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NUMERICAL SOLUTIONS OF RATE OF CONSOLIDATION IN

LAYERED SOILS

ABSTRACT

The numerical solutions of rate of consélidation
in layered soils is studied. The pore water dissipation
of compressible deposits is numerically détermined based
on the finite difference method. The advantegeous attain- .
ed by the use of vertical drains is méntioned and a com-
puter program is developed for a layered system which is

vertically and radially drained.

The loading condition is also investigated and the
computer programs for constant loading are further deve-
loped tortake intd account the effects of time-dependent
loading. < The results of the numerical solutions are com-

pared with the available analytical procedures.
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" TABAKALI ZEMINLERDE KONSOLIDASYON HIZINA AIT

NUMERIK COZUMLER

OZET

Tabakali zeminlerde konsolidasyon hizina ait niime-
rik ¢oOzlimler islenmigtir. Sikistirailabilir kiitlelerin bog-
luk suyu kagigi niimerik olarak sonlu farklar metoduna go- .
re tanimlanmistir. Dikey drenajlarin kullanilmasiyla elde
edilen avantajlar anlatilmis ve dikey ve yatay drenaji ya-
pilmig tabakali sistemler ig¢in kompiliter programi geligti-

rilmistir.

Ayni zamanda ylikleme durumlari arastirilmis ve zama-
na bagimli yliklemenin etkileri de gz Oniinde bulundurula-
rak sabit ylikleme ig¢in kompiliter programlari geligtirilmig-
tir. Nimerik ¢o6zlimlerin sonug¢lari uygun analitik prosediixr-

ler ile karsllastlrllmlstir.
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I, INTRODUCTION

.The water which mbves through the pores of any soil
under externally applied stresses form an important area
of study in geotechnical enaineering. Since the permeabi-
lities are rather low,themotion ofbthis pore water does
not occur immediately but it takes some times'to escape from
the compressible layer. As the water is squeezed from the
center of the deposit towards the boundary, the pressure
increment,‘is carried by the soil skeleton and a reductioﬁ
in void ratio occurs. This procedure results in a reduc-
tion of thickness which is called as settlement. The
amount of settlement is constant for an arbitrary loading
and its value depends on.the compression index. The coef-
ficient of consolidation is another parameter obtained
‘from a_consolidation test. It relates how long will it
take place for the total settlement to occur. The conso-
lidation settlement and its time rate solutions are rewiev-—

ed in the second and third chapters.

The consolidation of two contiguous compressible la-
vers, posessing different consolidation characteristcs, is
studied in the fourth chapter. The analytical solution
first developed by Hamilton Gray (5) in 1944 is presented

with the method of averaging soil properties of K.Terzaghi,



proposed in 1940 (15). The numerical solution of
time rate of consolidation is studied and the results of
the computer progrém are compared With analytical and

strain-based solutions.(JANBU, 1965)

Most compressible soils are alluvial deposits and
are more pervious in the direction of the bedding. If
such a soil deposit is loaded it is desirable to put the
radial flow into effect and thus accelerate the rate of
cpnsolidation. This is usually performed by the use of
vertical sand-filled holes known as drain wells. The anay-
tical solution of Barron, A in 1947 and the numerical one

is presented.

In chapter IV and V the external load was assumed to
be copstant which seems to be practical in many cases.
‘However, it is not representative in some cases. Therefore
in éhapter VI. the effect of time-dependent loading is also

investigated and a numerical solution is developed.

The problems mentioned above could be solved using
computer programs available the appendices CONVER, CONVER 1,

CONRAD, CONRAD 1 which are developed for these purposes.



I1. CONSOLIDATION SETTLEMENT

2,1 INTRODUCTION

The presence of water in soeils materially affects
the behaviou: of the soil whether it is granular or cohesive
Generally, in granular soils, only the effective unit
weight is altered when water £fills the voids; in chosive
soils the conditions of their deposition, foermation of
the sediments, and future response of the soil to applied
stresses are all dependent on the water environment of the

grains.

Water exists in cohesive soils in chemically combined,
adsorbed on the surface, or ffee, unbdnded forms. No sharp
distinction may be made between the adsorbed surface water
on the finer particles and free pore water. However, we
consider that there is a gradual transition from the ordered
distribution of water molecules nearest the surface to the
randomly oriented molecules some distance from the surface,

a distance depending on the néture of the particles and their
~environment. It is dificult to define préciselybwhat is meant
by "free" water in the pores of a clay soil under such circum-

stances because of the gradual change in the degree of freedom.



However, we will consider free water to be that water in
the pores of a soil which is caused to move through the

pores by pressures applied to the soil structure or pore

water.

The water which moves through the pores of any
soil under external stresses forms an important area of
study in geotechnical engineering. Water pressures and
flow quantities under or inside dams, around foundations,
cofferdams, or retaining walls, or in compressing soil

layers are determining factors in the design of such

structures,

Because of the low perﬁeabilities of clays, the
compression under and arbitrary load does not occur imme-
diately since time is required for the water to drain out
of the s0il. This process of flow water through a soil
structure under loading is called "consolidation". As for
all soil settlements ,.consolidation is the elastoplastic
deformstion resulting in a permanent reduction in void
ratio due to an increase ih stress. The essential difference
betweer. ordinary compression and consolidation settlement

is that consolidation is time-dependent.
2 .2 SOIL CONSOLIDATION

In the consolidation theory of clay deposits which
was first offered by Karl Terzaghi in 1925 the following

assumptions are made: -



The soil is and remains, séturated (S= 100 %). Consolida-

tion settlements can be obtained for nonsaturated soil,

~but the predicted time for settlement to occur is extre-

mely unreliable.
Water and soil grains are imcompressible.

There is a linear reiationship between applied pressure

and volume change. (a, =te / Ap)

The coefficient of permeability is a constant which
will tend to produce error in the time for settlement

to occur.
Darcy's law is wvalid (v = ki)

There is a constant temperature . A change in tempera-
ture from about 10 to 20°C (typical field and laboratory
temperature, respectively) results in about 30 % change
in the viscosity of water. It is important that the
laboratory test be performed at a known,temperatuie

or preferably at the in situ temperature.

Consolidation is one dimensional (vertical) , that is ,
there is no lateral flow of water or soil movements.
This is exactly true in the laboratory test and is

generally’nearly so in situ for large loaded areas.

To have undisturbed samples are nearly impossible
especially for sensitive clays. During the sampling
the soil is unloaded and so the orientation of clay

particles changes, they become parallel to each other

5



resulting in a remolded sample, having less cohesion than

its original state.

The consolidation parameters of a soil are the
compression index C.and the coefficient of consolidation Cy.
The compression index relates to how much consolidation or
settlement will take place. The coefficient of consolidation
relates to how long it will take for an amount of consolida-

tion to take place.

The consolidation parameters can be obtained from a
laboratory consolidafion.test, schematically shown in Fig.2.1
The carefully trimmed soil specimen (usual diaﬁeter from 6.3
to 11.3 cm) is placed inside a metal confining ring. Uniform
soil pressure is applied through the loading block, and the
porous stones allow the excess pore pressure, due to the
load increment to freely escape as the soil voids are
compressed. A dial gage is used to measure the amount of
compression at varying time intervals; thus, volume changes

can be computed.

A new increment of load is periodically appliedfto
the soil. It has been found that‘the best resuLts are obtain-
ed when the load is doubled producing a ratio of Ap/p= 1;
thus a typical sequence‘would be 25, 50, 100, 200, 400,.
800, kPa. There is also evidence that if the initial load
increment is too low, the -éxcess pore pressure gradient
may not be sufficent to initiate pore water flow in some
clay soils. This' should only affect the initial part

of the curve of void ratio vs. pressure, as the later load
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Fig. 2.3 Void ratio v.s Effective Pressure for Loading and

Unloading of Cohesive Soils (Bowles,1977)
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" curve

. . P, = lab. value based on
Laboratory “undisturbed” Casagrande or other
Curve method
P = in situ value based on

overburden column

Rd = po/p‘o = indicator of sample
disturbance

Void ratio (or strain)

Ry—1 = good quality
Ry < 0.5 = very poor quality

e e et e e i T e e D e e e C
or estimate ot 0.35 to 045e,

Log pressure

Fig. 2.4 e wv.s log p curve for an Insensitive (Clay

(Bowles, 1977)
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increments will be large enough to avoid this problem; also

initial loads on the order of 25 kPa appear adequate to avoid

it.

The tests loads are chénged on the sample when
consididation under the current load increment is complete.
This may be taken as time when the dial reading has remain-
ed relatively unchanged for three successive readings, where
the elapsed time of each reading is approximately double
that of the previous reading. One may arbitrarily change
loads every 24 h, which is generally satisfactory for samples
of the usual 2 to 3 cm thickness and using the floating

test equipment.

The results of a consolidation test are presented in
the form of curves of settleﬁent vs. time, and void ratio
e vs. log pressure, as shown.in Fig.2.3. Sometimes a plot
of e vs.. p is used instead of the semilogarithmic  plots.

Note that the effective pressure is used in these plots.

The semilogarithmic plot of ¢ vs. log p for undis-

turbed cohesive soils has the following characteristics:

1. The initial branch of the curve has a relatively flat
slope (due primarily tQ the initial load increment afe
less than the in situ overburden, and due also to soil
expansion from loss of oﬁerburden pressure, which always

occurs during sample recovery).

2. At a pressure close to the in situ overburden pressure

(Po), the curve becomes much steeper and a curved portion
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exists. For Ielatively insensitive clays the curve
is rather flat (Fig 2.4); for sensitive clays it is

much sharper( Fig.2.5)

Beyond the P, point the curve is nearly linear for
insensitive clays. For sensitive clays, the curve may
exhibit soﬁe convavity , as shown in Fig. 2.5. This
relatively steep and characteristic concave shape may be
in part due to a sturucture collapse at a pressure

grcater than Po.

If an undisturbed scil sample, is loaded to some pressure
such as Py of Fig. 2.3, then unloaded and reloaded ,

the curves form é hysteresis loop. The reload curve, has
been found to consistently have the general shape of the
initial branéh of the loéd curve. When the new reload
cycle exceed Pl, the reload curve will become an approxi-

mate extension of the original load curve.

5. a) The compression curve obtained for a remolded sample

as shown in Fig. 2.4, 2.5, 2.6 always has a regular

A

slope but less than the undisturbed" samples, probably

because the structure is more oriented.

b) When the remolded samples are unloaded, hysteresis

loops are formed as in Fig. 2.3

¢) From a) and b) it is concluded that:

i) The initial branch of an undisturbed sample is a
recompression branch of the field virgin curve,
since the sample has been unloaded of the over-

burden pressure(1l2).
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ii) The virgin curve would be expected to be
somewhat to the right of the undisturbed curve.

iii)vThe 1abdratory undisturbed curve shoula be
corrected to the virgin curve to obtain the
compression parameters. Note that corrections
should not be used unless en and eg are feliably
known,.since "juét making corrections" may

produce a non conservative solution.

i The pressure the soil has ever experienced is
called preconsolidation pressure and denoted by P. is
equal to the effective in situ overburden pressure for
normally consolidated clays. The effective overburden
pressure is computed as weight of the column of soil from
the point of interest to the ground surface.  If P, (as
obtained from the e versus log p curve using cassagrandefs
(1936) procedure) is larger than in situ overburden pressure
the soil has been subjected to a pressure at some time
in the geologic past larger than the present pressure Py ,

and this past pressure may have been due to:

1. Agreater amount of overburden which has since been eroded
away |

2. Drying and resulting shrinkage stresses

3. A change in the water table (lowering)

4, A combination of drying and wetting in the presence of
certain sodium, calcium or magnesium salts ( particularly

in uplifted marine deposits)

In this case the soil is said to be preconsolidat-

ed ( or overconsolidated) The overconsolidation ratio is
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defined as

(2 1)

For normally consolidated clay, as the in situ pressure
is increased from P, to P, AP = P, , the void ratio should
decrease by an amount lfe, as shown in FigZ.3. 'The slope
of the straight line portion of the virgin compression
curve can be denoted as the compression index Ce r computed

as

Ae
log (P5 +Ap)-log Po
And rearranging,
Po+ 4p '
he = Co log (2.3)

Po

Equations (2-2) and (2-3) cannot be used to compute
Ae for preconsolidated soils when the value of P, is less
than P, for these conditions either C, , Cg must be used
depending on whether swell or compression (recompression)
is desired. Forbsettlements in preconsolidated soil, the.
~change, in void ratio is éomputed in two stages as follows:
Stage 1 For Ap po<Pc

P+ Ip

be,= Cr log —w— (2 .4)

.PO



Stége 2 For Py = P, + AP>P; , i.e, when the
increase in pressure extends beyond the preconsolidation
pressure into the linear portion of the pressure plot,
compute this extension as Ap'= Py, Ap-pc- The additional
void change is computed as

Aep = C_ log FortP’

c \2.5)

Po

The total change is the sum of the values
he = be, + be,
2.3 COMPUTATION OF CONSOLIDATION SETTLEMENTS

The time dependent settlement of a layer of soil

can be computed using consolidation parameters as follows:

For one dimensional consolidation €, =€y and where

e, = vertical strain and ez = volumetric strain

AH _  _he

H

l+e

or , the settlement is equal to:

Ae
AH = Te H
subsistuting from #g. {2.2), obtain
C. H P4Ap

log
le Po

(2.6)

AH=

The in situ effetive overburden pressure, P, can be
somewhat in error, since usual field exploration techniques

often obtain only estimates of unit weights.

16
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Fig. 2.6 Correcting the laboratory e v.s log p for
preconsolidated soils (after schmertman,

1955 )
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Estimates generally tend to be low » which increases

the computed settlement and is conservative.
2.4 DETERMINATION OF THE PRECONSOLIDATION PRESSURE

The preconsolidation pressure can be estimated
with sufficient precision by using judgement and extending
the straight line portion of fhe e vs. log p plot to
a/point at prroximately the breaking of the two branches
of the curve. &alternatively, one may use a method proposed

by Casagrande(1936) to obtain the approximate P..

If one locates point of minimum radius of curvature
he will easily obtain the value of Pc following the

Fig. 2.8
2.5 SUMMARY

The presence of water and ité motion in cohesive
so0il deposit give raise to a huge area of interest for
the geotechnical engineers’if the deposit is faced with
the constructibn of a dam, building, road etc. Since
the permeabilities are quite low the porewater dissipa-
tion under external loading takes a long time, the process
named as consolidation. The consolidation theory first
offered by Karl Terzaghi in 1925 has the following
assumptions: the soil is saturated, permeability is
constant, Darcy's law is valid, temperature is constant
water and soil grains are incompressible, compression is
one dimensional and there is a 1inearwreiation between

void ratio and external stress.



Fig. 2.7

Loboratory Field -

Soil solids

l%_ __________ i U N
I |

Settlement of a soil sample of thickness H Institu

(Bowles, 1977)
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P. € p, = normally consalidated
Pc > P, = preconsolidated

Overconsalidation ratio, OCR = Pc/Pg

/Compore Pc 10 Py
1

. Log pressure

Fig. 2.8 Cassagrande s procedure for obtaining preconsolidaton

pressure (Bowles ,1977)
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The first important parameter, Cg, the compression
index relates how much the consolidation settlement will®
happen. _The vaiue.of Cc is obtained from a void ratio-
vs. log pressure (effective) curve which is the result
of a laboratory oedometer test. The pressure which the
soil has ever experienced is called the preconsolidation
pressure P, , and is also obtained from the e vs. log P
curve using a method proposed by casagrande (1936). The
effective overburden pressure, 30 , and P, determine the
situatioﬁ of the deposit whether it is under,normally or

over consolidated.
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I11, RATE OF CONSOLIDATION

3.1 INTRODUCTION

The second consolidation parameter of interest

from a consolidation test is the coefficient of consolida-
tion Cy. This parameter is obtained from an equation to
be developed in the following section. The rate of pore
water dissipation will be developed and Taylor'é (1948)
solution todether with numerical approach will be supplied
throughout the chapter. Since consolidation is directly
dependent on the extrusion of pore water frdm the soil
voids, let us consider continuity of flow and relate it

to sources by which the weight of water in the element may

'vary in time.
3 .2 RATE OF CONSOLIDATION

The equation of continuity representing the conser-
vation of matter during the flow process where W is the '

weight of fluid stored in the volume dxdydz is,

Rate of change of storage =

5 . 5 5 . o
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substituti f the iti '
ution of the velocities Vg + Vy » Vp by

| oh on S
= - k. —_— . - - o ]

give rise to the following equation (13).

d «_. 9h d dh, . 3 dh | dw
( Y k-‘ g +om— v - T = T .
s Yw ks o) dy Oy AT (hykz =, ) ot (3.3)

Both the intergranular soil pressdre and the fluid
pressure will vary from place to place in a soil medium
during the flow of water, so that even an initially homo-
geﬁaous soil may experience spatial variations in permea—v
bility as flow continues. We may expect that the permea-
bility of granular media will not change appreciably as
flow takes place, but finerfgrained cohesive soils may
well undergo large variations in permeability. ﬁut we
usually assume, that perméabilities are invariant during
the flow process so that they'can be placed‘outside the
derivatives in Eg.(3.3). With the assumption of constant
coefficients of permeability and.by expanding the deriva -

tives, one obtains as derived by R.F.Scott (13).

- 5°n 3°n 5°h
- . N

ky Y 2+xyfw . 2+kzwﬂ . ]

B g X d ¥y g 2

3 2Yw  2h oY, oh Y oh ow
. " +k W = (3.4)
= nT Y Ty oy . 9z 33] 2

The second term of the left hand side of the Eq.(3.4)
is negligible since pore-water is assumed to be incompressib-
le. Therefore, as it is used in most soil engineering proHems

the equation (3.4) can be written
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9°h 9°h .. 3%h | |
Y [kx g;f +ky ayz‘*kzazz ]= —%%— : (3.5)

The weight of water, W, in the element is equal to
W W /100, where W is the weight of soil solids in the
volume dxdydz. One can easily relate W to degree of satura-

tion, unit weight of solids, and unit weight of water as

follows,
SeYy = Gg Ywo w | (3.6)

which we can use to get

st 100 at 100 st GgYWo

(3.7

since by the above reasing the weight of soil solids in
the element does not change in time . When G 1is replac-
ed by the ratio of the unit weights of soil and water

s/ wo , Eqg.(3.7) becomes

W Wg
st 100 st \ Uy

!
—
&
<~<
|_-l
o S

Expanding the differentiation, one may obtain

: 1
oW Wg 1 35 : 1 2de 1 37 s .
_ = My = =2k SY —. X +8e—— Z_W._SeY — 3.8
ot 100 v, ot Yoy ot N, 9t "Y"“Zs 3t ( )
(R) (B) (C) (D)
Where terms in the brackets of Egq. (3.8) represent,

respectively, the ratevof change of storage of water due
to: (A) change of degree of saturation (B) change of void
ratio, (C) change in the unit weight of pore water, and

(D) change in the unit weight of the soil solids.
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Since the pore water soil solids are assumed to be
invariant together with the degree of saturation which is

accepted at the very beginning .as 100 $ (3) the Equation

(3.8) becomes.

oW 1 1 2de
= ST, — —
at 100 Ys 3t
or
oW Wo Yy de
- (3.9)
ot Ys ot
or
) - T e
—_— = VY — (3.10)
3t Sw ot

Since volume of solid particles is equal to V /e,-
and unit weight of water is equal to W /V , then Eg .(3.10)

becomes

oW Wy de

ot e ot (3.11)

If one can find the variation of void ratio with
time, he or she will be over with the time rate of con56114
dation. 1In order to achieve this purpose we'll go back to
the variation of void ratio with effective stress as was‘

covered in the carlier sections.

All data on the compressibility of soils are obtain-
ed through field or laboratory tests on material, and there-

fore a straight line is drawn on the curve of void ratio

nOCAZIC! UNIVERSITES] KUTUPHANESH
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versus intergranular or effective stress through two points
on the curve representing the stress range to be expected :

such a line is shown as DE in Fig. 3.1. Its equation is

therefore,
e a,V<;+eo (3.12 a)

where e 1is the void ratio obtaiﬁed by the hypothetical
projection of the straight line back to zero stress and
ay is a coefficient of compressibility, deséribing the

slope of the line, which is of course negative. If the
value of a;, is taken as-a positive number then the equa-

tion will be written

e= e; - a0 . (3.12 b)

If only a relatively small pressure increment is
applied to a naturally existing clay so that the change in
void ratio is also small, the approximation may be made
that compression takes plaée as a linear function of pressu-
re. Such an assumption would‘be far in error if applied
in an attempt to describe arlarge change in void ratio
of a soil such as that occuring between the time of its
first deposition and its subsequent burial under deep layers

of later sediments.

3e /
= - av (3.13)

-

and writing a relation between and u :

50 3o .; 51 | ',(3 14)
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then the variation of void ratio with time becomes

e _ay [ du)
ot ot ot

(3.15)

We note that , altough the treatment of water flow
is based on the assumptions of a‘volumétric element fixed
is space , with spatial coordinates (x,y,z) , we dealt
with the possibility of a vertical expansion or contrac -
tion of the soil. The summation of such incremental expan-
sions or contractions would obviously result in a vertical
displagement of all elements. Altough the storage rate
of water referred to‘the volumetric element dxdydz, the
analysis in fact proceeéed on the assumption that the
weight of soil in tﬁe element remained constant and there-

fore might be said to be based on material cooxrdinates.

Substituting Eq. (3.15) in (3.11) and writing Wy

- in terms of void ratio and unit weight of water (Wy=eYy/lte)

(3.16)

W _ av Yy (au _ ao)
st l+e 3t 3t

On the left hand side of Eg. (3.5) the head is still
the total head, i.e., in this case, sum of the static or
steadystate and transient pore-water pressures:

, |
h= (hp +he)+ — (3.17)

A

Since in many problems a loaded surface, which is
:large in extent compared with the clay thickness i& encount-
efed, the water flow may be considered to occur in one

direction, vertically.' Having this in mind and taking the
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derivative of the Eq. (3.17) and substing those two into

Eg. (3.5)

dw |
. 9 u LA | (3.18)

Equating the Equations (3.16) and (3.18) and rear-
ranging with the constant in their initial values one obtains

k, ( lteg) 3% du 30

—~ = - (3.19)
%o ayy A ot 9t -

The group of constant terms on the left hand side
is given the name coefficent of consolidation, Cy s which
can also be considered an hydraulic diffusion coefficient,

kz (l-+eo) |
C_= (3.20)

on s

If the external stress causing the transient condi-
tion is applied rapidly and held constant in time, the ..
second term on the left hand side of Eg. (3.19) wvanishes,

and the equation becomes

2.
c 8w 9w (3.21)
v 3z2 ot

In this form the equation of consolidation was first

derived by Terzaghi and is similar to Fick's law of thermal

diffusion.

The solution of Eg. (3.21) takes the. form (Taylor,1948)
of a series solution to give the instantaneous value of the
excess pore water pressure u at a specified point in the

soil mass as
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whére n: any integer (generally 0,2,3 and 4 are sufficient)
y: depth into a stratum of length of drainage path H
H: length of longest draihage path in soil sample or

mass

T : dimensionless number termed a time factor, or

1~ : 1 1
§] ::i\[ﬁ.xofH u; sin n;lly dy) (sin %} exp(- —]4'— nTl T) (3.22)

t,: time of interest

initial pore pressure distrubution

Because of the linearity ofrEq. (3.19)} it is
appropriate to normalize the Vérious parameters to make ,
the equation nondimensional. In this way the solution

obtained in term of dimensionless parameters in in a more
suitable form for generel applications. 'The normalization
in one-dimensional terms, for example , is accomplished by
relatiing the variables to the chaxacteristic constanﬁs
of the systems as.follows: A charactericstics length H
‘ih the system is selected to give a dimensionless lenéthx

variable g:

z (3.23 a)
p=s —
H

when z is measured from the surface of the compressing layer.
Next, choosing an arbitrary time constant T, we are able
to obtain a dimensionless time variable T:

t ' (2.23 b)
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.subsituting in the one-dimensional Eg (3.21) gives.

(3.24)

Svooosu o1 o
g odp? T aT

where u is a function of g and T.

It is apparent that one of the characteristic constants

can be selected for convenience to make

1 c, v (3.25)
T = Hz

and therefore Eg. (3.24) becomes

32 )
u_ ou . (3.26)

2 aT

Most estimates of settlements are based on a one -
dimehsional analysis of consolidation under the center of
the structure, using an initial applied vertical stress
distrubution throughout the medium obtained from solutions’
based on fhe assupliton that the soil is an elastic material.
The ultimate settlement is computed by dividing the léyer
into a number of laminae of finite thickness - calculating
the average increase in effective pressure p at the center
of each layer from the elastic solution and summing the -
incremental settlements to get the overall settlement.

a R
H Tre P o (3-27)

The history of settlement is then obtained by
assuming that settlement fallows the curve expressed by
Eq. (3.19) for the case of an initally uniform excess
pore-pressure dist;ubution, so that ' thé settlement

at time T,vis calculated from

(3.28)

AHT = U. 4H



where is the percent consolidation which is defined as

U = J(100-u) dp ‘ (3.29)

3.3 NUMERICAL ANALYSIS

The numerical solution to the Eq.v(3.21) using
finite difference technique is éasy to handle and finds
out lots of applications. Especially for layered clay
deposits where the boundary conditions become complicated
numerical solution is the best way to treat the problem.
The loading condition is also very important if it is not
constant in” time. The consolidation of a layered clay
deposit under a time - dependent loading will be best hand-

le¢ using numerical solution.

The left hand side of the Eg.(3.26) in one dimensioh
can be represented in finite-difference form by the expres-

sion
3%u 1 _
3p2 - }Ap)z (Ui—1+Ui+l_2Ui) ' (3.30)

In Eq. (3.30) the values of u vary at each point in
time,’and therefore the equation must be associated with a:
time;}hence a time subscript wiil‘be associated. On the
right-hand side of Eqg.(3.26), U must be associated with a
point in space, which is conceniently taken to be the
point, the increment of U in the numerator is a time incre-

ment , and the finite difference form of this side becomes.

su 1 ( (3.31)

9T AT

Ui, )

Ui,T+AT

32
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Combination of Egs. (3.30) and (3.31) yields an e
expression whichvean be used to determine the excess pore
pressure at a point at a time ‘ in terms of the pore

pressures at the point and adjacent points at a time T

AT

Ui,T+AT = ?KE?)(Ui“l * Ui+1_2Ui)T+ Ui,T (3.32)

Since both T-and P are dimensionless, the‘factor
is also dimensionless and may be described as an
operator on the prior values of u by whose agency the new
values can be calculated. Therefore, if in a consolidating
medium we have established a number of points a distance
p apart at which the excess over hyrocstatic pore pressure
is known at any time T , then the excess over hydrostatic
pore pressure at each of these points may be computed at
time by means of Eg. (3.32) the so-called explicit
method used to derivevK.(3.32) brings a problem with it
which is the stability of equation in operation in order
tc be useful. In other words, if an error E is made in
the determination of U at one cycle of the solution, i.c.,
at a time T, then the error’in the subsequent value
should not be more than E by reason of .the iterative pro-
cess of Eg.(3.32). If this is true, the step-by-step calcu-
lation of u; as a function of time will not be divergent,
since the computational errors do not increase in the course

of the solution. Then the restriction on (13)

= _
Mg — | ~ (3.33)
2 . ;

34
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This limitation could be woided if the expression
would be written in terms of the new values at three points.

"The model equation would then be an implicit function.

This can be done by rewriting the second difference
of pore pressure with respect to space as an average over

the time interval involved to give the implicit relation.

(BU) ) Ui,T+AT ,'_"Ui,T ) (3.34)

9T /4 m+ar/2 AT

9%u (Ui-1_2Ui+Ui+l)T + (Ui—l_ZUi+Ui+l)

W = ) lI"*'AII‘ (3-35) )
1,T+AT/2 2 (8p)2

If we combine the Egs. (3.34) and (3.35) and then

seperate the terms containing T and terms of T on
each side, we will obtain as R;F. Scott (12)
1
(Ui+l-2(1+—bg—)Ui+Ui_l.)T+AT
1
= —(Ui+l -2 (1- —ﬁ~)»Ui+Ui_l)T =—bi-,T (3.36)

Uéing Eq. (3.36) in which the values will be known
at time T, we establish a set of simulteneous equations in
the unknowns, (T + AT ) for a chosen 4p spacing and a
on Which no restriction is placed other than that the seéond
difference must be a reasonable approximation to the actual
second difference. The greater the changes_in the excess
pore pressure, in smaller the time steps which must be

choosen.
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When the distribution of excess over hydostatic pore
pressure with depth and time in the soil hae beeh obtained ’
it si usually desirable to calculate the average value at
any particular time over the thickness of the layer under
consideration. This may be done either by the application
of Simpson's rule to the pore‘pressures or by mechanical
integration of the diagrams by a planimeter. Division of
area underneath the isochrone by the depth of the layer
fields the average value of pore-pressure, distribution at

the given time.

If it is desired to examine the pore-pressure
distribution with time in detail at any particular part of
the layer under consideration, a network of fine p-spacing
ean be chosen in the zone of interest so that the pore -
pressure distribution at small spatial intervals can be
obtained. For a consistent solution, the time factor sters,

, must be the same everywhere throghout the zone, and
it will therefore be necessary to choose the factor in a
zone of fine net size to ensure that the time steps remain

constant.

With the computer program named CONVER available in
Appendix A one can calculate the total settlement and ite
time rate of a campressible stratum under a constant load.
The principles used to develop it for a layered system will-
be held in the next chapter. Here is a comparaison of the
fesults obtained using CONVER with.the conventional theory

of Mr.Karl Terzaghi presented by GIBSON.R.E (4).
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A sample of clay layer as shown iﬁ fig. 3.6 of
thickness 8 m. had the U vs. t curve as heavily drawn in
Fig. 3.7. The conventional curve is somehow conservative.
The pore water disspation with CONVER seems to be faster

- resulting in a higher degree of consolidation for the same

amount of elapsed time.

3.4 SUMMARY

The pore water dissipation of a clay deposit takes
sometimes a long time under exterman loading and this is
mainly governed by the coefficiend of consolidation, Cy,

as given by Eq. (3.20).

The flow of fluid through the pores and the volume
change of a cubic element of s0il is considered in order
to precise ond formulate the pore water pressure distribu-
tion. With the assumbtions made in the previons chapter
the consolidation equation is obtained and given by Eq. (3.21)
which was first developed by Karl Terzaghi. The solution
to this differential equation gives the instanteneous vaule
of pore water pressure , u, at a specified poind in the soil
mass. The analytical solution,:in the f;rm of series suggest-
ed by Taylor (1948), is provided by Eg. (3.22). Numerical
solution, having advantegeous over analytic one when the
boundary and loading conditions represent some dificulties,

_is the main purpose of this study . Finite difference met-

hod is the basis of this numerical approach.

The ratio of the settlement at any time over the

total one called the percent consolidation, U, at this

42



spesific time. The plots of U versus depth or time for
a clay layer are presented as well as the comparison of
the results of the theoretical and numerical solutions,

the ladder as obtained using the computer program named

CONVER.

43
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IV, LAYERED SYSTEM

A

4.1 INTRODUCTION

The consolidation of two adjacent layers of fine-
grained soils, possesing different consolidation characteris-
~tics, is an othef important area of study for geotechnical
engineers. The analytical solution first developed by
Hamilton Gray in 1944 will be supplied together with an
approximate method giveh by Professor Karl Terzaghi in 1940.
The numerical solution to this problem is considered in
detail and the computer program CONVER available in Appen-
dix A ié well explained. The problem of time rate of con-
solidation solved on the strain-basis, but not on the stress,

by N. JANBU in 1965 is presented at the end of the chapter.

4.2 THE ANALYTICAL SOLUTION

When two adjoining compressible strata are made to
consolidate under an applied load, the behavior of each
stratum is influenced by the présence and action of the ot-
her. The extent of the mutual interference or influence eof
the layers depends on the properties (compressibility and

permeability) of the materials comprising each layer.
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The problem of two contiguous layers of consolidating
soils is depicted in Fig. 4.1, there being two distinct cases
,‘to consider (a) . Free drainage top and bottom, and (b)
drainage at top only, as given by Hamilton Gray in 1944 (5)-
It should be repgated that the drainage conditions affect
onlylthe time rate of compression and have no influence on

the total amount of settlement.

In Fig. 4.1 , "reduced" dimensions, are intoduced
for mathematical simplicity and are related to the true

dimensions by the equations:

H

Hy = —— (4.1)
S l+e

and
h

Fz — ‘ (4.2)
l+e '

where, Hg

the layer thickness (reduced)

z the depth from the datum line (reduced)

e void ratio

The layers of soil are numbered I and II and the
corresponding soil coefficients are identified by appropri-

ate subscripts, 1 and 2.

For each material, the coefficient of permeabiiity ’
k is equal to:
k = acyv (1+e) | | (4.3)

where, a coefficient of compressibility

c : coefficient of consolidation

density of the liquid

R
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In addition, the following transformations are

convenient:
kl
ks = (4.4a)
1 l+e
1
k
k = 2 (4.4D)
s2
l+e2

and the introduction of three dimensionless numbers

kSi 2
4.5
C2 k ( )

is useful.

Then it .ig possible to write the basic differential

equation for the two layers consecutively as

3%y, N
c = (4.6a)
1 9z2 ot » .
2
c, 8’y _ W (4.6b)
3z? 3t

and solve them simultaneously.

Here, it is preferred to give the results to a par-
ticular cése and illustratee them graphically rather than
going through the details of the solution of Eq.(4.6 a) and
(4.6b) and obtain at the end the percent consolidations foi
‘the two layers. In this situation it is assumed that there
is drainage at the top only, with the following relation-
ships between the coefficients and dimensions: y=4; ej=ey;
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Fig. 4.2 Pore Water Distribution for Two Different T (Gray, 1944)
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Fig. 4.2 shows the distributions of excess fluid
pressures, u, in the soil layers at two different times
correspornding,T:lQO and T=200. As is to be expected from
the assumed relation between the soil coefficients, the
lower layer consolidates as rapidly as the upper will per-
mit, the variation in u through the léwer layer at any ins-
tant being very small. 1In the upper layer the variation
is similar to that found in the case of a layer of homoge-
neous material with free drainage at one surface. In Figq.
4.3 the curves of U versus T are plotted for the upper and

lower layers,'together with a "resultant" curve computed

from.
Uh ,U h 40, +U ,
U, = —2 22 - 2 (4.7)
hl h2‘ 5

as suggested by Hamilton Gray in 1944 (5).

Also shown are curves of U versus T which would
result if the entire deposit of compressible soil were of
material identical with that of (1) the upper layer, and(2)

the lower layer.

Fig. 4.4 shows the"resultant" curve of Fig.4.3 toget-
her with a curve obtained by averaging the coefficients of
the two layers in the following manner, as suggested by

Professor Terzaghi in 1940 (14)

‘ 1
a Buhmraghy A My a iy L4,
aver = = s L
~ h, h, |
1 | 2 hl 4hl |

h ,h | h_+ 4h Sh | :

aver = 1t 2 = = > = “—_:L‘f = 0.122 ke (4.8b)
41 h
Lo LN A 3
Ks1 kg L ksy ke kg
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k - ' .
oy 0122 kg, ke,
Cave]'..' = = 0.0555 = 0.0555 Cl (4.80)
Yaa.Ver 2.2al : a,

Naturally, curve(é) , Fig. 4.4, sécured by the

- method of averaging, is obtained with far less effort than
the theoretically correct resultant curve which it approxi-
mates. It is evident from Fig. 4.4 that the discrepency

between two is not excessive.
4.3 NUMERICAL ANALYSIS

Another way of solution of time rate of consolida-
tion is the numerical approach. The ease brought by the
use of numerical techniques was mentioned before in the
third chapter. Even more, when the soil deposit is layered
a computer program developed for this purpose will provide
the fastest results. As the system is layered the numeri-
cal solution is the best approach since the differential

equations in this case are almost impractical to deal with.

The numerical solution using finite difference
technique will be derived as was done for a homogeneous cémp—
pressible layer. The main problem confronted here is boundary.
" But as shown in Fig. 4.5 th%s problem is over using imagi-

nary points.
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To start with, we will assume for"simplicity the

following equality:

A7 _\ [ & : (4.9)
Az, G | |

If one writes down the previous explicit equation
for the upper and lower layers; he will have

1. U = U

i,Tear =Ui,7+ M (Ui 5+ U, - 205 Iy (4.10a)
2o Uy mprp = UptM (Uit 0y ) - 205 )y (4.10b)
Velocity below and above the boundary is same
-} Vs © U
— ity = Ti-2
v, =k < > =g, == (4.11 a)
°z /i,z - 2 bz, ’
v, = x, < du ) _x Vit " Vi (4.11b)
2 92 ,42 2A22

from which ene obtains equating Egs. (4.11 a) and (4.11lb)

V., 4+ oV, = oU. .4 U, (4.12)

0= —==——2 (4.13)

Replacing Uj,, an Eq. (4.10) by V;,, and U;_, in
Eg. (4.10 b) by V;_; and eliminating them using in.Eq.(4.12)

gives rise to the following egquation

_?ﬂUi+1+ Uiy U

a ¥1

i (4.14)
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which will be used on the boundary. At other points lying
within the clay layer the allready known explicit equation
given by Eqg. (3.32) is the appropriate one.

Using the numerical approach the settlement versus
time plot is obtained as the result of the ‘program CONVER.
The.program is formed'by one main and two subroutines. In
the main program the total settlement than can occur under
the externally applied stress is calculated. 1In the first
subroutine the dissipation of pore pressure and then the
percent consolidation is calculated. The second subroutine
is used to plot the settlement vs. time relationship obtain-

ed from the first subroutine.

The structural idea of the main program is as was..
described in the second chapter. The input date consists
of the soil properties such as, layer thickness, wvoid
ratio, compression index, overburden and preconsolidation
pressures. Then pressure increment, for each layer is read
by the program. Since the main is capable of taking care
of the different consolidation situations there are three
checks right after the pressure data. The first check is
on the overconsolidation, the second on the normal consoli-
dation, and the third on the under consolidation. The checks
gxzof.course on the pressure basis which are overburden ,
_preconsolidation and the change in pressures. If the sum
of overburden and the change in pressure is less than the
" preconsolidation pressure,the change in void ratio is com-

puted using the Eq. (1.4) and the corresponding settlement
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iS‘obtained by the Eqg. (1.5). The void radio is reduced
by.the amount calculated as it is described above. If
the‘sum of the overburden and change in pressure is great;
er than the preconsolidation pressure, the change in void
ratio is evaluated from the Eq.(1.4) and the settlement
from Eq;(l.S). These checks and settlement calculations

are repeated as many times as the number of 1ayers making
up the system. (The maximum number being limited to sixteen)
vThe individual settlements'obtaiped for layer are added up
~ to form the total settlement which is transferred to first

subroutine as final settlement.

The first subrouﬁine is named as TIMRAT because it
serves to find out the time raté of consolidation. It is
called right at the end of the main program and the follow-
ing data are trasferred or say are common to the main and
the subroutine: final settlement, number of layers, over-
burden, preconsolidation and change in pressures, compres-

sion indeces, void ratios and layer thicknesses.

The input data for the subroutine TIMRAT are the
coefficient of consolidations, virgin and swelling, the
coefficient of permeability, the drainage conditions and
the time increment‘with final time to be considered. The
first evaluations are the pressures at the boundary of_
each layer. In the calculation of settlement, the point
of interest for the pressures was the midheight of each
layer. Here, they are recalculated at the bopndaries to
simlify the work in the rest of the subroutiﬁe. Onéé the

overburden, preconsolidation and change in pressure at
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layer boundaries are ready the initial excess pore water
pressure is set up according to the consolidation condi-
tion. After sélecting the drainage and setting the
boundary conditions the pore preséures at layer boun-
daries are computed. The implicit method used here to
develop the pore pressuré, at an increment of tiﬁe later
than previous one which was defined at.the start, is given

as.

ir1 't | (4.15)

1 1
li—j+ o l+ =
Ty T,

i,t#AT

it1, e+ V2g, ¢

- U 1 __I_‘)Jr ('_ _iL__) | (4.16)

i, tjoy -~
' \ Ti+1 ~Ti
and
k. " .
141 =i
o= ‘ . (4.17)
ki Hip 1

After the computations for pore pressure at each
boundary are over the gain in effective stress within the
soil mass is calculated for each layer. The reduction
in pore pressure within a time incfement gives rise to a
same amount of gain in effective stress. This additonal
stress causes the soil mass to settle which is calculated
according to previously presented knowledge of ultimate
vsettlement. Then the~settlement for each layer is added
up to give the settlement until the time considered of any
layered system. The serie of calculation}are done for
vveach increment of time until the final time or the per -

cent consolidation reaches a value of ninety per cent.
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Then the ratio of the settiement obtained by this procedure
to the total one as evaluated in the main program gives us

the consolidation rate at this time t.

At the end oﬁ this subroutine, TIMRAT, the second
one named PLOT is»called and the time 'and settlement infor-
mations are transferred. Subroutine PLOT gives a plot of
settlement vs time as the output. The results available by
this program will be checked with analytical éolution of
GRAY and conventional theory which are already presented
in this chapter. | |

4,4 STRAIN - BASED SOLUTION
The theory used in the previous section is the
stress based one or in other words the value of u;, pore

water pressure, at t=0 for any pressure increment Ap is

assumed to be, U;=Ap

but in fact, this depends on fhe stress-strain relation-
ships of the soil. Indeed, experimental evidence, collect-
ed internationally over decades, has clearly demonstrated
that (for t=~) the effective stress-strain relationship
for clays is non-linear, implying directly that there is
generally no proportionality between the additional stress
diagram and the primary consolidation. Hence, the entire
basis for the conventional method ofvobtaining the time
rate of consolidation is questionable, except for very
‘thin layers, such as in an oedometer. The most serious
objection is probably that the conventional theory is not
capable of taking the effect of the stress history into
account, an effect which is génerally found»to be of con-
siderable magnitude. 1In order to arrive at an improved

" method is believed essential to base the entire analysis
on strain instead of on additional pore préssure, and

. also use the experimentally determined relationships bet-
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ween effective stress and strain.
) In the solution given by N.Janbu (6) in 1965 the

externally applied pressure is not equated to excess pore
pressure as was done in the conventional theory. Altough
the derivation of the differential eguation is thé same,
Janbu obtained the time rate of strain, e, rather than
pore pressure, u, as follows
:e ) : (Cv :e \)__?_o_ * (4.18)
z z 9z

since he assumed a relationship between external stress

and the strain. Using dimensionalless variables

T= t(Cy/H2 ), p= z/H

the differential equation is written (Cy=constant)
o€ 3%e H Vo '

3T 9p? Cs, 9p o (4.19)

Janbu. then tried to find.e as a function of time
and depth. 1In dimensionless scale € = £i{p,T). This un-
known function must satisfy both the differential equation
and the boundary conditions at the start and at the end of

the primary consolidation process.

The strain distribution within the compressible la-
yer is determined according to the end strain distribution
which is assumed to be constant, linear or parabolic. To
illustrate this, Fig. 4.7 is used where the strain at any.
depth at a time, t =z« is denoted as e, and is defined as

" (4.20)

€, = Eg=€g (1-° )

where, €gt strain at the surface
Eh: strain at the bottom

eq: differential strain, egzeg~=ey
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It is seen that r = 0 corresponds to a constant
€1r such as may be the case in an oedometer, while r=1

and r=2 correspond to a linear and parabolic .strain distri-

bution.

Then the amount of settlement occured at a time T
may be computed as the area under the e curve,
AH, :tfleém
(4.21)

and the degree of consolidation

— 1 1 '
Us=of Ed/of ede (4.22)

In Fig. 4..7 since e, decreases with depth, for 1i-
near and parabolic case, even when the additional stress is
constant, it is evident that the of consolidation on the

basis of e is more rapid than that obtained from the conven-

tional method.

Using the computer program CONVER provided in Appendix
A the consolidation of a thick clay deposit may be treated:
4in the form of sublayers making up the deposit. 1In order

to investigate the difference between the method presented
here in and the method offered by N.Janbu (6) the following

problem is calculated using both methods.

Given the soil profile and the e vs log p curve of’
Fig. 4.8 with a coefficient of consolidation Cy=0.032 cmz/min;

find the expected total settlement and a plot of settlement

vs time.

Comparing now both results, it is clear that the
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At midheight of ahy subloyer

Peat. Hiw) By Ckl-‘u) Ap(hPW) &, AR
b= 38.& 532.3 0,063 ¢, -
2 20 4€.9 33.0 0.039 g.ore
3 20 6.l (5.6 0.016 0.032
4 2.0 743 8.0 0.00& 0.0le
5 20 955 5.& 0.004 0.008
Baitom - 103.6 47 000> -

ZAH; = AH =0.124 1

Table 4.1 Results with JANBU  ( Bowles, 1979)



Lager  |Thickness |Void ratio | €c Cs
()

! 2.0 i3 0.3¢ 0.051

2 2.0 i3 03¢ 0.05!

3 20 113 0.3¢ 0.05|

4 20 L3 0.3 0.05i

» , Setticmgnt

. Overpurden [reconsoldaty  Change |t vp o
Lyer PRESOUNE | PRessire | Pressuy | 13y
(ke G (kPa), )

l 469 46.9 3335 | Cle4

2 4G.9 46.4 5. £.085

3 46,9 4@;9 3.0 0.043

4 AGY 46.9 5.6 2.0IT

Table 4.2 Results with CONVER

65



66

1. JTANBU' Selution
2 - Numerical solufien

)
j -
Py
£
= M‘ lﬂ‘
| Do
: |
O p— o
r\JY ks 4 4

_ '

o e ke

D el e &
* t

Fig. 4.9 Ah vs t curves



67

difference is not so greatvon they are quite similar. This
is due to the fact that dividing a thick layer into subla-
yers permit us to calculate percent consolidation with
more precise pressure increments at the midheight of each
one; This is the reason why the results obtained with

CONVER converges to the strain - based solution. .

4.5 SUMMARY

The consolidation behaviour of a two layer clay
deposit or more is the subject of this chapter. The
most cdmmon problem faced is the one with a compressible
layer overlain by an incompressible one. The basic diffe-
rential equation of instantaneous pore water pressure , u,
may be written for the upper and lower layers and be solved
with regards of the boundary and initial conditions. U vs
T plots for different drainage conditions are given in Figs.

4.2, 4.3, 4.4 after H.Gray(5)

Before going through numerical analysis of a layered
system the approximate method averaging soil coefficients
proposed by K.Terzaghi (14) is presented. The ease piovid-
ed by the numerical approach to handle a layered deposit

consolidation is rather considerable and was mentioned befre.

The results of computer program CONVER available in
the Appendix A is checked against the strain based solution
given by Janbu (1965) which is thought ta be the best appro-

ach for the consolidation setttlement of a thick compressib-

le layer.
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Using CONVER , one is capable of subdividing and
produce thinner.strata and so do not overestimate the
excess pore water pressure. Thus the curves of Fig. 4.9

are too far apart from each other. The samplte problem of

Fig. 4.4 is solved numerically using CONVER and U vs T

is plotted and presented in Fig} 4.6
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V. CONSOLIDATION OF FINE-GRAINED SOILS BY DRAIN VELLS

5.1 INTRODUCTION

Most compressible soils are alluvial deposits and are
- more pervious in the direction of the bedding than in a
perpendicular direction. When such soils are ioaded', ho-
rizontal flow accelerates the consolidation of the soil

mass as compared with strictly vertical flow.

Some-times an economical method may be to accelerate
" the consilidation process, by the use of vertical sand -

filled holes konwn as drain wells.

So in this chapter the analytical solution in éase of
radial drainage will be invéstigated together with the nu-
merical approach for a homogeneous soil layer. The solu -
tion of time rate of consolidation of a layered system which
is radially and vertically drained will be tried from a‘nu—

merical approach point of view as well.

5.2 VERTICAL CONSOLIDATION DUE TO RADIAL FLOW OF
WATER~-GENERAL

The treatment of consolidation due to radial flow is

an extension of the Terzaghi consolidation theory. The
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boundary conditions in the vicinity of a drain well will

be discussed in the following lines.

Excess pore pressure will begin dissipate first
near -the drainage boundaries. Thus the bertical settlement
will not be uniform frdm the center to the edge of the
sand drain,> When the loading surface is considered flex-
ible so that the stress distrﬁbution on the soil remains
constant regardless of the déflection of the surface, we |

have the "free-strain" case.

If the surface of the clay yields more at one loca-
tion than at other , then it migﬁt be expected that the
applied stress at the region of greatest yielding would
diminsh somewhat as the stress is distributed by the
rigidity of the gravel, and this extra load would be th-
rown on those area which would have settled less. Then
we might expect no differential settlement to occur what-

soever. This situation is called the "egual strain" case.

When the effect of drain wells is being studied, it
is likely that the material in nature behaves in a manner

intermediate between the free-and equal-strain. '

Drain wells in the field are usually prepared by
driving a hollow tube to the depth required (usually the
thickness of most compressible layer) and washing out the
clay soil contained within the‘tube with water jets.
Obviously, the process of driving will result in a zone of
disturbed soil immediately adjacent to the hollow tube.

Thus causing a "smeared" zone. The permeability in the
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smeared zone will be considerably than the horizontal per-

meability of the undisturbed soil.

The smeared zone forms a barrier to the horizontal

flow of water, there by slowing down considerably the pro-

cess of consolidation.

5.3 ANALYTICAL SOLUTION - :
CONSOLIDATION WITH NO SMEAR

5.3.1 The Free Strain Case

As indicated in Fig. 5.1 by A.Barron (2), for a
triangular spacing of drain wells, a zone of influence
exist having a hexagonal plan form. By approximating the -

hexagon by a circle of equivalent diameter, 4 this can

el
be used as the outer limit of the zone of influence of

influence of each drain well.

Before proceeding fith the solutions, the following
basic assumptions are made:
A. All vertical loads are initially carried by excess pore
water pressure u
B. All compressive strains within the soil mass occur in
a vertical direction. Thus the basic partial differen-
tial equation for comnsolidation by three - directional

flow in stratified soils is develepnad by Barron (2)
32u 2u\ - ky [3%a\ a 3 u )

Ky , auy+ v < _ v ( )thﬁ)

Yw ax? ay? Yw 3z2 l+e 3t

in which k, and k, are horizontal and vertical permeabili-

ties: x,y and z are rectangular coordinates.
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For a symmetrical flow to a central drain well Eg. (5.1 a)

becomes:
- X . ‘
h 1 du 3% ky [32u ay 9 u
N + I+ = (5.].b)
Yw r or 3 r2 v 3z2/ +e \ 3 t }

in which r and z are cylindrical coordinates as defined by

Fig. 5.1

C. The most economical pattern of drain wells 1s that
shown in Fig. 5.1. An exact analysis should include
the load disribution and the effect of each well on
the rate gf consolidation at any point in the founda -
tion. However, it is believed that such a solution
would be extremgly cumbersome when consideration is
given‘to the foundation and the present incomplete
kohwledge of three-dimensional stress-strain consoli-
dation properties of fine grained soils.

D. The zone of influence of each well is a circle

E. Load distribution is uniform over this area

The vertical flow part of Eq.(5.1b) will be disre -
garded for the time being for the ease and sake that is
brought about it. The radial and vertical pore pressures

may be calculated separately and then combined as follows:

r,z= (5.2)

Having this in mind and combining the constant terms
in Eg. (4.1 b) one obtains the variation of pore pressure
for radial flow only.

3u d2u 1 au )

(5.3)

+___.

= Cvr ‘
ot o2 r or
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The boundary conditions that must be satisfied are:

A. The initial pore water pressure,‘Uo, is uniform through-

out the soil mass when t=0

B. The excess pore water pressure at the drain well sur -

face (rw) is zero when t>0

C. The external radius, Yo, is considered impervious be-

cause of symmetry. Thus, when r=r,

With basic assumptions and boundary conditions the
variation of U, is determined by A.Barron (2) in 1947 and

assumed to not be worth of repeating it here once more.

5.3.2 The Equal Strain Case

In an actual installation, as mentioned before, the
fact that consolidation proceeds faster near the drain
wéll, there by causing a greater surface settlement in
that region, could be very well cause a-resdistribution of
the surface loading. The redistribution occurs in such a
fashion that the surface settlement is the same at all

points. Then the analytical solution is as follows

_ 2 2
41 o r r-
. # 21n] _ Y | (5.4)
r e \\ T 2
2 W
de* £(n)
in which

CEON
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2
. n . 3n2_ l
f(n) « —— 1ln(n) -

(5.7)
n2—l énz

Curves shbwing the relation between the average pore
water pressure , U and the time factor,»Th , can be obﬁain—
ed using Eg. (5.5). Such curves for n ; 5,10,40 and 100
are show on Fig. 5.2,‘together Qith the corresponding cur-

ves determined by the free strain case .

The difference between the results obtained by the
two extreme considerations of the process of consolidation
is small, particularly for the curves representing values
of n gretater than approximately 10. For n= 5 the discre-
pancy is somewhat greater for the first part of consoli-
dation, but above approximately 50 % consolidation, the
curves are almost identical. Since the results aré nearly
identical, but the time needed to evaluate‘Ur for the free
strain case is of the order of ten to fifteen times that
needed to evaluate Eg. (5.8) , the equal strain solution

is prefable.

Fig. 5.2 indicates that the curves repreéenting the
equal strain solutions for different values of n have the

same shape, but are displaced horizontally.
5.4 EFFECT OF SMEAR ON THE CONSOLIDATION

The remolded or smeared zone at the periphery of
the drain well creates an aaditional resistance that must
be overcome by the excess water being expelled. This addi-

£iona1 resistance retards the consolidation process. This



is well studied by F.Richart (9) in 1957.

The smeared zéne very likely consists of a thin la-
yer of actual smear plus an adjacent region in which the
soil has undergone a éonsiderable amount of disturbance.

The important guantities to be considered in analyzing the
effects of this smeared region are (a) the ratio, s, of

the radius of the smeared zone to the well radius (s= rg/ry)
and (b) the ratio of the coefficients of horizontal permea-

bility in the undistirbed soil (kh) and in the smeared zone

(ks). For s 1 , there is no thickness to the smeared ring

and if k, /kg 10 then the disturbed zone does not change

the water flow characteristics of the soil cylinder.

By ignoring the consolidation of the smeared zone,
the smeared region is treated as one where flow exists bet-
ween one boundary value of zero and another boundary value

that is time dependent.

Since the equél strain case was preferred to the free
strain one, only the solution for the former case is given
below. Hence, the solution for the excess pore water pres-
sure in a soil cylindef undergoing eqgual vértical straihé

and containing a smeared region around the drain well is
. r r%_rsi ky, n? - Sz)lr( )

——— — 1 S
In . T2 Xs 5

Ur = Ur n (5.8)

v
in which

An2 . n 3 . 52 kh nz— S2 . _ .
v = Jp_( >_ —— » In(s)  (5.9)
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and Ur can be determined from

Up = Upe™ o (5.10)
in which
8 T
m= -~ (5.11)
v

5.4.1 Evaluation of Smear Effects

The paper presented by F.Richart (9) in 1957 deals

with the evaluation of smear effect.

By comparing the equations it is seen Egs. (5.8)
and (5.7), (5.9) and (5.5), (5.10) and (5.6) and (5.11)

and (5.7) become identical when s = 1

For the ideal wells , the position of the consoli-
dation time curve for any particular value of n depends on
the value of f£(n) (Eq.5.7) which is a function of n only.
For the wells with smear, the positién of the resulting con-
solidation-time curves aepens upon (Eq.5.9) which is é

function of n, s, and kh/ks.

Thus, it is possible to interpret various combina -
tions of n, s, and kh/ks in the treatment of a well with
smear az if they define an ideal well having a larger value
of n.For a given radiﬁé of influence, a larger value of n
determines the radius of an equilvalent ideal well which is

smaller than the radius of the actual well surrounded by a
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zone of smear. The effect of the soil cylinder caused by
the introduction of a smeared zone at wellpeniphery is i-
dentical to the effect caused by fééucing the size of the
ideal well. Fig.5.4 shows the combination of n, s and kp/kg
that may be used to give the same vaiue of v . This figure
obtained by evaluating Eq. (5.9), uses the value of as
ordinate and the ratib kh/ks as.abseissa. Families of 1li-

nes for each selected value of n show the influence of va-

riations in s. Only the lines for n=5 and n=15 are show

on Fig.5.4

However, by the use of Fig. 5.5 diagrams similar to
Fig. 5.4 can be established for a wide range of values of

n.
5.5. NUMERICAL ANALYSIS

Another way of solving the problem in question might
be possible if one could develop a computer program for

this purpose.

Here, the finite difference technique, used to derive
equations of numerical solutions to consolidation problems

in earlier sections, is going again to be tool of the follow-

ing analyesis.

Expressing Eq. (5.3) in terms of finite differences leads

to

At (Ax) 2 .
(5.12)

j+1 - Ui-1
r 2Ar
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To handle this formula let's define

ry = i. ry (5.13)_
or
ri = i.Ar - - (5.14)
Rewriting Eq. (5.15) and solving for the unkonwn
Ui, t+ ot = Uy, ¢, B (1- Ar ) U, _
l 2r; i-a
- I (5.15)
T Ax -
+ (1“’ —Q—I__}Ui-}-l 2030,
where
Cvr bt
8= (5.16)
(Ar)?

and combining Eg. (5.14)

(l-

—

Ui, e, at = Ui, e+ B

[

into Eq. (5.15) one obtains

1 1
T) Uja+ (l+—7f> Uigr ~ 20; (5.17)
i -

By taking the average value of the excess pressure

at any time, a curve U, versus Ty, can be constructed that

corresponds to within a few percent of the values obtained

by analytical solution.

With all these informations in mind and the computer -

program CONVER ready a computer program called CONRAD avail-

able in Appendix C has been developed capable of calculat-

ing the time rate consolidation of a layered clay deposit

which is vertically and radially drained.

The program CONRAD again consists of three parts:
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The main program and two subroutines. The use of vertical

drains which put the radial drainage into the effect does

no# change the amount of settlement at all compared to the
situation where they weren't installed. This is of course
correct if the loading and other conditions are not altered.
This installation of drain wells do anly affect the rate of
consolidation. Thus they are used wherever it‘is worth to
speed up the degree of consolidation. Hence the main prog-
ram of CONRAD is identical to the one of CONVER. It is

not going to be considered here because its logic was given

birefly in the previous chapter.

The subroutine TIMRAT called at the end of the main
program has the followings as input data: the drainage
condition, time increment, final time to be considered ,
the well; smear and influence radii, coefficient of perme-
ability in the smear zone, the coefficient of consolidation
virgin, swelling and radial, vertical and horizontal coef-

ficient of permealebilities.

At first the overburden, perconsolidation and change
in pressures are recalculated at the layer interfgces. This
is done to evaluate excess pore pressure only at the boun-
daries and so to provide ease in the ensuing steps. As Soon
as the»boundary conditions are set up the excess pore preé—

sures are initialized to the externally applied pressure

increment.

The difference between free and equal strain cases

was mentioned before and this is shown in Fig.5.2 by
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F.Richart (9). Since theAgap is rather unimportant, the
equal strain solution is chésen in oxder to take the raaial
drainage into account. The simplicty of the equal s%;ain
solution is another convenience for the convenience for
the sake of computations. The Egs. (5.4) to (5.8)‘are
used to deal with radial pore water distribution and is
combined with vertical one using Eq. (5.2) in order to
produce the pore water distribufion for a radially and
vertically drained layer system. The rest of the subrou-
tine TIMRAT is the same as one of CONVER . As pore-water
dissipation occur there happens an increase in the effec-
tive stress. Settlement which happens as the effective
stress builds up is calculated and divided by the settle-
ment final to give the percent consolidation. This loop

is repeated until the final time is reached or consolida-

tion exceeds ninety percent.

The output of the subroutine PLOT is giving time
versus settlement plot and is obtained in same way as was

described for CONVER.

The results of CONRAD for a sample are given in
Fig. 5.7 to illustrate and make a comparison between analy-

tical and numerical solutions.

Tn order to investigate the effect of radial drainage
over the consolidation rate, a serie of calculations are
made of the sample below for different thickness, vertical

permeability and horizontal to vertical permeability ratios.
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In Fig. 5.8 the well radius is considered to be 0.1m.

To begin with, the kr/kv ratio is set to 4.0.

Increasing the well radius by five times had only
caused an increase of only one percent in the related con-
solidation rate. So the effect of the well radius my sup-

posed to be negligible.

‘If one carefully examines the tabulated data given in
TableS.lhe will judge in the following manner: for the same
thickness of clay layers, altough the'permeability of the
upper layer is set to eight times of the lower one the per-
cent consolidation are assumed to be equal. The reason for
these results is that the consolidation process is mainly
affected by the horizontal permeability. To check this in
the following section the consolidation which would occur
for different permeability ratios of the upper apd lower
layers for a fixed thickness ratio without the vertical

drains is going to be calculated.

If the effect of radial darainage is taken into acco-
unt the other variables do interfere very little and the
consolidation rate is greatly affected by the presence of
drain wells or not. Placing of drain-wells is not so im-
portant either in this case since consolidation rates do

not differ too much for different influence radii.

In the calculations of TABLE 5.1, 5.2, 5.3 the hori-
zontal permeability is assumed to be four times the vertical
one which is qui reasonable. In order to catch the great

effectiveness provided by radial drainage the consolidation
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Fig. 5.1 Results of CONRAD with Fig. 6.8
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CONSOLIDATION RATE (96) L\'r - 4va 5 K = 4",\2
g/ dz=2d, Ja-4d, d. = &4,
/\\ ' ,
e=d, |e=3d, | fe=ty |Me=20, fe=5d, | Te=9, |e=Rd,
| 5680 | SGIT | 4708 | 4T84 | 4704 | 2828 | 3924
2 | T2Ts | 7270 | Gale | <308 G305 | 5452 | 44
> 84.&2 | 8475 | T4T2 | “Y& .0 6357 | €278
4 | 94z | valc | sen | eew | e58 | Taey | T443
5 ~ - 95.42 | 9535 95.33 goac | 8052
é - - - | - - Je.og | 93.82

Table 5.2 Results of CONRAD with Fig. 5.8
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Table 5.3 Results of CONRAD with Fig. 5.8
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& | CONSOLIPATION RATE (%)
N
N Kui=kvz kv =4k k) =Bhve
| AN ¢ 2185 2.6
2 2179 z2.00 22.22
3 2183 | 2214 22.47
4 2187 22.29 22.72
5 21.9i 22.4> 22.97

Table 5.4 Results of CONVER with Fig. 5.9
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& | CONSOLIDATION RATE  (94)
T
A\ kr:k\{ kr:ZK\( \/\‘-:Bkv k\’: lOkv
i 48 | 478 4T\8 AT\S
2 G338 6338 6235 G238
2 T5.05 T5.05 15.05 505
4 &c.48 848 8.4 848
B 95.65 9365 g5.05 95,65

Table 5.5 Results of CONRAD with Flg. 5.10
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ratios for a fixed thickness and vertical permeability ratio
but for varying horizontal permeability ratio to vertical

one are calculated in the followin.

The consolidation attained with the presence of‘drain
wélls for different ratios of horizontal permealibilities
to vertical oﬁeé ore not changing at all after the TABLE
5.5 given above. Even for kr/kvz 1.0 and with a spacing
of five meter the consolidation of vertical plus radial

is about twice the vertical only.
5.6 SUMMARY

Clayey soils suject to cénéolidatibn settlement are
mostly alluvial deposits and are more pervious in the di-
rection of the bedding. So the use of vertical drains
makes the consolidation process accelerate and thus a gain

is sheraring streng,where is needed.

~

In the presence of vertical drains, the load applica-
tion causes a constant initial pore pressure which dissipat-
es faster near the well and so makes the soil around settle
faster. Hence the surface is distorted in a dish éhape be-
fore it flattens again at the end of the process. If the
surface is flexible the stress distribution on the soil is
constant, this is called " free-strain". If the loading
surface 1is rigid small or zero differential settlement will

occur: this situation is called "equal strain".

While digging a hole in the soil mass the periphery

is a lot disturbed and the permeability at this region called
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smear zone is below the horizontal one. This smear effect
is considered, and a reduced well radius is used instead of
the ideal one. The solution of both situations are given

after Barron(l) and Schiffmann (13).

The numerical solution is investigated and a computer
program is de&elaped for the equal strain case and put in
the Appendix C. The effectivenesé obtained by drain wells
is varying due to disturbances and irrefularities encount-
ered in the soil deposits. But theoretically the percent
consolidation is at least if the wells are in use. This is
well demonstrated at the end of the chapter. The numerical
solution of radial drainage is compared with analytical so-

lution of Barron (1) in Fig. 5.7
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VI. TIME DEPENDENT LOADING

6.1 INTRODUCTION

So far the theory of qbngolidation under investiga-
tion is examined for a constant load in time which seems
to be impractical in many cases. Indeed, in most applica-
tions, the externally applied load is varying in time but
not constant, e.dqa. the erection of a structure at the sur-

face or an erath fill placed in fayers with regards of its

stability.
6.2 ANALYSIS

Although, there exist swelling - settlement type of
problems which are faced in building of foundations or ba-
sement where the pore pressures increase with time, in a
large number of practical cases, the applied load can be
considered to increase only. If ité increase is rapid in
ﬁerms of the consolidation process, it may well be conside-
red to be suddenly applied and remain constant thereafter,
but frequently it is desirahle to examine the effect of the
construction time during which the applied stress is gra-

dually -built up, on the variation of excess pore-water
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pressure in the soil.

For the purpose of numerical analysis, the plot of
real applied stréés versus time is approximat;d by a step-
wise incremental curve assillustfated in Fig. 6.1 which
for simplicity, represents a uniformly increasing load tov
a layer compressing one-dimensiqnally. At each increase
in incremental stress, the pore water pressure in theysoil
is increased by the same amount, whiie drainage takes place
simultaneously. By writing the nume;ical solution in the
fofm shown in Fig. 6.1, it can be seen that at any given
time , the , the pore pressure at a point some time after
the loading sequence has begun can be considered to be a
sum of pore pressures obtained at different time stages of
the simpler problem in which it was assumed that the excess
over hydrostatic pore pressure was initially uniform every-
where. This would be indicate that only the solution for
an initial step change of loating is required to treat any
case of the time - dependent loading. This reasoning is

true for both radially and vertically drained and only ver-

tically drained soils (10,11)

The computer programs named CONVER and CONRAD are
further developed to take into account the effect of load-
ing condition which increases linearly until a specified

time stays constant thereafter.

CONVERl is the program capable of evaluating time
rate of consolidation of a vertically drained layered sys-

tem under a time-dependent loading. However, CONRAD1 is
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able to solve the same problem in the presence of ver- .

tical drains.

Since there is no difference between the total sett-
lement of a vertically, and a vertically and radially dra-
ined system the main program is identical for both cases.
The logic of the main program is same as described in the
third section of fourth chapﬁér. An additional input is
the time interval within which the external stress is
increaséd. The settlement due to first increment of pres-
sure is calculated and then the overburden and past pres-
sure are increased by the amount of change in pressure.
This loop of settlement calculations is repeated until the
time at which loading becomes constaﬁt in time. For the
subroutine TIMRAT almost everything is same with the first
programs CONVER and CONRAD. The difference is right after
pore pressure evaluations where they are added up accord-
ing the principles described in the second section and il-

lustrated in Fig.6.1

The problem treated and solved by three French engi-
neers D.Queyroi, G.Pilot and J.P. magnan from Prais as gi-
ven in the reference 1list has been a good example of com-
parison for the computer program CONVER 1 given . in the
Appendix B which deals with the consolidation of a layer-

ed clay deposit for a time-dependent.

The two curves of Fig.6.2 do not differ too much
within a period of three months, but they begin to diver -

ge thereafter. The reason for this gap is that the rate
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of loading in the field is decreasing with time due to
fact that the French engineers in charge of this problem
had looked for the stability of the fill in question which
almost reaches é height of six meters as well as the con-

solidation of soil deposit underneath.
6.3 SUMMARY'

The varying load in time, which happens to be the
real case in most applications, is studied. The effects
of this linearly encreasing loading case on the final set-
lement and time rate of consolidation are examined. The
computer programs CONVER and CONRAD are improved so that

they can take the effects mentioned above into account.

These two program are available in the Appendices B and D.

The solution offered by three French engineers (9)
to a vertically drained consolidation problem is checked
with the numerical solution using the program CONVER 1.
The curves of time vs percent are quite similar as illust-

rated in Fig. 6.2
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- VITI, SUMMARY AND -COMCLUSIONS

Geotechnical engineers are very interested in the
behaviour of free water in cohesive soils, if this one is
faced with some type of loading. Low permeabilities imply
a time-dependent settlement named as a consolidation. The
consolidation theory first offered by Karl Terzthi in
1925 had the following aésumptions: the soil is saturated,
permeability is constant, Darcy's law is valid, temperatu-
“re is constant, water and soil grains are indompressible,
compression is one dimensional and there is a linear rela-

tio between void ratio and external stress.

The amount of settlement is related to compression
index Cc obtained form e vs log p curve. This curve ser-
ves to locate the past pressure as well from which one can

decide on the consolidation condition of cohesive soil.

The time needed for settlement to be completed is re-
lated to coefficient of consolidation. In order to formu-
late thé pore water distribution the flow of fiuid and vo-
lume change of a cubic element is considered as was first

developed by Karl Terzaghi. The differential equation has
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thé analytical solution suggested by Taylor (1948) in the
form of series. Numerical solution having advantegeous
over analytic one when the bOundary“and loading conditions
represent some dificulties, is the main purpose of this
study. Finite difference method is the basis of this nu-
merical approach. If one solves the pore water distribu-
tion then he can obtain the percent consolidation which
gives settlement at a specific time when multiplied by
total settlement. The plots of U versus depth or time
for a clay layer are presented as well as the comprasion
of the results of theorical and numerical solutions, the
user's manual and listing of developed computer program

CONVER is available in Appendix A.

The consolidation behaviour of a layered system is
studied starding with the most common problem faced by the
geotechnical engineers: a compressible layers with different
consolidation properties. The basic differential equation
given in the thitd chapter is writﬁen for the upper and
lower -layers and solved simultaneously. U versus T plots.
for different drainage conditions are illustrated in Figs.
4.2 to 4.4 after H.Gray (5). Approximate solutién using
avering technique to a layered system given by Karl Terzaghi
is supplied. After explaining the numerical solution and
the compﬁter program a compérison is presented for a single
drained two layer System. The results of the computer prog-
iam CONVER available in the Appendix A is checked against

the strain based solution given by Janbu. (1965).
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Settlement vs. time curves of Fig. 4.8 do not diverge
because by subdividing a thick layer excess pore water pres-

sure is not overestimated.

Compressible clayey soils are mostly alluvial depo-
sits and thus horizontal permeabilities have considereable
values. If such a deposit is loaded, radial drainage is
of great help for the consolidétion process which may Ee

initiated by the use of vertical drains.

In the presence of vertical arains, pore water dissi-
pation is faster near the well periphery . If the loading
surface is flexible differential settlement occurs: this
situation is called free strain. If the loading surface
is rigid there won't be redistribution of the load result-
in§ in no or small differential settlement. This second
assumption is called equal strain. The analytical éolution
is provided after Barron (1). As the numerical solution
is provided a computer program is developed for the equal
strain case name CONRAD. This is available in Appendix C.
Although theorétically the percent consolidation is doubled
if vertical drains are in use, in practice they show var-
ying success due to disturbances and irregularities encou-
tered in the soil deposits. The effectiveness is analysed

at the end of chapter five.

The consolidation of fine—grained soils is studied
throughout the thesis under a constant loading. But in
reality loading is time-dependent and mostly is of the

construction loading type. So the logic of this linearly
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increasing loadiné is studied and the two programs

CONVER and CONRAﬁ_ére improved to take this into account.
The ’résuits of the computer program CONVER 1 capab-

le of evaluating consclidation under a constructién load;

ing is compéred with the results of three French engineers

(9) and this is illustrated in Fig.6.2 . It is seen that -

both curves do approximately match.
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- APPENDIX A

USER'S MANUAL FOR PROGRAM CONVER

CONSTANT LOADED, LAYERED SYSTEM
" WITH VERTICAL DRAINAGE ONLY

INPUT DATA INFORMATION

A. General job description (20 A3)

B. PROPERTiES FOR LAYERS
(N must be in col. 17-18)

C. N Cards with the following soil property

Columns 1-10 ........ .. thickness of layer
11-20 .......... void ratio of layer
21-30 ......s... CREC

31_40 L I R S CVIR
41550 vueuvnnnn..Pg

5_ e o0 e 0009000
1-60 Pp

D. PRESSURE FOR ..... LAYERS
(¥ must be in col. 17-18)

E. N data items containing the pressure changes (F 12.0f
F. TIME RATE REQUESTED
G. DRAIN 1 or DRAIN 2

~ H. TIME SPESIFICATION

. Columns 1-10 ......... DT (time interval)
11.20 ......... FINAL (maximum time to be
_ considered)
I. N Cards Containing
Columns 1-10...... Cy (coef. of virgin consolidation)
11-20...... C,g(coef. of swelling consolidation)
21-30...... k ( coef. of permeability)



113

1. PROGRAM CONVER ( INPUT,OUTRUT)

)

:C ONE=DIMENSIONAL CONSOLIDATION DF A LAYEKED SYSTEM

"C PROGRAM TO CORPUTL TOTAL SETTLFKENT BY SELECTING 1 DF & CASES ~. 7~
=€ . CASE 1 NORHaL CONSOLIDATION - R
°C CASE 2 UNDERCONSOLIDATED ’ T

CASE 3 OVERCONSOL1DATED
CASE 4 OVERCONSOLIDATION « NORMAL CONSOLIDATION
USER IS Tg SUBDlVlDE THE MAIN LAYERS INTO SUBLAYERS
{ MUST BE 1o OR LESS)

ILPUT DATA

Hoe 1 ~TITLE CARD FOR J0O8 DESCRIPTION (10A6)

Hie 2 CARD TO READ see PROPERTIES FOR N LAYERS (N IN CDL. 17'18)1
FOLLOWED BY 'N° CARDS CONTAINING SOIL DATA FOK EACH LAYER =7
(6F10,0)

NOe 3 CaRD 70 READ see PRESSURES FOR N LAYERS (N IN COLe 17418)
FOLLOWED BY N CARDS CUNTAINING THE PRESSURE CHANGE

PRESSURES CaN BE CHANGED BY REPEATING STEPS 1 AND 3;

TIHE~RATE OF SFTTLEMENT .CAN BE OBTAINED 25 FOLLOWS==
NOs« 4 CAKD TO KEAD ese TIME RATE REWUESTED . .
NUes 5 CARD TO READ ese DOUBLE ORAINAGE OR SINGLE DRAINAGE ~
NOe &' CARD CONTAINING TIKE DATAees CT AND FINAL (2F10e21)
UT = TiI#E STEP AT WHICH PRINTOUT IS DESIRED

- FINAL = KAXIHUM TIRE TO BE CONSIDERED : .
Nita 7 N CARDS CONTAINING CVy CVSy PERHAEABILITY (3F1C.2)
ttoo#tttetttotstttomnt.Qttttt#ttt‘-0'00totvt‘tott#t‘ttot.ttttt.‘oto.s'

OO AMOOAODNCO0a00An

CHARACTER*3 TITLE(Z20)4HEAD(20Q)
CRARACTE K»6h PKkESS+PROPERWHORD
CLAENS TON SETT (29}
CUMRNE SETTHFy Ny PP(20) 3PO(20) 4 DLLTPL20)4CVIRI20)4CRECI2G)
1 vOIDL2U)+HL20)
CoTe FRESSSPRUFERy TITLL(LO}/*PRESSU'y *PRUPER"' */
St Ti=ce
St T2=t,
1 ALAD 1009, TITLL
G 33 I=ieef
33 ELAD(TI)=TITLE(T)
IF (TITLE(1)4EQaTITLE(LIC)) STGP
IF (TITLF{1).EQs*TIN') GO TO 9
AL 1L, HORDs R
SETTLi=ue
Tulal=2,
TF (HORDSEt 9« PROPEKR) GO T0 2
It (VORDet G PRFSS) GO T 4 .
CREEa 0 0o dp iR dY R SRR SRR KT SRR A BRI FEBEPT AR AXF SIS S HF R RN E %S
C RLAL SOIL PROPERTY DATA
CHRFSR AT 22 A2 2R AR PR AL P R AR KR RL ER VT KA SR IS HE ARSI H R RN EARR RS SRR bnt NS R0 62
2 Ju 53 1 = 19l
PEAD LNU2sHUT) ovOIDLTY yCRECLT) yLVIRLTI)4POIT)IoPPLI)
3 CuNTTHUE
gt A L7%uly nORDy N
Ltttiuﬁt‘#‘&f.Q!‘!‘Q#QQ»'##!““O“.#‘#Qtt‘.#t#l‘000“##"“*‘0"!“‘.“

T PRUGK A 1075 747176 UPT=N4RUUND= A/ S/ K/=Dy~DS FTN 5,1+4577 - S

56" B tc READ PRESSURE DATA '
57 s cvtv#v4;#;&90##:‘otvt‘tttvtt##t##t#ttt4tstttttt#tt‘tt0#¢ttt¢tttvt¢t;tttt
. : 58 4 DG 5 1=lel
o 59 ‘ READ 1Guby DELTPUL)
62 . 5 COHTINUE
. bl - U0 7 l=lyN - : : R
621 -C OVERCONSOL IDATIGN : sl e
- 63 - IF(POLT) + DELTP(I).LE.PP(!H C2 = CRECtI) Co L mammar e
- 64 ' ' TE(POLT) « DELTPIIDLLEGPP{I)) PA2 = PO(1) + DELTP(T)
65 : - IF(POCTI) + DELTP(L1)aLELPP(I)) PB2 = POLI) T
- 66 ’ TF(PO(I)GTaPP(1)) PB2=PP(]) o
a7 : JF(POIT) + DELTP(I)LLE.PP(I}) GO TD 6
- 68 B NURNAL CUNSULIDATLON "
. . 69 . TE(PO(T)oEQuPP UL )o ANCa DELTP{ I} e GEe 00} C2=CVIRI(T)
: 70 TF{PO(T) e£QaPP(I)oANDADELTP(1)eLTe0e0) C2aCREC(I)}
71 : : TF(PO(1)sEQaPPI1)) PA2 = PO(1) + DELTP(I)
72 ) TE(PO(I)eEQePPLL)) PB2 = PO(I])

73 - TFIPO(I)eL QePP(]}) GO TO &

S ————— e ool e b e e e e e



ey e e
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T4 C UNDERCONSOLIDATION

75 - TF(PNLT) + DELTP{I}.GT«PPLI)) C2=CVIR(I)
76 IF(POU1)aGTPP(I)) PA2 = PO(I) + DELTP(I)
77 : IF{POLT)GT,PP(1)) PB2 = PP{T)

78 . TE(PO(T)CTLPP(I)) GO TO &
79 -C OVERCUNSOLIDATION + NURRAL CONSOLIDATION

8N : €1 = CREC(1) .

41 : €z = CYIRLI) i
82 Pal = PP .

83 - Pi2 = PO(L) + DELTP(T)

84 Pal = POLL)

"85 3 ] PE2 = PPI1} ' AT
‘86 Ctvtxuo—;ﬁoh-tttvtttvtt!n#t tttttttt‘l"tttvttt"!tat‘t#tvt#t’tttt ctttt
87 .. ¢ COMPUTE SETTLENENT | :

83 : ovaIDL = C1 * ALDGIU(PAIIPBI)

89 " SETL = (DVIIDL/(1 +7VOID(INY) * H(IY =7
90 VUID(I) = vGID(I) - DvOIDL
91 6 DVOIDZ = C2 ¢ ALOGLO(PAZ/PB2)

92 SLT2 = (DVOID2/EY + VOIOLIN)) . LIS

G3 SETT(I) =°StTL + SET2

94 St Tl=ue

95 SETZ2=0e

94 TuTal = TOTaL + SETT(!) :
97 7 CONTINUE -
93 St TISF = TOTAL ) :
94 PRINT 1ud3,s TITLE i

1.0 POTHT 1004 {
vl DO B i=lek - !
ie? PRINT 1ufsy Iy HUI}y VOLIDCT)s CYIR(I)y CKECUT), PRI,y g
vl i DELTPL{I)s TOTAL i
HO XY TCTal = TGTAL =~ SETT (1)

v S CUNTIKUE ) .
1ub SUTO 1 i
107 9 CLLL TIRRAT(HEAU) i
1.4 Gu TH1 ]
149 1ot FOARAT (2043) H
1 el TEAT (AusG9Xs13) !
111 w2 (BF1Cau) i
142 1003 (YHY95X420A37/7) i

j
PRUGKAA Tuls 747i76  OPTEO.RUUND= A/ S/ ¥/=Ds=iS FTN 541+577 8BS
S - i

113 Poluuh FURNAT (1X4oHLAYFR 36Xy SHTHICKy 7X 94 HYCIDs BXe2HCCyBX s ZHCS 9 7X vy 1OHOVER |
1.4 B L3URDFH 96Xy GHPKFCONSOLy TX 26HCHANGE s TX 9 13HSETTLENENT AT/13X94nNESSs7 |
115 2y SHRATIN, 27Xy BHPRES SURE 17 Xy BHPRES SURE 47Xy 8HPRESSURE'6X.12HTOP DF i
116 3La Yo F/ﬁD(LH—labu(LH—)I)

117 100y FakaAT 22Xy 12 96XsFY9a 3g"Xng.Jq5X1F6¢3;‘1X,an316X:F7 3'BX’F7c3y

‘148 PAXeF 76 3y BX9F 80 3)

119 1ot FORMSAETIFlzeu)

123 TN
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SUSBROUTIHE TIaRAT(HEAD) ™
C PRUOGRAR® SULVES FUK PURE PRESSURE kub TIRE SETYTLEMENT kELATlONSHlP)
N C oLiugLE OR SINGLE DRAINAGE CDNDITIDNS
-7 CHARACTER #3 HFARDL2U) ‘ '
. COMKOL SETINF,N,PP(Zﬂ),PD("o),DLLTP(20).CVIR(ZO).CREC(20),
c 1 VLD 20) s HE20) )
CIMERSTIUN UClud)sCVIL6) oPFR¥(1G) 2 CVVILLI4CVS(16)4POLD(16)
- PALTACL0) o T (20U s TOTS (2009 FL20) s BE20 )9 0L (2009 M (10D s PPPLL16)
s 2POOLTL) CLLTAYG)
- DATA FALM/INTLIH/ SF(2)/4HULD) /4 FU3) 14001/ s F (4 )/ 4HUL2)/
1sF (5 74HUL3) /9 FUB) 74HULA)/ oF (T H/74HULS) /4 FEBY/AHU(O) 7 4F Q) /4HULT) /s
CLFLIU)/AHULBY 79 FLILI/4HUL9) /9 F(121/5HUCLGY/+F(13) /5HUIL1)/
1F({14)/5HU(12 )/qF(lS)/bHU(l3)/.F(16)/‘HU(14)I¢F(l7l/5HU(15l/,
LF(18)/75RUL16Y/7 - .
0aTa DRAINY,DR2 !Ng/bHSINGLF,bHDOUSLE/ '
1 READ 1240, WOKD
TF (WGRDEQLDRAINL) NDEAIN=1 T "
I (WORDeEJaDRAINL) NDRAIN=Z
RLAD LMYy UT,FiHAL -
IF (HORAINLEG.]) PRINT 1804
TFINDKkAINaECe2) PRINT 1005
PRINT 10T
QU2 Yaleki :
CLAD LOuls CYVELD,CVSIT) PERM(I) _ R
PRINT LufoaloHUI ) CVVIT)4CVS (1) PERKIL) -
2 CONTInUE

X CUPUTZ PRESSuURES AT LAYFR dOUNDARIES
PRUIL) = (PO(LI=PUCZIIH{IH{LI«N 58H(2) 1/ (LeH2HILY+N52H(2)))
L) ’ ’ '
PPP(1) = (PPULI=PPL2))®{(H(11eN,5%H(2)})/(UJS¥HIL)+0 54H(2)))
1+ PR()

DELTH(Y) = (OebTRUL)=DELTRIZII® L(HIL)+o5*n(2) )1/ (D5%H(1)+45%H(2)))
1+ DELTEL2)
S 3 1=24M
ALY = (PUlima)=PULI)I¥(0,5¢HIT) /(NS5 n{I=1)+Ue5%H(I)))2PUL])
PPPLT) s (FPLI=1)=FI(I)) #(7 5¢H(T)/(C.5%HIT=1)+3a5%R{11)IePP L)
Dr LTALT s (DULLTPUT=1) =0 LTHUE D2 (0 9 (T 1/ (G SelT=1) vGaS*H1))) +
DOLTPLID ) : ;
REEENTACE I FATSTY ;
PUusifhel) = ZeatPUtH) = FOL{N)
PUPINYY) = coeC¥FP{l) ~ PPFIND
NELTALN=1) = Z4UsUELTPIN) = DLLTA(N)
51 TTLL =y
FiNal = FINALZ2.00)
T Th=bLT
Su™ = 1
KY, = g
C CURFUTT INITTAL BLTA VALUES
4 o=, 01
RU 5 1=l
TFIPOT) eGP PPIL)Y LVIIY = CVVLD)
Xf(PD(!).LT.PP(l)) CYLI) = Cvs(I)
POLLILY = PULD)
JLTAWL) = (CY(TIOUTINI/ZCH{T) #+240) ‘ S
IF(BETA(D)LGTLG) G = BETALY) ’ -

s

SUBKOUTINE T1ImkaT 747176 OPTa0,RUUND= A/ S/ R/=Ds=DS T FIN 5;1?577 Tl

M S CONT THUE
TF(GeLTa%02) 60 TU 6
DTI# = DTLY/2,D
S TO 4
6 NA=Ne2 : ,
PRINT 109, (F(I)olnlyNR) © SRR
L={+1 . : : o T
“1”/..011 e : ! .

t
}
= A ' 1
¢ SET B8OV IDARY CUNDITIONS: ’ '

Bl 7 l=lsb

IF(PPPIL)aGLePO(L)) UL} = DELTA(D) i

TFPPF (1o LToPRULIDN) "ULI) = PUOLI)I=PPP(1Y+DELTALT)

A1 = ull)

YR 7 CONT T ) ~ e
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REEA

-4

SUARTIITI e

SELFCT DOUBLL UR SINGLE DRATNAGE = SET BOUNDRRY TOROITID

CPERMA{NSL)=PLRAIN) -

il

12
13
14

15

T1=vs

GO TO (8,9}, NDRALN
Utlrst o U . -
UH+2) =0 (1) o

H(N+ 1) =H(N)
G TO 1o
U(l)=y

ULy =0
TiMazn

CuN=0D

PLINT lulu.Tln'(U(l)sl-lel

60 TO 13

IF(DTIM GLoF) GU 10 13

INCREASE TIRE STEP _AND BETA YALUES
N1 In=2#0TI™
DU 12 I=1,N :
“LTA(!l-(CV(l)‘DTlH)/(H(I)‘*Z o)

CONTINUE : .
COUPUTE POURL PRLSSURES AT LAYER S8OUNDARLES
T=1 ,

i 19 T1=2,L
TE(IT,NE«L) GU 10 -17_
Gu TO (15+16) 4 NDRAIN
Uld»2) =U(N) T
30 To 17

3 11)=9

Giy TO.19
ALPHA=(PERHUL«1) FPERRM(ID IS {HII)/H(I+1))
A TAL=3ETal]) '
5LTAB=BETA(L+1)

{=7+)

IF {I14FdeL) BETAB=BETAA

BUTL)=ALPHATUCTEI#2)«U(TEI=21=U(T1 )% (ALPHA#(1a=1. IBETRB)*(I.-I-I

8ETAL))
CONT 1ty
G
Tiv=TI"eDTIn

I=1

Bd 26 Il=cet
IF(II,NELL) GD 10 24

7 T4/176 NP I=sQsROUKD= A/ Sy #/=~Ls=LS

GiOT0 (229230 NDRAIM

UtH+2 ) sU{N)

Gu T4 24

Jtij)=n

Gt TO 26

AL PHA=(PERM(TI+1) /PERN(I) I*(H())/H(I*1)])

ML TaA=3ETA(L)

i TA8=5LTA(I*1)
I=1+1
TF{114EG.L) BETAB=BLTAA

FIN 5414577

S5 UTE)=(S8UIT)+U{TT=T1) +ALPHA®ULTIT 1))/ ((Le4le/BETAA)+ALPHA®

1

26

(le+tle/BETLB))

S=S+uUl i}

CONT INUE

IF (ABS{S- SULD).LE.0.0UOI) G0 .70 27
StLD=sS

=0

Gu TG 20 . o
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COPUTE GAIn IN EFFECTIVF SIRcSS = CHANGE BETA VALUES IF NECESSARY;

DO 28 1=24N _
Puli) = PULL) +0(n(2)/2.0)=(U(2) /246 1)

PULT) = PUCL) » ((RHII)+N{T+21) /et = (ULT)+ULTI+1))/7240)

TF(PRUT)LLT.PP(1}) CVII) = CVS(])
TF(PO{T1)4GEL.PPLI)) CV(T) = CVVI(])
ALTALL) = (CVITI*DTINI/Z(H(T) %22, 0)

SWeh) = Uil

)

LLUNTINUE
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vl T ACN+1) = U(n+l] .
1al IF(T11.GFa 42 GO Ty 29 .
192 : G TH 13 L !
1413 ‘C COPUTT SLTTLcHENT AND CONSOLIDATION i
- 144 : 29 DG 3% I=1,4N : i o
145 : TF(PO(T}aGE,PPIL)) C = CVIR(I)
o ‘146 ST © IF(POUT)LLT4PP(1)) € = CREC(I) * R
147 DPRES = POLL) ~ POLD(I) :
148 o SLTTLL =SETTLE+Co (H(I)/ (14vDI0(T) )1 #ALOGICI(POLDIT) ¢DPRES)/POLDLLY)
L4 9 : POLDLL) = PLUTD i i
S 159 : 30 CONTINUL oo i
' 151 ' CCUKK) =(SETTLE/SETINF) 100
SRR 152 e PRINT 101CGoTIns(UGI) pl=1sl)
, 153 ' TUTS(KK) = SETTLE ’
2oL B 17 TERK)=TIH
i 155 4=44DT
B ‘156 . : K aKKel ;
157 CIF(CCUKK=0i)e GEe 9N 0) GO TO 31
158 o IF(T1heGELFINALY GO TO 31 .
159 ' G TH O1i
T 0 31 KR=RK-1
161 : Te*ax = TuTS(nK)
162 TaAx = TARKL}
103 PRINT TulseSFTINF
164 ' PRINT 1cll
165 C DU 32 Ta1lyKk
lub PRINT 10121 0I),TUTS(1),CCLT)
o7 ‘ 32 SunTINug .
163 Catl PLUTY {TOT53T2TORAXWKKyHGRA TN
1u9 1260 FUREAT (JA6) ’
i SuskOUTEi: FinkaY 47176 UPT=04RUUND= A/ S/ K/=D4=DS FIN 5414577 8¢
17N Y1301 FURLAT (3F10el)
171 TLOG2 FURRAT (I9e4&15,M) .
172 1003 FHRAAT (IH1, 35X 1046/7/7) : o
173 © Ltuz4 FURSAT (/7/05X440nTIK RATE OF SETTLEMENT SINGLE DRAINAGE//)
174 ) 1005 FURSAT {///15%4+40HTI™ RATE OF SETTLEMEINT DOUBLE DRAINAGE//)
175 : 1607 FURRAT (19X, 45HCOLFFICIENT GF CONSOLIDATIUN CUEFFICIENT QF s/
176 1 63n LAYFR' THICKNESS $VIRGIN® ASWELLING® PERME
5 177 ZALTLITY) . o ; e
173 T1008 FURKAT (2X21293Xs1PE1C.391PEL34341PEL4,351PELTS4)
179 1609 FOREBT (1H11186417(1Xs1A6)) : .
147 1010 FURBAT (1X32Fbe2s16(1XeF6,1)) ' T T
131 1711 FURMAT (11l 8K33HTIA+s8Xs IOHSETTLERENT6Xe13HCONSOLIDATION)
132 1012 FUP=AT (SX93(FB42,8X)) ’
183 1513 FURnAT (29H-ULTIXATE SETTLEMENT WILL BE +F743)
ina: 27 TURK )
185 LS FEM




56
7
23
549
60

.ol

b2
o3
64
(23]

o7
o4
09
Fie)
71
72
73
14
75

OE NG UL W =

SUBRIUTLive

1"
26

*

»
AY{4) = YPLOT ¢ Geb:

‘ -

30
!

o~

PLOTS

Lhed
2004
3Iui
460
FRND
6320

SUBLUMTEING FLUTY (YeXs YRA) 9 KKy NLIRLAIN)

1

18

Dl*tu‘luN Y5(l“)'uUn(b)'ALINFlbu)yx(lle(l)oKKK(?);NX(7I’NQXQ7)

ATA Y5/0.531eN9145020045,0 ql».L’ZD.D,SO-O 100-0.200.0/
OATA KKK 71U3154249509100,41580,2C40/
DATA NX flelelelse2e394/
DATA HNHX /3424194549 494/ -
D¢ Ta BLARK»DDT2SPOT, PLUS IIH slHey IH?y1H+/
DU 1t Jslylu - T
L= J ’ ’
TF (YrAXeLE.YS5(L)) GO TD 20
COUNTTHUE ) -
YPLOT = v5(L} o
DUM{]) = (eu
DuUL2) = YPLOT
DUN(3) = YPLOT

Vel
Ge4

DU%{5) a YPLQOT
DuUH{e) = YPLOT
06 39 J=1,7

L =43

TF (KK eLELKKK(L)) GO’TD L3¢
CONT IHUE .

o= NX{L)

Hie = HNA(L)

PRINT 1uny ' ’

IF (NUORATIN<EQL1) PRINT 2000
IF (NRORATHieE Qs 2) .PRINT 30u0
PEINT 4U0Cs (DUK({Z7=J)yJ=l,6)
00 50 I=1lyy09

ALINE(T) = LOT

Ve

" CONTTNUL

ALTHE( LG ) =PLUS
ALTRE(20)=PLUS
AL INE( 3T )=PLUS
AL INF (40 )=PLUS
ALTNE(SL)=PLUS
ALINFLoul=PLUYS
PRTHT 5ulGe (ALINE(I)s I=10s61)

DYNNIIANE £ IVRY:1N :
ALTHFUT) = BLAMK - Ui
CunTInde

W97 Jeligkn g N

Ji o= bﬁ.-(ﬁu.bY(Jl/YPLOI)

ALINELJY) = SPOT -

ALTHI(Iu =00

SLINEL6UI=DUT

PRINRT AulGs (ALINL(X)’[ 10960} X(J)

B0 70 Tali1459

ALTRE(TY = BLANK

CHNT lidde

TF (HaeGT.3) G0 TO 90

MW BE K=y Ni

ALTRELTG)=D0T

AL INRE( AL Y=DUT

PETNT S50Cuy (ALINE(L)» I=10469)

747170 OPT=0yRUUND= af S/ K/=Ds=US

CUNTTHUL e -
CONTINUE T .
DiFLO0 [=17 60 ’ V
INE(T} = 007
CHHT TaUL
ALIHE (L) =PLUS \
ALTRT(?25)=PLUS o

b

FIN 5.1+577

AL INE (30 1=PLUS C . _ TS

AL INT (40 )=PLUS

ALINRE(S0D)Y=PLLS

ALTNE( 60 )=PLUS

PrINT 5ulis (ALINEL{L)}y 1=10,60)

FURRAT (1H1925X,22HTINE ~ SETTLEFENT PLEGT)
FORAAT (28X91SHSIRGLE OKAINAGE/)

CFURAAT (28X915HUOUBLE DRAINAGE/)

FURMAT (31X JUHSETTLERENT /98X eb6(Fbe214X))
FOREMAT (11Xy60ALY

FURKAT (11Xs51A1F642)

Re TURN o

£HD

e e

.
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APPENDIX B T

USER'S MANUAL FOR PROGRAM CONVER I

STEP LOADED, LAYERED SYSTEM
WITH VERTICAL DRAINAGE ONLY

INPUT DATA INFORMATION

General job description (20 A 3)
Note: Card must start on column 1

PROPERTIES FOR..... LAYERS
(N must be in col. 17-18)

N cards with the following soil property
Columns 1-10 .........thickness of layer

11-20 ....c0e. void ratio of layer
21-30 s o0 o--oo.CREC
31-40 ......... CVIR

41-50 .........P

5160 v........P°

p
PRESSURE FOR :....LAYERS

( N must be in col 17-18)

N data items containing the pressure changes(F 12.0)
Time interval within-which the load is kept constant=DT
Time after which load remains constant= TO

FORMAT (2I4)

TIME RATE REQUESTED
Card must start on column 1

DRAIN 1 or DRAIN 2
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TIME SPECIFICATION

Columns 1-10 .... DT (time interval)

11-20 .... FINAL (maximum time to be considered)

N Cards Containing

Columns l-'-lO‘.....CV {cef. of virgin consolidation)
11-20 .....C,.(coef. of swelling consolidation)
21-30 .....k (coef. of permeability)



COCLCC C . COCrCOOnet O O OC e ¢ ™

PROGRAM CONVER 1 (INPUT;- OUTPUT)

QL= TrFrSTunal CONSULIDATY b uf A LAYEELD SYSTen
PRUGHAS. TO CUmPult TOTAL Se¥TLoMen] sy SELECTING 1 Or & CASES
CaSt 1 HOKMAL CONSOLLIDATION
CASEL ¢  UNULKRCONSULIDATLD
CaSe 3 UVERCONS R 1DATFD
Ca st UYELRLUGSOL TLAY Tun e NukaAL COBSDLIDATION
USSRk 15 Iﬂ SOuDlVIDF Tl #Aln LAYERS INTO SUBLAYERS
( nUST BE )b DK LESS]

PHPUTl UAT A

e 1 TETLE CARD FOK J0u DESCRIPTION (10A6) .

N 2 LAk TU AFAD eos PROPERTIES FUR N LAVFKS (M N COl. 17,18}
FOLLOach BY 1 CARDS CORTAINING SOIL UATA FOUR EACH LAYER
LOEFLO L)

'l 3 Canty Tit KEaD oee PRESSURES FOR N LAYLRS (N IN COL. 17418)
FALLOSKED BY 1 CARDS COHTAINING ThHE PKESSURL CHAMGE

PRESSURTS LA BE ChANGLD BY‘§EPEAllNh STePS 1 AND 3.

Finf=hatTe Or SETTLLALHT CAn of QBTAINID AS FULLORS==~
40 % TaR0 TJ Kbau eee TInf RATL PEUULSTFD
wle B CARD TU KLAU ees UJUBLE DkAINAGE UR Sltobe URAINAGE
ade & Caky CunTeILIiG Tl DATAsee DT AND FIHAL (2F10.2)
DT = Jiab STE¢ AT dnlCH PRINTOUT 1S OLSIKED
. FINAL = AAgIYuy™ Ti4g TO Bk CONSIDERED
iy T % CAKOS CONTAINING (Vy CVSy PERREABILITY (3F10e42)
LA R AL LI ATy R R A NI F L R N I R L Yy I Yy Y Y S E Y SIS YT YRRy Y]

Clnbaltin®y TITLL L) o nd( 201}
CHAR A CTER®O PRESLWPRUPER s dURU
NRINSTAS T T & € A PV PR D Ta)
LIaRUd SETENFaNSPPI20 )2 PUL20 ) sUELTPA20) oCVIRI2uD2CREC(20],
1 (DI ETRRITNETROYPUIRS )} \
ULTE PrPSSsPRUPLE S TITLELRIC I/ PPRESHUL 4 PROPTR s '/
ST Ve,
;rgz“u
2 kFafd Loty TETLY
vl 33 Tel, 2.
33 NTARET =T IT (L)
GF (TTILb e GeTiTLLELS)) STUP
TE ATIILr (i) ek e ' TEA) Gu T 9
ainlt 10y mORLy 0
T =",
VT2 =ue
1F (B T sePetet N o Tu 2
iF tatnPe P Lo PRLANE 6L TH 4
‘s‘o‘.'0‘0‘00030!0‘00‘.’00#&‘."‘0‘OQV-UOQOOOOQ‘OOQ"O.Q‘.‘.‘.‘OQ‘..“‘
“ AT Sull Pedrix1Y DATA
LT TP et 0000933488068 5 FR2C 4252003030224 94002083 080000003200% 00002
2 a0 3 1 o= Y44
ATmd Yz at bl vl i o1y CrECLL )y CY IR} PULTI )PP (L)
3 COaTitiufb
EE I RVRS S SV LN P |
LACR 00 73Rt tisB Rt TN N A4 IR R AGERATIFRI SN ERLEFR B IRPBCE IR NERG RN ISESY
[ nTait PR TSSUNE DATA ’
LEePITE ISR 402004082368 3054408280¢80088 830888290805 ¢28R0 408888300000 0%8
+ 0l 5 Ta),N .
KTal ooy 0ELTPLL)
5 (ATl NUF
niad® $13] 4,TO
~37/0T
g 28 JUslyA
0l 7 Is1,14
L V¥R dSalioaTlun
IFEPUlTY o DelTP2 el larrl})) €2 = CRECHLD
FFUHGLEY v LelTe(l ) el ®ePPEf)) PA2 = POLL) « LELTPLL)
TFEPall) » DELTP(IDWLT,PPII}) PH2 = POLT)
FELPOCL ) Gl aBP L)) ) Pu2aPPif) .
ITF(PuLL) « UELTPIINCLFELPPLL)Y GO TG o
o NI Zal (uNsub luaTIus
FFAPUTT 1o CUPPLT) e ANUSDILTP UL Yo GEQueu) C2=CVYIR{T)
FROPUL Yo FUGPP Ll b oalioDELTP Ll dolTobiob) CemsCRECL])
JFIPOLIY.TQ4PPLINY PA2 & PO(I) -+ DELYP(T)
FTFEPULT ) CuaPP L)Y PB2 = PUL]) :
IFLPULTI).TC.PPIT)) GO TO &
v UUEKCURSOL LDATY fun
IFCPUlLY « UELTPLI) OT,PPLI)) C2aCVIR(])
LE(PUCL) GToPPC] ) PAZ = PULl) ¢ DELIPED)
TFEPULE), GToPPLT)) PB2 = PP(])
IFCPULLI DT LPPELY) GU TO o
v UV RCONSULIDATION « HDRRAL CUNSOLlDLTIDN
€l = CRECLL)”
€2 = CviIntl)
PAL = PP
PA2 = POCT) ¢ LELTPILL) '
edL = POLYY
Puc = pPL 1)
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e e ey e et

c‘.o-‘vtovttoao0.00000"'0.'0'0‘.000000...o.o‘o.-"OQOOOO‘OOOODOOOOOOOOO
C - COnPUTE SFTTILtAENT

uviaibl = Cl & ALUGLAMPAL/PB]) .

SETT = (DVAID1/Z(L o VOID(Y,4))) & HUI) .

YOIDIIy ) = Valullsed) « DVUILL
o UVOIDZ = C2 & ALDGLMPA2/PH2)

SET2 = (OvoIDZ/(Y « vuIDtI, 0010 * Hil)

VOIOCT, deTdsvulutl, 1 =DVulp2 - -

SETTU1yJ) = SETY « S{T2 s

STT1s5e T au,0 : :

SETTLIsM) =),

SETTiIsd1aSETV (T a0 e5F TT(I.J-I)
C TOTAL » TOTAL « SETY(I4J)
POLT) =P D) *DILTP(L)
PPLI)=PP(T)+0ELTP(})
CheTErULF
CMmiTINUE
STIINE = TOTAL
PRINT 4% 3, T1TLLE. .
PRINT 1N0u4 . .
00 & I=l,yN 7
PO =P 0L D) ~4oiELTr (1)

r
e~

PP{I)=PPLT)~8e)LLTP (1) ' s : . L;;hnl'

VPRINT 1005, Iy, HiTde vOTU(141)y CVIRII)y CRECUI)y PO(I)s PP(I},
1 DELTPCL ), TOTAL L oo )
TATAL = TOTAL = SETTY(1l48)
b CONTINUF o e
6 To 1 '
¥ CALL TI#nAT(HEAD)
o Tu 1
107 FantaT (20A3)
1071 FOKAT (Aby9yXx,313)
1uVc FUREQT (BFLOu0)
1o73 FansnT (1HLls%a,2us3 /2 /)
1om4 FOKAAT (Lx.ﬁHLAYEi"bX'ﬁh]chhQ7X74HVUID.BX‘ZHCC'DX|ZHCS-7X[1(.HDVER
' LUK DLy Xy 9RPFZCOAS T 07Xy GHCHANGE 97 X3 1IHSETTLERENT AT/13Xs4HNESSs 7
gX|:Hh£TYO:Z?X;OHPRLSSUXL.7XgdHPRESSUREQ7X.8H?&ESSU&E)ﬁx112HTUP OF
LAY FRZSS(In=) 460 et} /)
1o ¥ FORAATI2X 01290X 1 FFe I j4X9F 003y ShsFbe3g4X gFbe39bX oF793,8X9F7e3,
$3XyFlessuXyrdeld) ) ’
S50l FONHAT (214}
T,% FORMYATULFL2.0)
[N
SUoPUUTTINT TINRLT(R=,0)7" e
C BPaGmdn SheveS FOK Pidde PReSHURF And TiML JETTLEAFNT RELATICHSHIP)
[ VIUBLE Or S Tdtt LeALAGE CONDLITIDNS
CHARARCTIn *3 nmiiirll™)
CORMULE St TR 9 s PP U0 1,325 (22 yUELTPE20) oCVIR(2U1,CRECI20)
M VUIU(Z'-i'ﬂ"lqﬂ("")l]ﬂ
LTSI oLy S 00)
VlnFuSlon Jllu,lu»).hP(Jo.ihulng(xa);PFuﬂ(lol'va(lb)gCVS(lo),
lﬂ‘Tlllo),’(’ TUTSE280) oF Ny le 0.20),CC(200):PPP(16)
°u“(1n),uLL1A(lb)nPuL“(lb)
uLIA FOVYZ3BTI5/ s FU237AHULGY oF (3 /74HUETY /4 FOAY 74HUL2 )/
1.F(%l/#ﬂu(l)lgr(o)/hnulé)I.F(7)IiHu(5)1|FlB)IQHU(b)IgF(G)IﬁHUl?)Is
TF P 24U (e )}/ sF L2130 /74000907 9F L2V /5HUCLOY/4FI13)/5HULLILD/,
lF(xﬁilindtlzllgr(lﬂ)/ﬁNUIXBII-F(Xb)IbHU(IQ)I'F(17)I5Nu(lﬁll.
1F(id)/5nutivly
DATA DALHLsORATHZ/ 11SINGLE yoHOOUSBLE/
1 RFAD 1oty adnb )
1F (aORDFRORATHNLY) NORAIN=]
IF (mORDN FueinAlNg) [OKA]Na2
LEADY 3O WFIhat ’ .
IF (NDRAINGEGGL) Prlud 1ulg '
SAF (NDRALYMeiNeZ) PRINT 1u9% i
TPRINT 1N.7 , ‘
ud, 2 Ial,N ,
wrall To™ly CYVEI}oCVSEL )y Penntl)
PRLNI l“vé.l:h(l).CVV(I)1CV5(l)vPEk4(!)
& COnTLnus
. COrnPUTE PREISURLS AT LAYER BUUNDARJES
Piull) = (Pu(!)-PdlZl)‘(lﬁ(ll’Uoﬁ‘H(Z))/(ﬂ.SQH(I)OuoS‘H(Z)))
LePyl2) ' , : cL oL
PPPLLY = (PPLY)=PPE2) ) {{H( 1) +ued®H(2)}])/1N5%H(1)rueS5rl2)))
1e PP(2) ¢ .
OFLTA(l) = (DELTP(L)=DELTPI2)I 1% ({NH( ) +a 5¢H{2) )/ (LS L DvoboH{Z))) o
1. u[LTP(Zl . . R . . S
0d 3 1= ' ‘
Plull) = Pu(l 13=P T2 (U b HITN/ (L5 ¢HI1=1 )+, 50 L 1)) }boPOL])
PPPULYA (PPULE=L)=PP i )) *leeatHil)/lueS¥HLE=1)e0,50011)))ePPL])
DELTall )= LOELTPLL~ L)=DELTPIIIDIO(U5OHEI )/ (UL PHII=1) o0 SO*H{T)}) »
TorLTetld
3 CTIHuF

ie
:
!

| T

[V



%

3450

3457

1y

1o

14

15
1o

1o

19

2>

) OO tves JTlagel

PNUIN+L) = 2,0°20(K) = PUUIN)
PPPIN+L] = 250%PPIN) = PPPIN)
DELTALN®L) = 2,08DiLTRIN) = DELTAIN)

SETITLE=D

FINAL = FINAL/leUD) . e

DTI#=DY . 7.

SUn = ¢ : :

KK = 1 ) L. -
CaPUTE LIHITIAL HETA Valufs

03 5 Il

IF(PULIIL.GLePP YD) SVI(I) = Cyvil)
IFEPOCI)LTLPPLIY) CY LI} » CYSED)
PODLY)Y = PULL) -

BETALY) = (C¥{])e0TIu)/(nil)es Q)
CATINUZ

NdsHe2 ‘ : '
PRINT L1709 LFUL) 128 otek) o )
Leitl '
AaUT/14 001

LYY
St T BUUNNARY CuidiTIINS
U3 7 I=lat -
IFLPPPUT) oCFaPIUtI)) Utly1) = DELTALL)
TFIPPPIT) LT PIULIND ULIsl) = POJUI I=PPPLI)eDELTALL)
Wilsu) = Ullsd) ' o '
CONTLHUTF . :
StLe €l pdunt: uP SINGLE DR AINAGE = SEV bOUNDAKY CUNUITIONS o . !
vl Tu (4493}, HURAIN :
0] 3450 J-l.luT((rliALIDTIh)’l)
dJiLgdi=n
Ulrie2 s 3¥=titicy J)
PERP-LNTI) =P ERRINH)
iNel o)
o} Ty 1o ' .
D0 3457 3=l JUTUIFINAL/DTINYY) ’ . ) o
Jligd)="
Sty Jren : h -
T1a=u - . o .
Conum=y '
PRI IPi% Tl=s (il o3)el=1yL)
COAaPUTL PIRE PRESSURE S AT LAYFR BNUNDARIES
n=10/DT 1IN
Uil b5 J=l G Il (Fl4al/DTIndvY)
1=l : ‘
diad 1w T1=2,0
IFETlanFoeb) 6o Tot 17 .
ol Tu (19,10} o HUxALN » : .
JINTZ V=B d) . o .
e TG L7 . . - :
FYIR SN RN
3% Tu v
AL?nn-(v'-n(L'llIRLRr(ll)‘(ﬁ(l)/ﬂ(lfl)l
wel busciTi A1) '
piTeu=aFTALL+1)
I=1+s
lF(Il..d.L) K‘T.utn TAn
Alilad)milPuden(llely D eulli=lsd)=UliToJI*LALPHAS (1,14 /BETAB) :
1 tiemlo/uFlaLn))
Lo Tinul
TInaTlneiT]r : : . .
i=a '
Uil 7o LI=2,L - ) .
PFetlen®al) Su Tun ¢4 .
SO Tu (22923)y NDRalN
dimresdindlitigd)
Gl T 24 i
Uity =y - ‘ . '
vl YU 26 O
ALPMA-(P-F1(1*1)/?:Qh(l))'(Hlll/H(l'l))
Bl AémpFTA(])
3T TApeafTA(L+])
1=ies
IFtTlecdabl) 2BiTLreapiTAA
d(LI,J)-(“(ll|Jl'u(ll-l.Jl'ALPnA‘U(lltl,JllI(ll-tl.laETAAli
1 ALPAe(L.ela/itTand)
JllTsdel) =il )
CINTLRuT
FFidecTan) 6D T 4Gav

Y DI .

U 3udy Jdmlyd S ; e 2
JPUIL 3300 wuP (Tl 433000ty dd) ’
CONTINUT ! o
Jllswd)sur(llyad) -
CMTINOE -
6.1 Ty 27

Jd TeTu L1=00i \
DR NL TN B LWL |
JPETleddteurtlld3deutll, dd)

CYaThtuf

dilesdaurtilyad)

C keVinas

CMPUT. Gl 1N LEFTUTLIVLE 5TrPSS = CHANGE BETA VALUES IF NECESSARY

123



gt i

Su

27

1

1

3

3z

1o
1002
o2
XY
1.4
1,70
"7
1

124

00 78 [a/ N - Ty T
POLL)Y = PIHLY & LLadodl2,N = (UE21/72,00)

POLTY » POCI) + ((h(lad=2doen(Telyj=1))72e0 = (U(TsJd)e
Utirlsld)bl2e0t) ' .
IF(POTINLT.PP(IN) V(L) = CY¥S(I} :
LTFLPULE)LGEPPLIN) CVIL) = CVViD)

SETACT) = (CV(I)*OTIn}/Z{HTL)e®2,0) o [
willgd) = u(lya-llo U(I.J) :
CONTINUF e

dltivlydl = d(w').J-l)¢ Uf{NslyJ)

COnPUTE szTLinEnT AND © CUNSULYUATXON -

U0 30 I=ieid

1F(PO(II.GESPPITY) C » CvIn{l)

EFEPOLL).LTPPLLI) C = CRECLI)

DPrES » POETI) = PILCHLTY -

SETTLU=SLTTLECO{ntTI)/(1evOTiI(143)))0ALOGCYVI{POLDI] )vOPRES)

/P00y

PALDEI) = POLLY

CNsTINUF

COURRI®(STTILE/DETINF DRI LN : R

PRINT 10LD, Tlns (U] 4d)y1=1,01) N -

TAOTSIKK) = SETTLE

TIRK) =T Th

A2av0T

K= KN+l '

IFCCCURK=1)eGF 0Lt} GO TU 31

CoTinu™,

KK=KKR~=1

TOGadx = T 3(kn) .

THaX » T{Kx} v

PRINT 271 3,S:TINF )

PRINT 1011

Ud 32 =l ykn

PRINT LAL2oTUIaTUTSLI)GCCH])

ConTtivd

CALL PLOTS (TUTS s Ty TUYAXyKK gD ATIN)

FOnPaT tito)d

FInPAT (3FLuec}

FIRYRT (15y421900)

FOnd®AT (LHL3%K,580a87/7)

FORMAT (/7//715&y2.dT 10 RATE (IF STTTUFRENT SINGLE CRAINAGEZ/)

FilnPaT (27715ayaunl in RATE OF SETTLENENT DOUBLE DRAINAGE//)

FORSET (1980490l asF Pl EdT OF CONSULIDATION COLFFICIENT OFs/y
o3t LAYER THICKNLSS sYThGlVe . OSHELLINGe PERNE

2asiLlTY)

1o
1.7
lvly
1.1,
1u1¢

FORRAT [eXplZ203a91P210,3,1PE0134391PELAg321PELT,4)

FankaT (LHlsldnat T0IaedEa))

FORARAT (LXs2Fbealrlu{lAsFbel)) i
FORMAT (1HLsBAs 30T i 4y 3K 1OHSETI Lo FeHT 20Xy LIHCONSUL IOATEON)
FilkraT (DLy3{r8.lo88%))

FORHAT (PULTIHATE SEYTLENTNT dlLL of YyFTe3)

O RETURH : R

24

4y

(31N

SUIKUNTINT PLUTY (Y ax g YRAKaKR ¢LDxALN)

BRINETAY R fJ(lJ)sUl‘(h,‘;\LlNL(G")'A‘l’.Y‘l)|hKKl7)'NX(7l'NNx‘7)
UVATA YU /UeS1lelrleSaierballd, “n?b0095000w100'0920°¢°/

DATA KKK /1f ¢d%9oay 5091005150020/

AT L2 BX /71y13lalele3y4/

VATA HaX fY9Zalrasbvbna/

DAT A 3L &ur,uuTsSPUT 4PLUS /1K llﬂcll”’!l“'/

VY lu Jd=islv

L =J

TF tY“axX,blea¥StL)) Gii TH 2y

CikaTIHUE ——

YPLOT = vS(L)

gunii) = ..

Junate) = rPLUY v ou, 2

QU L) = YPLUGT P Gaa i

DUntal = YPLAT ¢ 2,6

JUA(2) = YPLOT » .4 .

JUnlo) = YPiQT o .
W 3u J=ia/ ’
L= N -

IF (Aol oeKrngiL )} 03 Tu «2

CONTluur '

s NALL)

N o= HNX(L)

PRINT LN . !
AP INDRATNGUGL A PRINT 2000

IR ANUKRR R pue ) PRIRT 30

PRINT &« 30y (LUNLT=J)ed=leb)

2Y S0 l=lfyels

ablne (1) = 607

CaNTINUT
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ALINZLLO =L U
ALINc (2n)»rPLuS o
ALINc €3N) =PLUS o
ALINE(40) =PLUS '
ALINE (5N) =L US o
AbLiME (o) =PLUS
PRINT 2207 (ALINKELT)y T21usL0)
Dd bu 1=1By00
“+ ALINE(I) = oLANK
6u CONTINUE
D 90 J=' 9Kkl
1 = 6le=(50,9Y(J}/7YPLUT)
AblNe (1) = SPUT ’
ALINE (101 =DuT o o o ‘ :
ALINE (07) =007 i
PRINT 69G0, (ALINE(T) o1=10,560G)yX( 4} L L R
00 7u 1=10,39 . ;
ALINE(L) = pLAun E ) i !
7¢ COnTlng®s . H
: IF (SHoGT43) 60 T 9¢ ) ot
3 Bu K=l Nt
ALINL (A7) =0uT
ALLINL (62) =0T
PRENT 50, (ALINE(Ilsl=175060) '
40 COnTltiub
W CONTIHNUF
DD 1N T=x1i,58
aLINz (1) = DOT ) . . el
40 COnTiNUF
ALINE 1) =PLUS _ S
ALINc (27 ) =P usS ) !
abiME(37) =PLUS ; i
abitt {4) sPLUS
ALLNE (57} aPLus
ALIKL (ol ) =PLUS
PRINT 5907, (ALINELT)y I=1lu,su0) . -
1eNe FAORAAT (LHL9 25X 22HTIYE = SETTLFAELT PLOT)
2000 FIKMAT (28X 2SHSTHGLE DKAINAGE/) )
Jo0 FOKMAT (284,19400UsLE DFAINAGE/)
Audy FNREAT (31X, 10HSETTLEMLNT ¢/ s8Xy 6(F6e294X)3 ) . o .
Safty FORMAT (L1x460A3) 7 - o ’
bulu FOKMAT (LIxg51A14F6e2)
RFTUKN :
‘:m . ..
T19,N1.aV UCLPy Ady PU) s
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APPENDIX C

USER'S MAUNAL FOR PROGRAM CONRAD

CONSTANT LOADED, LAYERED SYSTEM

WITH VERTICAL AND RADIAL DRAINAGE

INPUT DATA INFORMATION

A. General job description (20 A 3)

B. PROPERTIES FOR .....LAYERS
(N must be in col. 17-18)

C. N cards with the following soil property

Columns 1-10 ...... thickness of layer
- 11-20 ...... void ratio of layer
21-30 ...... CREC
31-40 ..... . CVIR
41_50 e s 008 PO
51-60 ...... Pp
D. PRESSURE FOR .....LAYERS

(N must be in col. 17~18)

E. N data items containing the pressure changes (F 12.0)

F. TIME RATE REQUESTED
G. DRAIN 1 or DRAIN 2
H. DRAIN - Well Specification
Columns 1-10 ..... Smear radius
11-20 ..... Well radius
21-30 ..... Influence radius

31-40 ..... Smear permeability



3.

Drain—wellfspecifications

Columns l%lO
11-20

21-30.

31-40

® s e 0 0 0
e o o a0

e« o'e e o

N Cards containing

'Columns 1-10

11-20

21-30 .

31-40
4lf50

smear radius

well radius

127

Influence radius
Smear permeability

Cy coef.
CVS( coef.
Cy ( coef.
k ( coef.
k.. ( coef.

)

of

of -

of
of
of

virgin consolidation)
swelling consolidation)
radial consolidation)
permeability)

radial permeability)



'PROGRAM CONRAD (INPUT, OUTPUT) - I - 128

OHESDYAFHSIONAL "CONSOLIDATION OF A LeYiRED SYSTEN
~9RuckAn_1q;conpu15 TUTAL StTrLtn;yr BY. SELECTING 1 UF 4 CASES

1_husr BE ;¢ qggg§§§)

IHPUT -DATA % =2 - e e
WD, Y7 TITUETCARD FOR J0& DESCRIPTION  (10a6) % =~ .
- "HDs 2 CARD TO READ 4w PROPERTIES FOR H LAYERS (K IN COL. 17+16)
T FOLLOWED BY n CAFDS CONTATKING SUIL™DATA FOR EACH LAYER
S SITETTHEFLGGN) o e s
NOJ 3 TTCARDTTO KEAD wus PKESSURES FUR W LAYERS (N Ih COLs 17,18)
L5150 UFOLLONED BY 3 CAKDS CORTAINING THE PRESSURL Crance =

;J;PP&SSUR&S CA BE CHANGED BY KEPEATING STEPS 1 AND 3.

TIhF-RnT: oF- SETTLEMLNT CAN BE O5TATNED &S FDLLDHS--

NGy 4 CARD TU RLAD oes TINE RATE KREGUESTED

NO.,ﬁi CARD TU READ wee DOUBLE DKAINAGE DR SINGLE DRAINAGE : : o

wu. CARD CONTAINING . TIYE DATAees DT AND FINAL (2F10.,2)° ’ ’
DT = TIAE STEP WY WMICH PRINTUUT 1S DESIRED | o o o R

TFINAL = HAXISUM T1YMC T0 Bt (OKSIDERED . : !

WOy T-H CARDS CONTAINING €Vy CVSy PLREEABILITY : {(3F10,2) . ' . )
ts*'*bi»t‘*ﬁitﬂoéitotitt‘»ié#»*‘t'ﬁ$i¢*$0%*“&4‘?*‘#4#‘#‘!“‘O‘&$¥‘4‘0 R 5

T

§
H
cn,k;cr=k*3 TlTLt(g’),n An‘nb) ; i
CHARACTER¥6 PRESS s PRUPLRs HORD L i
DIAENSION SETT(2u) ’ i
COnMON. SLTINF,N'PP(’U),Pb(d“)'OELTR(’")gCVIRlZU)quEC(ZO). 1
1 SVBIDE20) W HIZ ) : -
‘DATA PKE ss,éauvsk, TITLE ) /! PRESLUT, *PROPER?,® '/ . ) C B
: SET1=0, : S |
EES LUSETR=Le T o . D H
L RF&D 1oAuy TITLE ' . i
19707 0 DD 33 1=1,28 L o o L t
33 HEAD(TY=TITLELT) ) i
o IF (TITLE(LISECTITLI (12)) ST0P :
IF (TITLECL}GEDL ' TE ') Gu TU 9 oA
CKERD 1u°1,_nnkn, N v UL T o T
SEYTLE=N, . : i Cg
TOTAC=0 U U SN S ST L vl
If («nxw.so PROPER) GO TO 2 : - o
G CIF. AMORDeEQePRESS) G0 TG 4 L T : :
“ﬁ$Q6k$.¥‘¥¢¢#»#4#&'4;#*#‘§t~$¢Ot’&tt§~ivtnit¢t$w¢t ;tétttt&‘#t#»tttq#‘t
C - READ SOIL PKOPERIY 0aTs Z
(;#-.-uv*;J#v#it#‘t#t&&t#t#é Az Oeiq-aikt:st*‘&*'f#& vuitt#&‘ln#n»#t EX3 :w%e##t-&tt&\rt 5
209 3'1.m 13N : :
ELD 1nnz,n(1),vu1;(1),cy L(l),CVIk(l),PU(X) PP(]) ;
(3 COnTInuF 7o - o . o LR : - I
READ 1uNLs WOKDy i : %
!
!

’ﬂ‘y#otat:###titttitttt&#§veﬂ$c##ﬂ#&#+¢¥¢v$$t&t$t.#‘t¢¢!t¢$&t#tt¢§tttQ#vtén
e REAT PRESSURE DaTa :
'“c¢v4’¥t$4#¢#ctv#;1####4*?*:#&¢»t&$+#»¢-*wt»*#tt#v##ttt&#tittvtttnf##vt»‘
T Ta 00 5 T=1,N . .
READ 1uf6y DELTR(I)' ] B R

4
- N . §
5 CONTINUE , o e : , o
ST nD T I=T,N T : Lo ' : . : B
< UVYe RENNSOLIGATION ;
L CTFLPUGEY 4 DEETPUI} e PP{1)) C2 = CRECUI), s |
: : IFCPBL1Y + DLLTPUINGLE,PPCI)) PAZ = PO(I) + DELTPLI)
TFLPUCIY ¢ DELTRPEY )WL S PRLI)) PB2 = PO(T)
= TLECPUCINLGTPPLL) ) PR2=PR (1) - - T
T L IFGPACI) + DELTP(IIWLE.PFI1)) 60 TO & Cor : : ‘ C o
H "H0rBAL CUNSULTOATION . LT Co ! T
Lo IFLPDULILFQuPPLLIGANDGDELTP(I)aGELeG) C2=CVIR(T) : L ) S

TECPO(I) EQePPIT)enilLa0FLTP (I )aLTavei) CZ=CRECCI)
FF(POLI)LFAePPIL)) Pa2 = PGIL) + DELTPUI) =, : i T
CEFGPULL)LFOGPRLTN) PH2 = PULL) R ) LT

S U LE(PULL)LEULPRITN) GG TR 6 o :
C UNDERCONSDLIDATION
: CCAFGPULL). ¢ DELTPC(I) GUTL PP I1)) C2=CVIKR(L)
IFEPOIINGTLPPLIN) Pa2 = PACY) + DLLTPLIY ™
IFEPULL)LGTSPPITY) PU2 = PP (1) » : B N
IF(PILIY.GT.PPLIN) 60 TD & =~ ° N T ’ ) o
CUVERCOASOLIOATION '+ KORYMAL CONSOLTLATION - T : i Loy
€1 = CREC(I)’

€2 = CYIR(})- . : .
PAL = PPLI) ¢ B T
) SPAz T=-POLT) 4 D[LTP(J) A T
i : PHL = POUT) . ’ T
R Bz = PPLT) - : i
i 'g*qt;tt#vt»t¢¢4#4v¢¢¢»s¢-hséﬂ&:ttt:t‘t&tytv#tt;*tt;##t“t“tttotttttntt'
e . C0APUTL bFTTL:"‘[hf . - . .
. DVOIDL = Cl e ALUGLMPAYI/PAY)
COUSELY = {DVO1DI/LL « ¥II0(I))) H(l)
| MDD = VUINCL) = bVAIOY,

e




"DYOIpZ = 2% nLGG;“(PAZIPBZ) :
TSETZ = (DVaID27i1 + YOIDCT))) 4 O T
;SFIT(I) SUSETYL v SET2
TSET1EN, T
SEV2=04
LT FOTAL = TOTAL » SETT(I)
~T/CONTIRUF - w0 ¢ )
CSETINF = TOTAL . .
L PRINTIADUZ, TITLE . L T
PRINT 1hus
S DO B I=1aN e
'PPIN'I 1005’ lo HUI)s VOIOUU1),y CVIR({TI)y CRECK(I)y POCI)y PP(I),
-1 Y DELTPU1)y -TOTAL oo i
TOTAL S ToTAL - 5[71(!)

T s TOMTINUE 00t s T :
S s0T0 ~ : S , o
C9LCALL TIMRAT(HEAD) - SRR TS S o CTe il
.60 Tu L : :

10U FORMAT (20431 .
1L FORMAT (kba‘—"X'lJ) . .
1092 FORMAT (B8F10, G) ) o R L v:l'.“wf‘ :
41903 FORKAT (1dl45X20Az///) '
1uda FORPAT ‘lX,5ﬂLAYEh16Xs5H]HlCK,7XQ4HVDID,5X|2HCC,8£,2HCS$7X’1LHDVLR
‘dUKDt”,bX,QHPPLCHNSJL97X,hnCNANGE,7X113HSETTLEKEHT BT/13X94HNFSS,7 -
#V "i { ZX,SHKATIO.Z7X55H?KLSSURE,7X)OHPRLSSUkE'7Xs5HPRESSUfE,bX,thTUP oF
: 3LAYFK’9‘(]H-)10)(IN~)/)
‘. S 1e0S5 FORY &T(ZX’IZ’(’X,F‘;- y‘leFb-3‘5XiF6’3;ﬁX;’f§§3gﬂbXsF7.3$BXgF7a3! .
. : 3dX,F7.3an.FB.Jl : : : c !
1006 FUAHAT(Fl’.U) E - - ) Ce ’ X

e D
. © SUSROUTINE Tlh?AI(Hc;D) : i B e
C PRUGKAN SOLVES FOR PLR: PRESSUKE AiD T1HE SFTTLEHFNT RLLATIUNSHIP) ‘ ¢

<€ 'DOUBLF OR STNGLE DRAINAGE CONDITIOKS .
o CHARACTER ®3 HEAD(ZD) ) . ) ) B ' 3
o COnkuN SETIHF i PP(Zu)yPD(’“),DELTP(zn)yCVIRlzu),CkEC(ZO)g o i
T 1 VUTOE28) sHlEN) '
S L DIRERSTION, U(lb),Cv(1t),PLRP(;b)'CVV(16)1CVS(1b)’PGL"(IG), :
ld'TA(lo)yT(cbt)y1UTS(?Hn)yF(zn)9B(£O)gCC(200)yw(lb)'PPP(l&)v
L URPOULLO) SDELTALLID) 9 PERRRK (16} sCRITO )y RA{I6YYBETAR(ILG) .;,, e P
T T AT A (Y S3HTIN SR U2 ZAAU (GG E 3V 4HUTTN 2y Fl &) 7au iy 0 © T T
. 1, F(ﬂ)/hﬂU(B)I,F(b)/&HU(«)/,F(7)lqﬁu(ﬁ)I;F(8)/4HU(6!/sF(Q)I«HU(7)/n
':““”"““IF(lﬂ)IQHU(B)7’F(11)IqHU(Q)I.F(l?)?SHU(lOT? iF(13)/5HUIL1Y/y
P ilF(;%)leU(lZ)/,Ftlb115HU(13311F(16)15H 3 3 FL1T)/75HUL1S) 74
1F(L8)ISHU(16)I e ' :
DATAS DRAINl.bRAINZ/6H51N5Lc,6H00usLEI
RELD 1000y WORD™
‘JF,(HORD.EO'DRﬁINll ‘HHDRAN=
IF (“ORDQFQ'D‘&AI-‘L) NDRAI"’
S READ -#y DT FInaAL - s
IF fNDKATINLEQ,1) PrTuT luﬂk
¢ BFANDRAINGEUS2) PRINT 1005-
"PRINT 1015 ”
UREAD 2014 kS:Rdth,Rr\S
'"PP1N1 101 4y RS RHyRE,RKS ’
“RS= SHE.PRAD,Rw-HLLLRsD,PL-lNFRAD,RKS-PLRhShEAR TN T e e
’ 'PPR"k“kaIALPEn'( :
PRINT 1967 0 -
DD 2 T=1,H " )
CREAD 1ol CVV(I),CVS(I).Chlllg Lkn(l)»PhFKP(l)
PRINY L"u%ql,H(I),LJV(I),CVS(I)yCR(l)gPERh(I),PFP"k(l)
- CORTIDUFE - .

-y

£ 0 T CDnPUTE PRESSURES AT LAYLR LOUNDARIES T T o e
D ANutL) = (POU1I=FO(2) )3 (AHI1)+0a5 41 (2] 1 /{0y SYHIL) 4625 THI2) ) S
b C lepu2y
. PPPIL) = (PPULI=PP(Z)I¥ (LI 4Cas n (L)) /L0 SER(I oL AIZINY
1v PPU2) ' ) T

COBLTALLY = (OLLTV(L)~UaLTP(2))*((H(1)+.5¢H(2))/(L. FHLLI+e5*HIZ)Y) i
1+ DFLTPI1Z)
a0y I=2' ) ) ’ ST o
OIS {(Pull=-2)- ?ﬂ(!))t(U.H*H(l)/(v.b*H(l—l)«O.Sth(l)))fPO(I) i
N A AP (PP(X SLI=RP LI S (UGS THUD)/ (UeS3HIT=1 140,54 HIT) )I+PPIT)
DELTAI )= LOELTP (=1 )= 0LL1P(I))~(U.5¢M(I)/(( S‘H(l 1140, 5¢H{1))) \g
10FLTRPLT)
.1 (.nnTl‘hJc .
Dq('wl) = 2,08Pi{n) ~ PI)D(H)
PPPIN+YY = 2,0%2PP{1l) =~ PPP(YN
UDETLTALNLY 272,05 DELTPUN) - DELTA(N) o o o X T P
SETTLL=N oo
FliutL = FIHﬁLIl.uﬁx' ’ B ) S
DT1H=DT
SUn = N
K¢ =1 ! e
€. COnPUTE INITIAL BETA anuES o S,
T4 GeyLubl ' ] * :
00 5 I=),H
IFEPOLL)GELPPUTIT CV(I) = CVV(I)
' g CTFPOGUIN (LT PPUIN) Cv(l) = CvseIy -
i PILDOYY = Pull) .
BEVALT) =.(CV(X)~JT!‘)I(H(1)¥*Z.U)
1Flue T8 lE1aGTaG) G = BeTh(l) T : . : _ o
9 ChieTaHUT : Cow T i coe




{F(G.LT.D.Z) G0-T0 6

T3 utiTy =y

= POOLL)=PPPLT)XDELTALL)

A0 = 1)

L TOCONTINYE -

SELECT UOUBLE (R SINGLF DKALMAGE - SET BOUNDAKY CONDIIIJNS
63 10 IH,Q)o HDRATH

S8 Uil )=

CLUIN+2)=U(H) : ;
"PERH(NO!)FPERP(N)A ) T : ,
CHUGEAL)sHIND: T 0 : v LT
Gd Tu 1 7 ) ’ :
9 Ulrren o
TToudlysp
Finsy
COn=y
PRINT xﬂlﬂ.lxrgtutll,lsl;L)
6N Tu 13
IF(DTIACGRWE) GO T 23 .
INCRLASE 'TISE STiP 4n D R~TA VALULS
DTIH=24DT 15 -
00712 T=l
BETA(T)=(CVIL)4DTIm )/ (1) )R %240}
CONTINUE
L CORPUTE: PORE" PRESSURLS AT LAYEK ufUNGARIES
I=) )
00 19-1T=2,L"
14 IFCIL.H4F L) GU TD 17
GO TG L15+)0) 5 HORAIN SR
15 UN+2)=u(N) : TE
S 60T LT, ‘ : . o '
16 BUIT)au - ' v : -
- 60 Tu. 19 : R o
17 ALPHA=(Pi?ﬂ(lfl)/PrPu(ll)*(H(l)/H(l*l)) B !
C BETAR-BTTA(D) e T ‘ E
BETAB-BFTA 141) ) . ’ R )
B 1.1 SN - o S
IFtIl.EQ. L) BETAd-afT-A

18 BUII)=ALPHAYU(II+1) +U L]~ 1)-0(111*(‘LPNA*(1.-1./557&8)#(1.—1 /

1 BcTAA))
19 CONTLINUE .
. SGLD=1u0u“u
- S =
T!n-llrfﬂTlh
20+ 1=4
Bd 2s I1=2,L
_ 5R=RS/RY
RU=RE/RH
k"(l)-kN**Z.ul(kh¢*2.*—l.“)“ LUG(RN )= (3 eutRNE#Z0=1 4G}/
1(4.ﬁ¥Pd**?.d)vPLknn(l)‘(S?~1.0)/khS'kN"Z.d/(RH**Z.n-l.)
BETAR(EI=(CRETISDTIN) Z(REY¥*2.D) ’
21 1F(I1.5F.L) GO Tu 24
o G0 TO (22923)y HbRAIN -
2 ULid+2Y=U(HN)
S 6D TU 24

-60 70 26 :
24 aLlPHA=(PLRM(I+13/Pt R4CI))*#LHIT) /HI1+2 )
L. BTTAR=BETA(LY - T e

SETAB=SFTA(L+1) ) .
TFCTLaE0, L) SETAB=EET s ) : . IR :
25 LT =(BUTI +U( T =1 e AL PHASUCTI+3)) /0 e+ /BETAA) v ALPHA® :
1 (Le+1o /BETAED) o . ERERIEE ’ :
U(A]l““(l')‘*t.“‘LXP(‘ SOFBETAR (1 )/RRUIDI /200
S=5+001 1) : - Lo
I=1+}
20 COHTINUE
. 'lFl-nS(s-saLn) L(-\ou 1) GO TO 27
SOLD=S '

V:S’u' !

60 TY 2o

TCOsPUTE GPIf 14 LFFECTIVLE STRESS - CnAdGL BETA V;LUES IF NECESSARY

’

C27 0N Za i l=zaN
LOCPOEN) & POCT) ¢ L{LEe /2,0 = (UL2)/72.0)

CPUCTY = POCTY v (i (1) T+10)/2,0 lU(l)’U(l*lD)IZ.O)
TF(POLINL LT, PP(I)) Cv(l) = CVS(T)
L LECPULLY. G:.PP(I)) Cv(l) = Cvv(l)
SETMI) = (CV(I)‘UII”)/(H(I)":.U)
Alt) = Uty
Zn'ln Tinul
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S,

29

Aler) = 0l 1T

IFLTIH, GLsA)} 6O TO ”9

69 Tu 13 :

COnPUTE S'TTLEhLNT AWD CUNSOLIDATIUN

DO 36 1mLen

IFAPOLINGEPPIT)) C = CVIRLI)
IRGPULIYI LT WPPLI)) C = CHECHL)

TDPRES = PAL) — POLD(T)

- SETTLE= SLTTLEvC‘lH(I)/(I'VUID(I)))‘ALUGIO((PDLD(])ODPRES)/PGLD(l))

EXS

TTOTSUKK) = SETILE

CABL+UT
IAK=KK oL ] o BT . o

'POLD(!) = PULI)

HWTINVE

'CC(K&)=(§°ITLL/StTluF)¢1u“

PRINT 1020, T1rs (UL )y 1=0sL) R

TUnKI=TI4 -

LFUCCIRK=11,6Ee90ai ) SU'TY 31
1FLTIR GEWFIRAL) G100 3L

6N 70 11

KK=> KK=1

' TOAK = YOTSUIXK)

3z

RI%LE

1ot
1uie
1.73
104
1whs
1017

T 1life

1099
101¢

_,-»11
B 1°3 ¥4

1,13

S104
1ul5

CPRINT 101

THAX =2 TIKK)- }
PEINT l"l?a(-ETl ‘c

D 3z I’lyKK
PRINT 1"‘2,7(1);1015(1),LC(1)
CaTitur
CaLl PLOTS {TUTSaTaTOMAXIKK 9HDKEIN)
FORYAT (L AGL) .
FOREAT (5FLG42)
FORSAT (1554E1040) . )
FOKHAT (1Hly35X410a677) UL ' v
FORBAT A72/715K940:8T In RATFE OF SFTTLEGENT SINGLE DRATHALGESY/)
FORKAT {//7/715Xy4uril I RATE OF "SETTLEKENT DOUBLE DKAINAGEZ/)

FOREAT (22X9*COSFF, UF CONSOLIDATION COEFF, OF PERMREABILITY'/,

1' LAYER THICRNESS *YIRGINE 'SHELLING¢—A #RADIAL‘ Yy
DVAVERTICALS . ARADBIALS ) _

FORHMAT (2X91233%,1PF10.3,1PFL13, 3,1P2L14‘3,l?2[17.6) e . K

FORMAT (1HL91AAs17(1X51261)
FORMAT ({1X+2F 662416 {L%X2F6a1)) R
FORHAT (lHl'6x13HTI‘;bx;lﬂHSLTTLLﬂ‘NT:GleBH UNSOLID;TION)
FORMAT £5Xs3(FB.293X) )"

FONMAT (Z9M=ULTIAATE SLT]LEFLHT HILL :
FORMAT (4FLlD.2). : i DR e
FURMAT (16X220rt:DIUS OF . COEFFICIERT GFy/»

SU1 - T A3H- U SKEAR - WELL Y YNFLUENCE SVPERAEABILITY).
“RFTurn o T T ' ) .
tho

du
2u

3¢

TSUBRUOTTLE PLOTS (YaXaYhHA x,KK.NDkAxN)’*
OILENRSION YS(ld)yDU*(b)sALINL(bO)vX(l)ngl)yKKK(7l'hX(7)gNth?)
DATA YS/UoSslatslensleushetisl 0, Oy?u.u 5040 100.0,206.0/

DATA KKK /lt.vylf),d‘t’ S0 '100915U'£(‘U/
DATA NX 1111,]!112!31’0/

UATAE HHX 3024104909494/ Cer
DATA BLAKsDOT,SPUT,PLUS /lH 1iHe 9l H¥41

(00 luod=larln e iR

L=y
1P (Y9aX, LELYSIL)Y) GU TO 20

CORTINUE - - . » . e i

YPLOT = YS(L)
DUALL) = .07
BUsLZ) = YPLUT #
QUAE3) = YPLUT % U, 4
OUista) = YPLGT
OUAlS ) = YPLGT #

Cbunte) = YPLOT

D3 30 - I=L 47 .
L= . : B - '
iF (RK LL«xnkK{LJ) G Ta 4"

CO\Tluur
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o #u

fra e ——

TPRINT 10un~
- 1F (NDRAINGEULL) PRINT 2000

N o= HX(L)
NH- = NNX(LY o o “f

IF (UDKAINGEQe2) PHINT 3ulu -

CPRINY AN, {DUA(T=0) 3 =190}
00 Su . I=1060

5u

ALINE(I) = DOT
CONTINUF T

S RLIHE(LO) =PLUS

ALINL(2ZD) =PLUS
LALINE(30)=PLUS

ALINE(4D) =PLUS
ALINEA(SO)=PLUS
ALth(nG)-PLUS
PRINT bﬂu (fALIf(L(!)' 1-'-_1‘.4'!09)
00 6yv I‘Anyad

alIME(L) = BLANK

; CONTI HUFE

08 9u- JstKKQ;\'
J1 = 60«~(502Y{J)/7YPLOT)

CALiNc (31) = SPOT .

Tu

RN
90

[ VRV

30y
AU
5000

PRIy

ALINE(2D) =PLUS

CALINE (50)=PLUS
SALINE (60) aPLUS |

20

CFOKEAT (11X960A1) 7
6L00 FORHAT (lleSl'l,Fb.Z)
L RETURR

18,58auvl UCLPy Any Pu3 y 4¢8KLNS.

ALIHL (1D =D DT
ALIN*(b“)=UUI
PRINT 60u", (AL]M;(I)yIlllgﬁu),X(J)
00 7u I’L?'DV L
ALINELT) = oLANK
CONTLHUE ; T
IF (it 6143) 60 TO S
00 80 K=Ygnti -

ALEH (10) «DUY ) )
ALIHL (60) =D0T -
PRINT 5ACOy (ALTIRE(T) yI=1ny60) -
COSTIHLE -, | oo o
COnTLHUF .
D0 150 I=ldybn ..
ALINE(1)Y = pOT
COnT1HUE e
ALINE(10) =PLUS

ALtte (30) =PLUS
ALINE (20) 2PLUS.

PRINT 5000, [ALINE(I)y 1=10400) -

FORMAT (1HLy25X922HTIHE = SETTLEAENT,PLOT)
FOLBAT 128Xy I5HSTHGLE DRATNAGE/)
FOK®AT {28X9)1SHDOUBLE -DRAINAGE/)
£ Ok MAT (31x,1nns‘TILLﬂiNT,/'ux,b(Fb 2,4x1)

END
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APPENDIX D
USE#‘S MANUAL FOR PROGRAM CONRAD 1

STEP LOADED, LAYERED SYSTEM

~ WITH VERTICAL AND RADIAL, DRAINAGE
INPUT DATA INFORMATION

A. General job description (20.A 3)

B. PROPERTIES FOR ..... LAYERS
(N must be in col. 17-18)

C. N Cards containing the soil property

Columns 1-10 ...... thickness of layer
11-20 ...... void ratio of layer
21-30 ...... CREC
31-40 ...... CVIR
41-50 ...... P
51-60 ..... . P
D. PRESSURE FOR ....... LAYERS
( N must be in:icol. 17-18)

E. N data items containing the pressure changes (F 12.0)

F. Time interval within which the load is kept constantz DT
Time after which load remains constant= TO
FORMAT (2I4)

G. TIME RATE REQUESTED

H.  DRAIN 1 or DRAIN 2



134

I. Tame Specification
. Columns 1-10 ......DT (time interval)
11-20 ......FINAL (maximum time to be considered)

J. N Cards containing ,
Columns 1-10......Cy (coef. of virgin consolidation)
© 11-20......Cys(coef. of swelling consolidation)
21-30......Cy (coef of radial consolidation)
31-40......k (coef. of permeability)
41-50......ky (coef. of radial permeability)



e{ntj

ht‘)f‘\ﬁﬁﬁﬂnf‘.ﬁrlrw'l‘)ﬂf‘nﬁrlhflnf)ﬂf'iﬂﬁ

" ‘PROGRAM CONRAD 1 (INPUT, OUTPUT)

TONE=OTHFNSIONAL CUunSULIDATION LUF A LAYERED SYSYER '
P ROGKAR TO CORPUTE TOTAL. SETILENENT bY SELECTING 1 CF 4 CASES
T CASET LT NORMAL CONSOLIDATION
"CASE 2 - UNDERCURSULIDATLD - v
TCASE 37 OVERCONSOLIDATED - . .
- CASE A UVERCUMDOLTDATJUN » NURRAL CONSULIDATION
USER IS Tn SUdDXVIDr THE HAIN LAYFAS INTD SUBLAYERS
{ nusT BE lb OR LESSI

P -

ANPUT DATA :
«0. 1 TITuE~ CAAJ FON J06 DESCRIPTION ,(10A6)
HO. 2 CAKD " TO KEAD ees PROPEKTIES FOK N-LAYEKS (M IN COL. -174+18)
T ‘FOLLOMED B8Y N CAKDS CONTAIHING SOIL DATA FOR EACH LAYER
‘ L ABFLDLD)
I ] N CAKD TO KEAD ... PRESSURES FOR N "CAYERS (N IN COLe 17,518}
: FOLLOJED BY & CARDS CONTAINING THE PRESSURE CHANGE

PRESSUFES CAN SE CHAKGED BY KEPEATING STEPS 1 AND 3.

‘TIRE~RATE OF SETTLL®UMNT CAN BF OBTAINED AS FOLLORS——
NDy 4 . CAPD TO KELAU eee TInE RaTL KEVQUESTEL
HOs 9 [CaRD TU READ ooy DOUBLE ORAINAGE OR SINGLE DRAINAGE
.- Be 6 CaARD CUNTAINRING TISE DATA.ee DT AND FINAL (2F10,2)

.o DY = TIknE STFP AT dnIlH PRINTOUT 1S . DESIRED

FINAL = Aaxfvy= TIME YO BE CORSIDERED :

.- 'u0e 7 N CAFDS COMTAINING CVs CVS, PLRREABILITY 13F10.2)
$EAA TSRO Bo NPT RN FO 020V EE 2000002890004 00 0040000000058 00 040000000008

CHARACTER®S TITLE(29)HEAD(20)
CHARACTER#¥6 PRESSSPRUPERs WORD . o
DIAFENSLION SETTII3107,9110)) ‘
COntion . StTlNF;N.PPIZD)'PU(ZQIgUELTP(ZD}.CVlR(ZO):Ci[C(ZOI'
1 YUTIDU2D350)) sH{20),70
uAIA PRFSS‘PRUPExs TITLELLIU) /! PRkSaU’;’PRDPFR‘ Y
Fil=n,
S’TL'"
2 NEAD o™y 1ITL‘
03 33 I=1,20 U
33 uEAOT) =TITLE(L) : : -
iF (TTTLE (L) eeUeTITLE(2O)) STOP ol o
1P (TITLe(Ll)alUL"TIY) hU TO 9 o . i
KEAD Lufdls adhdy N L Do o i
STTTLF=D, . o ' ’ . '
TOTAL=us - ’ )
1F ladnde FuePrap! 4) [0 VP4
IF (uIRDLEQPEESS)Y 0O TO 4
L‘Q‘O‘Q‘D'O"‘l’....!'506.QQ‘l#‘..Q‘l‘.‘Q’Q‘t“‘."...QQ!..Q‘.‘.‘.“.‘QQ
C kEaD SulL PROPERTY DATA
L....-oo.to&.tot.oooovOO-0»#0'-0~tqto‘oooo.tot~‘00000‘tt¢0voa00'000'0'01
2 90 3 1 = 1eR* :
" KEaD lq"zgd(ll'vnln(l|1)'CKEL(I),Cv!k(1l.PU(I).PP(ll
3 CONTINUF ’
READ 1401 WIRDy o
c‘ttt‘.totl‘tt...‘.".v'.'!tl06000!'00.#0.00000.."0000‘(00.0"3“"0‘0‘
wSal) PRTSSUKE DATA

' h&vtv"’bt’#l'ttQ#‘ct‘tt‘0;0’00tv#ov!0.#!.('#’!9#0!"!‘#00.0‘000‘0"040‘

4 U3 5 1aYeH
READ luMos DELTPUI) o
¢ 5 COsT1UF : .
: KTAD® 4 DT .TO } R
A=10/DT :
U0 26 Js=lwn
00 7 lalyH
4 o UuYS RCOWSULLuAT R Ui
LECPULL) » OLLTrP(E) LF P L)) €2 = CRECHI)
LFEPOLLT ¢ VELTPUIDLLELPP(I)) PA2 = PD(E) 4 DELTP(X)
. LFLPULLY ¢ DELTP{I1.LFE,PP(])) PB2 = Pu(!l
1F(PUII),GTePPIT)) Pb2=PP (1)
CIFEPOCLY o LELTPLT) GLELPPIT)) GO TO o
C "Wk BAL CUASULIDATIUN
. LFERPULI1,EQ.PPLTNoANDLDFLTP UL, 6L oUeG ) CZ-CVIR(I)
C AFEPULIY G FUGPr U eANUSDELTP U] DeLT ot eu), Cz=CREC(L) - S .
IFIPUCI) FUaPP(T1)) PA2 = PUIIY + DLLTP(!)“‘ : ST
IFLPUtI)oEuePPEl) PB2 = PULL)
IFIPA(1 Y. FO.2PL 1)) G 10 6
c UNDERCONSOLIDATIUN i
IFLPOLL) » DZLTPLI) ouT, PP (1)) C2=CYIRIIY ™ T
1F(PU{L L GToPr(I)) PA2 = PULL) + DLLTPLI)
TF(PGUIY, GT4PFITY) PB2 = PPLI) o
: IF(PULED GT«PPLIN) GU T &
[ IVERCINSULIVATIUN « ndk¥al anSOLlDATlon
Cl = CnFCL LI 5 . Vol
2 = Cvlrtl :
PAL.= PPLI)
L2 = PMIY ¢ LULTR(D)
PHi e POT)
Pl e PRLT)




B CONTINUE:"

(9 CALL TIHRAT(READ)

5&)(1 F7o.11bX1F8-3)
L 500G FORMAT (C!ﬁ)”rg,_i_ﬂ::j R T
10Me FURHkT(Fl 0) o .

< PROGR AR SOLYLS FOR PORE PRESSUKE: AND TIME S:TTL“PENT RELATIGNSHIP)

7’?c TUDOUBLE DR TS INGLES UPAINAGE c1hoxtxnus'” i T

A_;a?dO(lﬁ’;D:LTA(lb)QPULO(’6)gPFPHR(lb)1CR(1b!yRH(16)qBETAR!16)

S FU5Y/4HUT3Y 9 F L6 7 AHULAY /Sy FATITSHUAS Y7 4F EBTZAHULO) /5 FLI) 4HULT ) /5

1 READ 1oNUy wORD

TUPRINT 101 43RSy Refy RE 4 RKS

2 CORTIHUE

T1e PRL2) :

ST 1e DELTP L)

CORPUTE "SETTLERENT. v T o

SDVGIDL = Cl 4 ALOGLIPAL/PB1) - . o Co S -
“SET1 = (DVOIOL1/ 1 + VOID(I,J)1) * H(l)
VDID(I,J) - VDIDII,J) ~ GVDID1

‘voxD(I.J~1)-VOXD(I’J)-DVGXD"
SUSEYT{ Iyd) = SETY 4+ FSETED
SET1=SETZ 0,0
CSETTUL0)=0e% " .. X
SrTT(I,J)-SETT(l,J)'SETT(I,J-IJ
CTOTAL = TOTAL « SETT(Y93) 0 0 oo ol et s o ' ' L
POCTY=PBULTI+DELTP(I) T SR -

"PP(I)KPV(I)¢D[LTP(I) ) o oo ‘ :
COKTINUE -

SETINF = TOTAL o
CPRINTLANGI TITLE 0 )
PRINT 1G4
RO LI &5 PL. T

TPATT AP DI=AYDELTP (1)

L PPLI1=PPLT)=KeDELTP (1) DR S

PnINT TL0US5, Ty 1(I2y VOIDUIs1 Yy CVIREI), CREC(INs ‘POCIN, PP(ID,
< DELTPU1)s TATAL B R SR
TOTAL = TOTAL - SETTUI,H)
CORTIHUE.

63 .T0 1 - s PR ’ :‘ ) 4 7. 7: PR \' . . ‘ S .

60 T0'1

CFORMAT (2043) -
CFORMAT (ABy9XyI3) 7
FORKAT !bFlO,G) oot
FORMAT (LHla5Ky21437/7)
FORHAT (1X,5HLAYLR,6X,5HTﬁlCK.7X,4hVDID'BXyZHCC.8X,2HCSg7X,10HDVER
TLBUKDENs 6X 9InPRECONS Oy 7Xs 6h CHAINGE 97 Xy L3HS ETTUESENT AT/13Xs4HHESS7
ZX3SHRATT0»27X s BHPRE SSURE 7X »4HPRESSURE 'EHPRESSURE,bX.IZHTGP OF
3LAY€A/55(1H—)yb)(1ﬂ—)/)

END : . - S : A e ) '. .
“TSUBROUTINE TINRAT(HTAD) Cmm e : Lo T

CHARACTER "$3 "HEAD(ZD)"
TCanku’ SETINF,N.PP(Zu),PU(Zﬁ).DFLTP(Zﬂ
1! VUIDI22,5L06) 4H{20) 470
TUDILERSION W(b:10,0:1u0) T
DIRENSION u(lo,lnﬂ),qulb,LOL);CV(lo),PFR%(lb)sCVV(lo),CVS(Ib)y'
IBTTACLIOY s TU280) s TOTSI200) oF{26) 46 (209201, CCU2N0),PPPL16)

CV1hréd¥;cnsctzof'“

DATA FUTY/3HTIA/SFL2)/A4HUL0)/yFU3)/ AHUIL) /3 FLA)Y/4HUL2 )/

YFLI0) /41U L8/ F (11} 74HUL9Y/ 4 F112) /5AU(L0) /5FULI3)75HUL11) 7y ' ot e
CLF (14D /5HU (123755415 1/ SHUL13D7 F (16) 75HUITA) Y, F(l?)lShU(lSllo T .
LF(18)/5HUCIE) S T

DATA. DRAINL,DRAXhZI6HSINGLE70HUDUBLE/3

“U1F (0RD. FQ.BRAIND) thA1H=11"'“
1F UHORD, FusDRAIN2) NORAIHS :
READ® 4 DT sFINAL .

IF (NDRAIM,EQ41) PRINT 1ui4

IF {HDRAIHGEQL2) PRINT 1!35
PRINT 1M6 ,

RE4D IQlA.RS,Rn,RL.FKS :

RS-ShtAPPAU,Rh=thLQAD,Pt=1NFRrD,PFS=PERHShEAR
TPTRMR=KADTALPERN
CPRINT- 1007 7 L
DO 2 1sYlyNT T - o

CREADE, CVV(I),CVS(ID;F&(I),P(R}(l),PkRsP(]) e

PRINT lﬂuﬂ,l,ﬂ(l)gCVV(l).CVS(I);CP(I),PERH(II,PcRHk(I) e

CanPUTE PRLJSURYS ;T LAYLR BDUHDAR]ES
POO(L) ='(PU(l)—Pd(Z))*((H(l)fU-S*H(Z))I(Q.S#Hll)#O‘S‘HKZ)))
1+pP0L2)

PPP L) ':(PP(l)-P?(z))‘((H(])*U.hFH(Z))[(0-5?H(1)+0J5‘H(2)))

DELTA(L) = (D[LTP(I) DELTP(?)}*((H(l)*.S‘HlZ))l(b.S*H(l)#.S*H(Z)))

DB,3 132N - : MR e
POUTL) = (PURI=11=F A T) )% (Le5FME1 1/ (Ge5 41 (1=10+nu59HIT) 1) 4POLT)
PPP LI )= (PP UI=1)=PP (1)) #(Uab*h(I )/ (UaS*H{T=1)+NsS* (I DD#PPITY). | oo " 025
WELTA(T)={DELTR (1= 1)~7EL1P(I))*(u.J’H(I)/(Osa‘H(I 1100.54HUTNI) v S
WELTPCIY ' R ‘ A S S SR N O Se,

3 COnTlMur




'T"“COnPuTE xwszaL BETA VALYES . . T
0N 5 I=1,N ) g
L AF(PO(I e GELPP(T) ) CVAT) "= cvv(ll
TF(PH(1), LT.PP(I)) cvtl) - CVS(!)
POLD(IY ' POTT):
BETA()
5 CORTIMUE =" : R
"o NidsNe2 . )
. PRINT 31409, (F!Y?yi-{:ﬂﬂylf oot
L=+l | ! !
A’DTIl.“UI AN ’
L E=A
C SET BUUNDARY CUNDITIONS . . o
. DO 7 I=1,L . ° a
© IF(PPPLTY4GESPOB(T)Y U T41) = DELTA(I) . :
IF(PPP(IYLTSPOOLINYT u(I,l) - POU(I)—PPP(II+DELTA(])
S LY RS R 0(1.1) - ; ; s o
: 7 CONTIHUE = § a T ’
€ °  SELECT DAOUBLE-pR SINGLF DRAINAGh - SET BOUNDAPY connlrlnhs
: 760 TO (B49)y 'HDRAIN :
o7 8 003450 J'l‘IWT(lrlNALIDTIh)vl) o - s
T Ull,d)=0n S
3456 Uln+Zyd)mU{N3 ) | . eE e
: PFRY{N+1) =PLRF(X)
- HUN*li=H{H} 3

60 TU 10 *
9 D 3457 J-L'INT((rl"nL/DT“‘.)'ll
TUL =0
3457 'J(L'J)tﬂ o
10 TIn=o R
Comn ot | R FE AR :
TPRINT ll\lf‘,]'[f', (U(I,J)yl 10L) -
C C CORPUTE PI‘KE'PR"SBURK S AT L2YEK d('U‘JD-RlES :

13 %=T0/0T1x
V0 8% J=1 ,IHT((FINALIDTlh)'l)
11 : : . ;
CEiLios D019 [T=25L0 . S
o 14 IFCILGNFLLY 60 TO 177
68 T0 115,160 5 HURAIN
15 ulu*z,J)-u(n,J) o
SRR 11 K £ 1 o A
' “1lo BIITsd)=0 E
: , GO TG 19, T
17 ALPHAR(PERK (I« 1)/? Pn(I))‘(H(I)/d(lfl)
. BETAA=BETACIY S
© BETA u=vrTl(14’)
I=]+1 : S T o
TFUILet0,0) BFTAS=5RT 24 ) ‘
18 BLLYsJ)=ALPHARULIT-1, J)eU(l] =1y 31 =U (1153} (ALPHA® (Io=14 /BETAB) *
1 (le=1, /BFTAA))
19 CONTINUE T
TYh‘TIH'DTInv : S S
2y A=l L i TR
ST N 1! 2.L
SRERS/RMW T %
RiU=PL JRH
””(II=RH¢‘2/(FN4'2 1.)¢AL00(n~) (3.4th#2-1.)

AfuETAP(l)=(CR(I)*DTIH)/(Rk“2)
CIFCTIWNFOL) 60 TU 24
DTG0 YO 422923 0 9 wNDRATH
22 U(HvtyJ)HU(H,J)
ST 60 TD 24 Y
23 Wlilyd)=n
0 60 T00v2e - T
24 ALPHA= (PLPﬂllfl)/PLQh(l))*(H(I)IH(Ifli)
POl BETAA®BETALI) R
S BETRE=BFTE(T141) R
TF(IIWEDQ. L) BETAB=BET AA Ry
25 W(Ty e (8(11,J)vut’1-1,J)thPnA¢u(II*1,J))/((1.¢1./BETAA)+
Y1 ALPHA® (1. e1J/BETAHY), " - : )
V‘"J(lI’J)=U(IlgJ)'*"rxP(—L-*BtTAR(I)/kF(I))IlLO.
CULITy 1) =u(Tlyd) : ,
S I C YR a o ’
26 CORTIHUE . °®
TUULR(J 6T ) GO TG ‘N’u
fun 6360 1T=25L
09173630 JI=Llsa
uP(II,JJ)sJP(Il,JJjeu(II.JJ) : .
3030 CONTIHUR - =~ S - o Ce
SUlLs3I=uR (11§34} ; o : : I Lo o

6060 CONTINUE =~ 7 7 ‘
4 G0 Ty 27 . : I L AT i
Audo 90 TeT0 11=2,L o i . - e < g

U SUSY Jdadety S
- UP(H,JJ)=UPUI JJ)*UUI:JJ)
Sudu COnTINUE - .- e Lome
""'U(lyJ)-llP(IIvJJ) o It
Tu?u CONTIAUE. - = o .. SRR i
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T CORPUTE GAINTIN EFFFCTIVE STRESS - CHANGE BE1A VALUES IF NECESSERY i ]
: 27 D028 .1%24MN T 0 . T ) P ke

S Pl = PA(I) 4 ((d(Z)/Z.“ - (U(Z)/Z n)) T ’ IR
LPOUTY m POCL) + LW (150-2 0+ WiT415 =100 724D = {U1sd)e :
TUYINY U 200) T

_PRINT "#,7P0(1) .=*;PD(T) e
TIFGPOIIY LT, PP(I)) cVIl) = cv541)'

CIF(PO (I, GE.PP(i)) ¢’ CvIR(l)
- ERIPOLIVGATSPPIINYFC = CRECUT),
DPRES = PO(TY = POCD(OTY
" PRINT %,'POL0(]) =? ,PDLJ(I) R
TPRINT %3V DPRES™ =V BPRE ST
DT s=TTLs-StTrLeocn(H(1)/(1+vuyo(x,J)J)¢AL0010(;90L0(1)+opu55)
. "1 /P0LDLT)Y
L L POLD(T). = PULI) T R ! . : N
2730 CONTINUFR : v : : '
b L CCUKK Y= (SETTLE/SETINE ) #1060 SR :
! PRINT 1010,T1ny (UL14d)y 11,10
: CTOTS(KK)Y =.SETTLE e
TIKK)=TIN .~
Tt AmaedTS
X - KKs=KKel £
L IFLLCARK=1) o GEa 9000} GO Ta 31
. 35 COWTINUF -
31 KK=KK=1 = :
TOHAX = TOTS (KK} -
THaX = TIKK)'
PRINT 1N13,SETINF
PRINT 1011 *
o UD 32 I=1,KK*
Yoo 7 o PRINT 1712 .1(1).1015(11,Cf(1)
32 CouTinuf : o o
S0 . CALL PLOTS (TDTS;T,TD“AX;KK,NURLIN) T T
1uP0 FORMAT (1Eb)°
4. 1uf1l FORYAT {3F10:2)
v YufZz EORMAT (15,4E15.u) . , :
S107%3 FORKAT. (LHL935X31046//7) o T e e
1004 FORMAT (///1525400T1In RATE OF SETTLERERT ~"SINGLE DRATNAGE/ /)
U100 FORYAT {///15Xs4uHTIH RATE OF SETTLERENT © "DOUBLE DRAINAGE//)
T 10N7 FORMAT (27X, 'COEFF. UF CONSOLIDATIGN [ COEFF, OF PERNEABILITY'/,
AV LAYER THICKNESS.  wVIRGIN® ' “#SHELUTNGH . ~ #RADIAL$: %y '
. 2V4VERTICAL* ~ sRADIAL® %)~ eI e
“1698 FORMAT (2X31243X,1PE1N.341PF13,3 ,1P2£1ﬁ.3.192t17.4),
1079 FOKMAT (LHL,1263517(1X.22b1) ’ '”"ﬂ ) T . :
101G FOKMAT (1X92F 6229161y Foall) . : B L
1011 FORMAT (LPl-BnyﬂTI“,SXyl,HSchLEHLNT,bX;13HCD!SOLIDATIUh)_ :
1ulZ FORBAT (5% 3(FBe24BX)) o o S E o E L e
‘1013 FORHAT ('ULTIh»TL SETTLEAENT WILL BEY .F7.3) T : ’
1014 FORKMAT (4F1n, .
S 161 FOKBAT (16X °Khuxus OF S COEFFICIENT  OF %4/
N Lo 0 OSREAR - WELLS INFLUENCE - PERAEABILITY')
S <ETURA - - : LT T

£ 1Y A ;
" SUBROUTTUF PLUTS (Y‘X’Y”kX1KK,NDkAlN) R o
Tt DIRENSIDH YS(lulpuu*(b)sALINL(b"),X(l);Y( ),kKK(7)|NX(7)1"NX(7)‘
DAT & YS/U->|10091.5|(o'~)!510,10. ',2L5u750.0,100. ,200.0/
o S DATA hKK /l"vlbyZ‘nStwlOU’150!2”0/
- DATA 'NX /1913151424 3547° ) L
- DATA NNX £3+2,1vhs494984/ - TTal
DAT2 BLAthJDTsSPdT,PLUJ /1H ,1H-t1H‘91H4I
EEREN T URS § J-l.lﬂ’ :
L=y
S 1F: (YﬁanLE-YS(L)) GU Tﬂ 20
lu COuTlNur




fun (1)

TOUN(R)

. DURI2) =
DUsL3)

YPLOT = YS(L)

(1 P4]

SYPLOT #* Cab

YPLBT #, 0.2 RTINS
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Tw YPLOT ful4
-

T DURLS)Y = YPLOT v 0.8 o
CDUALe) =UYPLOT v
D3 3 J-1.7 :
R S I
TIF (KK LES KhK(L)) cn TO 40
CONTIHUE--
THOs k(L) 7
’ 'ﬂl = HEX(L)
CPRINT LALN
C1F (NDRAINGEQ.L) PRINT 2000
IF UNDRALNGE042) PRIKT 360y
PRIMY 406Ny (DUM{T=J) 0452 40)
Dn 5.1 1=10y08

CUALINEAR) = DOT T Y R e L S S oot it
5y CORTIHUR : S .
ALISELLO)=PLYUS - © to Gt E e : R

ALINE (27) =PLUS
o T ALINE(3D) ePLUS
ALTHE (a0 =PLYS
ALINE(50) =PLUS
ALINE L67) =PLUS ) :
PRINT 5000y (ALTHELTYy I=10,06M) & i .0 -
DO b6y 1=10y0¢
o ALIHb(l) = wlANN .
6V CONTINUF : . '
; Dﬂ D J=N,Kx,h - . -
S J1 = bu.—(b".~YlJ)/YPLOT)
S o0 ALLNELIT) = $POT. :
ALINE (M) =0T
ALINE (00) =DuY

CUPRENT 870% (ALTHECT) §1=20,600,X09) ;
[ DALY 1=17,59 R 1 ;
b ALINE (1) = gLANK

ST CORTINUEL :
TF 4. GT43) 63 T3 997
DO BO K=l ghi : i
ALIHE (17) 2D5T
ALIME (o) =0T - TR
PRINT 5700, t;anc(l),1=1n,bu)""'
50 CONTINUE- . : C B Ry
93 CAsTINUF S T s
P 109 T=l0s6%
ALINELI) = 00T
10D CONTIHUE & - o
! ALINE (1™) =P LUS
ALLIKE (20) =PLUS
TALINE(3N) =PLOS
CALMHELRf) =PLOS o o
ALTRE(B0) =pLOS ~ 77 T e
ALINE(60) mPLUS 5
TPRINT 5DGN, (ALIN[(I)' I-lo.on)
O FORHAT
TEORMAT (eanlSﬁSl-«GL[ DRHNAG‘/)
FOKHAT (zax.leJuUBLL ORAINAGE/) -
4u0U FORMAT

o BLNG. FOnLY (llxqb"txl) A T
6L00 FORFAT (llX’D"ﬁl‘Fbu.) ;
CORETURK L L o
ey IR o

;q‘(“u3 o UCLPy Ary - 973 )
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