a soft

clay deposit undergoing consolidation. These are shown in Figure 6 with

COMPRESSIBLE CLAY LAYER

2=0~ ‘
T %7

VA A
77 7 Ao

IMPERMEABLE SEMI - FREE
PERMEABLE DRAINING

Figure 6. Possible boundary
conditions
possible combinations at the top and bottom of the layer. The condition
of semipermeable is an addition to the usually assumed conditions of
either permeable or impermeable. The semipermeable condition represents
the state when a compressible layer is in contact with another different
compressible layer or when a compressible layer is in contact with an
incompressible layer which has neither the characteristics of a free-
draining layer nor those of an impermeable layer, but something in
between.
22. For the case of a free-draining boundary, there is no excess
fluid pressure and the total fluid pressure is equal to the static

pressure

u =u = hy (40)

where hw is the height of the free water table above the boundary.

Since the total weight of material above the boundary is known, total
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stress may be calculated, and by the effective stress principle, effec-
tive stress can be calculated. The void ratio is then deduced from the
known or assumed relationship between it and effective stress.

23. At an impermeable boundary, there is no fluid flow and thus
vV, = Vv (41)

Applying this to Equation 35 results in

Buw
5, Ty, +te)=0 (42)

but consideration of Equation 32, the effective stress equation, gives

30 3g' _
5z~ 3z + yw(l +e)=20 (43)
Now if Equation 18 is used to replace the total stress term and the

relationship of Equation 39 is used to express the effective stress part

in terms of the void ratio, Equation 43 can be written

oe s w

9z o 0 (44)

which is the boundary condition where the compressible layer meets an
impermeable layer.

24, The boundary condition for a semipermeable layer is based on
" the fact that the quantity of fluid flowing out of one layer must equal
the quantity of fluid flowing into the layer across their common bound-

ary. The quantity of fluid flowing across a boundary of unit area is
-v.) (45)

Therefore

[n(v,. - vs)] = [n(v, - VS)] (46)

upper lower
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where the subscripts indicate upper and lower layers. Then from Equa-

tion 33 and the relationship of Equations 29 and 11

k du _ k  3u
(l + e 82)1 - <l + e 82)2 (47)

where Yy, is eliminated because the same fluid is in both layers and

1 and 2 indicate upper and lower layers, respectively. It should
also be noted that the total, static, and therefore excess fluid pres-

sures must be equal in the two layers at their common boundary

(W = (), (48)

25. From the effective stress principle,

90 auw do'

9z oz oz

(49)

By use of the equilibrium conditions of Equations 18 and 22, Equation 49

can be rewritten as

2 - Y T Ys T 32 (50)

which can also be written

se _ B _ 3u) de
3z (Yw Ys az) do' GL

The conditions expressed by Equations 47, 48, and 51 may be used to al-

low numerical solution to the problem of semipermeable boundaries.

Initial Conditions

26. Initial conditions through a compressible layer will vary
according to the stress history of the layer. Since it is necessary to
solve the governing equation by an approximate numerical technique, any

initial distribution of void ratios is permissible so long as it is
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consistent with the assumed void ratio versus effective stress relation-
ship. Typical inital void ratio distributions in qualitative terms are
as follows:

a. A dredged fill layer will have a high uniform initial
void ratio distribution.

I

A layer consolidated under self weight only will have
relatively high initial void ratios which decrease
considerably with depth in the layer.

e

A layer normally consolidated under a small surcharge
load will have intermediate void ratios which decrease
with depth.

=R

A layer consolidated under a large surcharge load or
overconsolidated will have relatively low initial void
ratios which decrease only slightly with depth.

The value of these void ratios and their exact distribution will depend
on the void ratio-effective stress relationship chosen and any existing

surcharge.
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PART III: SOLUTION OF THE GOVERNING EQUATION

27. An analytical solution of the one-dimensional finite strain
governing equation is not possible because of the nonlinear nature of
its coefficients. However, a numerical solution of the equation is
feasible if these coefficients are constantly updated during the solu-
tion to simulate their nonlinearity. An explicit finite difference
scheme has been chosen to solve the equation because of its relatively
simple algorithm, but this scheme does necessitate stringent stability

criteria which will be discussed in a later section.

Explicit Finite Difference Scheme

28. The finite difference procedure is a method of representing
a differential term by means of finite differences. Time space is
broken down into intervals of finite length denoted 1 . The time
derivative of void ratio can then be written

2 (2t =7 (52)

P 5T Cogn T 0y

where the subscripted terms are as shown in Figure 7. If the space

A

Figure 7. Finite difference mesh
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coordinate is divided into intervals denoted 6 , the derivative of void

ratio with respect to space is

. 1

Je
3z (Zi0ty) =55 ey 4 - 1,5’ (53)

by the central difference method, and the second derivative of void

ratio with respect to space is

2

d e 1
(z,,t.) = — (

aZZ i’ 62

) (54)

: .- 2e, .+ e, .
el+l9j el,.] el_l,.]

where terms are also as shown in Figure 7.

Simulation of Nonlinearity

29. It is appropriate here to rewrite the general governing

equation (Equation 4) in the form

{YCB(e) —r [a(e)]} 22+ ale) z—i‘; Fy, 5570 (55)
where
Yo T ¥ T Yy (56)
se) = 4 [%] (57)
and
() = 15 oo

To simulate the equation nonlinearity, the functions af(e) and B(e)
are recalculated at each time step for the current value of the void
ratio at each point in the =2z space grid.

30. In the computer program developed for this report, point data

are input relating void ratio to permeability and effective stress
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similar to that which would be obtained from laboratory testing. To en-
sure smooth continuous functions, however, additional points are inserted
between the laboratory determined points. A typical trace of such data
is shown in Figure 8. Using these data, tables of values for a(e) and
B(e) at various values of e can be constructed by numerical differ-
entiation. Then, by a linear interpolation, the value of a(e) and

B(e) for any value of e can be obtained.

A

~X\K

x\x PERMEABILITY /
EFFECTIVE)\
STRESS

X
/x/x /O/ %\& ‘.x—
b SN
LEGEND LOG o’
o LABORATORY POINTS LOG k

x ADDED POINTS

Figure 8. Typical plot relating void ratio, e ,
to permeability, k , and effective stress, o'

31. The solution to the governing equation in finite differences

can now be written

a(e, .) — o(e, )
- I i+1,] i-1,]
} veBley §) +[ 28 ]

®1,341 7 %4,

<2

(59)
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From Equation 59 it is seen that the void ratio along point z; at a
future time, tj+1 , 1s explicitly determined from the values of the
void ratio at that point and its nearest neighbors at time t, and func-
tions of the void ratio at these same points at the present time, t,
Thus, once initial and boundary conditions are determined, the consolida-

tion problem is solved.

Solution for Initial Conditions

32. Calculation of the initial void ratio distribution in a com-
pressible layer is dependent on the unit weights of solids and fluid in
the layer, the effective weight of any existing surcharge, and the rela-
tionship between void ratio and effective stress within the layer. To
illustrate the procedure, assume the compressible and saturated layer
shown in Figure 9 is fully consolidated under its own self weight only

y FREE WATER SURFACE

SURCHARGE lzggudlllllliii

Figure 9. 1Initial void ratio distribution in
a compressible layer consolidated under self
weight only

béfore a surcharge, Aq , is added which will cause further consolida-

tion. The initial conditions in the layer at t = 0+ are then the same
as conditions in the layer at ¢t = 0 assuming the surcharge is quickly
added at t = 0 . This is so because the fluid in the layer has not had
time to drain, and therefore, initially, fluid pressure will support all
the added surcharge. Of course, as time goes by the surcharge load will
gradually be transferred to the soil particles causing the solid skele-

ton to compress.
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33. To determine the initial void ratio distribution, eo(a) s

the equation

) h

_ da -
]dz _f———l+e(a) ) (60)
o o ©

must be solved where h is the initial layer height in Lagrangian co-
ordinates and £ 1s the initial height in material coordinates. Since
there are two unknowns in this equation, it cannot be solved without some
additional information. In a fully consolidated state, the effective
stress distribution through a layer depends only on the buoyant weight
of solids and any existing surcharge such that
[)
c'(z,0) =/ (vg = v )dz + a (61)
z
When Equations 60 and 61 are used in conjunction with the relationship
between void ratio and effective stress such as that shown in Figure 8,
the number of relationships matches the number of unknowns and solution
is possible. However, even if the relationship between void ratio and
effective stress were expressed analytically and the appropriate sub-
stitutions made in Equations 60 and 61, a transcendental equation would
result which would require an iterative type solution. Therefore, an
incremental technique will be used here which will approach the exact
solution from the lower side.
34, It is first necessary to divide the compressible layer into

a number of elemental layers of length
h

= — 62

Aa N (62)

where N 1is any positive integer. The larger the N , the more accu-
rate the solution. The uppermost elemental layer is subject to an ef-
fective stress equal to the effective weight of any existing surcharge,
q . When this effective weight is used, a void ratio is obtained from

data such as Figure 8. This void ratio is assumed constant for the
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elemental layer. Therefore, for the first layer

Aa

Az(1) = l+—eo(l—) (63)

and

Ao’ (1) = (ys - YW)AZ(l) +q, (64)

When Ac'(l) 1is used as the effective stress acting on the second in-
cremental element, the void ratio of the second element can be deter-
mined. Following this technique throughout the entire layer results in
the initial void ratio distribution sufficiently accurate for computation
of future consolidation.

35. For the case of a dredged fill, it is assumed that the layer
is deposited at a uniform consistency, and after initial solids sedi-
mentation the compressible layer exists at a uniform void ratio with
zero effective stress throughout the layer. Under these conditions,

total layer height in material coordinates is calculated directly from
L = — (65)

where h 1is the height of the compressible layer after initial sedi-

mentation but before any consolidation.

Void Ratio at Boundaries

36. Void ratio calculation at a free-draining boundary is actually
a calculation of effective stress at the boundary. This calculation is
done through a knowledge of the total weight of materials above the
boundary plus any existing or added surcharge and the distance of the
boundary below the free water surface. Since there is no excess fluid

pressure, the effective stress is
"= g+ -
o o+ Aq -y h (66)

28



where o 1s the total stress due to any existing surcharge and material
self weight, Aq 1is an added surcharge, and hw is distance of the
boundary below the free water surface. With this effective stress, the
persistent void ratio can then be determined from a relationship such as
shown in Figure 8.

37. The determination of void ratio at an impermeable boundary
requires the use of a fictitious mesh point outside the boundary as
shown in Figure 10. Using the initial void ratio distribution or
distribution at any time, tj , the void ratio at this fictitious mesh
point is calculated by expressing Equation 44 in finite difference

terms. Thus

_ de
€0, ~ 2,5 T Za(dc') (rg = ) (67)
e, .
1,3
where js, is determined for e 3 from data such as in Figure 8.
With e 3 determined, e 341 is then found from Equation 59 and the

whole process repeated at each time step.

“

COMPRESSIBLE LAYER

T T
€25
IMPERMEABLE | ® Cij @1t .
BOUNDARY ;/gr // .. L
°}J

Figure 10. Void ratio calculation at an
impermeable boundary

38. When a compressible layer lower boundary is neither free
draining nor impermeable, void ratio calculation at the boundary is
accomplished by writing a finite difference expression for Equation 51
and using an imaginary mesh point as was done for the impermeable case.

Then,
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de (Bu)

= <+ - -
eo,j e2,j 26((10’) Y Y + az (68)
e .
1,3

where the term %% is either calculated from the previous time step or
assumed. In the case of a dredged fill overlying a compressible layer,
the excess pressure gradient at the layer interface is assumed to be
zero for the first time step and thereafter it is calculated based on
the previous conditions and Equations 47 and 48. The procedure is shown

schematically in Figure 11. The method of calculating excess pressure
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Figure 11. Schematic representation of void ratio
calculation at semipermeable boundaries
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from void ratio and vice versa is given in a later section. The void
ratio of the top point in the compressible lower layer is based on
Equation 48 and the fact that the change in excess pore pressure equals
the negative change in effective stress. 1In the case of a compressible
layer overlying a semipermeable incompressible layer, the permeability,
void ratio, and a typical drainage path length in the incompressible
layer must be either measured or assumed. The calculation procedure is
also illustrated in Figure 11. Only a typical illustration of marching
forward in time is shown, but this holds for all void ratios except at
the imaginary points and the top point in a compressible foundation

layer.

Settlement Calculation

39. The calculation of settlement at any point in a compressible
layer is simply the subtraction of its convective coordinate from its
Lagrangian, or initial, coordinate. If settlement at a point is denoted

S(z,t) , then

S(Zat) = a(z,O) - E(Z,t) (69)

and by integration of Equations 10 and 11

z z
S(z,t) =[ [1 + e(z,0)]dz —/ [1 + e(z,t)]dz (70)
0 0

Since data are generated around mesh points in the finite difference
solution of the consolidation problem, the numerical integration of
Equation 70 by Simpson's rule is a simple exercise.

40. A common method of expressing the state of consolidation in
small strain theories is by the percentage of excess pore pressure dis-
sipated. 1In the finite strain theory, degree of consolidation is appro-
priately defined as the ratio of current settlement to final settlement

in the entire layer. Thus

31



_ 5(&,t)

t = 5(2,) (71)

where S(2,») 1is the ultimate settlement of the layer when all excess

pore pressure has dissipated.

Calculation of Stresses and Pressures

41. Once the void ratio distribution throughout a compressible
layer is determined, the distribution of effective stress can be ob-
tained from a relationship such as shown in Figure 8. The static pore

pressure is also immediately determined for each mesh point as
u (z,t) = v [h; - &(z,t)] (72)

where hl is the height of the free water surface above the datum plane,
z =0, and & 1is the convective coordinate of the mesh point at the
time in question.

42, The total stress at a point in the compressible layer is
equal to the total weights in a unit area of all materials above it plus

any surcharge. Thus

2
a(z,t) = Y, h2 +[e(z,t)dz + vy [dz +a (73)
VA Z

where h2 is the height of the free water surface above the top (z = )
of the compressible layer, the integrals represent the volumes of fluid
and solids in the compressible layer, respectively, and a, is any
surcharge.

43. With total and effective stresses determined, the effective

stress principle is used to calculate total pore pressure

uw(zat) = U(Z’t) - O'(Z,t) (74)
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and excess pore pressure is the difference between total and static

pressures,

u(z,t) = uw(z,t) - uo(z,t) (75)

Solution Consistency, Convergence, and Stability

44, Now that a solution technique for solving the finite strain
consolidation problem has been formulated, some assurance that this tech-
nique gives a correct answer is necessary. Consistency implies that the
difference equations actually do approximate the differential equation.
Convergence means that the numerical solution is a close approximation
of the exact solution. Stability implies that small errors introduced
initially or at a boundary remain bounded as the computations progress.
Keller (1960) has shown that for a parabolic partial differential equa-
tion of the form

oe Bze Jde
— - a(z,t) —= - 2b(z,t) 5 + c(z,t)e = d(x,t) (76)

ot 822 z

consistency, convergence, and stability are assured in an explicit

finite difference scheme if

5 < —2z.t) (77)
~ bz, )|
and
1
T < (78)
= 2a(zét) + o(z,t)
8

where &8 and 1 are the spatial and time mesh spacings, respectively,
and a, b, and ¢ are any variables.

45. 1In the governing Equation 55 for finite strain consolidation
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where

and

a(e)

and 57, respectively.

a(z,t) = -
Yw
_ 1 3
b(zst) = - g3 {re 8 + 3= (e
c(z,t) =0
d(z,t) =0

and B(e) are as previously defined in Equations 58

Therefore, if

5 < - 2a(e)
Ty, Be) + o (a(e)]

62 Yy,

T2 7 2a(e)

then the solution should be consistent, convergent, and stable.

ensure these criteria are met throughout the solution process, Equa-

To

(79)

(80)

(81)

(82)

(83)

(84)

tions 83 and 84 should be periodically checked using the extreme values

of

a(e)

and

B(e)

to be expected in the problem.
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PART IV: SOIL PARAMETERS FOR FINITE STRAIN CONSOLIDATION

46. Calculation of the consolidation of soft deposits by finite
strain theory requires the determination of the specific gravity of
solids in the compressible layer, the relationship between void ratio
and effective stress, and the relationship between void ratio and perme-
ability. These determinations are presently routine laboratory proce-
dures for fine-grained soils normally encountered in earth construction.
The use of standard oedometer tests for soft deposits which may be under-
consolidated in situ involves uncertainties; for instance, a thin oedom-
eter sample with no excess pore pressure and subjected to a sudden load
increment may not react in the same way as an underconsolidated thick
sample whose excess pore pressure is slowly decreased. Additionally,
the consolidation induced by the hydraulic gradient of a permeability
test may not be adequately accounted for in the test results. The
answers to these questions are beyond the scope of this report and need
research to either relate soft deposit parameters to the results of
conventional tests or devise new test methods so that direct measure-
ments can be made.

47. 1In order to demonstrate the use of the computer program
CSLFS, the soil parameters necessary were deduced from conventional
oedometer test data such as may be generated in any well equipped soils
testing facility. By logical extrapolation of these data generated by
the cedometer testing over the full range of void ratios that might be
encountered, reasonable solutions to the dredged fill consolidation prob-
lem can be obtained. Of course, the test results on a thick normally
consolidated or overconsolidated soil under a surcharge should be di-
rectly applicable without extrapolationm.

48. Use of the program feature enabling the specification of
boundary conditions that are neither free draining nor impermeable re-
quires that a void ratio, permeability, and drainage path length for
the incompressible foundation material be given. While it is generally
possible to determine void ratio and permeability by laboratory testing

on undisturbed samples, the distance required for dissipation of excess
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pore pressures in the incompressible foundation must be estimated based

on engineering judgment.

Void Ratio-Effective Stress Relationship

49, The conventional laboratory oedometer test can be used to
establish the void ratio-effective stress relationship required for cal-
culation of consolidation by finite strain theory subject to the uncer-
tainties previously raised. Principally, the only difference between
testing soft deposits and the stiffer soils usually tested is in the size
of the load increments used. For routine tests of most soils, the load-
ing schedule starts at 0.25 tsf* and is doubled for each succeeding in-
crement until a total load of 16.0 tsf is applied. Typical tests of
soft deposits such as channel sediments or dredged fill start at
0.012 tsf and are incrementally increased to 1.0 tsf. At these extremely
low pressures, accurate account must be taken of the weights of load
transfer hardware and even the force exerted by dial gage springs
(Palermo, Montgomery, and Poindexter 1978).

50. Perhaps the best method of graining insight into the behavior
of soft clay soils is to examine some typical oedometer test results.

In Figures 12 and 13 are plotted e-log o' curves as determined in the
Soils Testing Facility at the U. S. Army Engineer Waterways Experiment
Station. These plots have been corrected from the originally reported
results (Palermo, Shields, and Hayes in press) by assuming 100 percent
saturation at test completion. This was necessary because direct
measurements of the specific gravity of soil solids were not made and
original results consistently indicated saturation greater than 100 per-
cent when average specific gravity values were assumed.

51. Figure 12 shows four samples taken from the Craney Island
dredged material disposal site, one sample of channel sediments con-

sidered typical of what goes into the disposal area, and one sample of

% A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units of measurement is found on page 5.
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I
SAMPLE

SYM.| NoO. DESCRIPTION CLASS.| w % |LL| PI
ue, O | 2-14 | FOUNDATION, CRANEY ISLAND DISPOSAL AREA| CH | 82 [60] 40
B | I-B | CHANNEL SEDIMENT, CH |305 |66 |17
7 O | 3-2 | DREDGED FILL (2'-3' DEPTH) CH (176 |i33] s
© | 3-8 | DREDGED FILL (I5'-18' DEPTH) CH |148 [i29]| 88
6 | 4-1 | DREDGED FILL (1'-2' DEPTH) CH |195 [118] 78
\ vV | 4-5 | DREDGED FILL (8'-9' DEPTH) CH |147 |i20| 80
8
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Figure 12. Oedometer test results for Craney Island samples
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Figure 13. Oedometer test results for other samples



the foundation soil beneath the disposal area. As can be seen from the
figure, these soft deposits generally have characteristics similar to
other soils encountered in construction practice except that the range
of void ratios these deposits undergo during consolidation is much
greater. The tendency for initial void ratios to increase as in situ
confining stresses decrease is also apparent from the figure. A conven-
tional analysis to determine the preconsolidation pressure from the
e-log o' curves is probably not appropriate since there is no way to
obtain a truly undisturbed sample of such soft soils. However, the nor-
mally consolidated portion of the curves should be a valid indication of
the soil behavior as indicated by the fact that all dredged material
curves including that for channel sediments are approximately parallel
over their normally consolidated range.

52. Consolidation characteristics of other soft materials are
shown in Figure 13. Here again, the extremely wide variation in void
ratios over relatively small stress ranges should be noted. The unusual
upturn in these curves at the low end of the stress range may be pecu-
liar to the particular test procedure or may be valid indicators of the
behavior of these materials. Definite conclusions cannot be drawn with-
out further testing.

53. To illustrate the method of obtaining the necessary void
ratio-effective stress relationship for use in the computer program CSLFS,
consider the data points as shown in Figure 12. It 1s proposed that
those points defining the normally consolidated portions of the e-log o'
curves fully describe the material behavior between effective stresses
of about 0.01 tsf to 1.0 tsf. Defining the curve below and above these
values is a matter of judgment in the absence of experimental evidence
dictating otherwise. The arbitrary extension of the normally consoli-
dated portion in a straight line is unreasonable since this would give
an infinite void ratio at zero effective stress and a zero void ratio
at some finite effective stress. Probably a more reasonable assumption
is that there will be some finite void ratio at zero effective stress
and that the curve will become asymptotic to some minimum void ratio

depending on the origins of the soil. It is therefore further proposed
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that the void ratio at zero effective stress be selected as somewhere
between the void ratio at the intersection of the normally consolidated
line with the effective stress ordinate 0.00l1 tsf and the measured void
ratio before oedometer testing. The curve at effective stresses higher
than 1.0 tsf should ideally be based on oedometer testing at these
higher stresses, but in the absence of such data may reasonably be an
extension of the normally consolidated portion which is brought asymp-
totic to a constant void ratio value between 0.4 and 0.7. Figure 14
shows such curves constructed from the data of Figure 12. Void ratios
of 7.0 for the dredged £ill and 3.0 for the foundation soil at zero
effective stress were chosen as about midway between the previously pro-
posed range of possibilities.

54. Before the final decision is made to use such a void ratio-

effective stress relationship in the computer program CSLFS, the curve

e,

Lae,

o ~Oe Lod o 5 DREDGED FILL

ronoarron=, ]
~oe, OUNDAT ron o O\O\J

I
0.0001 0.001 001 0.1 1.0 10.0
a'; TSF

Figure 14, Void ratio-effective stress relationships for soft dredged
fill and foundation materials at Craney Island
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should be replotted on an arithmetic scale to ensure the curve is a
smooth continuous function without extraneous reverse curvature and with
continuous derivatives. Figure 15 shows such a plot for the dredged
fill material, and Figure 16 shows the plot for the foundation soil from
the Craney Island site. The points shown on the plots are the points

to be used as program input for a practical example to be worked.

Void Ratio-Permeability Relationship

55. The determination of the void ratio-permeability relationship
necessary for calculation of consolidation by the computer program CSLFS
will also be accomplished through use of oedometer test results. Be-
cause conventional oedometer testing involves relatively thin samples
and relatively small load increments, analysis of this testing based on
the assumptions of small strain consolidation theory will probably pro-
duce sufficiently accurate values of permeability.

56. By small strain theory, a nondimensional time factor is de-

fined by

T = (85)

where t 1is real time, H 1is the drainage path length, and the coeffi-

cient of consolidation, c, > is

a k(1 + e)

A% a
YW v

c (86)
where k is permeability, e is void ratio, and Yy is unit weight of
water as previously defined. The coefficient of compressibility, a s
is defined as

Ae

4y T T ag' (87)

where Ae 1is the change in void ratio corresponding to the change in

effective stress, Ac' . Combining the three preceding equations
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Figure 15. Void ratio-effective stress relationship for soft dredged
fill to be used in computer program CSLFS
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results in an expression for permeability,

T Yw Ae H2
k =

T (1 +e) t Ao’ (88)
which involves known or measurable quantities in the oedometer test.

57. Typically, consolidation time curves for each load increment
are used to determine the time, t , for 50 percent consolidation where
analytically T = 0.197 for an initial uniform distribution of excess
pore water pressure. The void ratio, e , is also determined at t50
from a knowledge of the specific gravity of solids, total weight of
solids, and current sample volume. The drainage path length, H , is
estimated as one-half the sample height at t50 . An average coeffi-
cient of compressibility is obtained by dividing the total void ratio
change during the load increment by the load increment.

58. Permeabilities determined in this manner for the foundation
soil and dredged fill of the Craney Island disposal site are shown in
Figure 17. While the data at the higher void ratios is considerably
scattered, the data in the lower void ratios which is less scattered
does seem to give a good fit when extended. Here again, the behavior
of the void ratio-permeability relationship outside the range of data
points is purely speculative until such time as adequate testing is de-
vised and used in defining the curve over the full range of possible
void ratios. However, it is probably reasonable to assume that permea-—
bility becomes infinitesimally small at some finite void ratio and thus
the curve will become asymptotic to this void ratio.

59. Figure 18 shows the relationship between void ratio and per-
meability for the same other samples of soft deposits described pre-
viously in Figure 13. The behavior of these curves at the higher void
ratios may be an idiosyncrasy of the test procedure since it is probably
more reasonable to expect that permeability would increase more dramat-
ically as the void ratio reached some maximum limit where the soil no
longer forms an interconnected network of solid particles.

60. As before, it is beneficial to plot the void ratio-permeability
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Figure 17. Void ratio-permeability relationships for soft dredged fill
and foundation materials at Craney Island

relationship on an arithmetic scale as an aid in determining the point
data for use in the program CSLFS. Figure 19 shows such a plot for the
dredged fill material, and Figure 20 is of the foundation soil at the

Craney Island Site. The points shown on the figures are the points to

be used as program input for a practical example.

Semipermeable Boundary Parameters

61. As previously shown, the boundary conditions between two
compressible layers undergoing consolidation are automatically determined
by the program CSLFS based on the continuity of fluid flow and current
void ratio and permeability conditions in the compressible layers. Where
a compressible layer bounds an incompressible layer, boundary condi-

tions are determined by the program based on current conditions in the
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Figure 20. Void ratio-permeability relationship for foundation soil to
be used in computer program CSLFS

compressible layer and specified void ratio, permeability, and length

of drainage path for the incompressible layer. It was also previously
stated that the void ratio and permeability for the incompressible layer
should generally be determined by laboratory testing on undisturbed
samples and that specification of the drainage path length is a matter
of engineering judgment. The basis for making such a judgment is dis-
cussed in this section.

62. The drainage path length is defined as that distance required
for complete dissipation of excess pore water pressure existing at the
layer boundary. Together with this pore pressure, it is used to deter-
mine the excess pressure gradient at the incompressible layer side of

the boundary by the equation

u
T (89)




where u 1is the excess pore pressure at the boundary, x 1is the drain-

age path length measured in the Lagrangian coordinate system, and e is

the void ratio of the incompressible layer. The excess pore pressure

is calculated as previously described from the void ratio of the compres-
sible layer. The pressure gradient thus obtained is used in Equation 47

to determine the excess pore pressure gradient on the compressible layer

side of the boundary as

ou _ [l + e k 3du
(52) - < k > (1 + e 32). (90)
comp comp incomp

where the subscripts comp and incomp refer to the compressible layer

and the incompressible layer, respectively. This value is then used in
Equation 68 for computing the void ratio of an image point which enables
the computation of the void ratio at the first mesh point in the compres-
sible layer at the next time step.

63. An examination of Equation 89 shows that if the drainage path
length is chosen to be very large, the effect is to make %E- very small
and in the limit will approach zero or the impermeable boundary condi-
tion which makes Equation 68 the same as Equation 67. At the other
extreme, if the drainage path length is chosen to be very small, the
effect is to make %E— very large and in the limit will approach an
infinite value. The computation in Equation 68 then has no physical
meaning, but the effect in the program is to cause the void ratio at
the first mesh point in the compressible layer to be set at its final
value or the free-draining boundary condition.

64. Between those conditions of impermeable and free draining,
it is proposed that the drainage path length be chosen to equal the
depth of the compressible layer where the material of the incompressible
layer is the same or essentially the same as that of the compressible
layer. Where the material properties are substantially different, it
is further proposed that the drainage path length be chosen to be pro-

portional to the ratios of the permeability functions times the depth

of the compressible layer. 1In equation form, this means
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1+ e °
x = ( k )Cmp
1+ e},
incomp

where x 1is the drainage path length, h is the depth of compressible

h (91)

material, and k and e are average permeability and void ratio, re-

spectively, in the respective layers near the interface of the layers.
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PART V: CONSOLIDATION PROBLEMS

65. In this Part, the capabilities of the computer program CSLFS
will be demonstrated by solving some practical examples involving the
consolidation occurring in a dredged fill disposal site subjected to
periodic deposition of soft channel sediments and the consolidation of
a thick soft layer subjected to an additional surcharge due to some con-
struction activity above it. Figures will be used to show the distribu-
tions of excess pore pressure, void ratio, layer settlement versus time,
and percent consolidation versus time. Whenever possible, a comparison
between the results computed by the finite strain formulation will be

compared with those from a small strain theory computation.

Consolidation of Dredged Fill on a
Compressible Foundation

66. In this example, a large disposal site has been proposed for
an area of a bay where foundation material is a soft marine sediment
currently about 5 ft below mean sea level. Considerations of the area
available for disposal and the volume and type of material to be dredged
has led to the conclusion that the site must be capable of holding mate-

rial deposited according to the following schedule:

Year 1 through Year 2, 3 ft/year
Year 3 through Year 4, 2 ft/year
Year 5 through Year 8, 1 ft/year

The total amount for each year will be deposited during the first few
weeks of each year and therefore can be considered to be dumped instan-
taneously in the disposal area at the beginning of each year. Figure 21
shows the schedule graphically. It should also be noted that the yearly
amounts are based on volumes after initial sedimentation has taken place.
If initial sedimentation is not complete very soon after each particular
dredging operation, due consideration of the nonsedimented height of
each layer must be taken into account when calculating the necessary

height of confinement dikes.
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Figure 21. Schedule of dredged material deposition

67. The consolidation behavior of these dredged fill deposits is
required to be calculated in conjunction with the consolidation behavior
of the foundation in order that a program of dike construction may be
instituted that is neither overly conservative nor extravagant. It is
further required that an estimate be made of the time required for 90 per-
cent consolidation of the disposal area and ultimate settlement so that
an evaluation of its potential future use may be made.

68. Before consolidation can be calculated, laboratory determina-
tions must be made of the void ratio-effective stress and void ratio-
permeability relationships for both the dredged and foundation materials
along with the unit weight of solids in these materials and the initial
void ratio assumed by the dredged material after initial sedimentation.
For this example, the relationships depicted in Figures 15, 16, 19,
and 20 will be used. The dredged material is assumed to have an initial
void ratio of 7.0 and a specific gravity of solids of 2.75. The founda-
tion is assumed to have a specific gravity of solids of 2.83 and to be
normally consolidated under its own weight.

69. It will be further assumed that field borings were addition-
ally used to determine that the compressible foundation is 20.0 ft thick

and overlays an incompressible layer of silty material having an average
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void ratio of 0.65 and permeability of 3.0 x lO_4 ft/day. The void

ratio and permeability of the compressible foundation layer at the inter-
face with the incompressible silt deposit could be determined either by
field borings or by assuming the layer is normally consolidated under

its own weight and allowing the computer program to calculate its ini-
tial conditions. For this example a void ratio of 1.80 and permeability
of 1.03 x lO-—4 ft/day have been chosen based on program calculations.
Equation 91 is used to determine the drainage path length for this semi-
permeable boundary as about 6.0 ft.

70. The input data required for problem solution is shown in
Appendix C of this report. The calculation constants Tt and § are
chosen small enough so that problem detail and accuracy are preserved,
yet large enough to promote computation economy. If the constants are
too large for the stability criteria, the program will print an error
message. For this problem, 1 = 1.0 day and § 1is one-sixth of the
initial layer height for the dredged fill and one-tenth for the founda-
tion. These selections proved sufficient for accuracy and stability.
Also included in the appendix is calculated data for the end of the
second and eighth year of consolidation.

71. From these calculated data, a visual picture of the consoli-
dation process can be obtained. Figure 22 shows the void ratio distri-
bution in the dredged fill at the end of year 2 after two layers of fill
have been placed but before the third layer is placed. Also shown in
the figure are the void ratio distribution at year 1 after the second
layer is placed (which serves as the initial conditions for the current
consolidation period) and the final void ratio distribution if no more
dredged fill layers were to be placed. In the figure, void ratios are
plotted against the material coordinate, z , for ease in comparing
past, present, and future distributions. The conventional layer height,
£ coordinate, equivalent to 2z can be found in the problem listing in
Appendix C.

72. The distribution of excess pore pressure within the dredged
fill at the end of the second year and before the next layer is deposited

is shown in Figure 23 along with the distribution at year 1 after
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deposition of the second layer. The discontinuity in the year 1 curve is
due to the assumption that the second layer is deposited instantaneously
and its excess pore pressure is superimposed on the existing excess pres-
sure before the layer was deposited. At the end of consolidation there
is no excess pore pressure, and thus a final curve is not shown. Curves
of this type are useful in evaluating strength or stability using an ef-
fective stress analysis. Distributions of total and effective stresses
can be found in tabular form in the problem listing in Appendix C.

73. Figure 24 depicts void ratio distributions throughout the
dredged fill deposition period and the final distribution for the total
amount of material deposited. This figure shows that even after 100 per-
cent primary consolidation, very high void ratios will exist throughout
the dredged fill material and unless some later load causing further
consolidation is placed, the material may never be suitable for any
engineering purpose. The effects of surface desiccation and secondary
consolidation are not considered here, even though these factors will
have an impact on the final void ratio distribution. The effects of
these factors will be considered in future extensions of the theoretical
basis and computer program.

74, Shown in Figure 25 are excess pore pressure distributions in
the later years of consolidation. Again, this type of figure would be
useful in evaluating strength or stability using an effective stress
analysis. Tabulations for year 14 can also be found in Appendix C.

75. Figures 26 and 27 are plots of the degrees of consolidation
and settlement, respectively, throughout the period of deposition and
for 9 years after deposition ceases. Also shown in the figures are the
results of a conventional or small strain analysis of the same disposal
program estimated from consolidation charts (Terzaghi and Peck 1967,
Lambe and Whitman 1969). The difference between the two theoretical
approaches is clearly evident. The sudden drops in the degree of con-
solidation at years 1 through 7 are due to the instant application of
additional dredged fill at those times. As can be seen, 90 percent con-
solidation is achieved at about 12.8 years by finite strain theory;

whereas, the deposit is only about 55 percent consolidated at this time
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by small strain theory. The predicted ultimate settlement is essentially
the same in both calculations since the original individual layer heights
were relatively small. It should be noted that the small strain analysis
was a hand calculation and more elaborate computer applications of the
theory may reduce somewhat the differences shown, but results from the
use of the two theories will never match due to the basic differences

in the theories.

76. For containment area design purposes, the results of the
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finite strain analysis of the dredged fill and compressible foundation
can be plotted as shown in Figure 28. With this representation of the
dredged fill surface and foundation surface, the height of containment
area dikes required during the period of disposal can be readily

determined.
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Consolidation of a Soft Thick Layer

77. This example will illustrate the program's capability to cal-
culate primary consolidation in a soft thick layer which is normally
consolidated under a small overburden when subjected to a series of
added surcharges. The layer is assumed to be 20 ft thick and to overlie
a coarse sand so that its lower boundary may be considered free draining.
The layer's void ratio-effective stress and void ratio-permeability re-
lationships are those shown in Figures 16 and 20, and the layer's speci-
fic gravity of solids was assumed to be 2.80.

78. It is further assumed that initially the top of the layer is
about 1 ft below the water table and some years ago was covered with 1 ft

of sandy material so that it is fully consolidated under about 75 psf of
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overburden. It is planned to hydraulically fill the area with an addi-
tional 10 ft of sand over the next three years to prepare it for con-
struction of light buildings. The sand will be dredged from nearby
sources and deposited according to the schedule shown in Figure 29,
which also depicts initial layer conditions. It is required to deter-
mine consolidation behavior of the compressible layer during and sub-
sequent to surcharge additions.

79. Based on program calculations, void ratio distributions can
be plotted for any time during the consolidation process. Figure 30
shows such distributions for the first three years of the example in
comparison to the initial and final void ratios in the layer. The dis-
tributions at years 1 and 2 are before the surcharges for those years
are added. As can be seen from the figure, wide variation in void
ratios occurs throughout the layer initially and until it is finally con-
solidated under the total added surcharge. Thus again, the inapplicabil-
ity of a small strain analysis which assumes a constant distribution of
void ratios is manifest.

80. The distribution of excess pore pressures at various times

during consolidation is shown in Figure 31. The principal information
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Figure 29. Schedule of surcharges added to
compressible clay layer
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to be gained from this figure is the fallacy of the often-made assump-
tion that the value of the remaining excess pore pressure is its maximum
amount reduced by a percentage equal to the degree of consolidation.
For instance, at 57 percent consolidation the remaining excess pore pres-
sure is more than 89 percent of its maximum value, at 76 percent consoli-
dation it is 58 percent, and at 91 percent consolidation, it is about
25 percent of the original maximum value.

8l. Figures 32 and 33 compare the degree of consolidation and

settlements respectively as predicted by the finite strain analysis

58



70

-
~
~ YR. 2 (AFTER
6.0 ~ SURCHARGE)
YR 3 -
U=57 % ™
~N
N
AN
50 AN
\
\
YR 6 \
YR. 10 U=76 %
4.0 — u=9/ % \‘
™ |
|
30+ /I
//
20k
,/
s
/
yd
///
.ok _
s
7~
e
7~
~
~
0 | et L | |
(0] 300 600 800 1200 1500

EXCESS PORE PRESSURE)PSF

Figure 31. Excess pore pressure distribution in
the compressible layer

and a small strain analysis. Once again the difference in the two theore-
tical approaches is clearly evident, and as in the dredged fill example,
consolidation is predicted to occur at a faster rate by the finite
strain analysis. Even though consolidation occurs faster, the dissipa-
tion of excess pore pressure is predicted to occur slower. Figure 34
shows the excess pore pressure distribution by both theories at year 6
during consolidation. This figure shows that the small strain theory is
underconservative when used to predict pore pressures and therefore may

lead to underconservative safety factors when used in stability analyses.
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82. A listing of problem input and calculations to years 3 and 6
are included in Appendix C. The calculation constants T and § were
1.0 day and one-tenth of the layer height, respectively. These selec-
tions proved to be sufficient for stability and provided for an economic

calculation.
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PART VI: SUMMARY

83. This report has developed the theory of finite strain consoli-
dation in relatively simple and concise terms and shown how the theory
can be effectively programmed for computer computation of the consolida-
tion behavior of very soft single or multiple layers of fine grained
materials. In the theory development, simplifying assumptions have been
held to a minimum which effectively makes the theory the most general in
defining one-dimensional consolidation. The chief advantages of finite
strain theory over small strain theory are its independence from strain
levels,'its‘independence of any set relationship between void ratio and
effective stress, and its consideration of the variabilities in permea-
bility through the consolidating layer due to changes in void ratio.

84. The computer program, CSLFS, documented in this report
represents an alternative to the conventional methods of calculating
one-dimensional consolidation which was previously unavailable. The
program was purposely written to require only the most basic soil prop-
erty data, i.e., point data from laboratory testing reiating effective
stress and permeability to the void ratio. It also provides for the very
real case of a semipermeable boundary. Although the program was inten-
tionally structured to facilitate the calculation of consolidation in
multiple dredged fill layers deposited on a compressible foundation,
it is equally suitable for making one-dimensional consolidation predic-
tions in a clay layer subjected to more traditional foundation type
loads.

85. As shown by the example problems worked in the report, this
method of consolidation prediction is not merely a more detailed analy-
sis which leads to essentially the same results obtained through a
simpler small strain analysis. There is a real and substantial differ-
ence in the results and indications are that the finite strain method
is more accurate because of consistent underprediction of settlements
in designs using small strain theories. Therefore, the program should
prove to be a valuable aid in future designs requiring a prediction of

one-dimensional consolidation as a function of time.
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APPENDIX A: USER'S MANUAL FOR CSLFS

1. This appendix will provide information useful to users of the
computer program CSLFS to include a general description of the program
processing sequence, definitions of principal variables, and format re-
quirements for problem input. The program was originally written for
use on the WES Time-sharing System but could be readily adapted to batch
processing through a card reader and high-speed line printer. Some out-
put format changes would be desirable if the program were used in batch
processing to improve efficiency.

2. The program is written in FORTRAN IV computer language with
eight-digit line numbers. However, characters 9 through 80 are formatted
to conform to the standard FORTRAN statement when reproduced in spaces
1 through 72 of a computer card. Program input is through a quick access
type file previously built by the user. OQutput is either to the time-
sharing terminal or to a file which must be saved by the user at the end
of a run. Program options will be fully described in the remainder of
this appendix.

3. A listing of the program is provided in Appendix B, and typi-

cal solution output is contained in Appendix C.

Program Description and Components

4., CSLFS is composed of the main program and ten subroutines. It
is broken down into subprograms to make modification and understanding
easier. The program is also well documented throughout with comments,
so a detailed description will not be given. However, an overview of
the program structure is shown in Figure Al, and a brief statement about
each part follows:

Main Program. In this part, input data are read according to
the option specified and the various subroutines
are called to print initial data, calculate con-
solidation and stresses, and print solution
output.

Subroutine INTRO. This subprogram causes a heading to be
printed, prints soil and calculation data, and
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DATOUT

NO

Figure Al. Flow diagram of computer program CSLFS

prints initial conditions in each initial con-
solidating layer.

Subroutine SETUP. SETUP calculates the initial and final void
ratios, coordinates, stresses, and final settle-

ments in each initial consolidating layer. It

also calculates the various void ratio functions:

k do'
1+ e’ de

, afe) , and B(e)
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from input relationships between void ratio, ef-
fective stress, and permeability.

Subroutine RESET. In this subroutine initial conditions are
modified each time a new dredged fill layer or
surcharge is added to the consolidating layers.
The subprogram also calculates new final settle-
ments and resets the bottom boundary pressure
gradient.

Subroutine FDIFEQ. This is where consolidation is actually
calculated. A finite difference equation is
solved for each nodal point in the consolidating
layers at each time step between specified out-
put times. Void ratio functions and pore pres-
sure gradients at layer boundaries are also re-
calculated at each time step. Just before each
output time, consistency and stability criteria
are checked.

Subroutine VRFUNC. The functions oa(e) and RB(e) required at
each time step in FDIFEQ are calculated in this
subprogram,

Subroutine STRESS. Here, the current convective coordinates,
soil stresses, and pore pressures are calculated
for each output time.

Subroutine INTGRL. This subroutine evaluates the void ratio
integral used in determining convective coordi-
nates, settlements, and soil stresses. The
procedure is by Simpson's rule for odd or even
numbered meshes.

Subroutine DATOUT. DATOUT prints the results of consolidation
calculations and initial conditions in tabular
form. Examples are shown in Appendix C.

Subroutine DATAIN. This subprogram reads the data from a pre-
vious program run so that future consolidation
can be calculated without having to recalculate
previous consolidation.

Subroutine SAVDAT. The data from the current program run is
written to a file in the format required to be
read by DATAIN.

Variables

5, The following is a list of the principal variables and vari-
able arrays that are used in the computer program CSLFS. The meaning of

each variable is also given along with other pertinent information about
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it. If the variable name is followed by a number in parentheses, it is

an array, and the number denotes the current array dimensions. If these

dimensions are not sufficient for the problem to be run, they must be

increased throughout the program.

A(101)

A1(11)

AF(101)

AF1(11)

AHDF (10)

ALPHA(51)

ALPHA1(51)

BETA(51)

BETA1(51)

BF(101)

BF1(11)

DA

DSDE(51)

the Lagrangian coordinate of each space mesh
point in the dredged fill layers.

the Lagrangian coordinate of each space mesh
in the compressible foundation or layer.

the function a(e) corresponding to the cur-
rent void ratios at each space mesh point in
the dredged fill layers.

the function a{e) corresponding to the cur-
rent void ratios at each space mesh point in
the compressible foundation or layer.

the initial height of added dredged fill layers
in Lagrangian coordinates or the amount of
added surcharge on a compressible layer.

the function o(e) corresponding to the void
ratios input when describing the void ratio-
effective stress and permeability relationships
for the dredged fill.

the function a«a(e) as above except for the com-
pressible foundation or layer.

the function B(e) corresponding to the void
ratios input when describing the void ratio-
effective stress and permeability relationships
for the dredged fill.

the function B(e) as above except for the com-
pressible foundation or layer.

the function B(e) corresponding to the cur-
rent void ratios at each space mesh point in
the dredged fill layers.

the function Bg(e) corresponding to the cur-
rent void ratios at each space mesh point in
the compressible foundation or layer.

the difference between the Lagrangian coordi-
nates of space mesh points in the dredged fill

layer.
]

the calculated value of corresponding to
the void ratios input whenedescribing the void
ratio-effective stress relationship for the
dredged fill.
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DSDE1(51)

DUP

DUDZ1¢

DUDZ11

DUDZ21

DZ

DZ1

DQ

E(101)

EQ

E@Q

E1(101)

E11(11)

EFFSTR(101)

EFIN(101)

EFIN1(11)

the calculated value of as above except

do
de
for the compressible foundation or layer.

the drainage path length in an incompressible
boundary layer used for computing the semi-
permeable boundary condition. This value is
originally input in Lagrangian coordinates
but is changed to material coordinates by the
program,

the excess pore pressure gradient in an incom-
pressible foundation at its boundary with the
compressible layer.

the excess pore pressure gradient in the com-
pressible foundation or layer at its boundary
with an incompressible foundation.

the excess pore pressure gradient in the dredged
fi11 layer at its boundary with a compressible
foundation or incompressible foundation.

the difference between the material or reduced

coordinates of space mesh points in the dredged
fill.

the difference between the material or reduced
coordinates of space mesh points in the com-
pressible foundation or layer.

the initial additional surcharge placed on a
compressible layer.

the current void ratios at each space mesh
point in the dredged fill.

the void ratio in the incompressible foundation
at its boundary with the compressible layer.

the initial void ratio assumed by the dredged
fill after initial sedimentation and before
consolidation.

the initial void ratios at each space mesh
point in the dredged fill.

the initial void ratios at each space mesh
point in the compressible foundation or layer.

the effective stress at each space mesh point
in the dredged fill.

the final (100 percent primary consolidation)

void ratios at each space mesh point in the
dredged fill.

the final (100 percent primary consolidation)
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EFSTR1(11)

ELL

ELL1

ER(11)

ES(51)

ES1(51)

F(101)

F1(11)

FINT(101)

FINT1(11)

GC

GCl

GS
GS1

GSBL

GSDF

GW
HBL

void ratios at each space mesh point in the com-
pressible foundation or layer.

the effective stress at each space mesh point
in the compressible foundation or layer.

the total depth of the dredged fill in material
or reduced coordinates.

the depth of the compressible foundation or
layer in material or reduced coordinates.

the current void ratios at each space mesh
point in the compressible foundation or layer.

the void ratios input when describing the void
ratio-effective stress and permeability rela-
tionships in the dredged fill.

the void ratios input when describing the void
ratio-effective stress and permeability rela-
tionships in the compressible foundation or

layer.

the void
previous

the void
previous

ratios at
time step

ratios at
time step

tion or layer.

each space mesh point of the
in the dredged fill.

each space mesh point of the
in the compressible founda-

the void ratio integrals evaluated from the
bottom to the subscripted space mesh point in
the dredged fill.

the void ratio integrals evaluated from the
bottom to the subscripted space mesh point in
the compressible foundation or layer.

the buoyant unit weight of the dredged fill
soil solids.

the
the

the

the

the specific gravity of
compressible foundation

the specific gravity of

solids.

buoyant unit weight of the soil solids of
compressible foundation or layer.

unit weight of the dredged fill soil solids.

unit weight of the soil solids of the
compressible foundation

or layer.

the soil solids of the
or layer.

the dredged fill soil

the unit weight of water.

the initial height of the compressible founda-
tion or layer in Lagrangian coordinates.
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HDF the initial height of the first dredged fill
layer in Lagrangian coordinates.

HDF1 the initial height of later dredged fill layers
in Lagrangian coordinates.

IN an integer denoting the input mode or device
for initial problem data which has the value
"10" in the present program.

INS an integer denoting the input mode or device
for problem data from a previous computer run
which has the value '12" in the present program.

I0UT an integer denoting the output mode or device
for recording the results of program computa-
tions in a user's format which has the value
"11" in the present program.

I0UTS an integer denoting the output mode or device
for recording the results of program computa-
tions in a format for continuing the computa-
tions in a later run which has the value "13"
in the present program.

LBL the number of data points used in describing
the void ratio-effective stress and permeability
relationships in the compressible foundation or
layer.

LDF the number of data points as above except for
the dredged fill.

MTIME the number of additional output times when con-
tinuing a previous computer run.

NBDIV the number of parts the initial dredged fill
layer is divided into for computation purposes.

NBDIV1 the number of parts the compressible foundation
or layer is divided into for computation
purposes.

NBL an integer denoting the following options:

1 = consolidation calculated for dredged
fill layers and a compressible
foundation.

2 = consolidation calculated for dredged
fill layers only.

3 = consolidation calculated for a single
compressible layer only.

ND the total number of space mesh points in the
dredged fill layers.
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NDATAL

NDATAZ2

NDIV

NDIV1

NFLAG

NND

NNN

NPROB

NPT

NST

an integer denoting the following options:

1 = this is a new problem and data will be
read from file "10".

2 = this is a continuation of a previous
computer run and data will be read from
file "12",

an integer denoting the following options:
1 = do not save data for later computer run.

2 = save data on file "13" so that calcula-
tions can be continued in a later
computer run.

the number of space mesh points in the initial
dredged fill layer.

the total number of space mesh points in the
compressible foundation or layer.

an integer denoting the following:
0 = print current conditions heading.
1 = print initial conditions heading.

an integer counter which is used in tracking
the output times for each computer run.

an integer used to denote the total number of
parts into which the dredged fill layers are
divided for computation purposes.

an integer counter which is used in tracking
the total number of time steps through which
consolidation has proceeded.

an integer used as a label for the current
consolidation problem.

an integer denoting the following options:

1 = make a complete computer run, printing
soil data, initial cnditions, and cur-—
rent conditions for all specified
print times.

2 = make a complete computer run but do not
print soil data and initial conditions.

3 = terminate computer run after printing
soil data and initial conditions.

an integer line number used on each line of
data input and on data lines output for use in
a later computer run,
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NTIME

PK(51)

PK®

PK1(51)

PRINT (25)

QP
Q1

RK(51)

RK1(51)

RS(51)

RS1(51)

RWL(10)

SETT
SETT1

SFIN

SFIN1

TAU

the number of output times during the initial
computer run of a consolidation problem.

the function corresponding to the

1+e
void ratios input when describing the void

ratio-permeability relationship in the dredged
fill.

the function I—%—E for the incompressible

foundation layer.

the function corresponding to the void

1+ e
ratios input when describing the void ratio-
permeability relationship in the compressible
foundation or layer.

the real times at which current conditions in
the consolidating layers will be output.

the initial overburden on a compressible layer.

the current total surcharge including overburden
on a compressible layer.

the permeabilities input when describing the
void ratio-permeability relationship in the
dredged fill.

the permeabilities input as above except for
the compressible foundation or layer.

the effective stresses input when describing
the void ratio-effective stress relationship
in the dredged fill.

the effective stresses input as above except
for the compressible foundation or layer.

the new height of free water surface above the
bottom of the compressible foundation or layer
after a new dredged fill layer or surcharge
has been added.

the current settlement in the dredged fill.

the current settlement in the compressible
foundation or layer.

the final settlement in the dredged fill layer
presently existing.

the final settlement in the compressible founda-
tion or layer under present loading conditions.

the value of the time step in the finite dif-
ference calculations.
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TIME
TPRINT
TOSTR1(11)

TOTSTR(101)
U(101)
Ug(101)

Up1(11)

U1(11)

UCON
UCON1
UW(101)

UW1(11)

VRI1

XI(101)

XT11(11)

Z(101)

Z1(11)

the real time value after each time step.
the real time value of the next output point.

the current total stress at each space mesh
point in the compressible foundation or layer.

the current total stress at each space mesh
point in the dredged fill.

the current excess pore pressure at each space
mesh point in the dredged fill.

the current static pore pressure at each space
mesh point in the dredged fill.

the current static pore pressure at each space
mesh point in the compressible foundation or
layer.

the current excess pore pressure at each space
mesh point in the compressible foundation or
layer.

the current degree of consolidation in the
dredged fill.

the current degree of consolidation in the com-
pressible foundation or layer.

the current total pore pressure at each space
mesh point in the dredged fill.

the current total pore pressure at each space
mesh point in the compressible foundation or
layer.

the initial total void ratio integral for the
compressible foundation or layer.

the initial height of free water surface above
the bottom of the first dredged fill lavyer.

the initial height of free water surface above
the bottom of the compressible foundation or
layer.

the current convective coordinate of each space
mesh point in the dredged fill.

the current convective coordinate of each space
mesh point in the compressible foundation or
layer.

the material or reduced coordinate of each
space mesh point in the dredged fill.

the material or reduced coordinate of each
space mesh point in the compressible foundation
or layer.
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ZK9 the permeability in the incompressible founda-
tion at its boundary with the compressible
layer.

Problem Data Input

6. The method of inputting problem data in CSLFS is by a free
field data file containing line numbers. The line number must be eight
characters or less for ease in file editing and must be followed by a
blank space. The remaining items of data on each line must be separated
by a comma or blank space. Real data may be either written in exponen-
tial or fixed decimal formats, but integer data must be written without
a decimal.

7. TFor an initial problem run (i.e., NDATAl = 1), the data file

should be sequenced in the following manner:

a. NST, NPROB, NDATAl, NDATA2

b. NST, NPT, NBL

c. NST, GSBL, HBL, WL1, LBL, Q@, DQ
d. NST, ES1(I), RS1(I), RKI(I)

e. NST, GSDF, HDF, WL, LDF, E@®, GW
f. NST, ES(I), RS(I), RK(I)

g. NST, E@, ZK@, DUP

h. NST, NBDIV, NBDIV1, TAU, NTIME
i. NST, PRINT(I), AHDF(I), RWL(I)

It should be pointed out here that NST may be any positive integer but
must increase throughout the file so that it will be read in the correct
sequence in the time-sharing system.
8. The following exceptions and explanations should also be noted
for particular line types:
Line type ¢: Q@ and DQ have nonzero values only if NBL = 3.

If NBL = 2, all data values are set to zero
except NST.

Line type d: There are LBL of these lines unless NBL = 2, and
then there will be one line with all values set
to zero except NST.
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Line type e: 1If NBL = 3, all values on this line are set to
zero except NST and GW.

Line type f: There are LDF of these lines unless NBL = 3, and
then there will be one line with all values set
to zero except NST.

Line type i: There are NTIME of these lines.
9. TFor the continuation of a previous problem run (i.e.,
NDATA1l = 2), the input data file should be input in the following

sequence:

Line type aa. NST, NPROB, NDATAl, NDATA2
Line type bb. NST, MTIME

Line type cc. NST, AHDF(NTIME), RWL(NTIME)
Line type dd. NST, PRINT(I), AHDF(I), RWL(I)

10. The following explanations should be noted for particular
line types:

Line type cc: AHDF and RWL are the values from the last line
of the previous computer run.
Line type dd: There are MTIME of the lines.

11. All input data having particular units must be consistent with
all other data. For example, if layer thickness is in feet and time is
in days, then permeability must be in feet per day. 1If stresses are in
pounds per square foot, then unit weights must be in pounds per cubic
foot. Any system of units is permissible so long as consistency is

maintained.
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APPENDIX B: CSLFS PROGRAM LISTING

1. The following is a complete listing of CSLFS as written for

the WES time-sharing system.
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3 COMTIMLE
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.o o PREINT CALCULARTION TATA
G4 WRITECICLTS 115

WRITECIDUTS 116D

WREITEVICUTS 1170

WRTTECIOLITs 111 THL EQ ZR 0. DL

.. PREINT TAEBLE:Z OF IMITIAL COMDITIONZ

MFLAG = 1

CRLL DIATOUT

MFLAS = 0

CFORMATE
R L TR T ]
HIHCOMZOLITATION GF 20FT LAYERS Y FIMITE ZTFRIN —— .
HIREDGED FILLY
GO C1IHeY
T4HFROELEM MUMEER T40
SIS VIHeY « ZTHIOIL DATA FOR COMPRESSIELE FOUMDATIOMN.

104 FORMAT «
i 1Howﬁ

105 FORMAT ¢ B JEHIPECIFIC GRAYITY s 4 1 IHWATER LEYEL s

{1, FORMAT ¢ S %HOF ZOLIDE, 7 1 1HFFOM EGTTOM 3,

2CiNEeFE,

HEFFELTIY
FHTIU 4y EHETRES

: Sy SHRLFHAS

sEL1O, 2

ZOIL DRTHR FOP DFETHSED FILLsZ2ZviHe: s

s 1IEHEPECIFIC GRRYWITY « 2y 11HMATER LEWEL

s1IHUMIT WEIGHT

.”HUF FOLIn:

”HDF MHTF

107 FORMAT <
1= FORMATC
13 FORMAT 04

«SHFERM~-,!
SHEREILITY s

SHE-1+EY
Ay SHPE S 75y AHEETH»

s 1LIHFROM EOTTEH.

s I FEL S

~HL LlHLHTIDH DHTH- ClHe

. e 11HLDOWER LAYER: 7¥s L LHLOWER LAYER s 7
bR 1 HI QINHHF FRTH»
;7 FORMAT 7/21:« 1 0KY0ID RATIDS
2 FOFPMAT c-dx=sE11. Sy B FE, 392

Wy 1ZHPERMEREBILITY
ST ZHS = F =

EHLEMGTHY

RETLIEM
EMT
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SUBROUTIME ZETUR

PEPPIPIPIPLLLLPLLPPLPLLPLLLL 2200222000000 00 000000000
+ TETUP MREET IMITIAL CALCULATIONT AMD MANTFULATIONT
+ OF IMPUT DIRTA FOF LATEFR LUZE. -
PLP PO PPCL0P VPPV PPPPP VP00 000000000000 009000000000000

COMMOM DRTHAG DUTEL Gy DD s DU DEE s DI DL s DD EVS ENOSELL s ELL 1
1, a0l s RS eREL s SEEL s GEDF s Gl HEL s HEF s HOF 1 o INs IHZ IGLIT .
R IO0UTSs LBELsLOFsMTIMEs HEDIW s NETDIW 1 s HEL s DO HDI% «» HDTW 1
R HFLAGs HMs MFEOEs HET s HHT s MMM HTIMEsFEQe G001 s ZETTs TETT 1 s
; EFIMaZFIHI» TRUs TIME« TRRIHT s UCOM« UCONT « WET 1 s bils L 1+ T D
ALy s AL O s AR C1 01 s AFL 110 s ALPHA XS 13 s ALFHAL cS1 0

1T b2 BETHﬁSl);EETHI&SI?sBFilﬂlk,EFifllhsDSDEi31),DEDE1f515s
JIE I B3 EC1013sBE1 01012 sE11 110 sEFTMCLI 010 sEFTHL v 110,ER VL1100,

Z b Rg]

EZvS13 s EZ1 ST EFFETROI01Y »EFETRL <110 s F o101 «F 101100
FIMT 1013 s FIMTL 112 s FE S0 s PEL CS10 s RECS10 o REL 0510 s
L FEMSIXaRII 0SS« TOTETR L2 s TOZTRL G lr o b C1 031 o 1 0130
& oLy e RL S s W L0 o LI C1 10 o KT €10l a5 T 10110 s
b2 ZOl0ly e 2101y

< EET COMETAMTE
MOIW = NEDIY + 1
- r { D I |".|

5% = SIDF e i3ld

FPE JEO o 1, 0+EDY
Tt i < 1. 0+EN:
IF “HEL .ER. 2» 30TO 10

=

=

—
t= o

1}

;
o
=z
sl
)
—
—
+
—

Nz 0,0
HED 10 & MENIwy
TAEL = HEL .~ FLORT <HED>
EFz = (1
DO 4 I=1.HED
DO 1 M=2sLEL
1 = EFZ — FE1M)
IF 731 ,LE. .0 BOTD 2
1 COMTIHMLIE
W= ES1<LBLY 3 B0OTO 2
2 HH = -1 h
Wom ESLOHY + CS1edETL MM =ETLI MY s S OREL (MY —REL CHa 0
2 ThZ = DRFL -~ 1, +vs
= EFZ + GL1eTDZ
IZ = LZ2 + TIZ
4 COMTINUE
ELL1 = D22
DZ1 = ELL1 ~ FLOAT “MEDI%1>

. JOALCULRTE ELL FOR COMFRESSIELE FOUMDATION LBYEF
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10

1020
NI G4
AO0n3165Nn
AN Nan
nnnzin?or

14

13

o CRLCULATE THITIAL COOFDIMATEZ AMD
.. .FOF COMPREZZIBLE FOUMDATION LAYEFR
Stdla=0 0 3 AlAly=0,.0 § “T1dte=0.10
EFT = "1 & ELL1 + 0

D02 I=1eMOIv
Lo H=Z.LEL

1 = EFT — I 0My
IF c21 JLE, (.0
COMT IHUE
E1l1dIl =
MHH = H-1
E11¢I» =
Fivl» =
ERdcI» = E11CID

EFZ = EFZ - GCleDZ0

COMTITHUE

CALL INTAFLCER D21 s NRINI o FINHT L
no = =ZaHIIW]
S10Iy = Z10l-1>
F1oTy = 2110
IOl = AL OIS
COMTIMLE

VYOIN FRTIOZ

N

E0TH &
EZ1d¢LBL» 5 =OTO 7

EZtdMy +
E11 I

CELeCEZL MM —ETL CHa 2 S

+ DIt
+ FIMT1T>

. JCALCLILSBTE ELL FOR FIRET
EL L -= HLF T, DB
IF «HEL .EQ, 3 GDOTO 15

DREDGED FILL LRYEFR

.. .CALCULATE INITIAL COORDIMATEZ AMD ZET 01D RATID:

= ELL « FLOAT CHEDIW:
Aeta=0.0 8 ST 0lv=0,0
i Fola=gon s Edly=EQ0
HEF - FLORT HEDIVS
I=2HDRIY
-1

y=E00

1
ng o114

i =

|

—
[}

m

E i)
COMTINLE

e JTALTULATE FINAL
L0 14 I=1.HEDIVY
21 = GUeCELL-Z ([0
LT B EL =
M= LTIF

YOI RRTIO: FOR DREDGED FILL

=8 = BEOH

IF LLE. 0L

GOTO 12

S CONTIHUE

EFIMHcIY =
M = H=-1
EFINCIY = ES(HY +
COMT THUE
EFIMMEOINY =

EZCLDOFY 5 =0TO 14

(RESCET FNMD —ED (MY 3 o ORE

E0n
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HESWLE LW SCRLCULATE FIMAL YOID RATIOZ FRR FOLIMTDATION
0100 IF CHEL .EG. 2 30T0O Z0
aonay1an 15 1 = ELL1e3C1 § C2 = ELL*RC + 1
noozi1In = = 171 + L2
nonz11go DO 13 I=1¢DIVY
15

Gonz113En iz 1 = Z1dlv el
nnax1140 g MH=Zs L BL

nnGz11sn 2 - FZ1ani
Nz11ead IF LLE. 0.0y DTG 1T
NoNz1LTn 1/m COMTINLE
nans11e0 FFIM1<In
ANn211=0 17 MM = MH-1
MYOz1 20 EFIM1IcTn = EZ10HY + (SR EZ1 dHMNY=EST 1 ML 3 ~dRI] MM =RS L M2 2D
1ot 15 COMTIMLE

IF YHMEL .ER. 3» ERCHOIMLY = EFIM1 cMHDIWL

EX17LELY 5 30TO 12

e CALCIILATE INMITIAL TTRESS
v e FOR FOLUHDARTION LAYER
0 13 I=1sHII%WL
a1l vIy = G e CWLi=-+T1cT22
Wiely = 02 - on
Hd1 6L = 11 21> + L1 eI
EFZTRY (I = 1 - GCieR1 971> + 0
TOSTR1IGCLY = EFSTRICI0 + thdi ol

19 COMTINUE
..... I_TIMATE ZETTLEMENT FOF COMPREZZTELE FOUNDARTION
YEI1 = FINMTL1CHDIWV)
CALL IMTORLIEFINLSLEZ1 a0 IW1a FINTLY
TFIMI = YRI1 - FINT1oHDIY 1
IF <MEL .EG. 3> 207D &5

E AML FORE FREZTURES

cese.FOF DREDNGED FILL LAYER
20 D0 21 I=1eMIIY
LIy TY = Gl & WL —=¥T oo
Uelx = k30 & CELL-T
Uiy = Uiy
EFFITRCID = 0.0
TOTETR eIy = Wi
CONT IMUE )
ceraLLTIMARTE ZETTLEMENT FOF DREDGED FILL
CALL IMTBRLYEFIMs D2 «HOIV«FINTY
SFIM = EDOeELL — FINTONDINWD

L
—

SOnc
NNOa1S510c e CALCLLATE FUNCTIOM: FOF DRETGED FILL
NNgE1SeE0c eres s FEFMEAEILITY FUNHCTIOCH
nnoz1 SR o0 &2 I=1sL0F
nnnaisdn FE Ty = RECTY o 1, 0+ER VI
N> S50 COHTINE

1K)
T
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GOB31Ses ..., “LOPE OF PERMEREILITY FUMHCTION -- EETH
nnn-lr“nl M T

ZLOPE DF EFF ZTRETZ-%OID FATIO CURVE -- DEDE

1
0D = 3V
EETR: 7 D

DTLE Y]
3 DOMTIMUE
Ch = g=vLIOF» = EZ LD
EETA(_IFY = JPRKOLDFY=PE LYy ~ CD
DELE«LDIF: = ‘REY Lyx D

FEFRMEREILITY FHHITIUH TIMEE: TEZDE -- ALFHA
DW ;4 I=1sLDF
ALFHAR YT = PE YT o DZDE IR
COHTIMUE
IF ‘HEL JEX. 2» 070 29

P

JOALCULARTE FUMCTION: FOR COMPRESZIELE FOUMDATIONM
ve.s PERMEREILITY FUMCTION

’- I=1sLEL
PKI0Ty = FEL1CTD » 1 0+EZLCIDD
COMT IMLE
.e...=LOFE DF FERMERRILITY FUMCTION -- BETRI
..... AMD FLOPE OF EFF STREZZ-YOID RATID CURWE —-- DIDEL
Ch o= EZLVEy - EZ1012
BETARL Vi = 3
DEDE L L =

- 7D
- 2D

no o =3 I=csL

II=1-1 % TJA=I+1

Co o= EZ19I by - EZRLOTIn

BETARI VI = /PELCI D =PKI1dIIa» - CD
DELELCIs = RTLCT N ~=FZL0IIan « D

COHTTHUF

Ch = EX1<LBLY - ETL10LD )

EETAI “LEL? = <PKIVCVLELX-PE1dLxY ~ CD

DENEL CLELY = "RELICLEBLY-REL1CLMY « CD

..... FEFMEAREBILITY FUNRCTIOM TIMEZ DILE —- RLFHRI
DD 22 I=1sLEL

ALFHAL 01 = PK1CI) e DEDE1CID

? COMTIMUE

.. CALCULRTE EQYTOM-BOUNDARY DULDZ
DUDZ10 = U1dts o DD
IF «MEL JER. 2 DUDZL10 = #4a1s ~ DO

.COMPUTE WDID FATIC FUMCTIDM FOR IMITIAL YALLED
CALL YRFUNG

RETLIRH
END
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COMMOM

SURFDUTIME FETET

e I T R R R R Y
¢ REIET UFLRTE:T FREVIOUE CARLCLLATIOM: TO HAMDLE +
+ ADDITIOMRL DEFDTITIOMNE OF DREDGELD FILL. -
BEPBBLLPPPP 0000000000088 0000000000408 0 000004000

TR« UG« CUDZ1 G DUDZ 11 » DUDREE1 5 2

I0UTZLELS LUF MTIMEs HEDIW s HELIWL .

sl D EGeEDGSsELLELLLS
BB L Gy BZ1 s STEL s GENF s Ghis MEL s HTIF s HOF 1o I THT « TOUT s
FMEL s MO HOTW e HTITW ] o

MELAS« MM« HPROEs HPT s HHO« HHHs HTIME» PR O S0 01 s ZETTs ZETT I s
1!||L!l|||__1 "k

SFIMs SFINLs TRUCTIMEs TPRINT LITOMS DCOML S VRI
Aulfly s AL O 12 AFC1 012 s AF1 O 10 s ALFHR Y
FETHCSIS S BETAL ¢Sl s BF 01010 s BF1 (110 » DEDE TS
EctOls-E1 7101 E11 <117« EFIMO1IOLY s EFIML 711

Tl s ALFHEBL C

13« DT
ssEFC11 .

EZvCla s ES1 S0 2 EFFSTR 1O v EFETRL 7110 s F Ol 012 s F1 0110

FIMT 1013 «FIMTL C1L s FE S
RIS RE
KRS IR RTITS St
U N L R B B I

10 PR ES10 2 FE 51

T a1 Q1 w1l 011y a2T e1 010 o

TF YHEL
IF <HDF1
IF HEL
IF “HEL

CCRLCLILATE

JER. @t
LLE. 0,
JER, 2w @1 = HDFL + i
JERL, 22 50T S

eLL FOR HEXT LREDGED

WL = L1
FETUFH

FILL LAYEFR AMD

€L = HDF1 « <1.0+EDD:
IF SHEL JER., 22 U0l = iddl1s + ELeiC
L1adlr = i11 71 + ELe30C
HOZ = TFISYEL~D2>
ELL = ELL .+ DZ#FLORT CNHTI
HY = MI + 1
NIt = MWL + MDZ
ME = HD - 1
JCALCULATE RODITIOMSL COCBRTGIMATE:Z AMD SET «'OL10
DD I I=MVvaHD
IT1 = I-1
el = ZiIIx + DE
#ely = RIIIY + DR
Aldlr = HICITs + DR
E14IY = EOO
Fiolr» = End
EcIy = EOQ
COMT THUE

Bl1

sRELCS13.

T10110

FEZET CLOH%

FRTIDE

CS1t s TOTETR IO s TOSTRFL VL1 s M1 01 s LIL 0110 s

TRHT =



g ad2 0
AN Ndnn
N30
GLONGOaS0
i1 s )
G0 0A TR
noogndsn
[HRE ST
DT SRR
nandns1n
NO0dnNsSsEn
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nnngdnsin
T
Onnd s =
N ENEEY]
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HOng Gean

GOngn .
00 07 g i
NN ords
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nong
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OO Q=nn
nongozaln

LW CRULCULRTE FIMRL WOID RATIOZ FOR DREDGED FILL
o I=iME

=1 GCedELL-ZCI

IF ¢%1 JLT. 0.0y Z1=0.0

DO & H=Z:LTF

R 1 - REOMD

IF LJLE, nox GOTO R

COMTINUE

EFIMyI» = EZCLDFY 8 53070 4

HH = H-1

EFINCI: = ESdMy + (Z0¢ (ESVHHY —EZ (MY o SRS CHMs =FT 043 %0
COHTIHVE

EFIM Ty = EnD

.- JCALOULRTE FIMAL TIID RPATIOS FOF FOUNDLRTIONM
IF HEL Efr. 2> 5070 =2

C1 = ELL1eC1 5 O = ELLeRC + 1
21 =01 + 02

o 2 I=1-HDIMY

Z2 o= Fl - Z1dIrexl

00 & M==2sLEL

TR o= - FELIM

IF  JLE. 0D.03 6070 T
COMTIHUIE

EFIN1«I» = ET14LELY § GOTO 2
MM o= H-]
EFIMLTY = EZ1CHY + (E3¢E3L oMHY~EZ10Me s < vRE1 (MM -1 (N s

COMTIMUE

se . HHLTIMATE ZETTLEMEWY FOF COMFREZZIELE FOUMDATION
CALL INTGRLYEFIMI»DZ1aMOIVISFINTL

EFINL = WRI1 = FIMT1VHOIW1:

LLREZET BOTTOM BOUMIWEY DUDZS
IF YMEL JER. 3 Ulvis = UJ1¢ly + HIDF1
TLIDZL g = 1 1y« I
IF <MEL .E9. 2) FETURH
IF rHEL JEfR. &» DUDIZ10 = Uoid - DLn

eea-JLTIMATE SETLEMEMT FOR TOTHL DFEDSELD FILL
CALL IMTGRL Y EFIM:DZxHD»FINTY
ZFIM = EoneELL — FIMTND:

...ZET %OIT RATIO FUNCTIOMZ FOR FEZET YALUES
‘k‘ = r{ l.},l —_ ]

DO 10 I=MHYsHD

AF ¢ 1> = AF N2

EF i1y = EF (N3

COMT INGE

FETLIRHM
EMI
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COMMON DR T 0 DULZ1 0 DU 1l s DUDEZL s D D51 s e EOCENNCELLsELL 1 »
4 GLaBEl 1 s BZsGELsBZELsGENF s Glds HEL s BOF s HOF 1 o IHs IMZ« I0OLIT

EZeLELsLDF«sMTIMEsHEDIN s HEDIW 1 s HBL s MDs HDI% s MOT'1 o
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NOaSnIS6 i EETRACS12»EBETHL ¢S10 sBF 10122 EF1 0110+ DEDECS1 «» DEDEL ¢Sl o
NENSE1Ed i EvinlasE1 1012 2ELL 112« EFINYIO0LY sEFINL 11 sER V110
NONSn1TN k2 EZiS10sEFLCS s »EFFETRE VIO sEFZTRL V11 o F 1010 sF1 0110 s

nuucﬂl-h & l:IHT-illll-F-'IHTl 112 sFE bo? sFEL VS
JHTE R S A REL S . TOTETR 1H1\-TD;TF1-11A~H-1D1bsU1f11h;
10 -HUlsllasUMLlulg;UmiAllﬂshIHIUIanlifliﬁs

D U O Bl B B

ce e =BT COME THHT'
F TR~
D2 = Dlec.

HMDY = ™MD - 1

IF ¢HEL ER. 2» 507D S

DLll_ = I' 1‘I—-I-I

iiF1 = TR (GileDI1n

IF vMEL .ER. 2% ERCHLOIW1Y = EFIM1MDIM1Y

LLOOF THROUGH FINRITE DIFFERENCE EQUATIOMNT UNTIL FPRIMNT TIME
NS .
OO0S0 : .. .CALCULATE %010 RATIO OF IMASE POIMT ANE FIRST PEAL FOINMT
NONSEEI00 ..., FOF COMFFPEZZIELE LAYEFR:
’ 1 00 & I=2sLEL
= ERily - ETL10I>
IF <71 .3E. .0 3070 =
& COMTIMUE
DEZED = DIDEL«<LEL: § 20OTO 4
E i I = 1I-1
noas n41n NZEL = DEDELCIY + (1o dDEZDEL1 71 -DEDELCIIxD #CEZ1CIr-E=L II'--

HANST
nnnqn

UL E X 4 F10 = F1¢22 + D126 R01+DATS 11 ~DEED

OenSNg 20 LF = iFlrE-—Flﬂ- £ 2.0

nonasngdn o TiF2Y F1C JMeF1L 12 +F10y »~ D21

NONSN4So A = YRF1 Y J—HFluljb P P |

NONS H4rH ERil» = Flily = CF1e IFe (3T 1eEFL 12 +RAC +TOF2DIeHF 1 1
NOGSNgT IF ¢EF<1y LLT. EFIM1Gta2 ERCLY = EFIML LY

anas u4—v IF ‘ER<ly 3T. E114105 EFTLy = E1101)

NONSN43N IF ¢HEL .ER, 3= =07T0O 249
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Evln RS
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COMTIMNE
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11 =
DD
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U U
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z0T0 =

+ (Cle v NZDECTIN-0%
ZE*fGC+DLD;L1ﬁ»D EL
- Ao b
CEAEn~2, HeF V1 +F 0o
Tr-AF LY s DD
1% - CF e TIF*(GLeRBF V10 +RC+TIF2DT
EFIMCLY Ed1d = EFIMOLY

L

LW CALCILATE MOIT
IF “HEL ER. &3
g 4 I=2eLIF

1 = EV1ly - EZT:
IF «Cy JGE. 0,0
COMTIMUE
E=ZT = J?
11 =
EZT
DEZT
T =
EF=t =
Lo 12
ol =
IF 7Ci

CONTIRE
ER DIV
IT = I-1
ERCHIITWVLY =

GOTO o7

wOTO Lo

cLnFEr s GOTO 11

I o+ T le RTITY-RE
2T - EFFSTRIL:
- DEET

EF TR TMOTIWLY +
I"‘\_'LEL

EFZL - FZ1eln
LLE, 0.0y 3OTO 13

CITan S 0ED

nE:T
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EZ10In + iC1eeEZ10ITx-E351 (I
REZET RO
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01 = EFYHEDIVL)
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COHTIHOE
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IT = I-1
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IERRILSD Fotal 2¢ COMTIMUE
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APPENDIX C: SAMPLE PROBLEM LISTINGS

1. The following pages contain sample data input and calculation

results from the two practical applications previously discussed.
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2. This page and the next contain the input data file used in

the dredged fill with compressible foundation example.
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3. Below are the calculation results after 2 years. A total of

6.0 ft of dredged material has been deposited. Results for the compres-

sible foundation are not shown.
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4. This page and the next contain the results after 8 years of

consolidation. A total of 14.0 ft of dredged fill has been deposited.
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5. After 14 years, conditions in the dredged fill layer are as

shown below and on the next page.
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6. The input data file for the soft compressible layer example

is given below.
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7. Conditions in the compressible layer after 3 years are shown
below. The total layer depth differs from the input value slightly due
to the iterative method of calculating the material coordinate and the
fact that Lagrangian coordinates are reset to match the material

coordinate.
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8. Compressible layer conditions after 6 years are shown below.
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