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NUMERICAL SOLUTIONS OF RATE OF CONSOLIDATION IN 

LAYERED SOILS 

ABSTRACT 

The numerical solutions of rate of consolidation 

in layered soils is studied. The pore water dissipation 

of compressible deposits is numerically determined based 

on the finite difference method. The advantegeous attain

ed by the use of vertical drains is mentioned 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 to take into 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 ZEM!NLERDE KONSOL!DASYON HIZINA A!T 

NUMER!K ~OZUMLER 

OZET 

Tabakall zerninlerde konsolidasyon hlZlna ait nUrne

rik ~ozurnler i~lenrni~tir. Slkl~tlrllabilir kutlelerin bo~

luk suyu ka~l~l nUrnerik olarak sonlu farklar rnetoduna go-. 

re tanlrnlanrnl~tlr. Dikey drenajlarln kullanllrnaslyla elde 

edilen avantajlar anlatllrnl~ ve dikey ve yatay drenajl ya

pllrnl~ tabakall sisternler i~in kompUter prograrnl geli~ti

rilmi~tir. 

Aynl zamanda yUkleme durumlarl ara~tlrllrnl~ ve zama

na baglmll yUklemenin etkileri de goz onUnde bulundurula

rak sabit yUklerne i~in kornpUter programlarl geli~tirilmi~

tiro NUmerik ~ozUrnlerin sonu~larl uygun analitik prosedlir

ler ile kar~lla~tlrllml~tlr. 
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1. INTRODUCTION 

The water which moves through the pores of any soil 

under externally applied stresses form an important area 

of study in geotechnica1_en~ineering. Since the permeabi-

1i ties are rather low, the motion of this pore water does 

1 

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 reduction 

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 

f~om 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 contig~ous compressible la

yers,posffising different consolidation characteristcs, is 

studied in the fourth chapter. The an?lytical 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 progrcim are compared wi~h analytical and 

strain-based solutions.(JANBU, 1965) 

2 

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 accel~ate the rate of 

consolidation. This is usu~lly performed by the use of 

vertical sand-filled holes known as drain wells. The an~y

tical solution of Barron, A2n 1947 and the numerical one 

is presented. 

In chapter IV-and V the external load was assumed to 

be cotl'stant vlhich seems to be practical in many cases. 

However, it is not representative in some cases. Therefore 

in chapter 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, CONPAD 1 which are developed for these purposes. 



II. CONSOLIDATION SETTLEMENT 

2.1 INTRODUCTION 

The presence of water in s0ils materially affects 

the behaviour of the soil whether it is granular orc0hesive 

Generally, in granular soils, only the effective unit 

weight is altered when water fills the voids; in chosive 

soils the conditions of their deposition, formation 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 free, unbonded 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 tne 

randomly oriented molecules some distance from the surface, 

3 

a distance depending on the nature of the particles and their 

environment. It is dificult to define precisely what 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 llrl(ler external stresses forms an important area of 

study ill geotechnical engineering. Water pressures and 

flow qUitntities under or inside dams, around foundations, 

cofferclilms, or retaining walls, or in compressing soil 

layers ilre determining factors in the design of such 

structures. 

Because of the low permeabilities of clays, the 

compression under and arbitrary load does ~ot occur imme

diately since time is required for the water to drain out 

of the soil. This process of flow water through a soil 

structure under loading is called "consolidation". As for 

all sOll settlements ,'consolidation is the elastoplastic 

deformation resulting in a permanent reduction in void 

4 

ratio due to an increase in stress. The essential diffurence 

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: 



1. The soil is and remains, saturated (S= 100 %). Conso~aa

tion settlements can be obtained for nonsaturated soil, 

but the predicted time for settlement to occur is extre

mely unreliable. 

2. Water and soil grains are imcompressible. 

3. There is a linear relationship between applied pressure 

and volume change. (av =l':.e / t.p) 

4. The coefficient of permeability is a constant which 

will tend to produce error in the time for settlement 

to occur. 

5. Darcy1s law is valid (v = ki) 

6. 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 temperature 

or preferably at the in situ temperature. 

7. 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. 

8. 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. 

6 

The consolidation parameters of a soil are the ' 

compression index Ccand the coefficient of consolidation Cv. 

The compression index relates to how much consolidation or 

settlement will take place. Th~ 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 consolidation, test, schematically shown in Fig.2 . 1 

The carefully trimmed soil specimen (usual diameter 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 applied to 

the soil. It has been found that the best results are obtain

ed when the load is doubled producing a ratio of 6p/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 _'excess 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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Deformation dial gage Piezometer 
Loading head tube 

Water keeps 
sample saturated 

JlJ~u 
tw~~~~~'-

Ring Ring 

Porous stones 

(0) Floating ring test (b) Fixed ring test 

Fig. 2.1 Schematics of the Consolidation test 

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

initial loads on the order of 25 kP9 appear adequate to avoid 

it. 

The tests loads are changed 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 settlement 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 semilogari thmic . l7.lots. 

Note that the effective pressure is used in these plots. 

The semilogarithmicplot of e 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 to the initial load increment are 

less than the in situ overburden, and due also to soil 

expansion from loss of overburden 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 



exists. For ~elatively insensitive clays the curve 

is rather flat (Fig 2.4); for sensitive clays it is 

much sharper( Fig.2.5) 

13 

3. Beyond the Po point the curve is nearly linear for 

insensitive clays. For sensitive clays, the curve may 

exhibit some convavity, as shown in Fi0. 2.5. This 

relatively steep and characteristic concave shape may be 

in part due to a sturucture collapse at a pressure 

greater than Po. 

4. If an undisturbed soil sample, is loaded to some pressure 

such as P1 of Fig. 2.3, then unloaded and reloaded, 

the curves form a hysteresis loop. The reload curve, has 

been found to consistently have the general shape of the 

initial branch of the load curve. When the new reload 

cycle exceed P1 , 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 

slope but less than the 11 undisturbed ll samples, probably 

because the structure is more oriented. 

b) When the remolded samples are unloaded, hysteresis 

l~ops are formed as in Fig. 2.3 

c) 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(12). 



ii) The virgin curve would be expected to be 

somewhat to the right of the undisturbed curve. 

iii) The laboratory undisturbed curvet should be 

corrected to the virgin curve to obtain the 

compression parameters. Note that corrections 

should not be used unless ec and ec are reliably 

known, since "just making corrections" may 

produce a non conservative solution. 

1 The pressure the soil has ever experienced is 

called preconsolidation pr~ssure and denoted by Pc 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 poiht of interest to the ground surface. If Pc (as 

obtained from the e versus log p curve using c;:;.ssagrande IS 

(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 Po , 

and this past pressure may have been due to: 

14 

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 

OCR = (2 .1) 

For normally consolidated clay, as the in situ pressure 

is increased from Po to Po DP= P 2 ' the void ratio should 

decrease by an amount tee, as shown in Fig 2.3. 'The slope 

of the straight line portion of the virgin compression 

curve can be denoted as the compression index Cc ' COIllp'.1ted 

.as 

6e 

log (Po +~p)-log Po 

And rearranging, 

Po+ DP 
De = Cc log -------

Po 

(2.2) 

(2.3) 

Equations (2-2) and (2-3) cannot be used to com?ute 

De for preconsolidated soils when the value of Po is less 

than Pc for these conditions either Cr ' Cs must be used 

depending on whether swell or compression (recompression) 

is desired. For settlements in preconsolidated soil, the 

change, in void ratio is computed in two stages as follows: 

Stage 1 For DP Po~Pc 

De~= Cr log 

P + lip 
o 

(2 .4) 



Stage 2 For P2 = Po + ~P>Pc , i.e, when the 

increase in pressure extends beyond the preconsolidation 

pressure into the linear portion of the pressure plot, 

compute this extension as ~p'= Po ~p-Pc. The additional 

void change is computed as 

The total change is the sum of the values 

2.3 COMPUTATION OF CONSOLIDATION SETTIJEMENTS 

The time dependent settlement of a layer of soil 

can be computed using consolidation parameters as follows: 

For one dimensional consolidation E
Z 

=EV and where 

E
Z 

- vertical strain and EZ = volumetric strain 

~H = 
Ir 

~e 

l+e 

or , the settlement is equal to: 

~e 

~H = ~ H 

subsistuting from Bq. (2.2), obtain 

Cc H P+~p 

log 
Ie Po 

(2.6) 

The in situ effetive overburden pressure, Po 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 Corl?ecting the laboratory e v. slog p for 

preconsolidated soils (after schrnertman, 

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 

18 

with sufficient precision by using judgement and extending 

the straight line portion of the e vs. log p plot to 
<..--: 

a point at approximately the breaking of the two branches 

of the curve. Alternatively, one may use a method proposed 

by Casagrande(1936) to obtain the approximate Pc. 

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 its motion in cohesive 

soil deposit give raise to a huge area of interest for 

the geotechnical engineers if the deposit is faced with 

the construction of a dam, building, road etc. Since 

the permeabilities are quite low the porewater dissipa

tion under external loading takes a long time, the procffis 

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 linear- relation between 

void ratio and external stress. 
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Pc ~ Po =- normally consolidated 

Pc > Po =- preconsolidated 

OverconSOlidation ratio, OCR =- Pc/po 

Cassagrande s procedure for obtaining preconsolidaton 

pressure (Boll/les, 1977) 



The first important parameter, Cc , the compression 

index relates how much the consolidation settlement will 

happen. The value 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 Pc ' and is also obtained from the e vs. log P 

curve using a method proposed by casagrande (1936). The 

effective overburden pressure, ~o , and Pc determine the 

situation of the deposit whether it is under,normally or 

over consolidated. 
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III, RATE OF CONSOLIDATION 

. 3 . 1 INTRODUCTION 

The second consolidation parameter of interest 

from a consolidation test is the coefficient of consolida-

tion Cv . This parameter is obtained from an equation to 

be developed in the following section~ The rate of pore 

water (~l:issipation will be developed and Taylor's (1948) 

solution together with numerical approach will be supplied 

throughout the chapter. Since consolidation is directly 

dependent on the extrusion of pore water from 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, 

22 

(3.1) 



substitution of the velocities Vx Vy V by , , z 

ah ah ah 
~ = - k- ax " V y= -ky _ Vz -kz x , = -az ay 

give rise to the following equation (13). 

oX 
ah ) 4- .l.~ __ (Y T k ~) + ~ ( ah· = 
ax ay ow y ay 3z Yw k z az ) 

:n·2) 

aw (3.3) 
at 

Both the intergranu1ar soil pressure 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-

geneo~3 soil may experience spatial variations in permea-

bility as flow continues. We may expect that the permea-

bility of granular media will not change appreciably as 

flow takes place, but finer-grained cohesive soils may 

well undergo large variations in permeability. But we 

usually assume, that permeabilities are invariant during 

the flow process so that they can be placed outside the 

derivatives in Eq. (3.3). With the assumption of constant 

coefficients of permeability and by expanding the deriva -

i:i ves, one oLtains as der :i.ved by R. F. Scott (13). 

a Lh 
+k" y.. +kzY.w --- yw ---

2 -, ,,2 
d X 0 .} 

+ 
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[ J:x 
ah ay 
ax-+ky -:;;;- ~~] = 

aw 
rlZ 

(3.4) 
3x 

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 proaems 

the equation (3.4) can be written 



ow 
at 

(3.5) 

The weight oOf water, W, in the element is equal to 

24 

w V'~ /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, 

(3.6) 

which we can use to get 

= ( 
Se Yw ) 
GsYwo 

(3.7) at at 100 

since by the above reasing the weight of soil solids in 

the element does not change in time When G is rep1ac-

ed by the ratio of the unit weights of soil and water 

s/ wo , Eq.(3.7) becomes 

~ == ~ () (SeY~l_l_) 
at 100 ~ Ys 

Expanding the differentiation, one may obtain 

Where terms in the brackets of Eq. (3.8) represent, 

respectively, the rate of change of storage of water due 

to: (A) change of degree of satrtration (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. 



Since the pore water soil solid~ 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. 

ClW W 1 Cl e 
-S\.:-_ 

Clt 100 Ys Cl t 

or 

Cltv Ws Yw Cle 

Clt Ys Clt 
(3.9) 

or 

. ifN Cle 

Clt 
VsYw 

Clt 
(3.10) 

Since volume of solid pa.rticles is equal to V Ie, 

25 

and unit weight of water is equal to W /V , then Eq . (3.10) 

becomes 

aw Cle 

Clt e Clt (3.11) 

If one can find the variation of void ratio with 

time, he or she will be over with the tjme rate of consoli~ 

dation. In order to achieve this purpose we' U go back to 

the variation of void ratio with effective stress as was 

covered in the earlier 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 

BOGAI\C\ UNWERS\l£S\ KU1UPHANESi 
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versus intergranular or effective stress through two points 

on the curve representing the stress r~nge to be expected 

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

therefore, 

(3.12 a) 

where e is the void ratio obtained by the hypothetical 

projection of the straight line back to zero stress and 

a v is a coefficient of compressibility, describing the 

slope of the line, which is of course negative. If the 

value of a v is taken as a positive number then the equa

tion will be written 

(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 place as a linear function of pressu-

reo Such an assumption would be far in error if applied 

in an attempt to describe a large change in void ratio 

of a soil such as that occuring between the time of its 

first deposition and its subsequent burial under deep lay~s 

of later sediments. 

3e 
= - av (3.13) 

3cr 

and writing a relation between and u 

ao a cr " au 
=---- . (3.14) 

dt at at 
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then the variation of void ratio with time becomes 
-

ae (~ au ) --av - (3.15) 
at at at ,-

We note that, a1tough the treatment of water flow 

is based on the assumptions of a volumetric 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 surnrrlatlon of such incremental expan-

sions or contractions would obviously result in a vertical 

disp1avement of all elements. A1tough the storage rate 

of water referred to the volumetric element dxdydz, the 

analysis in fact proceeded on the assumption that the 

weight of soil in the element remained constant and there-

fore might be said to be based on material coordinate3. 

substituting Eg. (3.15) in (3.11) and writing Ww 

in terms of void ratio and unit Height of water (Ww= eYw/1+e) 

av] 
at 

= ~v Yw 

l+e (~-a t 
ao ) 

d t 
(3.16) 

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: 

u 
(3.17) 

Since in many problems a loaded surface, which is 

:large in extent compared with the clay thickness 'is encount

ered, the water flow may be considered to occur in one 

direction, vertically. Having this in mind and taking the 
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2-a u Sw 
(3~lS) --_._= 

az 2 at 

Equating the Equations (3.16) and (3.1S) and rear-

ranging with the constant in their initial values one obtains 

au aO' 
---= --- (3.19) 

a Z2 at at 

The group of constant terms on the left hand side 

is given the name coefficent of consolidation, Cv ' which 

can also be considered an hydraulic diffusion coefficient, 

- k z ( 1 + eo) 

C
v 

= (3.20) 

"fWQ <\r 

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 Eq. (3.19) vanishes, 

and the equation becomes 

au (3.21) 

at 
In this form the equation of consolidation was first 

derived by Terzaghi and is similar to Fick1s law of thermal 

uiffusion. 

The solution of Eq. (3.21) takes the. form (Taylor,194S) 

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 



where n: any integer (generally 0,2,3 and 4 are sufficient) 

y: depth into a stratum of length of drainage path H 

H: Jength of longest drainage path in soil sample or 

mass 

T: dimensionless number termed a time factor, or 
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U = ~ fH u. sin nTIy ~
l-

H 0 1 II dY) (
. nTIy \. ( 1 :l.nL) Sln ~) ~xp - Ir n . T (3.22) 

n=l 

ti time of interest 

u~ initial pore pressure distrubution 

Because of the linearity of Eq. (3.19), it is 

appropriate to normalize the various 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 characteristic constants 

of the systems as follows: A charactericstics length H 

ih the system is selected to give a dimensionless length 

variable q: 

z (3. 23 a) 
p= 

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 (3.23 b) 
T ::; 

'[ 
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subsituting in the one-dimensional Eg (3.21) gives. 

Cv au 1 au -H"r a p ,2 -= -'[_ .. 
:IT 

(3.24) 

where u is a function of P.. and T. 

It is apparent that one of the characteristic constants 

can be selected for convenience to make 

1 C (3.25) 
v = 

T H2 

and therefore Eg. (3.24) becomes 

a 2U au 
----- (3.26) 

a"2 p aT 

Most estimates of settlements are based on a one -

dimensional analysis of consolidation under the center of 

the structure, using an initial applied vertical stress 

distrubution throughout the medium obtained from solutions 

based on the assupliton that the soil is an elastic material. 

The ultimate settlement is computed by dividing the layer 

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. 

8H = E (3-27) 

The history of settlement is then obtained by 

assuming that settlement fallows the curve expressed by 

Eg. (3.19) for the case of an inita11y uniform excess 

pore-pressure distrubution, so that , t:he settlement 

at time T, is calculated from 

(3.28) 



where is the percent consolidation which is defined as 

1 
U = J (100-u) dp (3.29) 

3.3 NUMERICAL ANALYSIS 

The numerical solution to the Eq. (3.21) using 

finite difference technique is easy 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-

1ec~ using numerical solution. 

The left hand side of the Eq.(3.26) in one dimension 

can be represented in finite-difference form by the expres-

sion 

1 = --- (U. +U·-I1-2U.) 
(Ap}2 1-1 1 -_ 1 (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 will be associated. On the 

right-hand side of Eq. (3.26), U must be associated with a 

point in space, which is concenient1y 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. 

au 
aT 

= 
1 

AT 

(3.31) 
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Combination of Eqs. (3.30) and (3.31) yields an e 

expression which can be used to determin~ 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 

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 Eq. (3.32) the so-called explicit 

method used to derive Eq. (3.32) brings a problem with it 

which is the stability of equation in operation in order 

to 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 Eq. (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 cou~e 

of the solution. Then the restriction on (13) 

1 

2 
(3.33) 
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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. 

(3.34) = ----_ .. _-
toT 

36 

(U. -2Ul.· +U . ) l.-l. l.+1 tT 
.l.' 4-toT (3.35) 

2 (Ap) 2 

If we combine the Eqs. (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 

= -(U. -2 (1- -) U.+U,. )T =-bl.' T l. + l. M l. l. -1 , 
(3.36) 

Using Eq. (3.36) in which the values will be known 

at time T, we establish a set of simulteneous equations in 

the unknowns, (T + toT for a chosen Ap spacing and a 

on which no restriction is placed other than that the second 

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. 



37 

o 
--== iIC7 

--::: ~ ~ W~ 

I 0.8 "->. 

~ ~ ~ ~ ~ E% ~ ~ -- -
t:->"O~ 

~ ~ V ~ ~ V v: ~ V/ VI; 
---- ~ .L 

~ b~ V V V V V V 
v V VL' VI Vj /'" ~ V / / 

/ V-
I--"'" 

/;.VV ./V / '" '/ V1
V j ~ L / ,,/ O~ 

/ 
V V V 7 aft' v 0/ V I LlLl /' L.. 

V' V V V 
io""" 

/ a~7 ?Y I 
VoJ.!J j L / .:y o· 

~ 
0 

I V L V V ~~ r-'!'l / / o· 
/ 00 

I I V V / / I I I 
1 

0.2 

0.4 

0.6 

.Q II I -0 \.0 ... 

.c -a. 
Q) 

0 

0.8 '\ \ r\ 
, 

1\ \ \ \ \ 
\ \ 

'\" ~ \ ~ \ \ \ \ \ f\.. 1\ 

\ " '" I'-- I'" \ _\ \ ~ , j ['.., ~ 

"'" 
'~ 

..... 

"" 
.......... 

'" '" ~ ~ ~ ~\ '" r-.... "-

0.6 

........ " ....... 

i'--. 
............, ........... 

"" 
'\ , 

\\ \ ~ ~ ...... r-....... ~ ~ ~ 
............. ......... r-..... 

....... 

"'" r.............. '" 1'-..."" 
"\ ~'\ ~ ~ ~ ~ ............ ......... ............. ~ 

0.4 

--..... r-- r----.. -- i'--- :::::: ........ 

~ ~ to ~ -- r-.. ~ 
r--- r-- --t-=: ~ ~ ~ ~ ~ r----- ::--

0.2 

~;::-. ~ ~ ~ -
o 0.\ 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Percent consolidation, Uy 

Fig. 3.4 Depth Ratio v.s Percent ConsoLidation for different time factor 

vaLues (BowLes ,L977 ) 



:=> ( I I 'I ii Iii; Ii:: I r r' '11" 
~ ce r-=>llc+l,:,--' _ 11·-·~-T H j:.l!'-----ll-~- JI,i~ji 
.- L I :! I : • . !; 

~ \ 1 !, --r--+I-~ 1 - rl~ i : ! : I ' ~-i 
- i "',' I ; Ii: I ; , ; i 25;, '\ I .1 'L I ; 1\ i ;, , 

I I !,! i ' : ' ! '-6- (C ~- II I;' 'I II! , : ~ 
Ii" Ii: I 1 :: 

~ i' I i, ~,III,' \, I : :;! 
L i . I ",. !, ---1 
S:' (..t' ~ - ·--1-----t--ic-+-t-t-Hr , ,. ,.,J --:.,',-

C II I !, I ! I ,'I'll': -, I; , i-I' 'I I , I ~I 'I· 
1(, ~~ __ L-i_;,----jLLl-Ll1 1_---"-i----'~J___lJ--'.__1j....:....Lli:l_ .... _=-~_.L_:__L;~i w 

0.01 ().I I.i) 1(\ 

1ime 

Fig. 3.5 U versus Tv (Gibson,Z953) 

38 



39 

When the distribution of excess over hydostatic pore 

pressure with depth and time in the soil has been 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 

can 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 ste~, 

, 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 its 

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 

results 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 in 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, Cv , 

as given by Eq. (3.20). 

The flow of fluid through the pores and the volume 

change of a cubic element of soil 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.(3.2l) 

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 form 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. 
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IV. LAYERED SYSTEM 

4.1 INTRODUCTION 

The consolidation of two adjacent layers of fine

grained soils, possesing different consolidation characteris

tics, is an other important area of study for geotechnical 

engineers. The analytical solution first developed by 

Hamil ton Gra.y in 1944 will be supplied together \·li th an 

approximate method given 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 is 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 Uw{) adjoining compressible strata are made to 

consolidate under an applied load, the behavior of each 

stratum is influenced by the presence and action of the ot

her. The extent of the mutual interference or influence ~f 

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 repeated that the drainage conditions affect 

only the 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 

(4.1) 
l-+e 

and 
h 

z= (4.2) . 
l+e 

where, Hs 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 permeability , 

k is equal to: 

k = a Cy~< (1 + e) 

where, a 

c 

coefficient of compressibility 

coefficient of consolidation 

density of the liquid 

(4.3) 



In addition, the following transformations are 

convenient: 

ks~ = 

ks2 = 

k 
~ 

l+e 

k2 
~ 

l+e2 

(4.4a) 

(4 • 4b) 

and the introduction of three dimensionless numbers 

C 
h2 

ll2 
~ 1 ksJ. 

= a = --i ,,= 
C2 

1.1 
ks2 

(4 .5) 
h 
~ 

is useful. 

Then it .is possible to write the basic differential 

equation for the two layers consecutively as 

a 2\1 au 
c ~ = ~ -- (4.6a) ~ az 2 at 

a 2U aU2 (4 • 6b) C2 
-·2 

az 2 at 

and solve them simultaneously. 

Here, it is preferred to give the results to a par-

ticular case 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 for 

the two layers. In this situation it is assumed that the're 

is drainage at the top only, with the following relation-

ships between the coefficients and dimensions: y=4; ei-e2; 
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Fig. 4.2 Pore Water Distribution for Two Different T (Gray, 1944) 



Fig. 4.2 shows the distributions of excess fluid 

pressures, u, in the soil layers at two different times 

corresporndingT=IOO 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 lower layer at any ins

tant being very small. In 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 Fig. 

4.3 the curves of U versus T are plotted for the upper and 

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

from. 

(4.7) 

h~ 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. 
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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) 

a aver = = 
11 

= -- a~ 
(4.8a) 

h 4h 5 
~ ~ 

h~ + h2 h + 4h 5h~ 
0.122 ks~ (4.8b) kaver = ~ ~ -

'" = -
h h 4h 41 h~ 2+!2 ~+-1:.IO 
k -ks~ ks~ k 
_s~ ks2 s~ 
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k .. 0.122 kSl. kSl. aver 
C -aver - = 0.0555 = 0.0555 Cl. (4.8c) 

yaaver 2.2 al. a 
l. 

Naturally, curve (a) , Fig. 4.4, secured by the 

method of averaging, is obtained with far less effort than 

the theoretically correct resultant curve which it approxi-

mates. ~t 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 imp~actical to deal with. 

The numerical solution using finite difference 

technique will be derived as was done for a homogeneous comp

pressible layer. The main problem confronted here is boundary. 

But as shown in Fig. 4.5 this problem is over using imagi-

nary points. 



To start with, we will assume for simplicity the 

following equality: 

(4.9) 

If one writes down the previous explicit equation 

for the upper and lower layers, he will have 

1. 

2. 

(4.10a) 

(4.10b) 

Velocity below and above the boundary is same 

( 
\ ' 

- V. 
1-1 

(4.11 a) 

(4.1lb) 

from which ene obtains equating Eqs. (4.11 a) and (4.11b) 

where 

a = 

= aU. ~ U. 
1+1 1-1 

(4.12) 

(4.13) 

Replacing Ui+l an Eq. (4.10) by Vi + l and Ui-l in 
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Eq. (4.10 b) by Vi~i and eliminating them using in Eq.(4.12) 

gives rise to the following equation 

[

aU. +,U. -] u. T = U· T' 2M ___ -'_1+_1 __ 1_-_1 __ Ui 1,T +1:. 1, 
a :f 1 

T 

(4.14) 
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which will be used on the boundary. At other points lying 

within the clay layer the a11ready known explicit equation 

given by Eq. (3.32) is the appropriate one. 

Using the numerical approach the settlement versus 

time plot is obtained as the result of the ;progran-, 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. In the first 

subroutine the dissipation of pore pressure and then t~e 

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 data consists 

of the soil properties such as, layer thickness, void 

ratio, compression index, overburden and preconso1idation 

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 

x,~ of course on the pressure basis which are overburden , 

preconso1idation and the change in pressures. If the sum 

of overburden and the change in pressure is less than the 

preconso1idation 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 Eg. (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 Eg.(1.4) and the settlement 

from Eg. (1.5). These checks and settlement calculations 

are repeated as many times as the number of layers making 

up the system. (The maximum number being limited to sixteenl 

The individual settlements obtained for layer are added up 

to form the total settlement which is transferred to first 

subroutine as final settlement. 

The first subroutine is named as TIMRAT because it 

serves to find out the time rate of consolidation. It is 

called right at the end o£ 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 boundaries to 

simlify the work in the rest of the subroutine. Once 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 selecting the drainage and setting the 

boundary conditions the pore pressures at layer boun

daries are computed. The implicit method used here to 

develop the pore pressure, at an increment of time later 

than previous one which was defined at. the start, is given 

as. 

u. . = 1,t+llT 
(B1· + u.' + aU. ) 1-11+ 1 t (4.15) 

(4.16) 

and 

k. r.:r. 1+1 ·'1 
(4.17) a -- k' 1 Hi+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 increment 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 

settlement. 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 

each 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 settlement 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 of 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 solution 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 ui' pore 

water pressure, at t=O for any pressure increment ~p is 

assumed to be, Ui=~P 

but in fact, this depends on the stress-strain relation-

ships of the soil. Indeed, experimental evidence, collect-

ed internationally over decades, has clearly demonstrated 

that (for t=oo) 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 of obtaining 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 generally found to be of con

siderable magnitude. In order to arrive at an improved 

method is believed essential to base the entire analysis 

on strain instead of on additional pore pressure, and 

also use the experimentally determined relationshipsbet~ 



ween effective stress and strain. 

In the. ~olution 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 equation is the same, 

Janbu obtained the time rate of strain, E, rather than 

pore pressure, u, as follows 

a€ a 
-- =--

(4.18) 

a 3z 

since he assumed a relationship between external stress 

and the strain. Using dimensionalless variables 

T= t(Cv /H 2 ), p= z/H 

the differential equation is written (Cv=constant) 

i)€ H 
=--

aT (4.19) 

Janbu then tried to find.E as a function of time 

and depth. In dimensionless scale E = fr~,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 =~ is denoted as 

where, 

t~ 

El = Es-Ed ( 1- p 

ES: strain at the surface 

Eb: strain at the bottom 

El and is defined as 

(4.20) 

Ed: differential strain, Ed=Es-Eb 
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It is seen that r = ° corresponds to a constant 

8 1 , such as may be the case in an oedometer, while r=l 

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 8 curve, 

MI.:r =-d l 8 dp 

and the degree of consolidation 

U = oJ' e~'e,dP 

(4.21) 

(4.22) 

In Fig. 4 .. 7 since t:1 decreases with depth, for li

near and parabolic case, even when the additional stress is 

constant, it is evident that the of consolidation on the 

basis of 8 is more r~pid 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 

in the form of sublayers making up the deposit. In 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 
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Fig. 4.8 with a coefficient of consolidation Cv =O.032 cm2/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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/~t m'ldh~'19\\t Dt d\)~ s\.\bJt:r~Q, R 

P('int Hi(n{) pc> (hP0-) 6.p (hPli.) c /~r\-i L·2 
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4 2.0 79.3 9.0 O. DOt'> O.O\b 

'3 "") .f', 
£C. • " 85.5 5.6 0.004 0.005 

nJi. 10nl 10~.6 4,1 0.003 

Table 4.l Results with JANBU (Bowles, 19?9) 
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difference is not so great on they are quite similar. This 

is due to the fact that dividing a thick layer into sub1a

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 

CG:i:\lVER 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 common 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 th~ 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) 
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Before going through numerical analysis of a layered 

system the approximate method averaging soil coefficients 

proposed by K.Terzaghi (14) is presented. The ease provid

ed by the numerical approach to handle a layered deposit 

consolidation is rather considerable and was mentioned befure. 

The results of computer program CONVER available ip 

the Appendix A is checked against the strain based solution 

given by Janbu (1965) which is though~ ta be the best appro

ach for the consolidation setttlement of a thick compressib-

le layer. 



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 sample 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 HELLS 

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 loaded , 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. 
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So in this chapter the analytical solution in case of 

radial drainage will be investigated together with the nu

merical approach for a homogeneous soil layer. The solu -

tion of time rate of consolidation of a layered system wmch 

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 



boundary conditions in the vicinity of a drain well will 

be discussed in the following lines. 
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Excess pore pressure will begin dissipate first 

near the drainage boundaries. Thus the vertical settlement 

will not be uniform from the center to the edge of the 

sand drain. When the loading surface is considered flex

ible so that the stress distrubution on the soil remains 

constant regardless of the deflection 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 might 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 "equa1 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" ~one. 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 norizonta1 

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, de' this can 

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-

tialequation for consolidation by three - directional 

flow in stratified soils is develepod by Barron (2) 

yw 1+ e ( : Ut \ a ) :(5.la) 

in which kh and kv are horizontal and vertical permeabi1i

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

becomes: 

( 

1 . au a2U~ 
---- +-- + 

r ar a r2 
(5.Th) 

Yw 

in which rand z are cylindrical coordinates as defined by 

Fig. 5.1 

C. The most economical pattern of drain wells is tha~ 

shown in Fig. 5.1. An exact analysis should include 

the load disribution and the effect of each well on 

the rate of consolidation at any point in the founda 

tion. However, it is believed that such a solution 

would be extremely cumbersome when consideration is 

given to the foundation and the present incomplete 

konwledge 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 .lb) 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: 

U r,z = (5.2) 

Having this in mind and combining the constant terms 

in Eq. (4.1 b) one obtains the variation of pore pressure 

for radial flow only. 

au C2

U 

1 ~) = Cvr +- (5.3) 

at ar2 r ar , 
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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=o 

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

face (rw) is zero when t>O 

C. The external radius, r e , is considered impervious be-

cause of symmetry. Thus, 

With basic assumptions and boundary conditions the 

variation of Dr 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 proce.E;'!ds faster near the drain 

well, 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 

4 U 2 2] r : rw (5.4) 

in which 

- Do e:A 
D = (5.5) 

A----- (5.6) 
f (n) 
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Time factor, Til 
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(5.7) 

Curves showing the relation between the average pore. 

water pressure , U and the time factor, Th ' can be obtain

ed using Eq. (5.5). Such curves for n = 5,10,40 and 100 

are show on Fig. 5.2, together with 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 are 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 representing the 

equal strain solutions for different values of n have the 

same shape, but are displaced horizontally. 

5.4 EFFECT OF SI{EAR ON THE CONSOLIDATION 

The remolded or smeared zone at the periphery of 

the drain well creates an additional resistance that must 

be overcome by the excess water being expelled. This addi

tional resistance retards the consolidation process. This 
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is well studied by F.Richart (9) in 1957. 

The smeared zone very likely consists of a thin la

yer of actual smear plus an adjacent region in which the 

soil has undergone a considerable amount of disturbance. 

The important quantities 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- rs/rw) 

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 ~/ks - 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 equal 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 cylinder undergoing equal vertical strains 

and containing a smeared region around the drain well is 

r r2_rs2 kh (n2 - S2) 
+ - ----,:?:-- In (s) 

2 re2 kg. n-.In 
Ur = Ur (5.8) 

" 
in which 

-n2 .. (_~_+ 2-+~-+~ ( n
L s2 

)rn In (s) (5.9) \I = --

n~s2 s 4 4n2 ks n 2 
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and Ur can be determined from 

(5.10) 

in which 

m= - --- (5.11) 

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 position of the resulting con

solidation-time curves depens upon (Eq.5.9) which is a 

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 a:s if they define an ideal well having a larger value 

of n.For a given radius 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 ~urrounded by a 
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zone of smear. The effect of the soil cylinder caused by 

the introduction of a smeared zone at wellp~t:n.'1j.phery is i

dentical to the effect caused by reducing the size of the 

ideal well. Fig.5.4 shows the combination of n, sand kh/ks 

that may be used to g'ive the same value of v. This figure 

obtained by evaluating Eq. (5.9), uses the value of as 

ordinate and the ratio kh/ks as abseissa. Families of li

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 analysis. 

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

to 

Cvr 
(llr) 2 

(5.l2) 

1 
+ ---
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To handle this formula let's define 

or 

r i = i.6.r 

Rewriting Eg. (5.15) and solving for the unkonwn 

where 

13= 

r(l_ ~) 
1_ \ 2ri 

U. 
1-1 

+ (1+' ~£-.\u. -
2r' ) 1+1 1, 

Cvr 6t 

(6.r) 2 

and combining Eg. (5.14) into Eg. (5.15) one obtains 
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(5.13) 

(5.14) 

(5.15 ) 

(5.16) 

- 2U i (5.17) 

By taking the average value of the excess pressure 

at any time, a curve Ur versus Th can be constructed that 

corresponds to within a few percent of the values pbtained 

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 

not 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 Only 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 

birE;£ ly in the previous chapter. 

The subroutine TlMRAT called at the end of the main 

program has the followirtgs 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 interf~ces. 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 pres

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 the gap is rather unimportant, the 

equal strain solution is chosen in order.totake the radial 

drainage into account. The simplicty of the equal strain 

solution is another convenience for the convenience for 

the sake of computations. The Eqs. (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 distribution 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. 

In 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 O.lm. 

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. 

I~ one carefully examines the tabulated data given in 

Tab~e9.1he 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 and 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 interrere very little and the 

consolidation rate is greatly affected by the presence of 

drain wells or not. Placing Qf 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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CON50UDAT iON RATE (%} . kr =4kv . k,=kz , , 
(q 
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/-... 
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Fig. 5.Z ResuZts of CONRAD with Fig. 5.8 
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CON50Li DAT ION RAtE (o/c) . k ... :: 4k" k, -=: 4 kz , ) 

'<.t 
~ ell. ~ 2d I c\~""- 4el 1 dz -::8d, 

"-
A.. 

r~= ell r~-=-3dl fe. .... cl 1 r~-::2d) fe =5d, re;::= d, r~::: lC)d, 

I 5r
- ~" 10, c;;.;v 5C;.Tf 4T.V6 4T.04 4T.°4 39.2Sl .38.24 

2 rZ.T5 1'2:ro b~tb ~6.09 ~~.re 54.52 54.4\ 

3 84 6 '" 84:r5 T4X2: <4S,2 <4.8J G3 u- I (:'.<8 
, '-

."'( 

I 
4 .94. 2 i 94./(; 8S.\\ 8<;.00 65.~· T4.~9 T-4-4?:> 

5 - - 95A2. 95.35 95.33 86.80 8<O.5~ 

6 - - - - - 91;.oe 95.32 

Table 5.2 Results of CONRAD with Fig. 5.8 
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5 '- '- 83T) 95. bE: 95.E>S 6T,39 BT.l4 

b - - - - - ~·41 8G.ZT 

Table 5.3 Results of CONRAD with Fig. 5.B 
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~ CONSOLIDAIION RAl"~ (%) 
~ 

" k.v)\ ': kv,z \\1/11 ":< 4 ~IV)Z. k" I ~8 hv'Z. A. 
I I 

I 21J5 21.85 2t.~ 

'2. 21.19 Z2.()D 22.22 

"3 21.83 22.14 22..q.( 

4 2.\.8"( 22.29 22.("2 

S zi,9i 22·4:' 22.9(' 

Table 5.4 Results of CONVER with Fig. 5.9 
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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 

wells for different ratios of horizontal permealibilities 

to vertical ones ore not changing at all after the TABLE 

5.5 given above. Even for kr/kv= 1.0 and with a spacing 

of iive meter the consolidation of vertical plus radi~l 

is about twice the vertical only. 

5.6 SUMMARY 

Clayey soils suject to consolidation 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 acc~lerate 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 shape 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 is rigid small or zero differential settlement will 

occur: this situation is called lIequal strain ll
• 

While digging a hole in the soil mass the periphery 

is a lot disturbed and the permeability at this region called 



smear zone is below the horizontal one. This smear effect 

is considered, and a reduced well radius is used instead of 

tQe ideal one. The solution of both situations are given 

after Barron(l) and Sch1ffmann (13). 

The numerical solution is investigated and a computer 

program is dev~laped for the equal strain case and put in 

the Appendix C. The effectiveness 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 I TH1E DEPENDENT LOADING 

6.1 INTRODUCTION 

So far the theory of con~olidation under investiga-

tion is examined for a constan~ 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.g. the erection of a structure at the sur-

face or an erath fill placed in ~ayers 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 its increase is rapid in 

terms of the consolidation process, it may well be cons ide-

red to be suddenly applied and remain constant thereafter, 

but frequently it is desirable 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 ana>lysis, the plot of 

real applied stress versus time is approximated by a step

wise incremental curve as illustrated in Fig. - 6.-1 which 

for simplicity, represents a uniformly increasing load to 

a layer compressing one-dimensionally. At each increase 

in incremental stress, the pore water pressure in the soil 

is increased by the same amount, while drainage takes place 

simultaneously. By writing the numerical solution in the 

form 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 eXC5S 

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 mimed 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. 

CONVERI is the program capable of evaluating time 

rate of consolidation of a vertically drained layered sys

tem under a time-dependent loading. However, CONRADl 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 chapter. An additional input is 

the time interval within which the external stress is 

increased. 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 constant 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.l 

The problem treated and solved by three French engi

neers D.Queyroi, G.Pilot and J.P. magnan from Pra~s as gi

ven in the reference list 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 o~ the fill in question wmch 

almost reaches a 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 Band 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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VIII. SUMMARY AND~ONCLUSIONS 

Geotechnical engineers are v~ry interested in the 

behaviour of free water in cohesive soils, if this one is 

faced with some type of loading. Low permeabi1ities imply 

a time-dependent settlement named as a consolidation. The 

consolidation theory first offered by Karl Terzaghi in 

1925 had the following assumptions: the soil is saturated, 

permeability is constant, Darcy's law is valid, temperatu

re is constant, water and soil grains are incompressible, 

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 the pore water distribution the flow of fluid 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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the 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 third chapter is written 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 solution using 

avering technique to a layered system given by Karl Terzaghi 

is supplied. After explaining the numerical solution and 

the computer program a comparison is presented for a single 

drained two layer system. The results of the computer prog

ram CONVER available in the Appendix A is checked against 

the strain based solution given by Janbu. (1965). 



Settlementvs. 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 consolidation process which may be 

initiated by the use of vertical drains. 

In the presence of vertical drains, 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

ing in no or small differential settlement. This second 

assumption is called equal strain. The analytical solution 

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 theoretically the percent consolidation is doubled 

if vertical drains are in use, in practice they s~ow 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 loading is studied and the two programs 
-

CONVER and CONRAD are improved to take this into account. 

The results of the computer program CONVER 1 capab-

Ie of evaluating consolidation under a construction load-

ing is compared 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. 



LIST OF REFERENCES 

1. Abbott, M.B, .. One Dimensional Consolidation of Multi 
Layered Soils" , Geotechnique, Vol. 10, No: 4, 
pp. 151-165 

2. Barron, A. (1947) "Consolidation Of Fine-Grained Soils 
By Drain Wells" Proceedings, ASCE, Paper No: 2346 , 
pp. 718-754 

3. Bowles, Joseph E.(1979) "Physical And Geotechnical 
Properties Of Soils" 1st ed., MC-Graw-Hill Book 
Company, New York, 478 Pages 

4. Gibson, R.E. and Lumb, P. (1953) .. Numerical Solution 
Of Some Problems In The Consolidation Of Clay" Civil 
Engineers Institutions Proceedings, London, p.p. 
182 - 198 

110 

5. Gray,~H. (1944) "Simultaneous Consolidation Of Conti
guous Layers Of Unlike Compressible Soils", Proceedings, 
ASCE, Paper No. 2258, p.p. 1327-1356 

6. Janbu, N.(1965), .. Consolidation Of Clay Layers Based 
On Non-Linear Stress Strain" The 6th ICSMFE, Vol.2-
Canada, pp. 83-87 

7. Moser, M.A. (1977), .. The Effectiveness Of Sand Drains 
In Soft Soils", International Symposium On Soft Clay, 
Bangkok, Thailand 

8. Nathan S.V. Editor, (1976) .. A Bicentennial State - Of
The - Art·" Proceedings, Geotechnical Group, ASCE , 
Philadelphia, Pennsylvania. 

9. D. Queyrol, G.Plot, J.P.Magnan (1977), "Edification 
d'un Remblai Sur Fondation d'Argile Molle Traites par 
Drains de Sable " , INTERNATIONAL Symposium on Soft 

. Clay,Bangkok, pp. 245-265 . 



]0. Richart, F.E (1957) Review Of The Theories For Sand 
Drains" , Proceedings, ASeE, Paper No: 2999 
p.p. 709-740 

11. Schiffman,R.L 11958), "Consolidation Of Soil Under 
Time - Dependent Loading And Varying Permeability" 
Proceedings Highway Research Board, No: 37, 
p.p. 584-617 

III 

12. Schiffman, R.L. (1960), "Field Applications Of Soil 
Under Time-Dependent Loading And Varying Permeability" 
Highway Research Board, Bulletin 248, pp. 1-25 

13. Schmer.tman, J.H. (1955) "Time Undistrubed Consolidation 
Behaviour of Clay", Trans. ASCE, Vol.120, pp.1201-1233 

14. Scott, R.F (1963), "Principles of Soil Mechanichs 
Addison-Wesley Publication Company I~C. 

15. Terzaghi, Karl (1940) "Sampling Testing and Averaging", 
The Purdue Conference on Soil Mechanics and its 
Applications, P.151 



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 

thickness of layer 
void ratio of layer 
CREC 
CVIR 

Columns 1-10 
11-20 
21-30 
31-:-40 
41-50 
51-60 

••••••••• ~ • Po 
••••••••••• p p 

D. PRESSURE FOR ••..• LAYERS 

(N must be in col. 17-18) 

112 

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

F. TIME RATE REQUESTED 

G. DRAIN 1 or DRAIN 2 

H. TIME SPESIFICATION 

Columns 1-10 
11._ 20 ........ . 

I. N Cards Containing 

DT (time interval) 
FINAL (maximum time to be 

considered) 

Columns 1-10 •••.•. Cv (coef. of virgin consolidation) 
11-20 .••..• Cvs(coef. of swelling consolidation) 
21-30 •.•.•. k (coef. of permeability) 
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~
i:~:_ .. '~_. 

... 1· __ P.R.OG~ CONYER ( INPUT..,.DUTPlIT). 

_ .. 
.~- .. -

~;'-:"" 
Wr'--' 
~~~ .... 

t!.::~' ..•.. 
U:-.:..Z;:::... 

"";;.-;""'--_ ... 
:-: .. _.' . 

~ .. J ... 
5 
6 
7 
8 
9. 

10 
11 
12' 
13 
1.'1 
.. 5 
1b 
17 
18 
19 
lll, 
21 
Z2 
2> 
24 
25 
Z6 
27 
28 
2~ 

31' 
31 
32 
31 
34 
35 
3b 
j7 

j8 

H 
';:\ 
.. 1 
.. 2 
'0> 
4'0 
"5 
'If> 
.. 7 
'08 
.. '1 

'" :>1 
52 ,3 ,,, 
:>5 

"q 
bi'l 

bl 
b~t 

b3 
b4 
1>5 
b.b 
b7 
bll 
b9 
70 
11 
n 

____ 71 

.. 

, 
C 

'C 
-C 
. C 

ONE-DHIIONSIONAL CONSOLIOATION OF A LAYE".EO SYSTEM 
I 

'(. 

C 
C 
C 
C 
C 

'C 
C 
C 
C 
C 
C 

·C 
C 

·C 

P~OGRA~ TO CO~PUT~ TOTAL SETTLf~ENT BY SELECTING 1 OF 4 CASES 
CASE 1 NORII~L CONSOLIDATION 
CASE 2 UNDtRCONSOLIDATED 
CA~E 3 OVERCONSOLIOATEO 
CASE.. OVERCONSOLIDATION. NORKAL CONSOLIDATION 

USER IS TO SUBDlvlOE THt ~AIN LAYERS INTO SUBLAYERS 
1 HUST BE IbOR LESS) 

DATA 

"'1 .. 

:'l 

- , 

II.PUT 
tW. 1 
NI". 2 

TITLE CARD FOR ~08 DESCRIPTION (lOAbl 

. --I 
'0, "I 

. . -, _"J 

NO.3 

CARD TO READ ••• PROPERTIES FOR N LAYERS 
FOlLOr/ED BY'N' CARDS CONTAINING SOIL PATA 
(bF1o.nl . 

(N IN COL. 17.181 j 
FOil. EACH LA YER '-:.,-. 

CARD TO R~AD ••• PR~S5URES FOR ~ LAYERS IN IN COL. 17ilSl 
FOLLOIIFD BY N CA.ROS CONTAlNI"G THE PRESSURE CHA"GE .. '''''--' 

C Tl'IE-P.4TE OF SFTTL'ElIENTCAN BE OBTAIHD IS FOLLOWS-
C ~o." CAkO TO kEAO ••• TI~E RATE REUUESTED 
C ~U. 5 C4RO TO READ ••• DOUBLE ORAINJGE OR SINGLE OR.INAGE 
C NO. 1>' CAkO CONTAINING TlKE OATA ••• I:T AND FINAL 12F1u.21 
C UT - TII'I[ STEP AT WHICH PRINTOUT IS DfSIREO . 

'C FINAL - IiAXIIIUK Hr.!; TO BE CONSIDI;RED 
C Nl,. 7 N Cf.RU!> CONT,xINIIiG CV, CVS, PER~~ABILnY 13F1c.21 

'C· •• ····~~·· •• +·· ••• •·• •• ·•·•••••••·••••• •• ··•••••••• •••• ~ ••••••••••••• 
C 

CtI~j.;4CTE:R.3 TlTLEI2'.lI,HE40(201 
Chl.k~CT<K.f> P~F.SS,PKOPF.R,WORO 

C1~l~SIUN S~TTtinl 
Ct."t"':1 5ETIHF,N,PPt2f1I,PiH2ul,Ol:LTPI2UI,CVIRI201,CRl;CI21i1. 

1 VOIOI2ul,HI201 
C~Tt ~AtS~,PRUP[R, TlllLl1nl/'PAE5Su','PRUP~R',' 'I 
Si T .L='_'. I 
Sl T2=:..,. 

1 ~LftO lna", TIILL 
fhl 33 l-i,Lr i

l 33 t-.U.;)(II-TITLflll 
IF lTITLElll.l:o.TlTL~(l(JII STOP j 
IF (TlTLFllI.EO.'TIII'1 GO TO q . 
0.1 \[1 1');1, wo.;o, r~ I 
SiTTll:=",. I, 

Ttl TI~L=·'). 
TF I H(j~;).t:i. PKOPF.id GO TO Z I 
If (lIu;;ll.t';.?RfSSI GD TO 4 ., 

C.'*~'~~··*···*.······*·····*··'···················'·· •.•.••..••..•••••. Ii 
C ~l .'.0 5,11L pl-:o"r.n Oq.~ 
C·,··~·~··~··················~····*····~·············· ......•.....•••.•. ! 

2 Ju j I • 1, II 
y.t..\(l1'lv2,HIII,VOIOIII.CRlCIII,LVIRIII,PDIII,PPtII 

3 CI,~T I'4Ul 
t{~Au l.~"l, .. O .. U, " 

C·.·~¥···.·~.······q···¥······························ ..•...••..•••.•.•. 

P~UGkAfi TUTS 7'./17b UPT-O. RUUIlO- AI 51 11/-0,-05 FTN 5.1+577 

·C il( AD PRESSURF. DATA 
C •••• 9·" .................................................................... . 

C 

'0 DO 5 1-1,1<' .~. . 
RrAO 1.0ub, ufLTPll.I' ,'-,C" 

:; COtlTIIWE ,-. 
DU 7 l-l,N 
nvcRCDHSOLIDATILN 
IFtI'Olil .. OELTPll I.LI:.I'Ptll I C2" CRECtI' 
IFli'O(II • DrLTPIII.LE.PPllll PA2 - POUI .. OHTPIII 
IHPO{Il + DELTP(lI.LE.P?1111 I'BZ· POll I 
H- (PO( II .GT. PP (111 PBZ-PI'( II 
IFtPD( II .. DEL.Tflll I.LE.PP(J)) GO TO b 
~uR~AL CONSUL10AT10N 
IflflOlII.l:O.PPIlI.ANC.OELTP(U.GE.O.OI C2-CYlRlll 
IFIPOIII.f.U.PP(II.ANO.OELTPIII.LT.O.OI C2-CREC(II 
If (POI 1I.I:O.PPllll PAZ • 1'0(1) + OELTPIlI 
Jf-(i'O(Il.~O.Pi'1l11 PB2· POll) 
Tf I POI II • [ O. PP II II GO TO b 

' .. t .! .J 
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t-: 
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\ 
:- .. 
t-

f ,. 
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i 
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?It 
-1.'S 
76 
77 
7il 
79 
S" 
!I, 1 
82 
63 
Il~ 

a5 --_. 
d6 
87 '. 
88 

-89 
90 
91 
92 
93 
'14 
9; 
-I~ 

97 
'f~ 

9" 
t ... ' 
Iv 1 
1,- ; 
1;.J) 
1,; to, 

1\.' S 
),,& 
h,7 
lJ~ 
1.19' 
J 1" 
1.1.1 
11.2 

111 
114 
1l~ 

1.LI' 
117 
'H~ 

1;.9 
1L'-! 

C 

'C 

114 

~~~~~~~~S~l~~~;~ ~~ I. GT .P'PI 111 C2 .CVI~-I-I-I----------'-_'-_-"-~.'-.-.~.:"-::".~:-'_::.,.:-_.::_.,~ __ ._._.-.": .•.. ' 
IFIPOIII.GT.PPlIll PA2:' POIlI+ DElTPllI .. 
J F I P 0 II) • GT. PP 11 II P B2 • P P ( II 
IFIPOIIl.GT.PPIl) GO TO L 
OVERCiJNSOllOATI.ON .. ~OR/lAl CONSOLIDATION ... , 

C1 " CREe I J)--~ ~.~'--l 
C2 - CVJ R I I), . -_ ... -- ~ ~ 

?t. 1 • PP 11 I 
P,,2 .. POIII .. OI;lTPI1J:·.:~. 
f'o 1 • PO I I) 

. PB 2 a PP I 1 I .. :.: ., . . . . 1 ".",-:~".~o'_. 

C*·*··~.·.·¥···~·················.·.·······.·······.·· ........•........•. 
C' CCl'IPUTE Sf. TTlE:o!ENT .• c, . . . ._.::~: .. ~~.:.--::;_; 

DVOI01 • C1 •• LOGIOIPii/~B11 
SETl .. I DV:JIDllI1 +··voIOn)))-. 'HIl) 
VU TO I J )' .. VO lD II I - 0 V 0 i 0 1 

b DVryIDZ .. C2 • AlOGI01PAZ/PB21 
SLT2" IDvOIDZ/(l + VOIDIlIII. HilI 
SETTllI ·'Sell +S.ETZ 
St T l=u. 
S[ T2-(, .• 
TdT;.l • TOTAL. SI:TTlll' 

7 CuNTINllE 
5, T1~IF .. TOT ~L 
0kl~T 1~03, TITLE 
fit: f tiT 1": 1~4t 
r:C) B i=lttt 
?,PH 1.,('" I, h(1I, VOID{J), eVII"!I, C"~CII)' POll), PPII)' 

Di.:LTPIJI, TOTAL 
rL Tt.L 2 TOHl - StH (11 

oj ClJ'H I1Wl 
Cli HI 1 

4 ChLL TlftRAT(HfA~1 

GlI HI 1 
l'w':' F!n,.,t.T (2"J31 
1·'(11 'I:·':".T (Ac;,<;X, 131 
lh.:2 FU"~Al IflFH:.U) 
l.',.j ;:;J?i;~T (lH),5x,,:()A'31111 

FTN 5.1.577 B 

I 1.1"" F'J~J.I, 1 11x, :>HL ~YFiI.,6 X, 5HTH'JCK, 7X .ltH,{ eI 0, 8X ,2HCC, 8X, ~HCS, 7X ,lOHOvFk 
1 3u ~D Ff, ,b X. 9ttPld:C ON SOL, 7X ,bHCHI.NG E, 7X, 13H5ETTlE"i: NT A T"13X, "HNE 5S, 7 
~(,~hR~Tln,27x,aHP~fSSURk,7X.8HP~ESSURE.7X,8HPRE5SURE,bX,1?HTOP OF' 
3U .... ".·I"'{lH-J,6vIlH-III . 

l.·.·~ 1" ... ·".1 U~, '" ,bX,F4.3,ltX,Fb.:J,5X,Ft..3,1,)(,F6.3,bX,F7.3,6X,F7.3, 
;ix,F7. },!l)l.,fe.3) 

l:.·:'b ~1Ii<,;!.T IF1;: .. ·1 
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1.b 
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J.6 
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slla~O"TllIl TIt;RATlH£ADI~ 
C PkIJi..RA~ S('LV/:S FUK POd, ~RHSURf= klW T 1/\£: Sl:.lTLf="I:NT kELAT ION~HIP' 
C Ll{\UilL[ Oil. SINGLE uRAIIIAGE CONDITIONS 

CH.ARACTH( "'" I1ft.DIZVI 
CtPIKOIi SETTtlF, thPP IlOl,POI 21JI,OlLTPI 20l,CVIRI20 I.CHCIZl,), 

1 VlIIOIZvl,HIZOI 
rl~~N~I&~ UIlul,CVllbl,PFk~llbl,CVVllbl,(VSI1bl,POLDI16'~ 

l~L T 1.11 b I ,T I t= Ou I , TUTS 12 O(} It f I 2(. , , £II 20 ) ,CC 12 OU I, \oj Ilb I , PP P ( 161, 
~ PI) n I It. I , Dl L T A I 1/. I 

DATI. Fllll3HTllt"FI21"illll{lI/,FI31/4HUIll/,FI"""ttlI IZII 
1 ,~ 15 II ";WI 11 I, F I 611" HU I" 1/ ,F 17 II "I-1U I 51/ • F 1811., tiu I b II • F I 911 "HUI 71/, 
IFIIUI/~HUIMI/.FIllI/4HUI91/,FI121/5HUI1&I/.FI131/5HUI 111/. 

. 1~1141/5HUI121/,FI151/~HUI131/.FI1bI/5HUI141/,FI171/5HUI151/, 
IFl161/'iHUI ltd I 
D~TA V~AJN1,D~al~Z/bH5INGLF,bHDOUBL~1 

1 RlAD 11"r., flOt,;!) 
IF IwURll.~O.D"A!t;ll fjDRAIN~l 

If- {\W;{U.EOl.DKAiN'-l NORI.lNEZ 
hAL' J.'lul, l1T,FillAL 
IF PlD;(Altl. EY. II i'RI NT 1004 
TF INDk!'lrld:o.21 PkINT 1005 
i'f'.INT lv!'7 

•..•. j 

c 

c 

l 

.ill 2 lAl,!; 
f:l~[J !,',,,l, (vvI1I,C"Sll),PER'1111 
?f- J!~l lv('c,J ,HIli. ("VI II ,CVS II I, P~RI\' 11 

2. CO'iTlIIUf. 
Cl"'PUl: ;>"E~SlJ;'lS AT LA·YH'. ~(IuN[lMdES 
P,)UI1I = Ipnll)-?uI2'1.~IH'11+(I.5tHI211/(("!>"HIlI+(\.5.111211) 

i .p 11, ~ 1 
pf'P(lJ = IPPIll-i>P1211*IIHI11.r).5*HI21)/lu.'5.Hllhrt.5tHI2JII 

1+ P~ILI 
J~l1'llJ A (D~Ll?11'-UELTf'1211.(IHIlI •• !>.HI211/10.5.HIlI+.5.H'2111 

,L. :1LL1?l?) 

~ ':"'n J:, 'J, 
P~':·l(~+l) '::: • ..J*PU(!'.j) - r'::~;(h) 

~;'r"hll E <,.(;<'f'Pttd - F?i-I,O 
ntLT~I~.ll • i.l.UELTP(~1 - DlLTAINI 
)1 TTll. =..J 

FI~xL • FI~hL/1.r~1 

rT lr.=:. T 
)V" = ., 

~I-. a L 

CU~FlJT~ INlll~L DLT~ vILU~S 
"t {;:: fl. r'l 1 

Dll ~ 1*1, "j 
TfIPI1(Tl.l>[.PPllli LVIII = (\lVIII 
If{PO(II.LT.PPlll) (VIl} • CVSlIl 
?:,Ll'( II E PU II' 
JLTAIll ~ ((Y(II~uTI~I/IHII) •• 2.01 
I F I" H ~ I I' • (, T • GJ G • II ETA III 

74/17b OPT.n,ROUNO- AI SI ~/-O,-OS 

'J Cl' ~-iT I II tic 
1~(G.LT.~.2J GO Tu b 
DTI-\ ~ tlTl"/2.:t 
Gl' Til 4 

t> NW-N.Z 
p"r~,T lu09. (fllltl-l.H10 
Lc'hl 
A.·tll/l.u:"'il 
"'. A 

~"l rllJiJ/OAi<Y CUI'IUlTrOHS; 
I)~l 7 I-l,L 
rHt'PPI1I.Gt,.PI101l11 Ull! - O[LHIII . 

fTN 5.1+571 -, 

IF (?f>I' 11 I. LT. P r.U 11 II . U tI I • POD I I I-P PP II I + DEL TA I II 
·41 1 , " UIII 

J 
I 

'\ ., 

., , __ L'_. _ ________ _ 7 (:<.'n Ill'll 
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-, r ---------'"1: ----s-~cqr(jOUbTiU rf-STIiGTE"olf1. 'Y"NliG"E-=--rrT1Hi(J'fl"[OO.:"V-C T1"(JN""o""I""fF"l"o"N"'S-, ,"""" _-<,""~ "';"""':,}';"~' 
72 GfiTO 18,''11, IWRAIN ' 
13 ~ U(1)-," 
'7 ~ UI '1< nau /II) 
15 'PI-R!'ilrj+lI-PLRnIN), 
76 Hl'hU-HIN) 
77 GlI TO lu 
7 R <j III 1 I -v 
79 UI Ll·~· 
IP' 
«ll 
tI? 
tl3 

,," 
85 
tl6 
87 
tiS 
tiC} 
9" 
'11 
92 
93 
94 
qz; 

96 
'/7 
911 
'-1'1 

1 ),~ 
1 .... 1 
1..;2 
I-J ; 
1_' '1 

1",:; 
lv~ 
)') 7 
'1~, .-} 
~J'! 

:.l " 
11.1 
1.L 2 

1l. 1 
H~ 
11. :; 
11t
H7 
110 
11" 

'12!' 
121 
lU 
l.n 
1~4 
1L 0; 

1,6 
127 
HIl 

,Uq 
1~" 
Ul 
1.32 
'-:, '3 
U4 
1j:; 
Un 
137 
B~ 

Pf,IIH luh"Tltl,IUlll,l';f,L) 
GO TO 13 

11 If IDTI>1.Gl.1 I Glt 10 13 
C lnCREhS[ TThE STEP AND BETA VALUES 

[Jl 1 h~Z .Oll u " -' - ' 

~D 12 I-1,N , 
!lETA I I)· ICVI I ).O'riti-)TiHIi')"2.0) 

12 CONTINUE 
C CJ"PUIE POR~ )RlS~U~E~iT'LAYER BOU~OA~lES 

L 

13 !~l 

[hi 1 q II -2.L 
14 rFlll.~lI:.Ll GO TO-11 ' 

Gu TO 1l5,lt,), No.~A)j~' 
:L5 UI~"2)aU(td 

3il TO 17 
lb 3(11)·-) 

GiJ TO 19 
;'7 ~LPHA·(Pr:Hlll"l)/PEf,~II)).IHlllIHII+I)1 

Jl T:.I,.,~£ TA I 1) 
BL.TAil=il~ TAl1+1) 
I· ,. J 
rr IIl.F<l.L) BEH.B-BETAA 

J:l 'II 11 )".!.L PIH. U 111 +11"-U 111-1 I-U I II I. IA LPrlJ.. I 1. -1. I BE TAB) + 11.-1.1 
:. f;;:1 A ... II 

1 ~ c:J'n l:!!lt 
5 =~ ... 
Ti~:TIH+nllti 

2" r ~ 1 
ClI Z to II =, ,L 

,1 IFllI.·l~.L) GO 10 24 

;~I! TU (2:,2~), r.DRAl'l 
Z 2 U 1'1. 21 aU I N I 

Gli T(1 2" 
.:3 Ul Ii 1=:> 

G', TO 2b 
" ~lPHA~IPEI<~1 I+lI/PEIU1l111.'HlIlIHII+11) 

At T;. ,\a i3E TA III . 
R:. T ~ 8= St: T l. 11.11 
Ie 1.1 
Iflll.Ec.LI BETAB-S[TAt. 

FTU 5.1+577 

;::-; UI II )-I:;(II)+U(I I-11+ALPH~*UIII.1I )/II1.+l./BEI~/I)+ALPHA. 
1 I 1 •• 1./BETABI I 
)~~"IJ( III 

2& CONTlr.UE: 
IF ltoBS (S-SOLO) .LE.O.NiOll GO TO- 27 
S[lLD~S 

GU T [: 2u ' 
CO"?UH GA 1,1 IN i:FFECTJVF SI RLSS - eHANc,[ BUA VALU~S IF NECESSARY; 

;'.700 l8 1-2,11 
Pul!l a PUI.lI '+1 1~(2)/2~(lI-IUI2)/2.UII 
PIJII)'· Pull) .. qWII).\iIl.lll! ... l: - WII)+UII+lll/Z.O) 
lFIPnlIl.LT.PPIl)) eVIII a C~SIlI 

IFlPOIIl.GF..P?I1I) CVIII'. eVVIl) 
~l Th I II a I C V I Jl • u Tl ~) /I H I I ) •• 2. ~'l 
,'" I) a U 111 



• 

I 
I 

I 
! 

l .. __. 

1 .. , 
1 .. 1 
1'12 
~~1 

:tit 4 
h5 
lito 
IH 
HB 
1.'19 
150 
151 
J-SZ 
I;) 
154 
155 
150 
157 
15i! 
1:''7 
lo!~ 

161 
to? 
1to3 
104 
165 
1,,6 
~o 7 
lbd , 
1"q 

Jr' 
171 
17~ 
171 
174 
175 
17h 
11" 
IB 
17q 
1;1" 
l:i 1 
1:J? 
leI 1 
1'1't 
1d? 

·c 
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~IN.ll a U'~I~(;~.~l'i'-------

ltlrr".Gr.,q GO Tu 29 
GIl TO 13 
r.O'PlJF 5L TTLc"i.!H "'''0 COt,SOLiDt-TIOr, 

l'/ !:U ".'\ 1& 1, N 
IFlp"(JI.('~.PPIIII C • CVII/Ol 
IFlPOIII.LT.PPOII C - CREC(1) 

~~ ~~ ~L:5 ~~ ~~ ~+~. ~ ~7~ :; ~l +V 01 0 II) )) .AlOGt(lI (P OLD ( 11 .o'PRFS II POL(l~ I!) 
POLl)(l I • PLII I 

30 CO~HItWl 
CCIKK)·ISlTTLt/5ETI~FI·lnu 
PI-- tNT 1(; 1( ... TI r., ( U I I I, ,.1 -J.,.!"J 
TIITSIKKI = 5nTL~ 
TI KKI&TlI! 

K~. -I<.K+ 1 
If ICCI 1(0<-1 I. Gl.<,!1.01 GO TO 31 
IF (T1 j;.(,E. Fl "All (,0 TO ::11, 
G'l Tr, 11 

'::11 Kt<.=t<.K-l 
TL:"~X - TuTS Ir-.K) 
Tf,.!.X - T 11\,(/ 
? HIT '0Llt::.rTlI.F 
?""!i4T lv}l 
DJ 3? r-l,l(" 
f'~:INT Ivl'.T Ii ),TuTS 1l),CClI I 

32 (;lj~~TH~I):': 

C.~LL j>LuT~ IT!JT~ ,1 ,TOhAX,t<.t<.,r;~j(~ 11.) 

U'·'· ~URti"i Il.;ol ' 

l-1L1 
lfH;2 
1.1,'3 
ltn.'''' 
In~'5 

Fld~;.l.T (3Fl~'.~) 

F,'!1"q I I~,"E15."/ 
FIJRr.t1' (lM1, '3:>X, !VA.t,II) 
FU~ftAT 1IIIL5',~OHTl~ RATl OF S~TTLEMtNl 51~GLE DNAINAGtll1 
F['Q • .,I>TIII11'j,(,~i1HTP· RATE OF SETTLE~ENT DOUBLE DRAINAGEII) 

- -~ .... -

l'jill FUR"A.l 1l'J~, 't:'HC01; F!' IClI:.NT OF CGNSOLlOATllJN CuEFFlCIEhT OF." I' 
I 63h UHF: TtIICKN!:SS .vIRGIN. "S~ELLING. PERME 
L ~b r L IT Yl ' ''c -I 

101'0 
l();) '1 

1,)1" 
1-)11 
illl? 
lG~ j 

F{) "" A T I 2X tl 2 , '3 x ,1 Pi: 11) • 3 ,1 PH 3 • 3 ,1 PEl" • 3 , 1 PE l 7~ It ) i 
:g~~:; ~~~!~;~~~;~!~:~!~:!~II 'I 
FV~~AT 11"1,6x,3HTlno8x,loHSFTTLE~FNT,oXo13HCONSOLIDATlON) t 
FGP~~T 15Ao3(F6.2,8XI) 
Fur",AT 1~'1H-ULTli''''TE SETTlErlEtlT iilLL BE oF7.3) 
Q; TURIi 
fr,') 

} 



,.' 
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----------------. 
1 
Z 
3 .. 
5 
t> 
7. 
8 
q 

1"1 
11 
.1.2 
13 
14 
15 
1.6 
1.7 
18 
lq 

2" 
21 
22 
23 
2 .. 
Z5 
26 
l7 
26 zq 
3') 
31 
3? 
31 
34 
.;15 
36 
.;17 
:)3 

.1 ) 
~, 

.. 1 
~2 

.. l 

~" 
,,5 
.. to 
,,7 
'd 
.. '1 
~ , 
~ ! 
:>~ 

:>' 
')4 

~~ 

r.J d 
b'1 
7·') 
n 
77 
71 
74 
75 

<;,!iIl.llIIT) 'IL iLt;T~ I Y, x, Yr,!.> ,KK,NliR~ 1111 

[l! "l: II~ I U N V:' 11") ,[,Urllb ) , 'L INH 6u " XI11 • Y n ) ,Ko<.o<.' 7 I .liX 17 I .NijX (11, 
nATA Y5/(1. 5, 1. n,l. 5. 2.0,5.n,l('.1; ,20.0,50.u,l(,0.0.2(\0.01 '-"'" _ .. '-, 
OATA KKK ,lV,l5,2",)O,100,150.2(,01 __ -,_,.{~,j 
[),~TA IIX 11.1,1.1,2.3,41 I 
DATa N~X 13,Z,l,."4,4,.,, ", 
D,TA BLA~K,DOT,SPOT,PLUS 11H ,1H.,lH.,lH+1 
DLI 11' J-l, h: 
L " J 
IF IYn~X.LE.Y~ILll GO TO 2(\ 

1 ~ CONTH,Ui. 
ZG YPLOT " Y~'LI 

Ou"111 " \ ... U 

ilLJ'!l21 -Yf'LUT 
DU" 1)1 - YPLOT 

'[)U"I") " YPLOT 
1)1)" I,») " YPLOT 
[JUH, c>l " YPlOT 
Df. 3 n J-l t 7 
L - J 

• Ii.l .. 6.4 

• c..1> 
... V~'6 

IF IKK.LE.KKKllll GO' TO 4(J 
3 'I CO lIT ItWE 
'to'l :1 - !-:( Il) 

W, = t:ri~ IL I 
p,: lilT 11.,1':<.; 
If INUR~IN.~Q.ll PRINT 20<.;r. 
IF O~(JP.A II •• !: 0.21 ,Pki NT 30u" 
PUNTituOO. (()UIi(1~JltJ~,i,cl 
nu 5 i, Ie 1 \J ,0 '1 
AL.INFI1I • liOT 

5 ,,' CO NT PlOl 
All liE I Hi) - PUIS 
'L Tt,rl~;' I-;>LUS 
AL IIl!:1 )'j I-PLUS 
AL I!,rl"" I-PLUS 
4L Ttlt. 150 1= ill U~ 
AL 1 rH I 0.' , = PL u:' 
?~lNT 5u1~, (ALiNE' I), 
~)II b'l l=luto(\ 
~.L!;i F! 1 I = B LAtI~ 

t.,:, C,",TltHk 
!)1I '/" Jc!lt r<", N 
J~ = t. fl .-15(; ."n JlIy'PLOT) 
.~L HIE I Jll " SP OT 

~LHIEI6.;'=OuT 
i'"I;IT !",r..", (ALINLIIltI-llt.bl'l,X(JI 
GO 7(': I a 1:1,!> 9 
lL Thf IT) c oL;"~K 

7..! CI"JTlii~.h: 
TF (lIN.GT.3) l:(1 HI q(l 

:JiJ Sf' K=l, Ni. 
\L It,Ell,; 1=(1(1T 

4L Ir~"lo', '=OtJT 
;';·II1T C;""v. I"UNi:lll,I alu,6'1, 

7't/17" 

iI r. ell!ll lIW[ 
'I:) Cu'ITIr;Ut: 

~i: l(lt, r-l",6v 
.Ill 1:.1:1 I I " 0(1'( 

I',. "~ ':0 'IT 1 'I tlL 
ALiNH1()'·PLUS 
~L T"r-I?" '-PLUS 
AL Illr( 30 '-PLUS 
4L III I (4v I-PLUS 
"LIlifI5 ... )"PLU~ 
AL ttl!'( o() I-PLUS 

OPT-O,RUUNO- AI 51 ~/-O,-US 

i'KIHT 5un~. (ALIN~(I). I-10.b~1 
1')"'; FIH(rotT IIHl,Z5X,22HTI"E - SETTLI"lNT PLOTI 
znl,:l FURi1AT 12ilX.15HSINGLf. Of<AINAGEJ) 
3 )v'-. ,FIII:aAT '7.t!x, l)HOousLE D~AIN"GU I 
4 )"V FORMAT (31.~.lvH5ETTl.e"ENT,I.t!X'I>IFb. 2.-\XII 
5",-"1 FIIP.."IAT (UX,bv~lI 
1>1\1 1) Fur:HAT I llX. 51Al.Fb.Zl 

fit TURN 
EliD 

FTr; 5.1+577 

'I 
I 
i 

1 
I 

-1 



APPENDIX B 

USER'S MANUAL FOR PROGRAM CONVER I 

STEP LOADED, LAYERED SYSTEM 

WITH VERTICAL DRAINAGE ONLY 

INPUT DATA INFORMATION 

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

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 .•...•.•• P 0 

51-60 ••..•..•. P 
P 

D. PRESSURE FOR ; ..• ~LAYERS 
( N must be in col 17-18) 

119 

E. N data items containing the pressure changes(F l2.0} 

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

G. TIME RATE REQUESTED 
Card must start on column 1 

H. DRAIN 1 or DRAIN 2 



120 

I. TIME SPECIFICATION 

Columns 1-10 ..•• DT (time interval) 
tl-20 ..•• FINAL (maximum time to be considered) 

J. N Cards Containing 

Columns 1~10 •...• Cv (cef. of virgin consolidation) 
11-20 ...•. Cvs(coef. of swelling consolidation) 
21-30 .•.•. k (coef. of permeability) 



l'BOGRAM CONVER 1 (INPUT ,- OUTPUT) 

L a'/L-ult.'r.Sl""ll (d:-iSl,lllls,TJ 1,1 uf ~ l~'(~:lD S'~l'n 
.. I'lIu(, •.• ~. 1 II (.J?"~'JH TL,IJlL SL llll "LIC'I oV SLUll H,(, 1 Ut " ("!If~ 
C C"~l: Nt'\k'\4L CI)I.SOLlOnl(JII 
\. CAH £ UNUI."CU~SlJLlO,;TlO 
C C .. S,,:; UVlI!CI)"I~illIO/.TFO 

L. C~~t. ~ lJ"tKLU'tStlLllJAllufI. P1l,jknAL COhSLJLI04110t • 
.: iJ.S,.~ IS Tn SOdDIVIJr Ttir "Alh l'YE5(5 INTO SU8l"Y~RS 
.. ( flU!lY III: lb Ok LE~Sl 

1 :1i'UI .HI.\ 
C ;o;i. 1 Tl Tll c .. "n ~ll~ J.l" uf.~(I, IPTlOh Iln'!!>1 
C ~:1. l (.&"iJ Ttl .. t:.loi: ... ;>I{Oi'fllTl!;!o fllR N lATfkS It. IN -COL. 17,ld) 
L I flLLiJ .. dl bY '" Ch~'h COroTt.!,..!,.G SOIL lIAT .. Fr.!! [ACH LATE .. 

L 

... .. 

lhflv.;'l) 
(: .. ~U Tli 1!<:.r..J ... O>dSSUR~5 F(JI: N lAYlRS IN IN COL. 17,lB) 
F'lLLIl.E'1l iiY '1 CARD, COIHAI"'NG THE PlIE55uRl CHAhGE 

L r:~f-~4IL Jr !O~TTLL~LlCl (I~ ~[ ObT'IN(~ AS fULlO.S--
~ .,~ ... r"1.. .. LI ld ~t':'li ••• TI",r ~l..TI. ~~EuUlST;:D 

L ,I]. ~ C ...... U I..: kll.Li ••• llJ\JdLf O""'IHAGk uR SIIl"L~ UtlAl'~AGE 
L .• ,1. b C.:.';j Cu'.T.·II.I:.;:; TI"l' ajAIA ••• OT ~"J Fl~AL I'FIIJ.2) 
\. OT • 111\!: ~1f-1' Al rlt,lCti PRinTOUT IS DlS1HD 
\. FIN~L· riA~I~u~ Tlit TO at CONS10EREJ 
.: .• ,1. 7 ': C.ku~ CUl'i111NIN .. (.V, CYS, PlI<ltEA81Ll TV 13flO.ll 
C·.···.·~·~··6 .••.•..•.•••..••.•••••••••••••••••••.•••••••••••••••.•••• 
L: 

Ld~" ... I:l;t~·j TITLt I:·"'lJ .Hr .... ,)(.'..,J 
I..rl.:.."~Ifl:'u "..:E~~ ,PRuPi;F"/,,RU 
.I! •. i .• ~ I n'l ) L T T (.1: I .. '1, n: h· ~ J 
~ J~"u ,( ~~ T I rtf,."', Pi' I 2" I. Pu Ii [: I ,U EL Ti' (In) ,e. Yilt I 21.J I I C~ Ee. 120 I, 

t v'JI.II~.'.~".11 , .. U''lI ,Ill 
u!l·~ r' .. J~S,i'''tli'l •. , Tl TLfll,,; I, 'PPl,S~U'.'PIiI)Pllo.'. I I, 

!. ;·1 , .. ). 
::. r i ~ .. '. 

~ K c;.. tl 1.>".,. 1 I T La 
"I) ", j ! .. !., ,"!,.. 

1 J :. - .. j: i I J • I I r L i. I I I 
; F I I 11 LL Il I • L U. i i T LL I 1·~ J J S !,.It' 
I F I fI! 1I Ill. i ... I TiP I Gt, In 'I 
t' r ... U 1':"'''1 t .. o .... u., 14 
)i"ITLr· ... 

l;~r~L=". 
I t 1,1 10.1'-.;' j. ~':!.'r'! ~ J v!, 1" ~ 

iF ( ... ,~,.,P.':.. •• PkL~~' (.'1 To " 
...... " ............... " .......... 41- ................. _ ...... , ••••••••••••••••••••••• 

~~~.~I i~lL PhJ~i~lY n~TA \. .. .,. ..... "' .................... '".$, •• " .......... It.~ .•..... " ...........••..•. ~4 •• 
!. ,J q "\ J • l,li 

" :- ~ ;', 1 .. "':, '. ( I J I ~"I " (j .1 1 , C. [L ( I I , C v I" I 1 I , PU I I I , ~r' I I I 
j crt.Ii "ur 

:,~'"fl 1.. .... ",1 t hJ"'D, .~ 
;,.. ... 4"' •• -;. •••••••• + ••••• ~ •• .!' ••• ~.'* ... ~ ..................................... . 
C ,,~~i~ r".-~~'J.E ,)Ail. . 

L·.·.···.·~·.···.·.·· .•.. ~ .•••• • .•••••• ••• ••••••••• • .•...••.•••••••...•• 
., LJ"l ') 1 .. 1, ~ 

Kf"'l~ Iv"":CJ, iJ[lT~'l. 

:> L '1.. T I ~iu" 
",i."i). ,rq ,TtJ 
"":. :aid/iH 
JJ l~ J-!..i1 
u.1 7 r. 1. I 

~ olV~ •. (.J·.~"LI.) ... TJi;11 
Ifl?,,1I1 • ulLTr'IIJ.Lf.t'i'lJll C? .. C,.:e:CIlI 
I Ht'l;!1 1 • lJLl.lr'IlI.L".t'PIIIJ I'AZ ·'1'0111 • U~LTt'III 

1F1~.J(I' • I:ltLTi'III.Lr.PPIIII P&2 • POIlI 
1 fI P J 1 I I. ~ I .1' t' , I II i'n?· P P II I 
IFIPI/III • Ut:LTPIII.Lr:.PPIlIl GO TO b 
"11~',,(. (u:"~uLluAT Iu>; 
IFIPIIIII.!'u.PP(II.A"lJ.OfLTJ>III.GE .... ul CZ-CVP;III 
I H ~I.J III, hJ.~t' 111 ... IjI,.UfL TI' 11 I.LT.~." I C~-'Rt.':' II 
lFIPLlIlI.rJ.i'PII)1 i'1o.? • POll) • [lclTP(ll 
IFIPtllll. c ".I'''IIII I'll:! • PUIlI 
1FIPUII).~~.Pj>111i GO TO b 
u·juf"C'-I.,)ilL IUAI 1.1r~ 
Ifl;>,JlIJ • "ElT~llI.GT.Pi'(;1I CZ .. CvH(11 
IFII'UII1.a;f.'r'111l PIo.? • ;>ulll • OkL1P()) 
! F' P,j" I. GT • P j> 1111 Ph ~ • Pr' I I I 
IF I P u ( I I • '~T • P i' 1111 GU TO D 

uv.: I.e ,1", ~;'Li {,U Wrl • UORf .• :.L CUNS OLWAT I O~ 
C1 • C;';fCI1I· 
C? - evlldll 
I' A.i. - Pi'l II 
i' ~~ • P:J I I J • 11 [Ll Pili 
"tI~ • I' n ll J 
.~ !'. • i'? ( II 
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i 
I 

I 

c···.·.· •. -•. -... ..-..... -.-............ -........... ...•.. ~ ..................... . 
c C()/lPuTE: SHTlI MilT 

UV0101 - C1 • AlU~l~IPAI/PSll 
SfTt .• IOY,1I01111 • 'I:lIDIJ,JIII • HIli 
VOIOII,JI • fU!Ull.JI - 0'101&1 

~ U'I~IDZ - C2 • ALhGl'IPAZ/P~ZI 
SET 2 • IilVUIOU Cl • VUIOII, Jill. HI., 
V II I 111 I , J. 1.1 .. V u lUI ( , J I - [) Y U I u Z 
S ET TI I , J I • St T 1 • Sl H 
SfTl-1)t T~·u.") 
SU T\ I .... ,·,j. 
5 FT Til. JI·S [f 11 I ,J I .~ r fT I I, J-lI 
T;}T~L. • TOTA.L • SETH I.JI 
.. 01 1 I .p 'I I t I .Ih L T P I 1 I 
PPIII·PPIP-O[LTPll' 

7 C.lhTl'l(,r 
:! d C 11111 IIlu E 

:;;;II'.F .. TuTAL 
PRINT .I."V). TllL~. 
PRl'1T Iflv~ 

00 a l-i.N 
POI 11-;>1111 I- .... i>,:L. T~ III 
PP'II"PPIII-~.u[LTPIl I 

• i'RINT lll,o';, I, IHII, ~lI'I"I,l'. 
1 DiolTPI ... TDIAL 

TnTAL .. TorAL - SETTII,III 
co COt.TIliUf 

G'1 Til 1 
'1 ('I.LL T1!',,~TI';E/.."1 

v" Tu 1 
1 ... ~~ ;::.J/"I.I: .... T (Li':.\)) 

1.; ~ 1 f 0"",, T I Jd" .. x tI j I 
l,,"L ;:U ... I!MT IISF1!.J,ul 
l ... rt

) iO,,"'hT '~til,~A,~uA3111) 

IJ~~ Fnk~AT Il~,~HLAYE~.bX.~hlrtIC~.7X,4HyuID,BX.lHCC.coX,ZHCS,7X,l~HD'I~R 

1. S Uk Ddl, bt. ,'1HP ~ :: CfH) ;1L ,7X. hHCtlAt; GE: ,7 X .13HS ET TLEItENT AT 11 3x • .fHr,r S S. 7 
ZX.~~~TTO.27X,OrtPk~S5ukr,7x.DH~RfSSUREt7X.tiHP~ESSUkE,bx.lZrlTdp O~ 
kAV="I';<;11M-I,b'111,i-11l .. . 

l~ I:. f-n"~All ;>)(,1.2, b>:,F9. '3, 'U:,fb. 3, ~j(fFb. 3,"'X,fb. 3,bx,F7.3.8X.F7.3. 
\~A1Fl.J.~X,~d.l' .. 

~,,~u ~OhMAT I~I~I 
1~ It. ffllo.!1ATlfil.LoJ 

l'l,; 
SUo¥JUT rr.; TI':~~lIH~:.:J1-· 

L ~i·.jr. ... !" ~:'LhS t-Ji< t'n.r ~",S:'d~~ lIltLl Ti"L )~TTLEI\FNT RI:LATICHShIPI 
(. u:lu 9L;: ,'''. s tl.':;L.. [Jr.:' 1 '". Gi: Ulr.til HOr. S 

CH"R"Crr" OJ Hu.(·I.!·'1 
C ()" ~u:i ~l TI II; ,., • P r' I '. I, i'ij U·~ I ,[J fL TP I,?I) I ,e III R I 2iJ ) ,eli Ee 1 Z 0 I. 

! VUILl'l' .. ",;·", 'r1(~t1) .10 
.JI .. r.""4c;illrJ ";(\'~:ld, j: 1.. 1

)) 

u It. r'" ~ I .ir. Llll", it. II .od I ) ,. ,il'" I. Cv 1 L b I • P F ... "I 1" I f CV ~ I it. I • C \/5Il~ I • 
1 rl:" 'lIb I , T I :!"r. I ,1 .n 51 ('j 1"., ,F I" fl 1 • iH ~ I). ZO It CC IlOu J , PI' P lib I 
.~ , Pull I 1" I , UL L. I A I 1 b I • t'd L lJ II b ) 

;,£1£ FIIllJt.11"'I,fl:?lfltHUlt:il!,FI3,,4HUlllltFl4,"'HUI211 
1 • F I ~ I ,., liu I III. f I" II ltllU 1411, F 171'" HU (~l/ .F (6 ,,4HtJ I to II. f( <; II .. HU (.711 • 
if I.." II" riO (0) I, F I 1 ill" olU 1'1 II • F 1 .. 2 I/~ HlJ 11 nil. F 113 115HUllllI. . 
iF C ... I 1"lu 1121/, i'l1~ II ,HUI 1311,F Il.bll!>hU ll") /, F Il7l/SHUll!>lJ, 
tFlidllSttullt,)1 . -, . 

,J.I.'''' 01< ~1 'H, O:;,,;.lllli tlllSl N':'L£ ,~HuOU6l EI 
1 ,,[ .. [I 1,,·· •• , n:h.ll . 

IF l_n~D.F~.D~'INll ~OMAiN.l 

IF l_nKn,r~.O~AI~ll ~O~"'IM-Z 

"~AD" ,OI,n""L 
IF INfl~"'I!j.f".l1 i' •. t"T },.'"I" 
IF l~n~AI~.L~.ll ~KI~T lu1~ 

·;>RI;</' ifl~7 

uU,2 '-I.N 
.. f,,[) 1,,"1, LYYIII,C."'~ll"i't;;"Il) 

P~j"'T 11'l"e,1.hlll.CII~ll"CV~111.i'fk'''11 
.. C"hTI"!)' .. -. 

CJftPut~ PRl5S~~lS AT LAYtR b~UNOARIE~ 
P.1ull) - It'."ll-P<.ll ~11.IIHIlI.~.:;.HIZ)l"O.5.'1I11'\J.5.H'Z)I) 

hPJllI 
PPi'Il) • 1"r'III-Pi"ll).IIHI11'u.~.HI"I"Il.5.HI1).u.5.HIZI)1 

1. 1';>1 n 
UFLT"lli - lOlLTj>ll)-OlLlPI211·IIHIl)·.5.HIZIIf(( .. 5·Hllh.~·Hll)11 

1. uh. TP (~) 
un l ,-;>,N' . " . 
i'l,;I'1 .. IPull-ll-i',1\rll.lu,~"tilll/ll'.5.HI1-11-;'.5"·lllll.POIII 
,.""111· IP~II-11-Nllll 01",.,.Hlll/lv.5.HI1-11.·1.5.hlllll.PPIII 
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1 F I Pll II I. CE • P P I I" C - Cv "d 1 I 'f I PO 11 I. L r • i' P 1111 C - CK ECC II 
O;>"FS • POIlI - PJle(1) 
!> H TLf-Sl TTU.C-,.it II" 1.0 va Ill( I, J "'."LOGllt I (POLliU hOPf<ES I 

1 "'.)lulIll . 
.. alOll) - ;>!JIII 

) ... cnJ,HI/uF 
C CI KII. I- I ~ "Tll. ~ I ~ [ T 1 'If ) .1 j !'I 

;>RJNT lr.lll.1'ln,llIIl,J),t-l.LI 
TOlSIKKI - 5ETTlL 
rl"K)-TT" 
A.-'" .OT 
K.r<- "",.1 
IfICCI"K-l •• Cf.qv.ul GO TO 31 

:I~ cntlTillu r 

11 ""-"1\,-1 
T(jl'''~ - T'lT) H." I 
T 11 .. 1 - TIl(" I 
i' PI:, T • "1 1, S: i I II F 
"~INT lOll 
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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 ...... Po 
51-60 ...... Pp 

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

126 

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

F. TIP.LE: RATE REQUESTED 

G. DRAIN 1 or DRAIN 2 

H. DRAIN - Well Specification 

Columns 1-10 
11-20 
21-30 
31-40 

Smear radius 
Well radius 
Influence radius 
Smear permeability 
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I. Drain-well specifications 

J. 

Columns 1-10 .•.... smear radius 

N Cards 

Columns 

11-20 •.•.•• well radius 
21-30 ••.... Influence radius 
31-40 ••••.• Smear permeability 

containing 

1-10 · . . . . . Cv( coef. of virgin consolidation) 
11-20 · . ~ .... Cvs ( coef. of swelling consolidation) 
21-30 .. . . . . . Cr ( coef . of radial consolidation) 
31-40 · ...... k ( coef. of permeability) 
41-50 · . . . . . kr ( coef. of radial permeability) 



PROGRAM CONRAD (INPUT, OUTPUT) 
..--.,.,-,.~---;--------------------

;:; ;::;~ ."'; 

·:,","""c OHl';'DJHflISIONAl--(ON~nLl[l'.TJm. UF 1. l .. nRlO SYSTFPi 
,:~,,,, -f'RlIGRA"I'H}·COI1PUTE TUTAl SI:TTltl1t::NT bY. SI;U~r1!!G,'l Of " (1.50 
:~'-:"t'~., .. ,.- '-~CI.'SE 'i"~i;('jRI1Al (01, SuLl D,,'Tl 011 
,:~,:.::C·, ;:,,,,,·,;'·-C,,SI: '2'·,ourWERCIHi)OLl DA no 
. ,c' ·''-'·"'~·CASE:"3·"::OV(RCOlj5;}LlOAHO' " .. -", 
;.;.,,:C":·"" .... ·~~CASE," .. .-:-,O'rRCUtiSOLIOATION + tlOR"Al COI'lSOLlDATlON 
";:"1;'; ---"'USER:'S""rii S{)6iHVIO!: THE ~:.Itl LtYFI-:S INTO '!'Uf'lI.YERS 

B,~~-;' ,+:,~~J~~:t:'~; .. :_,.( hUST at: 16 Ok LESS I 

fl,",:C : -, ltlPUT OAT1-': - . 
:,~-:1:-' '"NO~ 1-- TITle'CARD FORJOf: DESCRIPTION 1l0Abl' 
,:-"'C !>ID. l, LARO'TO KEAll ••• PRO;>EKTl[S FOR II LA'ERS (N III COL. 17.181 
"-'-C -,--, , FOlLOlolE:f I'lYN CUDS C.OtiTl.lIHNG SO)LDATA FOR EACH LJ.YfR 
E<C, (6Flu.f11 

C 'NO;' 3' 'URU-Tll kH,D ••• ·?f:!;SSUR[S 'FUR H lAY!:I-:S IN It. COL. 17,181 
~.,-C' 'fOLLOWED ilY /I CA~DS CO~TAINING TME PRES~URL CMAh~E 

c 
c 

','c . 
,>: C Tlt.E-R:.Tt; Of' S[TTl~'H;'H C4~1 IlF ObT:.IIiED' AS fULLOUS--

.. :iW. '" . C/.RD TO K': ALI ••• T IhE Rt. TI: '(d'("Ul ST EO' 
~'u~ , 'NO.3 CARD TO RtA~ ••• DDUBL[ OK'lN .. G[ D~ SINGL~ O~~INAGE r- -C ".~O: 1>' Ct.RO Cu:HI.Illlt~G TI-11: u.H~ ••• 'OT AIID FINJ.L (lF10.ZI 

I
:;--=-.c . :---.: DT" TlI'iE ST~P kT riHICtl PkH.IUIJT IS DESIRED 
, --c., ,'- --- FIIIJ.l"· IiA}(j'iU" n'Il TO Bl ('IJI.SIO!:R~O -
,-,' ,e' 1.0. 7 t~ CI.r'f,S CDNTAI/a-IG Cv, CYSt PlR/-fABILlTY DFlO.2'1 
;~ ~~.~ •• ~*¥ ••• ~ ••• 9*~~ •••• ~.~.~~.~.~ ••••• * •••• ~t~.~ .. ~~! ••••••••••• ~~t.4. 
I. . CH-'~~CTFI\.3 .TlTlI 1.:11 .t,'.J.[)12\.J . 
1;::'_;, CHA,,:.CTEk *1> PkESS .P~uPl:R, "ORO 
• Dlnf/ISIOI; SflTl2111 

IC:~:,· CO ... !{O~ __ !!LTINF,N.PPI~ul,PtlP~')I.OELTPIZOI.CVIRI1ul~C"-E({ZOI, 
1 VLl I i) I Z 0 I ,111 i <11 
[)~.1 A, ,Pl-:LS~, ~RUP f,I{J 11 TLl: ('lId I 'P Rt: S~ U'.' P~.OPER~!' 'I 
~rTl·n. ' 
S [:1 2-C. 

1 RF .. O' lu''''<'~' TITLE 
uO 33 1=1,20 

3J Hr .. ~lli·T)~L!:III 

-.'.: . ~ 

IF I1JTLE~lIH;;:.TlIlIllf!I) SlOP 
IF ITlTlt:IlI.I:'J,'lP' I (,tI Tu q 
KE"O .1Jjn,~,~\lkn,!tl 
S FT TLF-". 
'TDlAL-u." .. ' 
'IF' ItlnK[)~'f:6:pp,OP'ftO {;'l TO l. 

, 'If (liORD.ElloPRESSI GO TO" 
-- ,- c • .y. ... • -".It •• ~ .. +; .:."~ .... __ .,-t. *,.. -*'~.+.~ .. ~ ......... -~ * ".* ••• f.~-*-. 44*,"".~" **:t. 4 4 ...... . 

C i{["O SOIL 'l'kOP;:RTY ;);, Tt 
C* ... e, -* 41+ ~.¥ ........ ~ ....... *~ -t., ........ *_ *,ao:.y *"6~ *1;. 4tr •• *-.... -•• -•• * •• ~ *¥ .... ;t •• * ** 4 ... . 

Z DO )'1,· 1,N ' 
~. = .. 0 h,'iii ,HI 11, ~lJ LJ 11 I, O. rL I 1 I, Cv H; (1 I, PU I 1 I ;pp I I I 

3 COr.TltIUF· 
i{Ei..O- fvnl,-·~O~D, :. '"---. 

C· ...... • .. ~······· ••••••• "' .. * ** "*.~ *~ * ........ * *~ .................. ~ ••••••• ~ ••• ~ .. . 
. r.. ,,,'Hi P;';FSSlIRt [lATA 

.. C·,,4-· ..... ··.·+ .•. ·t-·· ..... ~ *<'*' * .... + ........ * .................................. * •• 
... ()O~;I-l~tl: . ",-,~ 

l' 
RfAD lUnb~ OlLTPI)1 

; COI,TlUu!' . - ... 
00 1 1=1,~ , 
Ov~Rcn~~nlIDtTIO~ 

,1 FI Po 11) + Ot Ll P tIl .d:. pf' II I I 
I (I i'DIl'- + DlLT?II I,Ll:, PI' I 1 I I 
IFIPull1 + (llLTt'llI.l".P"1!11 

C? • CKEC 11 ) .. ' . 
PAt: = POI )+ -bELT!>! 11 
p III ~ POI II 

i , 
" ;1' 
;-

! , 
(I 
I 

~ 
1 
I 
i r 
i 
j 
I 

! , 
1 

C 

c 

1 FI ;><1 II I, GT • P t' 11) I i'l' 7- P? III 
IFIPdll1 • DELT~Il).Lr:.i'f(ll) GO TO I> 

''-~;ll~'';'l ClIIISUlW.\lF'N . 
IflPulll."il.PPtl).~·lD.nf:lTPli).GE.(;.(jl C2=CYIRIII 
IFIPOlIi.Ftl.FPIII.;.lIi;.:iflTPIII.ll.,·.,,1 "-CHCIII 
IFtPOIII.Fo.PPtlll Pl.:! c POIlI + tllLIPIII 
lFIPUIll.r\J~pi'II)1 "b? m ;oliOI 
IFtPUIlld:u.Pi'llII GO Tn 6 
u~~FhCO~SOlIDATlnN 
IFIPUIlI. +UELlP(II.('T.PPIlll C2~CVHdl) 
!FI?OIIl.GT.PPIIlI ;>"-2 c POIlI + Oi.lTPIJ) 
iF' PU I 1 I. GT • i' i' I I )) PU? ~ Pi' 11 1 
1 F t P lit) I. G1 • 1> P I I ) 1 G! ITO tJ 

UV<.RCOllSOUOJ>TIOh • !,nF\';/.l CO"lSDLIlJAllUN 
CIA CR ~C II 1 ' 
C2 " CVJf( 11 I' 
;> Ai E ;> P I II 
P Ai: '", Pfll 1 I • 
P fl!·--Prtl II 

'i'il2 " PPI T 1 

DELTPljl 

(.*~ ..... h ~.: ............. ~ ... *. '~.~4+' h* •••• "'.¥' ........... * ..................... . 
~ CO~puT~ 'sETTLe~E~T 

IH'OIfll ~. C1 • AlO(,:"1 PAl/Plll I 
SELl c IOVtJl,'III1 • V;)lOII))) • Hili 
~ .ll [I I I) .,V U,I DI I) ::_l!V,-'i JJI L _____ ,,_. __ , __ , _______ ,_.~, __ , ____ ,____ . _, ___ ,_ . _, 
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r=-c:......,.-,-,;,..-:~ ~,....,b-,...,O,.,V."..U-,I"""IJ-:Z=-:-:~-~ -:C::-:2:-'-:'~:-:-:A~L-"O'"'G""1-:n'"'I-:p:-A-::2:-I-=P"'Il-::ZC7,--~----- ~~ 
"""--Si:lZ"';"IDViili>2/11+''IOlD(l111 • Hill .'-'" '.' . 

.. 
L 
i 

.. ~SnTttl.,.a··SE1l • SlT2 
SETl~n.·' • 
SElZ,mn ... 
TOTAL~"';~·TOV.l :. :S'EUI 11 

·? .. COrlTltWF 
S <;T IriF ··'TOTAL~' . ~ 

P RI'flr 'lOU 3, ~ Tl TLl: . ?'kllii '1(\(; It ,. 

DO 8 I-I, 'I. 
~P?1i-iT--10ii5" 1 •• HII, VOlvOI. 'CVIPIIl, 'i:RECIlJ, POIH, PPIII. 
1 . :,"; OELTPIII,TOT.!.L 

1 OTf.L·~·~ 1 orAL - ~ u Tt II ' 
.. ' t! tOflTlNdE 

~ , GOTO~'l 
L 

9.CALL ~JIHP'~TIHlAO) 
'.GO iiJ 1 ~ 

l .. flU FOil.'1AT. :C~.f,1A~31., 
·lvnl.~ FOK'1I\T l"b,9)(,131 
lu1Z FOf;f'lAT 16FlO.fi) ~ 

~, 1.1"3 ~FOR"'I .. i ~'-ldl.5X,2,·Ajl/ll ~ .. ,--~---
1<1n'l FOt.:t'1, T J 1 X, 5tlLA Yt;.;. 6X !,5Hl ttl CK. 7 X. "tHVO 10 ;liX~. ZHCC,6X, 2rtCS. 7X, It.HOVlR 

lilIJKDtII. h)( ,9Hf'HCIlNS ill, 7X, hhCHANGE. 7X, I3HSETTl El'lfI.T JlIl3x,t,HNFSS,7 
, 2~.5HRATIO.27X.6HP~ESSURE,7X.bHPRES~~~E,7X~~~pkESSU~E,6X,12HTOP OF 

~ '3L AYE'R I?I;I iri';'l ,6)( 111.,.111" , ... "~'" ~ 

1 ... (\5 F OR~;. Tl2x ,I 2 ~ bX 'F9.::i, ltX ,f 6.3. 5x ,F6. 3.ltX,F b.3, LX .F7. 3, BX .F7. 3. 
. ~$dX"F7~'3~,nX,F8~31 " ". _. -~~, ~, 

IJQ6 F~KHATIF12.D) ~ 
. , i::!lll' ~ ~ ~ . 

S UIlI/OUTJ ti F 11 iHtA 1'1 rtt'i 0 ,~ . ' 
C i'P.IlGio.,I.f, ~S(lLV£ 5 F!H: PliKt. ~RtS~llkF. AilD TlHE'~SFTTlE"FIIT RlLAllONSHIP) 
C DOllilLF OR SINGLE UI;AJ!I"Gt CONDiTIONS 

. CH .. I<:.CTH: .3 HfADtz" 
C O,,"'uN Si: TW~.N , PPI 2li 1, PO (21)1 ,uEL TP (20) tC VI R I iu" CR EC 120 I, 

1 VllJ,HZOI ,111J!'I1 ... ~-.. 
. DlnEKSlO~,ullbl,CVll~I,PlR~(161~CVV(16)~CVSI161.POLOI1&1. 
ld n A I It. ,., Tt 2(,(: I ~ 1 ilTS I ?i! 111 • F (ill I .ll 120 I ~ CC ( 200) ;111 i 16 I , P PP 1161 .'~-- I 

'.7:POu (j,b I ,DEL TAllbl ,i'Ek¥i(16),CR tlb I, RI\ (~6.ti aETAR Ilb) , . i 
--- .. ·O~,\T'~ ~ F I 1I/3Hlli{f;F It,'Ii,iili I tiT/,F 13 1/ 'tHlrt'fl7'ffHiitHU Ii: ) I"''---='-~'~'JJ 
1.FI51/~HUl31"Flbl/~HU(ltl/,FI7)/~HUI')/,FI8)/~HU(b)/, Flql/~HU(7)/, 

~::-,- -~'7'-"lF Ilnl-'''Hu (817,1' o.1""'lttru (q I/.F 11'2 I 15HU (l0l'1-,-FU31J5HUI 11:11, - ; , .... --, . -.. ~~....::-.....:. I 
c:,: ...• · ':.':":lFli't) 15liU IlZ,,, f( 1511 5HU( lJ)J~,f'(161I5H,U:U'''J/if1l7Jl5HUI15)h' - ;'-'~' ~:~~::::':':;'~:::'~,' --... ~, l.Fl1il)J5H\Jn61l~'··"~ '~,---~',~' ~~-~-;~ .... ~ .. ~- ... - .. ·1-,: . ' 

~:';::~~:;::L'~:r~~~~~t ~1~g~~ltE(~H~lllC..!-E! .. bB~o~~~L~L:'~I~~)~~=Z2tH=;--;.::::~~: -,:":.;:~' ~.' . -- ~'::''''::~~~ 

.'L·:'f~;~!~;!~l!!~~~~~; ~:~~i:r~:::,'.c:~~~_~:~".", ., ." , ..... ~~~~~;~ '-.~', ,f 

, 
f~ 

i" 
)I 
I 

I 
L 
i 
! , ~ 
I 
I 
i 

I 
I 

I 
! 

i 
I· 
I . ~ 

c 
c, 

i'P.JHT P'14, ·P:S',I{;I.Rr"RKS ~~ ~,~,.C:'",:,.",:~ ":~""~t' 
R S·SH f :.P.R ,~O, R ii- IIi LL QA [], f:l -I NF RA D, RK S- PI: RhS1ifJ. R ~''',',.'',~, 
?ER"R-kt.DI:'Li'ERH '<', ~ .~~.~ .. -- ~ ~ 

I'RlIIT Hlt-? 
lin 2 T -1, tl I 
KF;.O 1;.1r'l, CVYII1,C'i~Il },C;"11,PL~IIIlI,PEJ.:IIRl11 
? R 1 NT ~ ,,\, 8, 1 , HilI • C ~ v I I I, C 1/ S I 1 I • C I{ I I I , PER Ii I 11 , P F. k'\" (1 I 

i. CO.ITJf!uF 
'CO"i'uT" i'P'::SSu;:"S .. T UYi.R CllUrlD" I' 1 F.S 

0>0.)111 = 1?(,IlI-PJI~II~IIHIll+U.5.tiUII"{l.5'iHIlI+Lj.5"H(2))) 
1. ?iJ 12 I " " ~ ~, " ~ 

i'Pi'll) = 1i'i'IlI-PPIZII"llril1l+~,.~.hl<:II"O.5"'HIll+u.5.rt(2)1) 
1. ~ P P I'Z I .~. ~,~ . 

~(jEL Tt.I1. I = IUlLT"ll',-Ui.LT?1211'i' ((HI11+. 5';HIZI 1/1!:.!;.HIl )+.500HI2111 
1. ~FLT~I~I " -, , 

JO 3 I-Z,N , . ' 
" ou 11 ) -'. I P u I J -1 1-0> !ll I I I- I Co." "'ill 1/ It'" 5"H (1":1 1+0. 5. hI t I ) 1.tF-O I I f 
PPi'lll- IPPII-11-;>fllll "1i:,~"HII)ilu.5*H(1-1l+0.5'·HI11)I+PPIll 

• OFLT;.ll I-Wflli'Il-J "'-OLLli'IIII''').5.'IIl)/i(l·~5.HIl-li+o.5.HIIII) + 
lOFLTi' II I 

:1 C01.Tl~juF 

PO.JI'I+1) 2.:;~?Ol!.1 - pual!:1 
?pr'i".ll .. 2.0*0'i'(11) - Pi'Pun 
D[LTAI~.ll ··?U'Dt~TPINI - u(LTAlhl 
:. FT TI • .fml'\ 

FT~'L -fTt:AL/1.OOl 
aTIH-oi .~ 

SUb ~ U 
f(K = 1 I 

I;O,d'uTEl:llTlAL un .. \ I/:..LUES. ~ 
.. C. "U .v('l 

un 5 1-),11 
lFIP:)III.Gt;~PP'·lll~CYIII = CVVIII 
I FI PiilI l.lT .nl I II CV III = ,cvSIII 
P ilL ()' J I 'c P U I J I 
il~11111 c ,ICVIll'Jll',)/IIHil"*2~UI 
1 r I r1L T :. II I. ~ T. GIG • BE TJ. II I 

=> Cl1,.Tl'hJ~ 
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1 

~ ~ . ! 
-J 

I 
! 
, 

~ ,: j 
: __ .• ;..;.:.-";._i 

.:~~i::'1 
.--~--. i 

! 
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. ~ c 

., 

_ .. 

-

:::..,:. .. ,:..: .. 

f-' 
I 

I 
I 
I 

I L ·1 : 

f- .. 

C 

GO TO 18,91, rln",.I'j 
II uld,-il 

U Iti+Z '-Unll" 
'PEk~IN+!I~PERrINI . 
H (,i+ll-ti( HI' -
GO 'TU 1" ." 

9 UI11-(I 
U,IL 1-(1 

Iv f Itl-u 
C!J;j-v 
i'j(l~T l!'\1.!J.lI~,(\l(l"I"l,Ll 
GP TU 11 . 

'11 IF(Drlrl.G~.~1 GU Tv ~3· 
It~C~lAS!"Tl"'E STiP A!.D tltTA V~lIJLS 
DTlii-Z40DTHi 

12 

1:; 

1'1 

B 

II> 

17 

00'12 I a1 ,rf ' 
tiEl 1,1 I 1-(Cvll lfoUl In 1/ IHIII~";!.", 
Cmin'WF 
COhPUTl., PINE PRE!)SUt;l S .H Lf.'tH, uOUrWARnS 
1-1 
un 19 1 '-Z,V 
IFI tI.'tF.Ll Gu TO 17 
~o TO 115,Jbl r NOK!I~ 

U (Ii";: I-Ill 'II 
GO TU 1.7 
IlII I i··u 
GO .Tu. 1'1 
;. LP H:''' I P[ f':j'( I .. 1 I N ~ ~;; I 1 II ~ I HI J 1/11 I I +1 II 
:lET AA~Bn tl II 
BFT ~ri·Br.T ~I 1"11 

. J -I + .. - " 
-·IF(ll.EQ~LI bflAd·~FT!d'o --_ .. -. 

18b(1~).~LPH4.U(11+11+UIII-11-UIIII.IALP"A.(1~~1./6ET&BI+~l.-l.1 
1 Be TAJ') I . .. . .... . . 

19 'CDtHINuE . , .. 
~OLD"liJ()vfl;; 

S-.:. . 
Tl..,-IIIi+DTlI; 

20,1-1 
un 'leo 11-2,L 
3. I>"r;s IRli 
IUlc~t/RW , 
R~I tJ =kN\""2. GI (fWH 2 • .'1-] .,~ I ';':.LUG I RI< 1- 13.v H;N •• ;;: .U-l.u II 

11~. ~'.R;I""2.(lI+PH;:'~ Ill. 1'~-1.OI/I.:J(!>.KN'.2.Qi(Rt~"'''2.(\-1. I 
eETAK(II·(CK(II.hTI~I'I~f'~2.0I' . 

2.1. IFI 11~:ir.LI Gu TLl l4 .... ---.--. 

GO Tu IZl.231. UvRJ.W. .c_'-"'·c,.~o .. , 
'2£ U l:j.,n·Ultll 

GO TO 24 
23lJ((II-;;' 

GO Til 26 
2 't I.. L P HA ~ I P ~ P. -\ I I .1 1/ p, K" I I I I • ( II ( I I I H I 1 + J. I I . 

:li'T .!.;..=HT.\I 1.1 
eFi"e G 5FT q 1+11 
IFIH.lO.ll &[l,!.!J-cHt:.. . i • 

7 ~ 1I 11 I I a ([\I II I +U I I 1-1 I. t.L P,1 ~~ IJ I II • ~ ) III 11. +1./f> ET A~). AL PHA. 
1 0 •• 1. lilf:Tt.fll I 

1I Ii T I GUll II." 2.!I~ L X P 1;;'2", *bI: 1 h~ 11 II Rh 11 11/1(\ ... 
!>z~+ullll 
I ;'l.l 

2" COiHI rJuf 
IFI.!.aS(S-SJLnl.Ll.U.u~~11 GO TO 27 
~ilLD·S 

.: S ~v 

.GIl Til ~" 
CD'IPUTE GH.rl 1:1 £FFf-CTlVl; STI.:!:SS - CHAUGE 'bETA V~,lU[S IF N£:ClSS,l.RY 

21 on ;;'" I ~;: ,:/ 
i' a (1) • PO (1"1 • I 11.( .. 1/2. to - I u I l 1/2. (I) 

pill!1 -POIII '.(("01+WIT+11112.(I (UIl).UIl+lII'Z.OI 
lFIP~Il).LT.PPIlll eVil) • CvSIII 
lFIPU(I'.Gf:.PP·1111 Cvll) - CVVIII 
!>FT~II) ·.··(c:VIII .. "rti'I/IHIIl .. *Z .... i 
.; It I ~ UIIl 

z" i,;,1:,Tlt/ur-

1.30::'1 
. :'--: ..•.. :"7.:-.. }7;::. 

:- :.-.~-. 

'1. 

, 

: <I' 
- . 

! . i' 
I 
I 
t 
, I 
! 

.1 



'-.'1 , 

C 

tI Ir-..d ~ ul:,·l1 
IFITIM.GE~'J GO TO ~q . 
Ga'Tu 13 
COld'UTE ·S!'TTLEr.i:NT A:W CO/1SOL lOATION 

'l9.(JO' 3" 1-1,/i 
IFIPlIlll.GE.PPlll) C a CVIHI) 
IF,IPUIlI.LT.f'PllII C .. C>:ECIl) 

.[JPI.FS a prllll - P!JLOI II 
S n TL f~Sl TT LE. C. I HI I I Ill- \/0 lllll I I I ~ ALOGIO I I POLO I 11 + Of' RE S l/ POL 0 I) I I 
POLOIII • f'UII,'-

.3~ . C O:in NUF, ' 

, : 

CCIKIi.)DI~"TTL!:JSi TI N~ j+ll.:) 
PRINT l!,~",T1r.,luII)'lcltLl 

TOTSIKKI • S£T1LE 
T I"KI"T In 
A Dl..uT . 
,,/i.;/i.K+:s. 
IFICCIKI{':ll,C.f .• 'l.JO~ I GU Tll 31 
IFITlr,Gf.FI/iALI GU 10 31 
Gil Tn '11 ..... 

3L I(K-KIi.-l 
·T'bA)(. l[lTSI"Ii.) 
T~"X = TII(,,)· 
pr'i NT l'~.l 1, SET j ~IF 
PP.lIH l"H 

'00 3~ 1·~,,(1i. 
PRl"T l012,Tlll,TUT51 llttelll 

~z ca,.TlflJr 
C~LL PLOTS lTuTS,T,Ttl',,,"X,KK,NOKtlN) 

tv" •• F:1i;~ .. T 11\(»' 
tu"l Fn~~~T I~FID.7) 
lu'~ FOi;~"T Il,,~El~.v) 

IJ)~ FOk'1.\T Ilft1,35X,J(lA6/1l • 
1~'-:" Ff)"·',,T .l//tl;';,'t.lil r:, i(.\TF OF SFlTLEi.EIH SHlGU.ORtlHJ.GEIIJ 
1Ln~ FORHAT IJ//l~X,4UHlI~ ~ATE OF '~ETTLE"EHT OOU~LL VRAINAGE/II 
1",,17 Fo;.r;.T·U·'\X"CO~Ff. !.iF C"N~aLIOATIOfl C'OEFF, OF PER~,EABILlTY'I, 

l' LHf.k T1ilCt,tliSS .VlPGHa _.s.l-IlLqn~!.. ___ HtJ"DIAL. 00. 

;>. "'v •• : TI C;,I..· '. t(':,lJl \l4 .) 

1JPo F(]~nAT (ZX,IZ,3~,lPE~n,3~1~f13,3.1P2l1~~~~lP2E17.41. 
l~'~ FOkHAT (1Hl,lAh,1711X,lAbll 
l~lO FQ?HAT·11X,2Fb.2,lbllX,Fb~1)1 
1..11 F 0;-. i<i\ T 11 Hi, b":, 31lT 1 H, 6X ,lllHSl TT LU",[ NT ;i,-X-;i-j"HC ON SOLI 0/. T1 ON) 
1,,1£ FO':'''''T (SX,3IFB,Z,3:())" .. __ :~~-.. _-~".. . 
l.,U FO...t~AT Il'JH-ULTI,','!'lE Sl nLEt:l:/il' I/lLl'-BE--~-Fi;3}:' - -
IvH FO,.,H'IT ('IFIll,;:) . • 

'1",1,5 FrJ,,~:t.T 116X,~9rHuiJIUS' OF CUEFFICIENT-·liF.t.· 
1 431i S!lUR liEU _HIFJUl !l_C~.~: J:~.!l.l'\"ABILITYl 
. KFlu"u 
lobi> 
SUHRLlllT'JI,':-PLUTS' (y,XtY~:AX,'KK~NOkAftu .-... 
U It.ff~SI rm YS llul, DIJ~161 ,All Ilf: IbO) .X Ill. Yl1hKKK (71, NXI7I ~NNXI 7) 
iHT II YS Ill.5, 1,,,,1,':> ,l • .:. " '~U,l 0, (1,·7.(..u ;"0; 0; l(;O. O. 'loCo 01 . . 
UATJ. .Ktl.K /1(',15,;<:4, 5Li,lOO.lSu,20ul ':'.'/:'~-:'.'-~." . . 
iJA1.~ NJ( 11,1,),1,2,3,1,/ - .' ... -. - .--.-.... 
uA~~ HNX 13iZ,li4,1,.4,41 
LJA'jABLMl'{,OOT,Sf'UT,pLus ',iH ,1H~ ,1H.,l·H.'· 

_ Op 1". J~l,l{l' 
L - J - -- _ ... -.-

IF I Y"., x. U:, Y S I L)) GU T (] .?" 
,Iv' C 0,(, lInJf , 
'lll YPLOT • Y51L) 

uU,dll & '1.t 
;)V,' III ~ YPLUT *' fl.2 
JU:\(3) : Yi'UJT ~ r:.4 
JV;iI~1 Hun. 'lob 
LiU'il,' c YPLbT ~ ".iI 
UU" Ib) .. Yl'LOT 

L ~. J 
iF I"~. LI .• ",,'" L Jl Vl TJ "., 
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, ; 

:. 

lou N • NXILI 
Nil ~'NNX(L1' .' 

_. P R I tiT 1 (lu 1'1 • ' 

IF (!lDRAIN,EO.11 PkiHT 2~D0 
IF IllDk~I!I.Eo.2) ;>~J'iT 3ul'lu 

,PRIN1."I\,ir., (OUi'i(7-JI,J-l,bl 
on 5u" l-ll',bJ . " . .. 
ALINdO " [JOT 

5~ COr,fluur 
r.LHll: (1('1 =PLUS 
ALiNL (l"I-PLUS 
ALl /11: CH'I -?LUS 
t.LI tit; 1..,01 ;'PLUS 
... 11 Nt 1:>(\1 =PLUS 
All/It (t,f)I-?LUS 
~RINT 5"~n, It.Ll~EIII~ l=lu,bPI 
on to" 'I ;'1(',::>;) , 

"LP~Ull - tllt.NK 
bv CONTl'"Jf 

un CJ:J JlC~,KI<.,t>t 
Jl ~ biJ~-I5I,."Y(JI/YPLOTl 
ALlt1dJll= SPOT 
ALI NL Il!'ll =!l()T 
.. 1I Ni;, (b"I-UUl 
i'RillT toO",', (ALlriElIJtl-lc"b"I,XIJI 
on 7" l-i0,5'1 
~LIN~lll ~ uLANK 

IF IrHl.Gi.31 Gn TOq, 
UO tlj K*l"W' 
~Ll'lL n"l a:JllT 
.:.1I III (601 =DuT 
r" ,,1'-11 ·5~l.;)' (.~L Ir;[( II tl =111, bv I 

dJ C O:HH1UF 
ql' COrltlNUr-

~O luOI-hi,!,(J 
:.Li NU 1 I *' uUT ' 

.. J.., CONTl/WE 
:.1I :llllol -PLUS 
ALl Nt. (Zo)) -PLUS 
i.Ll'~~ on) -PLUS 
AlI/ii:. ("I'l-?LOS 

.ALI Nt 1 !;II') anus 
:.Lllj~ (1,1") -PLuS 
i'RIIIT !>(1':'O, 'It.llllll II, 1-1Utl.C) 

" 

, h .. • • .., FO ... ";,T IlH.l,Z5X,Z;!HTlllE --' SETTLEI\EN1' . .:PLOT'· 
;> ... ·)VFOUl,;T (iIlX,i5HSIrlGLCilR't.JtlAGE/'··_··· .. ,-_· -
3uO\,l FO';"/..T {Z8Xi15HlJOUblE··DRAlIjhGE/I· .-, , 
4,,1)\1' FOf;~;.T 131X;lriHS£TTLloidn,I,e,X,b(Fb';Z,loXil 
5;.0(.1 -FO"I"AT Hl)(,60:'11 "; .:.~;~ , . 
6,,1')\J"FOd~AT(11X,5l!.ltF(,;zf· --. 

REt UtHI 
UI[J ' 

~6.5tl;vl.UCLP, Ik, P~3 

-. -----,----_._-

O,42Bl<lHS. 
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APPENDIX'D 

USER'S MANUAL FOR PROGRAH CONRAD 1 

STEP LOADED, LAYERED SYSTEH 

WITH VERTICAL AND· RADIAL DRAINAGE 

INPUT DATA INFORHATION 

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 
11-20 
21-30 
31-40 
41-50 
51-60 

. ' ..... 
thickness of layer 
void ratio of layer 
CREC 
CVIR 
Po 
Pp 

D. PRESSURE FOR ...••.. LAYERS 
( N must be in ~co1. 17-18) 

133 

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

F. Time interval within which the load is kept constant: DT 
Time after ~hich load remains constant= TO 
FORHAT (214) 

G. TIME RATE REQUESTED 

H. DRAIN 1 or DRAIN 2 
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I. T~me Specification 

Columns 1-10 .•...• DT (time interval) 
11-,20 •••..• FIN~.L (maximum time to be considered) 

J. N Cards containing 

Columns l-lO ....•• Cv (coef. of virgin consolidation) 
ll-20 •...•. Cv§(coef. of swelling consolidation) 
2l-30 ....•. Cr (coef of radial consolidation) 
3l-40 •.•... k (coef. of permeability) 
41-50 •• ' .... kr (coef. ofrad:tal permeability) 
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'PROGRAM CONRAD 1 (INPUT, OUTPUT) 

C ·ilNc';'OJilFt.SIDllAL CUh';OLlO:.TlON uF I. LJ.YERED SYSTEtI' 
C PRUGUIiTO CU"puTt: TUhL. StYlLtlll:Hl .~!.SeL[~_T)!~G 1 (jf " CAHS 

'C-' .- ... CASt:-l- ... OkkAL COI/SOllOATrOh 
C CASI: Z uNUl:kCUriSuLI0~TLO 
C· . -"";CA!:E 3' OvrHO·.~'llIDATFU 
C - CASI:.. UHKCUI4)llLJOAT lu,", .. "Uk"A&.. COHSOL1DATlOr' 
C USEIl-'YS"TO' SiJilDIVIDF THF' MAlh LAYFI.S INTD'SUBUYER~ 
, I "U~T ae 16 O~ LE~~. 
C 

.: 
C ' , 
c 
c 
C, 

,I NI'UJ 
,,0. 1 
nO. 2 

1010. 3 

£0 ~1" , 
TlTLE '(,\,,:l fOt. JOb OFSCklPTlO ... 1l0A6)' 

CAAU'Ta kt:i.O ••• ·PkOpEkTHS FOkN'LAYERS IN IH CDL.l7.1111 
·fOL&..O~[D ilY Ii CAkOS COHTAIHIN~ SOIL DATA FOR EACH LAYER 
(hflC.;)' 
[AKJ TU kE~D ••• ~~E~SU~tS FO~ H LAVtRS IN IN COL. 17,161 
fOLLOolia 11'1 I. CAi-.OS COuTAJhlhG THE PRESSuU CHAIIGE 

• , .l- • •..• 

~RI:SSU~~S CAN rlE CH4NGlO ay ~EPEA~lNG STlpS 1 AhO 3. 

C TIhE-laTI: LlF SETTLlIIL'H [At. £!f OtlTAIhEO A,S FOLLOWS--
C ~o. ~ CAPO TJ klAU ••• Tlft[ ~.TL'~ElIUESTf~ 
C uo. ~ C .. >tfl TO kEAO ••• DOUBLE Ol<A1HAGE OR Sl/jGU lIR~JHAGE 
CliO. b • C .. IHI (u:lTAllIlh(; TJ~I: OHA .... OT- AND FINAL '~FI0.21 
C OT - TI~E STFP AT "NICH PklhTUUT lS.OESIR~O 
C, Flh~L'- ~.AJ~U~ TI~E 10 B[ CO~SIOERfO 
[ '.,0. 7 'I CUllS CfJ,HU,",ING [v. cvs, Pt.RI\UBILlTY 13F11J.ZI 
C ... • .................................................................... . 
c . 
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~H .. R~Clfi\.J TIlLl·(,?fll,IIF:.OIZul 
Ct~~AClfR.b PkE§§,PRuP~R.~ORO 
o 1 t. t= N S 1 o~ •. ') II T ( .') : 1 J" t n: 1 L.' J - 4 • 

CpnFJIi Sl:TIhF,lhpPI ZIlI,PO'2:l,,~ELTr JZOl !.C.¥JRl 2UhCU:C (201, 
L vutDI2n.~uJI.HI2nl,TO . 

iJ AlA Pk!?~ S. PI< uPEf(, TJ T&..E Uo 1/'1'1\1: S!iU~ l!.f.f\!lPf,~ ',' '! 
s n 1·0. 
S [T 2-;'. 

'1 ,,[,.0 1 ..... ", TI TL~ 
OJ 33 1·1.20> 
II1E~UI t '''1 nLi, 1 11 
iF ITlTLlILl.tu.TITLI: 1l~11 SlOP 
If IlITLLIlI.rto.·T1"\'1 Gu TO 9 
.:r~:l l':'''l ... iJk:l~ ;j 

SclTLf- r ,. 
TOI "L-u •. ' 
IF ".,l"il.l'u.r".Ii';·{j (,:1 Tu ~ 
1~ ("~kP.E~.P~~S51 La TO ~ 

, •••• * ••••• t •••••••••••••••••••••••••••••••••• ~~ ••••• ~ •••••••••••••••••• 

c "rAD SuIL Pk~p~~Tr O'TA 
c ......... ~ ...................................................................... . 

2 OG J I - 1.N' . 
. , Kf~O 1"l'l.till1.·~n!L;1I.1 •• ·CKHIll.Cvt"I1I,PU(I •• P~(11 
3 C~TI/lul' 

t!!'AU I J'll. "Oi-./J. ,4 

C·.···.···.·.·.···············~··················*···· ...•.......•.•.•.• .: ".,,,0 i> .. r:;SUKt 'I"T4 

C··········~·~·······························~········ ••...•.•...•.•.•.. . ..,u::l'> 1-1,11 '.-. 

C 

c 

l., , 

.lEAD lu~o, uELTi'II) 
~ CO, .. TilluF 

kc.;O. ,fiT .TO 
"--10/0T 
uO 21) J-l.tI . 
ltD 7 1-1.~ 
u v< ~Cr',jSllU u" T Jul. 
lFtpljlll • IJlLTI'III.LF.rI'1I11 (2 a CI<ECIi. 
lFlPDlll • ll~LT;>III.LE.pP(lll PAZ" POtU .. £tELTpll. 
lFIPul1l • UELTPIlI.Lr.Ppllli paZ - pDttl"~'----' 

lFI~III.GT.Pt'II)) Pb2-PPIlI .. c'.:iL,:ii _~ .. 
. IF(~UIlI. u~LTi'I1I.lE.PPIlI) GO TCi'b 
',:l,U'"L CUN~ULlrallllU'l . 
lFIi'IJI11.rLl.p"I"II • .l.NiJ.O[LTi'Il).GL.v.(;) C2-CIIIR(I. 
1;:1~IJIII,"U.PI'IIJ.O\Z.LJ.Or:LTPll"Ll.~.IJ), C,,-CREeell· 
IFIPlIlll.-.:l.i>i'IIII i>II2 - PUIII .. OLLTPIHo._. 
1 f I i'U Cl I. F u. Pi' I II I Pi> Z • PU 11 I . .' 
jFlpu(lt.r-O.i'?(I)) Gu 10 b .:.-~*.;--
UNOfkCtHi50LJOA.l10t4 .. ,~~_.~::.:. 
HIi'DI.) • iJ:LTi'IlI.loT.Pl'Il)1 C2 a CVlklI)--
1 f I PlI II I. GT • P;- 1 I I I PI>. Z • PO 1 I I .. OlL 1 PI Jl 
IF\ i'i;lII.';T.P~1 III PEl:! a i'P II I 
1;:1 Pull I. vT.i'i' 1111 Gu Til 6 
J~t~Ln~5uLIJATlu~ • "~K~.L COHSOLIDATI~H . 
CI-C"FLI1I •. 
CZ-CvtHtl 
;>ra ,-~PI II 
r' .... ~ - ;"1" • :jflTPIII 
I' OIl. ,- r' :11 11 

._ .. _ ._D':. _.' .r'? I rl __ . __ . ___ . __ ·_ 
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\, 

:,';, '''". [; ............................ ~ .. , .................................................. . 
:'-:;~"COt·-"""''''iOhPiiTl'~Ftit.[tiEIIT .. ," . " ' ''' -'" ,--~-,., , , . .,,' 

;;-,0'<:; : ... .-,~ 'i;:.nV(jlDl"~' C1 .. ' ALOGl 'II PAll PBll 
~,=,'~-,'o_'~'~~'--SET1' E',I'OiOIOl/l,l :. VOIOI I, JI I I • hll I 
t':c=:'.",c'>:-"::::;'--:.VOIOI1:,JI - YOIOII,JI - liVOlDl 
~:Lc,.",c~" ~6-:bvorD2' _ C2 .. AlIlGl'1l PI.21Pll?) 
~~-],~""~>'::"'::SET 2f"~cH)Vill 021 U+VOl OU, JI I) .. HilI ,, __ . __ , 
~-'-'--:' "'VOIO(r;J'l)-YOIOi I', Jf;';OVOIU2 

;:~~.~~",0t~ ;~--~~~ i! ~Ml.~ JfTl';+'S~ T,?~, 
;:=·"""~-.';:-:::' .. 5ETTUf~l,uO.: ",'., '__ , 

, S FT TI I, J I -S ET T I I , J I +5 n TI I , J-ll 
>:, .T01A.L'::. TnTAl + SElH f,JI 

,,',' . p o{fl;;p'o I f) .OEL T P I I I' , 
,':" ':C:,',:',- P PI I I-P I' I I I .DEL TP 11 I ' 

," "'-':; 'c rliiTJ NilE" -- -- ' ". , .. 
'~LZ~,cnN.TINUF.: '" 

SETJNF • TOTAL 
~"P~,l ~C,,"')~3!Tl.TL,~ _". 

'PiU'lT ill ... " 
,Li..J :00 8 I·l'~ 

-'-~ ..... - prJ( if;'poCfJ-I'\"-[IELTP (i) 
PP1Il-PPLll-lI'-DELTi'fl I 
PR'lNT-'in~5, 'j, '1IlJ, YOIUII,'lI, lvIRII), CF:[liIl, POIIl; P'PIlI, 

;:" . ~_ .. _ .. '., t~ -.~ . . .~._:" .... : . OE.L T P (J)~ T OT.A.L 

i, 

T OT AL 8 T 01 A l - ~ t:l T I J , ~) 

"
.8 crn.Tlriu;:·· ,f . .. •. , 

... --'0 n TU'l" . --

, q CALL TIHKATIH~AD) 
GO Tul' . --

l~~u FO~~AT(20A31 
lu'lIF:Ji<.'ii.T' ,<;:,,;4X;(3)· 
lU~2 ~OKKAT ~bF10;D) , 

'1ul\3 'F nR~~ T' fllii ,5A, It,A3111l 
~lDQ. FOk~'T (lX,5HLAYlk,bX.5HTHICK.7X,4hVOTD.~X.ZHCC,bX,2HCS,7X.l~HOVER, 

" ,- Ul,lk rii: il ,bX ,'1nP il: Cn"5 rJL ~ 71(, bhCH 1>.1, Ol , 7 x, 13 H'5 n n: E''1EIH AT / 13X, "HtIE S S ,7 
,," 2)( ,5HRATIO ,27X,BI1Pf;E SStJRE, 7x ,litiPRESSURE. 7X'-SHPRESSUkE, bX ,12HTOP OF 
, '3LAYfi(/S51 1H';;j ;b111:-i-1 II "-,'~-'-- , .., 

1::':'15 Fn,{·~ATI 2)(11 Z' 6x ,f". 3, "X ,F b. 1, 5,l( ,F 6. 3,,"X1f~~3:. 6X.F 7.3, 8X, F7. 3. 
., Stl X, F 7 ~-:3 ; b X, F ~ • 3 I' '" .. .. . . , ,------- - ... -- . .' ... . 

. 5\)Oi,j F.Oi<~~ T (2 T4)'- ," .-.. _--._. 
'lul'lb"FO\(!-\,;!'IFlZ.O'j ---- -.-----,-- ,--'-',.---"--==,,--~,-,,,,<,--

fllLl , 
-" -"-SlTtlIWUTTIOF' TI ';?AT HteAO) -" ,-" c, .---. -:, 

f:~" t PRGGRAh SDLVtS fOf.' PUr;!: PRI::S,UI\E AttD T1~[ 'SETTLEJ-,ENT RELATIONSttIP) 
C :"D'JU!lLF. OR--SINGLEotAlrlf.GE· C,lliOlTIONS'" 

, 
L' .. ' 

c 
c 

'. CHARACTER' -3 'HEAD IZel) " , ' ,,'. ,,,',' '" 
. 'Ct1I\f.;[,lISETni~',NIi'?I 20 "POI2(),OF.LTI' 120(,Cvlin20r;CJ<EC 120;;-- . 
l' V010IZU,5bDI,HIl~I,TO ~ 

,-' OIiiF'~SlOU -W(C,:lO,n-:l(,(') >-, , , .... --- ••• -- ••. -~., 

(J J "t'NSl flU IJ I le, lllu) '4 p t Ib ,.lOu It CV 11 b I ,p Ek"ll 1b h tv v lib I, CV S lIb' , 
lB~TA(1&1~TI2cnl,TOTSI20n).FI2D),bI2~,~Ol,tCI2~G).PPP(Ibl 
2.PIJDI1bl,OcLTAIlbl.POLOllbJ,P~R~Rlib),CRllb',RHI1bl,aETAk(lb) 

DATA F(1)/3HTltl/,FI7)/4nuIOl/FO)I'tHU£ilItFl41/"tHU{ZI/ 
, 1.. FI51 I'tHU (3)'J ,F (blJ 4tWI~) I, F(7) /"tHU 151/.F(<lU]t,HUI61 I, f 1911ltHUI7 JI, 

1F (1(')/ftI1U liJ ) j ,F 1l11/'tt1U (9) I,f (12) 15 tiu ilOl/;F (l3 "5Hll( 11 ) /; ...., 
IF nltl 15HU (12) I, Ft15}j SHUI 13H ,F Ilbl 15HUlIlt}:r,F.t17 1/5hU1l5 JI.o:"".> 

'IF(lBI/5H'UIl611 "',, ... --", ... ;--, . ""C'_~= ___ ":"_""' __ ". "c,' __ . __ , ,.", .. c. 

OATA ORLIN1,DRAIN2IbHSINGLE,bHDOUSLE/c' ,-
I kE';'O 1\)1'0, ,,'ORO , . ., ._, """ 

IF (:-;ilRO. FlJ .ORA INl) 11 DR 1>.1 ~1·l' ' , ___ "'._, " " 
IF (~OF:O;FO;D~AIN21 ~Of:AIN·2 
k!;AO.,£lT ,FINAL 

-- IF (NOkUH.EO.ll PRltiT 11.,114 
iF (NOkAl~.EQ~2l PRI~T ID15 
·PP.jNTln15 '~'. 

R,I'A 0101 ".R5 ,R ri, R!:: ,~,KS ':" __ ~'="~_" 
PRINT'I'l14,RS,f,,-:,F.ltf:KS ------- ... ,-- --,--
R Sa StiEM!R AU, R I-/-,;~ LL ~A 0, RE -I I.FR;. D, R~,Sc PERKSIiEA R' 
P::k'\K;';RAlJT4LPr'Rlf . ' ,',---
P Ri tIT l'liJ 7 

'DO 2'I"l,'~ 
'r~I:;'O., CVVII),CVSII ),CRIl ),Pl'Rblll,PH-:!'IRI1I: ' , . 

PRINT l"vB,J,HII),(iVIII,CVSII),CPIll~PER"~ill,PERI\Rli)--' 
,£ COI;TlIluF· 

COt~puTt:' PRi.SSURE"S t.T lAYlR 80UHDA'R1E~ ~.,.~.---.. - ... ----

POD (l I, "', ~POI 1I-P')I 2) )of {(HI 11 ~U~S~1i IZ)) (( Q. !i*'HnhO.S*HIZ») 
1~Pult) . '. 

P Pi' 0. I • I P P I 11-1' P ( 21 '" II HI] ) +lJ.!> "H 12 ) ) II O.S, Hili +0 0'5"H (211 I 1 ~ 'P P I 2 ,--' . ' ., .' ... -- ,,'. " ., ' 

_1:-.· 

DELTA(l) • JO[LTP(1)~OELTPIZII~I(H{11+.5.HI2»)/(G;5.H(11+.5~H(21)1 
i + D FL T PI:! 'I ' ' - -- --,' , " --

, DO.3 1" 7., II . . . . 
POull1 - IPull-l)-r:lII»"It.-.5~HIlIJI'.i.5.till-II+I).5.HIII)I'-POIII 
P Pi' (J I· I Pi' ( 1-1 I-PI' 11 I 1 ' '" I iJ.!> "'h (J II /l •• 5'H (l-i 1+0.5'" r I 1) )) .. P P 11 ) 
Ll £:L TI. ( I ) ~ ID [: L Ti'l I -1 1- n E L li' I J I '" I" ~ !> • ~1 I I I I i 0 ~ 5 • H I 1-1 1+ ('I. 5. H I I I )' I + 

lDR Tp r 1) _ .. .-_. __ 
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c 

c 

E-A 
SET BUU~DAR' CU~UITIO~S 

DO 7 I-l,L 
IFIPPP(lt~GE~POUI11) UIJ~ll DELTAll) 
lFI?PPln-;t.:T;POO(II)-UIJ,11 - POOIII":PPP(J)+DElTAIII 
Ii II ,l) I:·-UI 1;11 

7 C();nnWF. -- , 
SELeCT O!JUBLt:'OR SINGLE DkhlNhGt' 

GO TO (1'.;91, ;rWRt.IN 
d 00 3~5Q J-1,lNT(IFI~Al/OTIHI.11 

ull,J)-!I 
)~5b UIH.l,JI-UINiJI 

PF~~I".ll·P[R~I~1 

HI/i"11-t-!I'iI" ; 
GO TO 1(1 

-9 DO )~57 J-1,lNTllfl!4AL/OTTKI"1I 
UI1,J)·~ , 

)'057 UIL,Jl-O 
Iv'Tln;';j 

C 0:. iDiJ 
P~lNT' If'l'I',TlI!, (1'-( I,JI,I=l,LI 
COI'iPOTI: ,t'l1iU;'PR!:SSURI;S AT LtYfK 

13 :I-TO/[lTT:I 
UO d~ J·l,I~TI(FINAl/DTIhl .. ll 
1-1 

'-i>O,19 n-2,L' 
l~ IFll1~~F~Ll tu TO i7 

" ,;' GO TO U5,l&) , IWRAltl 
'15 uI4+2;JI-UI~;JI-

GO TO i 7 
'10 illl J ;'J I -'" 

SET 8~U~DARY CONDITIONS 

tlOUNOARH:S 

GO TO 19 _____ _ 
17 :.LpHA-..-jptR>\(J .. 1IIP(r.rdI1I.(HII1/rHI+1l,-------

ili'T AA-5ET AI J I 
SHAo=UTl,Il+li 
1-1.1 
IFI Il.UJ.l.J afT"'~·5r:l-~A 

'-

IH d(IIi~I-ALPMA.UIII .. l,JI.U(ll-l,JI-UllI,j).IAlPHA.ll~-l./BETAS). 
, 1 li-.-l./BrTAA""" " -- --- --- ,,- - -

-19 CnNTINU~ -
- Tlti-aTII\+lHIh 

2\? 1-1 
0,1 2b II G 2,l 
SR"'RS-,"II " 
RII"PI:/I.;'1 , 
R ~Il ) .. ",., .. "'21 (P,NH 2":'1 • .l*ALOG 'RN 1-11. '+I\N"'*Z'';;l';) I::'~_'_': __ 

11 It_ .R"l •• 2 I:" PH:ll< III ~ I SR--l. l/RKS *kN* .2/ (la,-i. 2~i~"I-----
,- - BET M~ (I ): (CRt ll"'On ~)j I RIO H2 I, : _,c={: ___ ~~:;,,~"J::S~,,"_, _, __ ,_~:-

21 IF(Il:NF;LI-GO-TO-2~-" ",-
GO TO-IlZ.23I, ~nk4JN 

22 tJ (rj .. l, J )aOl r~, J) 
GO Til 2" -,' 

-23 U I 11, J I D<J 

GO TO,26 ' -
, 7.~ Al;>-HI.· I PU~I'I I I +111 H R'i (I) l+ I HI I l/H I 1+11 f'-:~'~'---:'" 

SH AA--ilH AlI) - ----:-"~-,-',-"-- ".' 
tSr-T~U~rlFTt(I.l )'- " .. - - -" .. -------.---
l"F I II .1:: O. Ll BE. T Ail"l' F1 At. - .- ,,',_,-r,'_,,-_:-- ,-:'-' 

25 'UP'J; J) DIB 111, J i .. iH H'-l, J hAL PHA+UI 11+1-, iifil', l'~"l.IBET AAl+ 
lALi'HI.4Il •• l;/BETt.flll,--'- " -~"f""",---.-c --' -- -

'-:./(II,'JI.;,j III ;J) .~2.r:XPI-~."Il~TAR(1 '-/1;1'1 1'-)/1(,0'-
U 11 J ,J.1) xU ( I1 , J I - - ,-l'ai.1'· - .----.~ .. -.-~~--.- ~-~ -_. _.-

,26 C!lliTlIIUf - , 
1F1 J.Gl--'-,1l Gll TO " ... "0 '- -'---0---'--

uO 6:Jl:.V 11-2;l 
[in 3(;:3" JJ,xljJ 
uP I II, J J I DJ P ( iI, J J ) +1.1 ( I I , J J I 

,'v3tJ cn.'iTlilllr--- -'-- -
, tJll,JI-UP(ll;JJ) 

,6~60 CGNTI ;lUF 
~.- . 

Gil TUl.7 
,4.,4" :)0 7,,7>.) lla2,L 

011 '~5~ JJ.J-~,J 

u? I 11 ,- J J I .1.1 P 1"11 , J J l.tJ I II , J J I 
5u(" C01<TlNtJE 

U'll ,J) -UP'IlI;J il 
]iJ?u _CQliTl.rlUL _____ _ 

.~;-.. -;- .~-"--' 

, 

-.. -. -, ··-1 , 



.' 

~7 DO~2B l-Z,H -
poril ~ 1'011) + II~(2Ii2.n - IUIZ1/2.0)1 
1'011) ~ f'Oll) + {(WI1,J-lhWII+l,J-lI)/Z.O'-~UIl,JI+ 

, '1' ulI:':'f~"JIl/2~O) 
,pRIll'!, '.,'"PO(I):·,PDll1 

-.. -~.- i'F,ptt(I'-~L·(.PP(I))--CV(I) • cvSt!) 
~~'::::::':;?2~;~~Ff.,!,jj,l:P'~:{;E·p.rtn? "eVil I ,'"'CVVfI~~~:::'?~£::,,~~~~T:.:~:'-=:,-~'~ ~,' "'::7'- ' 

, 'ilETMll .. ICVIII.OTlIilJlHlIlHZ.ClI 

§;>~~~;';-::-;:;;{~Ml;~~li~}t!),:~~t~J\J(l~ J) 

." • .-," ",,:',11 (tj +1" ,'J,L',",'ii W+l,'J-1.) +U( /'i.'I, '.I 1 :'~: ," ",' 
C':"'CDnf'UTI£' 'SHTLEIiENTAI'lO CONsoLIDATION 

I , ' 

I" 

,,29,IJO"'30-1-1'1l'·, ',,_" ,-
'---'iF,poiU~cl:.pp(l')i-'c" .. evil:: (i',L "",~-",-,.,-,,--- ,,- " .. 

, IFlPOlllO'lT.pPI II) - C .. CkFCIl! 
, ,-, OPRE!;'-;"- 1"0 ( I-t '':'' pOC!)1 II 

PRINT .,·POlO(P a' ,POlOlll , " 
--PRfNT '., I'O?;::ES'-'·I' .OP;: ES" "- ,'"'''' -- "', ' 

ISET:rLE.S~TTlE:+C"( H (Hlll.+ VO IO (l • Jll )*'AlOCICt (I POLO I J I. OP liES 1 
IIPOLOIIII ".'" '''----' , , 

POLO( II .. PlIl II 
3() cO:-;TiNur: "" 

CC(KKI·ISETTt[/S[TIN~I.IO~ 
PRINT lOl(l.TIrI.IUIl.J I, l-l.U 
TDT5(KKI .. ·SETTLE' 
TIKKI=TTlI 
A-h+llT 
KK-i<".i 
IF'CC(~K-1I.GE.qD.~I'GU TO 31 

i); COijTI!lUf ' 
3l. KK=Kt<-l 

Tfl>iAX • lOTS II\KI 
r '~I< X z j( KK I ' 
l''\INl LI'I13,SETI. ... F 
P~l'lT LillI 
U032I~l.!{I\·' 
PRINT L"12.TlIltTO)'SllltCC(I1 

,32 C a,IT It:u F 
CALL PLOT 5 'TOT S. T. TOHAX, KK. !lOR'AIrI) 

'ivll\! F3R'IAT'lit,bl' . 
lu"1 FORMAT 13FIO;ZI 
l~nl FnkwAT'115,~i15,UI 
10:'.3 fIJRJ<"T IlHl.3;x,1('Ablll 
lun4 FOR~AT' 111115x;4urlTJH RA1E 'OF srTTLE~EAf SlNCll DRAJN~CEIII 
1i.1"" FOR~"T (IIJl5x,<t.JHTlti R . .l.J:: OF SETTL!:l\l'llT: DOUBlt: ORtlHACEJlI 
10"7 FOR~AT Il~K.'COEfF; UF'tONSOLJDATIDN :COEFF. of P~RMEABILITY'/. 

,1' 'LAYFR TtilCI\N[SS .VIRGIN* '''SfI£lLItIC,;, ';RAOIAL., '! 
-- 2' +V'rRTJ CI,l •. "kAOl At: $ '1' ',- --

'l",t> FOk!'.AT 12X,I2.3X.IPElil.3i 1;>fI3. 3, IP2£14,.3.1P2fl7 ... , 
1 ...... 9 FORHAT IIH1,lt.6.17( t'X,lAblJ ., , '- .. , " .-
1~1~ Fnk~.T (lX,2Fb.2,lbllX.Fb.lll . 
lull Fm, "AT' I 1 HI. 61 ~ 3tIT I w; '3)<..i!')H Si:HLEHUlT .bX~ 13HCO!lSOL I DA T I Ot< I 
1.,1e FO.d'AT I;X,3(H!.l.8XI1 . 
1 ... 13 FOK~AT '1'liLTlh;.H Sf:TTLF;1HIT'lilll BE"'I.'F7.3'
IJl .. FO""AT 14FlI'.21 
lol~ Fn~~AT (lbl. 'KAOIUS OF CO~FtICIENT UF'./, 

lv 

1 I S~~AR HELL' INFLU[:NCF •. PERlIE:4flILJTY'1 

E~ . 
SUB'<OUTTUF rlilTS Iy.)<.,Y!1J.X.KK,NOI;AP'1 
o In EliS 1 [lrl Y 5110 I • OU"! ( b I ,A LlIlE! bfl I.x (11, Y'll ) I K KK 17 I , !>IX (71, !iHX' 71 
OA1"YS/~~~,i.o~I.~.2.~,~~u.ln.",?L.~,~n.n;1~n.~.2UO~O 1 " ' 
OATA r(t{r( Il".1!>.24,S;;,l{ll,),lSv.ZOvl -~, 

O1.TA 'NX J'I.,1;1,1.2.3,4i' " '-. 
U~lA Imx 13,;!,1.'r," .... 't1' 
OAT~ BLANK.00T,SPOT,plU5 IIH ,1H •• ~H';.lH+I' 
00:10' J-l.l(>' 
l • 'J 

IF'IY'I:'X.U:.lSIUIGO TO 20 ' 
COuTlIWF . 
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. -\. ' .. , 

1 • 

2u '(PLnT • 1SILJ , .. 
DUnnl - n.n 

. OU1'i(2) . .Yi'LOT +,;).2' 
,jU11·13 ) 

.. • . YPLOT U.4 
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