
PREDICTION OF SWELLING IN EXPANSIVE CLAYS 

by 

Robert L. Lytton 
W. Gordon Watt 

Research Report Number 118-4 

Study of Expansive Clays in 
Roadway Structural Systems 

Research Project 3-8-68-118 

conducted for 

The Texas Highway Department 

in cooperation with the 
U. S. Department of Transportation 

Federal Highway Administration 

by the 

CENTER FOR HIGHWAY RESEARCH 

THE UNIVERSITY OF TEXAS AT AUSTIN 

September 1970 



The op~n~ons, findings, and conclusions 
expressed in this publication are those 
of the authors and not necessarily those 
of the Federal Highway Administration. 

ii 

· . 



PREFACE 

This report is the fourth in a series from Research Project 3-8-68-118, 

entitled "Study of Expansive Clays in Roadway Structural Systems." The report 

uses the theoretical results presented in Research Report 118-1 and the mois­

ture distribution computer programs in Research Report 118-3 to arrive at a 

method for predicting vertical swelling in one and two-dimensional soil re­

gions. Such prediction is possible through use of a three-dimensional graph 

of the pressure vs. total volume vs. water volume relationship for any soil 

of interest. Results of computer-predicted swelling are compared with field 

measurements made by University of Wyoming personnel. The accuracy of the 

method is considered to be excellent. 

This project is a part of the cooperative highway research program of 

the Center for Highway Research, The University of Texas at Austin with the 

Texas Highway Department and the U. S. Department of Transportation Federal 

Highway Administration. The Texas Highway Department contact representative 

is Larry J. Buttler. 

September 1970 
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11 ST OF REPORTS 

Report No. 118-1, "Theory of Moisture Movement in Expansive Clay" by Robert 
L. Lytton, presents a theoretical discussion of moisture movement in clay 
soil. 

Report No. 118-2, "Continuum Theory of Moisture Movement and Swell in Expan­
sive Clays" by R. Ray Nachlinger and Robert L. Lytton, presents a theoretical 
study of the phenomenon of expansive clay. 

Report No. 118-3, "Prediction of Moisture Movement in Expansive Clay" by 
Robert L. Lytton and Ramesh K. Kher, uses the theoretical results of Research 
Reports 118-1 and 118-2 in developing one and two-dimensional computer programs 
for solving the concentration-dependent partial differential equation for 
moisture movement in expansive clay. 

Report No. 118-4, "Prediction of Swelling in Expansive Clay" by Robert L. 
Lytton and W. Gordon Watt, uses the theoretical results presented in Research 
Report 118-1 and the moisture distribution computer programs of Research 
Report 118-3 to arrive at a method for predicting vertical swelling in one 
and two-dimensional soil regions. 

Report. No. 118-5, "An Examination of Expansive Clay Problems in Texas" by 
John R. Wise and W. Ronald Hudson, examines the problems of expansive clays 
related to highway pavements and describes a field test in progress to study 
the moisture-swell relationships in an expansive clay. 
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ABSTRACT 

This report presents a method of predicting vertical swell in one and 

two-dimensional soil regions. The method is based on the assumption that 

volume change at a point can be determined when a change in moisture content 

is found for that point. Under certain conditions, discussed in Research 

Report 118-2, this assumption is strictly valid for the one-dimensional soil 

region. It is very nearly valid in a two-dimensional case if the shear 

"modulus" of the soil remains small. 

The concentration-dependent parabolic partial differential equation for 

moisture change is solved for each time step by means of the computer programs 

discussed in Research Report 118-3. The change of moisture content, together 

with the overburden and surcharge pressure at a point, are used in the pres­

sure vs. total specific volume vs. specific water volume relationship for the 

soil at that point to predict a local change of volume. Incremental vertical 

components of volume change are added in each vertical column to predict the 

total heave at the surface. 

Predicted values of swell are compared with field measurements made at 

the University of Wyoming, and the results are considered excellent . 

KEY WORDS: moisture movement, expansive clays, discrete-element analysis, 

computers, permeability, suction, ponding, Crank-Nicolson method, unsaturated 

permeability, compressibility, swelling. 
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SUMMARY 

This report outlines a method of predicting the amount and rate of heave 

in a clay subgrade, based on a knowledge of the physical relationships among 

the soil, water, and air. This knowledge includes permeability of the unsatu­

rated soil in both the vertical and horizontal direction; the relationship be­

tween water content, soil suction, and total volume change; the degree of 

saturation; and the swelling pressure. 

A total of 30 experimentally determined parameters must be input into either 

of two computer programs for numerical solutions of estimated heave. Given the 

initial water contents or suctions at points within the subgrade and setting 

certain changes internally or at the boundaries of the specific region, the 

programs will print out the pattern of water movement and volume changes with 

time. Changes can be made in the boundary and internal conditions at any 

time to simulate natural variations in the field. 

The computer programs are not yet documented because controlled experimental 

results which are sufficient to check the programs must still be obtained. 

The programs can be used in the meantime to determine the effect of the 

measurement precision of each input parameter on the estimate of heave. The 

parameters which are not significant can then be given estimated values and 

the gathering of input data can be simplified. A reassessment of priorities 

in listing factors which cause heave and perhaps modification of laboratory 

tests and design procedures are indicated. 

ix 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



. . 

IMPLEMENTATION STATEMENT 

Computer programs GCHPIP7 and SWELL1 provide the only known tool for 

predicting the amount and rate of differential heave in a nonsaturated clay 

soil. Most methods of predicting heave are empirical and attempt to provide 

the designer with a probably value of total heave only. 

However, not all of the input data required for these programs are pres­

ently available. The relationships for permeability and suction corne from soi1-

science literature, but measurements of suction in the field are still in the 

experimental stage, and accurate field measurements of small changes in water 

content, degree of saturation, and density have not been developed. Further 

development of these laboratory and field tests is the next major objective . 

xi 
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CHAPTER 1. INTRODUCTION 

There is a substantial difference between the change of moisture in a 

soil and the consequent change of soil volume. Research Report 118-1 (Ref 6) 

presented the theory and Research Report 118-3 (Ref 7) the methods of 

computing moisture diffusion in clay soil. These reports form an essential 

background to this report, which is concerned with translating the change of 

moisture into a change of volume by use of a relationship among pressure, 

total specific volume, and specific water volume. This relationship is 

assumed to be a single-valued surface in this report, although there is 

experimental evidence which demonstrates that under diverse compaction 

conditions a certain density of soil may develop either a high or low swelling 

pressure. 

The method of computing swell used in this report is termed "simple 

volume change" and is based on a summation of percentages of total volume 

change at each point in a vertical column, with allowance for the volume­

change reducing effect characteristic of overburden and surcharge pressure. 

The approach is not strictly correct, however, because lateral elasticity 

boundary conditions and stress distributions are not considered. Because 

incremental changes of volume and total stress are likely to be small, the 

"simple volume change" technique of this report is considered to be adequate 

and useful for many situations. 

Simple volume change is computed from the p vs. VT vs. V relationship 

discussed in Chapter 2 of this report and developed at some length in Chapter 

4 of Research Report 118-1. Chapter 3 gives details of the input and output 

information for the two-dimensional computer program, and Chapter 4 shows in 

what manner the one-dimensional computer program differs from these. These 

last two chapters are similar in m~st respects to Chapters 4 and 5 of 

Research Report 118-3. They are included in this report in the interest of 

clarity and integrity of presentation. Chapter 5 of this report includes 

example problems worked with the one and two-dimensional computer programs. 

1 
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Field measurements of moisture distribution and swell made by University 

of Wyoming personnel are compared with data calculated with the two computer 

programs presented in this report. The extended list of soil data that had 

to be assumed to permit the working of the problems illustrates two important 

points: 

(1) Not enough useful soil data are measured with current 
investigation procedures. 

(2) Computer experience with soil parameters can indicate which 
properties may be assumed without significantly affecting 
the final result. 

Chapter 6 of this report presents conclusions drawn from the computer 

study of expansive clay soils and shale and from the development of the com­

puter programs. 

Separation of material contained in Research Reports 118-3 and 118-4 is 

intentional. Although moisture distribution computation is dependably based 

on diffusion theory, the idea of simple volume change is not strictly 

founded in theory. Consistency of approach would require that the coupled 

equations be solved simultaneously. The present approach "uncouples" the 

two equations and assumes that swelling can be determined when moisture 

distribution is known. In Research Report 118-2, this assumption was shown 

to be correct for a one-dimensional problem in which the "diffusion" and 

"elasticity" constitutive functions are constant. This is true in swelling 

clay, but if small changes are considered in the one-dimensional case, 

fairly accurate predictions can be achieved. 

Thus, even from the theoretical point of view, the computer programs 

presented in this report should be expected to give acceptable and useful 

answers only, although occasionally, when changes are small, very accurate 

predictions can be expected. In view of these considerations, the answers 

obtained by the approximate methods of this report are judged to be excellent. 

. ~ . 
" 
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CHAPTER 2. SWELL PRESSURE VS. SPECIFIC VOLUME RELATIONSHIPS 

Theoretical aspects of the relationships among swell pressure, total 

specific volume, and specific water volume were discussed in Chapter 4 of 

Research Report 118-1. The present chapter presents the computer programs 

that use these concepts to predict swell. The chapter is divided roughly 

into four parts: fundamental relationships, equations for the soil curves, 

limitations of the assumed equations, and Subroutine GULCH, which uses the 

equations in predicting total volume change. 

Fundamental Relationships 

There are several observations that are known from experience and 

experiment to be generally true of volume change in swelling clay. A few of 

these are given below: 

(1) If it is unrestrained while water is being added, a dry soil can 
increase in volume by a larger percentage than it can when wet. 

(2) If completely restrained from increasing its volume, a dry natural 
soil can develop greater swell pressure than it can if it starts 
swelling from a wet condition. 

(3) For a given change of moisture content, a soil that is more 
lightly restrained will increase in volume by a greater percentage 
than the same soil starting from the same moisture condition but 
subjected to a higher confining pressure. 

(4) Under the same restraining conditions, a soil which is initially 
more dense (i.e., has lower total specific volume) may increase in 
volume more than the same soil when initially less dense. 

(5) Under complete restraint, an initially more dense soil may 
develop a higher swelling pressure. 

(6) Statements (4) and (5) may be incorrect for soils compacted 
on the dry side of optimum. Higher swelling pressures and 
perhaps smaller percentages of change in volume occur in these 
types of compacted clay. 

McDowell (Ref 8) uses statements 1, 2, and 3 in devising the method for 

determining potential vertical rise. The use of the word "potentia 1" 

indicates that the predicted swell is based on a volume change of soil that 

3 
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is given access to as much water as it can absorb under a certain pressure 

condition. Of course, under field conditions, not all soil is provided with 

as much water as it can absorb. Indeed, a particular element of soil that is 

farther from a source of water will receive less than an identical element 

that is closer to the source because of the diffusion characteristic of 

moisture movement in soil. 

The swelling prediction technique of this report uses statements 1 

through 5 and a computed moisture change to calculate a volume strain due to 

swelling. The maximum possible percentage of swell is computed from the 

swell pressure vs. total specific volume curve and the sum of overburden 

and surcharge pressures. This maximum possible percentage of swell corres­

ponds to the potential volume change predicted by the McDowell method. The 

fraction of this maximum swell that is expected to occur is computed from the 

predicted change of moisture content. 

The change of total volume corresponding to a change of water volume 

can be represented on a two-dimensional graph such as the one shown in Fig 1. 

Statement 1, concerning unrestrained swelling of soils, is illustrated by 

Curve abcd. Soil at Point a is drier and swells more in reaching Point d 

than does the soil starting at Point b. Statement 3, concerning greater 

swell with less restraint, is indicated by the three swell arrows starting 

from Point e. All have the same change of moisture content, but the soil 

under greater pressure exhibits a slighter slope. Statement 4, regarding 

greater percentage of total volume change for denser materials, is shown by 

the two broken lines meeting at Point f. In this example, the final moisture 

contents are identical, but the volume of the soil swelling from Point b 

changed by a greater amount. 

A horizontal line, such as ae in Fig 1, describes a soil that is restrained 

from changing in volume as its water content increases. Swelling pressure 

is obtained by conducting a test in which a soil is restrained while its 

water content is increased. Generally, the soil is 90 to 95 percent saturated 

at the end of the test. Statements 2 and 5 are drawn from observations of 

such swelling tests. 

A natural soil which has been subjected to drying is denser rather than 

a soil of the same water content subjected to mechanical compaction. This is 

true of the individual pieces and crumbs of soil although certainly not of the 

friable collection of crumbs on the surface of dry ground. 

-.. 

. ~ . 
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Statement 2, which concerns the greater swelling pressure of a drier 

soil, is illustrated in Fig 2. Statement 5 is normally an analogous alter­

native of statement 2, but neither statement is correct for a compacted 

soil. 

Equations for Soil Curves 

Soil in its natural state has a total specific volume vs. specific water 

volume relationship that resembles the shrinkage curve. That is, if a 

sample of soil is taken from a boring and its specific water volume and total 

specific volume are found, then these data will plot a point on a curve (such 

as Curve abcd of Fig 1.). The problem of predicting volume change requires 

fuat the initial state from which changes occur be known. The equations for 

soil curves developed in this section are a convenient way of specifying these 

initial conditions with the minimum input of data. 

Three curves are considered: 

(1) initial total specific volume vs. specific water volume 
(Curve 1, Fig 3), 

(2) swell pressure vs. total specific volume (Fig 2), and 

(3) 90 to 95 percent saturation (Curve 3, Fig 3). 

The point at which the initial moisture content intersects Curve 1 

automatically yields the initial total specific volume of the soil (e.g., 

point 1 in Fig 3). The curve from Fig 2 combined with the total vertical 

pressure at a point in a soil region yields the maximum total specific 

volume to which the soil may swell at that pressure. The maximum total 

specific volume line is drawn to intersect the 90 to 95 percent saturation 

line (Curve 3, Fig 3) to yield Point 2 in Fig 3. Points 1 and 2 are the end 

points of the desired soil-swell curve (Curve 2, Fig 3). This curve takes 

into account the amount of vertical pressure that acts On the soil at any 

depth. The equation for the soil-swell curve is assumed to be of the same 

exponential form as the initial total specific volume vs. specific water 

volume curve (Curve 1). The equations for Curve 1, the swell pressure vs. 

total specific volume curve, and the soil swell curve are discussed below. 

Initial Total Specific Volume vs. Specific Water Volume Curve (Curve 1, 

Fig 3). The form of this curve is assumed to be the same shape as the 

shrinkage curve. It is divided into two distinct parts: 
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(1) the effectively unsaturated and 

(2) the effectively saturated, 

which are separated from each other by an air entry point. This curve is not 

necessarily identical with the shrinkage curve for the following two possible 

reasons: 

(1) the swelling curve exhibits a hysteresis effect, and 

(2) some swelling may have occurred before the soil reached the condi­
tion considered to be the initial condition. However, even in this 
case the initial total specific volume vs. specific water volume 
curve will probably have the same general shape as the shrinkage 
curve. 

The effectively unsaturated branch of the V
T 

vs. Vw curve is described 

by the following equation: 

(2.1) 

where 

V
T 

total specific volume, 

V
TO 

total dry specific volume, 

Vw specific water volume, 

V
WA 

specific water volume at air entry, 

~o slope of the V
T 

vs. Vw curve at zero water content, 

Q an exponent. 

The effectively saturated branch of the curve starts at the air entry point 

and has a positive slope of 1.0. At each point within a soiL region, an 

initial V
T 

vs. Vw condition may be calculated; these initial values will be 

referred to as VT1 
and VW1 

in subsequent discussion. 
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The data for Fig 4 were taken from a paper by Kassiff, et al (Ref 3). 

in which moisture vs. density relationships for natural and compacted Israel 

clay were presented. The density data have been converted to the specific 

volumes used in the present report. Several significant items can be noted on 

this graph. 

First, the natural soil in its effectively saturated state is consider­

ably more unsaturated (60 to 70 percent) than the same soil which has been 

remolded and compacted. Secondly, the limit of structural integrity is 

clearly shown here to occur at a total specific volume of 0.813. Thirdly, 

the smallest total specific volume was developed by soil in its natural 

state. This densest natural condition was measured from soil samples taken 

at the end of autumn after the dry season. Thus, the fourth significant 

factor of note is that, in its natural conditions, this clay (and perhaps 

most clay) remains in the effectively saturated region of soil behavior, even 

in its driest condition. Fifth, the natural soil air entry point is much 

drier than the optimum moisture content in the compacted clay, even when the 

high compactive effort of the modified AASHO procedure is used. 

Measurements of the entire V
T 

vs. Vw curve of samples of natural 

Houston Black Clay and natural Oasis silt loam have been reported by Lauritzen 

(Ref 5). Data extracted from his findings are given in Fig 5. The zero 

air-voids curve is for an assumed specific gravity of solids of 2.70. Not 

shown in this report, but of potential interest to the user of computer 

programs GCHPIP7 and FLOPIPl, are the curves Lauritzen shows for mixtures of 

these clayey soils with alfalfa. These curves show the effect of organic 

matter mixed with an expansive soil. 

Swell Pressure vs. Total Specific Volume Curve. The equation for this 

curve is in the same form as a gas law; it applies to constant temperature 

conditions and involves a constant product of a pressure and a volume raised 

to some power. The form of this curve is discussed in detail on page 87 of 

Chapter 3, Research Report 118-1. It is assumed that there is some maximum 

total specific volume, V
TF

' above which the soil will exhibit no swelling 

pressure. It is further assumed that the highest swelling pressure is 

developed by the soil in its densest condition, that of minimum total specific 

volume, V
TO

• The equation used to describe this relationship is 
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where 

p ( 
VTF - VTP )m 

Po V V 
TF - TO 

p swelling pressure, 

VTP total specific volume corresponding to p , 

m 

maximum total specific volume (above this value, no 
swelling pressure is assumed to develop), 

an exponent. 

The general shape of these curves is observed in MCDowell's (Ref 8) 

(2.2) 

graph of pressure vs. percentage of volume change. In the present report, 

total specific volume has been used instead of percentage of volume change; 

consequently, exact correlation with McDowell's curves cannot be expected. The 

experimental shape of this p vs. VT curve for a compacted clay from the 

Taylor formation is shown in Fig 31 of Research Report 118-1. Computer 

experience with this form' of the p vs. VT relationship indicates that the 

exponent m will normally be close to and perhaps slightly above 1.0. 

If the total vertical pressure at a point in a soil region is known, then 

this can be equated to the maximum swell pressure that can develop at that 

point. With this swell pressure and Eq 2.2, it is possible to calculate the 

maximum total specific volume to which the soil may expand: 

(2.3) 

where 

VTP the maximum total specific volume for some pressure p. 
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This value of VTP is used with a third curve to obtain the maximum 

specific water volume under pressure, Vwp • 

13 

The 90 to 95 Percent Saturation Line (Curve 3, Fig 3). Only one point 

is required to establish the location of this line. Its slope is assumed to 

be 1.0, and it is parallel to the zero air-voids line. The point chosen to 

locate the line is (V
TF

' V
WF

) , a point which corresponds to the zero 

swell-pressure condition. The final total specific volume, V
TF

' is used in 

the p vs. V
T 

curve as well. The value of the final specific water volume, 

V
WF 

' is used to specify the final condition of saturation to be expected 

in a swell-pressure test. The tests reported in Chapter 4 of Research 

Report 118-1 indicate that the maximum swell pressure is recorded at a degree 

of saturation of between 90 and 95 percent. Of course, there is no objection 

to specifying Curve 3 to be the zero air-voids line, except that this line 

is not normally reached under experimental or field conditions. Curve 3 is 

used to determine the maximum specific water volume under pressure, VWP ' 

in the following manner. 

Point 2, with coordinates (V ,V), is assumed to fallon Curve 
TP WP 

3, which is a line with a slope of 1.0. If the difference of total specific 

volumes multiplied by this slope is subtracted from V
WF 

' then the value of 

VWP is obtained: 

(2.4) 

The soil-swell curve may be generated once the coordinates of Point 1 

(VTI ,VWI ) and Point 2 (VTP ' VWP) are known. 

Soil-Swell Curve (Curve 2, Fig 3). Despite whether the initial condition 

of a soil is above or below the air entry point, the same form of swell curve 

is assumed. Two such curves are shown in Fig 6 (Curves a and b). The slope 

of the curve at Point 1 is assumed to be zero, and at Point 2 it must be 1.0 

or less. The equation of the curve is assumed to have the same exponent as 

that of Curve 1: 

(2.5) 
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where 

some new water content greater than the initial water 
content, 

new total specific volume. 

15 

The volume strain corresponding to this change of total specific volume 

is computed as 

t:N 
V 

(2.6) 

This volume strain is used to compute the upward thrust of an element of 

soil. The method of calculating total and incremental upward movement is 

discussed later in this chapter. 

There is one restriction on the equations for the swell curves: their 

slopes must be less than or equal to 1.0 at Point 2. The slope of the curve 

at that point is 

(2.7) 

and thus a maximum Q of 

~ax (2.8) 

is used. 

Volume strain is computed for every point in a soil region. In order to 

convert it to incremental and total upward movement, the following informa­

tion is required: 

(1) the size of the vertical increment and 

(2) the percentage of volume strain that goes into vertical movement. 



16 

The size of the vertical increment is part of the data that are read into 

the computer program. Swelling is assumed to be uniform throughout the incre­

ment length, which is centered on the point at which change of water content 

is computed. Thus, only half of the increment length at the highest point in 

a vertical column is used to compute swelling. A full increment length is 

used everywhere else. 

The percentage of volume strain that goes into upward movement depends 

heavily upon boundary conditions. It would be fairly safe to assume that, if 

a vertical column of soil is surrounded for its entire depth by other soil 

which is in the act of swelling, lateral confinement is complete and, 

consequently, the entire volume strain is directed upward. Only with very 

substantial evidence should it be assumed that the percentage of volume change 

that is directed upward is less than 100 percent. In most practical situa­

tions, the lower limit of this upward percentage of swell is 33-1/3 percent, 

which occurs only if it can be assumed that passive resistance does not 

develop in the surrounding soil to limit the lateral swell of soil in the 

given column. 

It would actually be desirable to base the calculation of volume change 

on the mean stress at a point in a soil region. The three-dimensional 

average of vertical and horizontal pressures could be used to determine 

volume strain, and the strains could be parceled out in each direction in 

inverse proportion to the pressure acting in that direction. Horizontal soil 

pressures are not normally known, however, and the approach of this report 

is to avoid considering them except in the choice of the factor establishing 

the upward percent of volume change. Results of computer simulations of 

field data have indicated that 100 percent upward volume change is a reason­

able assumption. These computer results will be discussed in Chapter 5 of 

this report. 

Limitations of the Equations 

The equations are derived and the computer program is arranged to pre­

dict increases in volume in a wetting situation. The assumption of one 

direction of volume change eliminates the need for including hysteresis, and 

it rules out consideration of consolidation problems. 

' .. 
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Estimation of the initial total specific volume and specific water volume 

conditions of soil is a matter of conjecture in most practical situations. An 

approximate idea of the shape of the curve may be gained by determining the 

shrinkage curve for a small sample of natural soil. The shape of the curve 

can also be approximated by assuming a sharp break in the swell curve at the 

shrinkage limit and drawing a horizontal line to represent the drier soil 

and a line with a slope of 1.0 to represent the effectively saturated soil. 

In this case, a high value for the exponent Q should be used. 

The swell pressure vs. specific total volume curve is not ordinarily 

known in detail for natural soils, and it must be estimated with limited 

information. The two most critical estimations are of 

(1) the maximum swell pressure, Po' and 

(2) the maximum total specific volume, v . 
TF 

The value exponent m must also be estimated, but usually it will not 

be greatly different from 1.0. Some experience with the number m is re­

quired before a definite delineation of its boundaries can be set. 

The maximum swell pressure can be determined only by experience and 

experiment. The maximum total specific volume, V
TF

, will occur when the 

soil has reached its limit of structural integrity, when it will have 

virtually no more tendency to take on water. In this condition, correspond­

ing roughly to a pF of 0.0, the soil can be considered to have no swell 

pressure. 

Accuracy of the swell pressure curve is limited. Because it is single­

valued, it cannot represent the experimentally determined curves shown in 

Chapter 4 of Research Report 118-1; such curves are for compacted materials 

and exhibit two swell pressures for a single total specific volume of soil. 

The higher swell pressure is from the drier soil. In addition, for compacted 

soil, even the V
T 

vs. Vw curve is double-valued: for a single total 

sFecific volume there are two specific water volumes, one on each side of 

optimum moisture. Consequently, these curves should not be considered adequate 

to deal with compacted soil with initial conditions on the dry side of optimum 

moisture. Because it is wise construction practice to compact swelling clay 

on the wet side of optimum, this limitation of these equations should not 

prove to be serious. 
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The exponential form of the curves gives enough latitude for virtually 

any experimental curve to be described rather accurately by these equations. 

Subroutine GULCH 

The flow chart of Subroutine GULCH is given in Appendix 2. The flow 

chart includes all of the equations given in this chapter. 

The purpose of the subroutine is to use a change of water content and 

Curves 1, 2, and 3 to obtain a volume strain. The data used by the subroutine 

must be specified in certain units. Total specific volume and specific water 

volume should be given in units of centimeters and grams for ease of computa­

tion, as explained below. 

Specific Water Volume. In the cgs units system, the specific water 

volume has the same number as the familiar gravimetric moisture content. 

The density of water in the cgs system is 1.0 and the specific water volume 

is 

(Vol. water) 
(Vol. water) 1'w 

Vw w (2.9) 
(Vol. solids) 1'S 

(Vol. solids) 1'S 

where 

3 
Vw specific water volume, cm /g 

unit weight of solids, g/cm 3 
1'S 

unit weight of water, g/cm 3 
1'w , 

w gravimetric moisture content, decimal ratio. 

Because the input water content is gravimetric, there is no difficulty in 

computing the specific water volume because the specific water volume and the 

gravimetric moisture content have identical numbers. 

' .. 



CHAPTER 3. THE TWO-DIMENSIONAL COMPUTER PROGRAM 

This chapter outlines the capabilities of the computer program developed 

for predicting transient moisture movement and for using moisture changes to 

estimate total volume change. The computer program is the seventh in a 

series of programs named GCHPIP (Qrid-fylindrical-Beavy Soil PIPe) but is the 

first which includes the capability to predict volume change. The capability 

is contained in Subroutine GULCH, discussed in Chapter 2. The entire 

computer program is written in FORTRAN language for the Control Data 

Corporation 6600 computer at The University of Texas at Austin Computation 

Center. An austere version of FORTRAN has been maintained to permit easy 

conversion to other types of machines. 

Analysis of Program GCHPIP7 

An overall view of the program is presented, optional portions are out­

lined, and some of the underlying relationships are discussed. A guide for 

data input is included as Appendix 3. In it are nine tables of input data, 

each of which is explained here. 

The flow chart for the program is presented in Appendix 2, a glossary of 

notation in Appendix 1, and the program listing in Appendix 4. The listing 

is referenced in the following description of the program with statement 

numbers identifying the beginning and end of each part of the program. 

Data Input 

The initial portion of Program GCHPIP7 reads in the data entered in 

Tables 1 through 8. Options in Tables 1, 2, and 8 are discussed in more 

detail later. Detailed information regarding the permeability throughout 

the soil region and the relationships among suction, water content, and 

volume change for each soil type in the region must be supplied. These 

associations are discussed at the end of the chapter. 

Table 1 sets switches which keep previous data and which control the 

subsequent input of data. Table 2 sets the boundaries of the region, the 

spacing of the grid, and the time increments. The program will determine 
I 



soil and water movements within a block of soil over a period of time for 

both constant and variable boundary conditions. Table 2 also inputs infor­

mation for the iterative process of solution, which is described later. 

Since saturated soils are rarely found in clay subgrades, the input to 

Table 3 includes coefficients with which to operate on the saturated perme­

ability to obtain unsaturated values. As in Report 11S-3, the permeability 

may be anisotropic; also, the maximum value of permeability at any point can 

be in any direction in the vertical plane of the grid. 

The input from Table 4 can set up unique suction vs. water content vs. 

volume change relationships for each grid point in the region. Thus, the 

non-homogeneity of the natural ground and the pavement substructures can be 

imitated. 

The data entered into Table 5 are meant to duplicate conditions in the 

field as they exist now or as they will exist at the beginning of an experi­

ment. The data entered into Table 6 imply a change in these conditions 

because of some external change in environment, e.g., a rainstorm, a drought, 

a rise or fall in a parched water table, ponding, covering with an impermeable 

membrane, or a change in the humidity or temperature. The body of the 

program computes the changes which take place in the soil due to the input of 

Table 6. 

Table 7 inputs accelerators for the iteration process so that conditions 

at the end of each time step can be reached with minimal computer effort. 

Information in Table SA controls the input of subsequent changes in 

boundary conditions given in a Table 9 sequence. If a boundary condition 

change is not made at the end of a time interval, then the soil-moisture 

relationship continues to move toward an equilibrium condition to satisfy 

the previous boundary condition. 

The initial input phase of the program ends at statement 2000 with the 

input of Table SB. 

Equivalence of Variables 

Each time that a suction value is input or set for a point in the region~ 

the program calls Subroutine DSUCT to calculate the water content and ~; , 

the change in suction with water content for that point. When the water con­

tent is known, then Subroutine SUCTION is called to calculate suction T and 

OT 
09 • 

If the humidity and temperature of a particular point is input, then 
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Specific Volume of Solids. This quantity is simple to compute in the cgs 

system: 

where 

if 

(Vol. solids) 
(Vol. solids) YS 

== 
1 

YS 

specific volume of solids, 

(2.10) 

3 
cm /g • 

The use of the reciprocal of the unit weight of solids is a simple matter 

is expressed in centimeters and grams. In this case, the unit weight 

is equal to the specific gravity of the solids. 

Total Specific Volume. This quantity is the reciprocal of the dry 

density in the cgs system, and it must be established experimentally. The 

equation for determining V
T 

is as follows: 

(Total volume) 
(Vol. solids) YS 

(2.11) 

Some check points can aid in establishing a suitable value of V
T

• The 

number 0.60 (cm3/g) is a fairly common value of V
T 

when soil is in the 

dry condition and is obtained by dividing the volume of a sample of dry soil 

in cubic centimeters by its weight in grams. This number should always be 

greater than the sum of the specific water volume at the shrinkage limit and 

the specific volume of solids. For example, if a soil'has the properties 

shrinkage limit 19 percent and 

specific gravity of solids 2.70, 

then a lower limit of the total dry specific volume is numerically equal to 

1 
0.19 + 2.70 0.56 (2.12) 

Once this value is known, the remaining part of the curve may be assumed, as 

shown in the example problems of Chapter 5. 



The method of computing volume change in the present chapter includes 

those soil properties that are the most important in estimating the 

expansion of clay. The following four soil curves are employed: 

(1) the initial total specific volume vs. specific water volume 
relationships, which is assumed to be of the same form as the 
shrinkage curve; 

(2) the swell pressure vs. total specific volume curve; 

(3) the 90 to 95 percent saturated line for the final V
T 

va. Vw 
swelling condition; and 

(4) the soil swell curve, which extends between the initial and 
final swelling points and which is used to obtain volume change 
from moisture-content change. 

The control points on these curves are not directly related to Atterberg 

limits, although it is obvious that the water content in the effectively 

saturated range between the air entry point and the limit of structural 

integrity is related to the shearing strength of the soil and, therefore, 

to the Atterberg limits. It is probable that there is a simple relationship 

between plasticity index and the change of water content between the,limits 

given above. While this relation is not known, it may be the subject of 

a very worthwhile experimental investigation, because the majority of volume 

change takes place in this region. 

The limitations of the equations used in this chapter include an 

inability to deal with the following peculiarities: 

(1) hysteresis in shrink-swell activity and 

(2) double-valued functions of total specific volume. 

Although these limitations should be recognized, they probably will not be 

serious under most practical conditions. 

Finally, the fact that much of the data for the three basic soil curves 

must, at present, be assumed emphasizes the need for a few well-conducted 

laboratory experiments on typical expansive clays to obtain meaningful data 

for the curves. 

' .. 
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Subroutine HUMIDY is called to calculate the suction and, consequently, DSUCT 
01" calculates water content and 
08 

When either water content or suction is not input for a point, then the 

gradients of suction 01" or 01" or gradients of water content ~ or 09 oX oy , ax oy $ 

will be used to set the corresponding suctions and water contents from known 

values at other grid points. 

These manipulations are performed between statements 1522 and 1526, 1615 

and 1690, 1915 and 1990, and in statement 2665. 

Time Step 

A large DO-loop starts at statement 1900 and continues to statement 9000 

at the end of the program. Within the DO-loop, time is irrelevant. By com­

paring the input and output of each .time step, however, one can sense the 

changes in suction, water content, and total volume at a point or in the 

whole region with the progress of time. 

Changes in Boundary Conditions 

At the beginning of each time step specified in Table 8, Table 9 inputs, 

values of suction, and water content are set at appropriate points iri the 

soil. If no changes in boundary conditions are specified, the program skips 

directly to statement 1980 for the computation of permeability. 

Permeability Calculations 

The permeability input in Table 3 is to be entered as six separate 

variables for each station. In a DO-loop between 1983 and 2010, the 

unsaturated direct and cross permeabi 1i ties are calculated and s.et for each 

point in the region. Suction coefficients are then calculated between 

statements 2120 and 2130. The unsaturated permeability must be recalculated 

each time because the nonsaturation multiplier is dependent upon the soil 

suction. 

Iterations to Determine Suction 

The iterative process begins at statement 2196 and continues to statement 

8000. The Crank-Nicolson method of numerical solution for a parabolic 

partial differential equation was discussed in Chapter 3, Research Report 

118-3, and is used in this program. 
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The program is formulated such that flow is considered in the x-pipes 

and values of Tx are calculated for each point. Then, beginning with state­

ment 2370 and ending at 2570, flow is considered in the y-pipes. The coeffic­

ents used to calculate T use the values of T set from the previous half-
y x 

iteration and vice versa. 

In the first step of each half-iteration, the acceleration parameters 

for each station are set. For the first few iterations they are preset with 

parameters input in Table 7. Subsequent iterations generate their own para­

meters from suctions and other coefficients calculated in the previous half­

iteration. This is accomplished in small DO-loops, such as the one ending at 

2214. 

The x-tube flow coefficients are calculated one level at a time; the 

previous values of suction at the station and surrounding stations for the 

latest half-iteration and the suction for the preceding time increment are 

used. The suction coefficients that are assumed not to vary with suction 

changes that take place during the iterative process are also used in the 

calculation. 

The next portion of each half-iteration calculates the continuty 

coefficients. Considerable programming is required to set the proper values 

within, on, and outside the boundaries. The usual route is directly to 

statement 2350, unless the boundary conditions are set for the point. If 

suction is set for the point by the boundary condition, then the solution 

procedure goes to statement 2320, which merely maintains the value of suction 

at that point. 

If a gradient in suction in the x-direction is set internally in the 

boundary conditions, then the usual path for the solution is to statement 

2340. Other calculations in this section are for conditions at the boundaries 

of the region. 

The recursion or continuity coefficients are calculated in statement 

2350 as A. and B. for that particular jth level. 
~ ~ 

In a small DO-loop ending in statement 2360, the suction T x 
for each 

point is calculated using the recursion coefficients and working across the 

region from right to left at each jth level. 

The last five paragraphs above are repeated for each level in turn, pro­

gressing from bottom to surface. This operation is governed by the DO-loop 

starting at 2196 and ending at 2370. The whole procedure is then repeated 

- .. 



for a half-iteration in the y-direction (which is commonly vertical); this 

ends at 2570. 

The numerical operation is then checked for convergence. If the 

difference between T and 
x 

closure error is signaled. 

T 
Y 

is greater than a specified tolerance, a 

The number of stations in the grid that did not 

25 

close is printed for that iteration. The values of T and T are printed 
x y 

for several monitor stations for each iteration. If all stations close 

within the tolerance, control is taken from the iteration DO-loop and the 

solution proceeds beyond statement 8000. 

Output 

A DO-loop starting at 2650 and proceeding to 2700 calculates the suction 

values T for that time step and outputs these values. 

For all stations where closure has been possible, which is the usual 

case, the suction at each station is calculated by means of weighted averages 

of T and T x y 
The closure signal printed at the successful conclusion of computations 

on a particular time step signifies one of the following: 

(1) actual closure has been achieved at each point of a region, or 

(2) the number of iterations allowed for each time step has been 
completed. 

A glance at the monitor data will indicate which has occurred. If the second 

condition occurs, then an explicit forward-difference estimation of the new 

T at each point not closed is made. This estimation uses both the values 

of T for the previous time step and the most recently computed values of 

TX and Ty If many such closures occur, it may be desirable to shorten 

the time increment, h , to assure stability of the estimation process. 
t 

The suction and corresponding water content are output if such was 

specified in Table 8B for the particular time step. 

Calculation of Heave 

The final portion of the program consists of a DO-loop ranging from 

statement 2800 to 2820 in which the heave is calculated for each time step. 

Subroutine GULCH is called to calculate the change in volume due to the de­

crease in suction. The decrease in suction corresponds to an increase in 

water content. In Subroutine GULCH, the data input in Table 4 is used to 
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determine the volumetric strain. A coefficient is used to relate the vertical 

strain to volumetric strain, and the vertical strain at each station is re­

turned to the main program. 

The vertical movement at the surface is calculated by multiplying the 

vertical strain at each level by the increment length and summing over the 

length of the column. For the surface level, however, the strain is only 

multiplied by one-half the increment length. The station and heave are out­

put and the program returns to determine the suction, water content, and heave 

for subsequent time steps. 

Details of Input 

The formats for each input card are given in detail in Appendix 3. They 

are also discussed briefly below. 

Units 

Units of suction in this program are inches of water; water content is 

in percent, angles in degrees, permeability in inches per second,time in 

seconds, and increment lengths in inches. 

Problem Identification Cards 

In the card deck problem identification cards precede the data for any 

table. The first card is in an alphanumeric format that allows 80 columns 

of run information. The second card includes five spaces for alphanumeric 

character~ to be used as the problem number. The last 70 spaces on the card 

are for problem identification. 

Table 1. Program Control Switches 

The program control card is divided into spaces five columns wide. In 

the first six of these spaces, the hold option for Tables 2 through 7, which 

directs the program to retain the data used in the preceding problem, may be 

exercised by placing 1 in the appropriate position. 

The six five-column spaces between column 31 and column 60 specify the 

number of cards to be read in Tables 2 through 7. There is one exception: 

The number of cards in Table 4A is specified in the position reserved for 

Table 4. 
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In column 65, the switch KGRCL is set. This switch specifies whether the 

problem has rectangular or cylindrical coordinates. The number 1 specifies a 

rectangular grid, while 2 signals that the problem to be solved is in 

cylindrical coordinates. 

In column 70, the switch KLH is specified. The number 1 in that column 

denotes a "light" soil. In this case, compressibility effects are disregarded. 

If a 2 is inserted, Subroutine HEAVY is called. It permits consideration of 

the soil-suction change as a function of overburden pressure, soil compressi­

bility, and porosity. 

The switch KTAPE is set in column 75. If the number 1 is set, this 

option is exercised; if zero is set, the option is ignored. 

Table 2. Increment Lengths and Iteration Control 

The region to be considered for Table 2 is divided into a horizontal­

vertical rectangular pattern with the y-axis as the left border and the x-axis 

as the bottom of the region. The number of equal x-increments, which can 

also represent the radial increments of an axisymmetric problem, are input 

in the first five columns of the first card of data for Table 2. The in-

crement lengths are input in inches, and the duration of each time step is 

given in seconds. The inside radius specified in the space between columns 

41 and 50, must be a value other than zero if cylindrical coordinates have 

been specified. If KGRCL has been set at 1, however, this space may be 

left blank. The closure tolerance which is also specified on this card, is a 

relative one based on a fraction of the computed T 
Y 

That is, the error 

at each point must be within a specified fraction of the value of suction at 

that point. 

The second card in Table 2 requires the specification of a list of four 

monitor stations. The values of Tx and Ty at these points for each 

iteration will be printed out at each time step for which output is desired. 

The third card in Table 2 permits some experimentation with the form of 

the equation which is being solved. If a 1 is set, the transient-flow 

equation is specified. If a 2 is inserted, the time-derivative term is set 

to zero. In most circumstances, the transient-flow condition will be 

specified. 
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Table 3. Permeability 

The tensor form of permeability has been programmed, and provision has 

been made for using unsaturated permeability. A different set of principal 

permeabilities, directions, and coefficients for determining unsaturated 

permeability may be read in at each point of a soil region. The card which 

specifies permeability contains three essential parts: 

(1) the specified rectangular region, 

(2) the two principal permeabilities and their directions, and 

(3) the coefficients for determining unsaturated permeability. 

Each of these will be discussed separately. 

Specified Rectangular Region. The first four five-column spaces give 

the corner coordinates of the region within which the permeability data 

applies. The first two numbers specify the smallest x and y-coordinates 

and the next two specify the largest x and y-coordinates. Permeability is 

a property of a pipe increment between mesh points. Because of this, 

permeability should be specified for all pipe increments that extend one 

increment beyond each boundary point. Thus, if a region extends from. 

coordinates (0,0) to coordinates (10,10) , the permeabilities should be 

specified for pipe increments (0,0) to (11,11). This corresponds with 

the stationing system illustrated in Figs 2 and 3 in Chapter 2 of Research 

Report 118-3. 

Principal Permeabilities and Their Directions. The principal perme­

abilities are given in the next three ten-column spaces in order, i.e., 

PI, P2, and ALFA. The quantity PI is the principal permeability 

nearest the x-direction, and ALFA is the angle in degrees from PI to the 

x-direction; counterclockwise angles are positive. The quantity P2 is the 

principal permeability at right angles to Pl. The permeabilities specified 

should be the saturated permeabilities in units of inches ~er second. They 

will be corrected downward by the three unsaturated coefficients found in 

the next part of the card if the water content of the soil drops below what 

has been termed in Research Report 118-1 as "final saturation." 

Unsaturated Permeability Coefficients. The form of unsaturated permea­

bility recommended by W. R. Gardner (Ref 2) has been programmed. This form is 

.. 
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k 
k sat 

(3.1) = unsat n 
L+ 
b 

1 

where 

k = unsaturated permeability, unsat 

k = saturated permeability, sat 

b an empirical coefficient, 

n = an exponent that varies with grain size. 

Since much of the published data on unsaturated permeability are in units of 

centimeters, a conversion factor may be included to transform the inches of 

suction used in this program to the centimeters from which the constants b 

and n are derived. The expression programmed is 

k = 
unsat 

k 
sat 
n 

~+l 
b 

where a is normally equal to 2.54 cm/in. 

(3.2) 

It is important to remember that the data read in at each point are 

added algebraically to the data already stored at that point. At the start 

of a problem in which previous data are not kept, permeability values at 

each point are set to zero. Either positive or negative values of perme­

ability, angle, or unsaturated permeability may be read in at each point; but 

the computer will use the algebraic sum of all data furnished it for each 

point. 

Table 4. Suction vs. Water Content Curves 

Table 4 data consist of two parts. In the first part, numbered, single­

valued suction vs. volumetric water content relationships and other pertinent 
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soil data are specified. In the second part, the rectangular regions to which 

each numbered pF vs. water content curve is applied are established. No 

hysteresis effects are considered in these relationships. This limitation is 

not serious, however, because the pF vs. water content relationship that is 

specified for a point may be an approximation of a scanning curve. The 

greatest difficulty introduced by this limitation occurs when the trend of 

J~isture change is reversed and a new pF vs. water content curve must be 

followed. When this situation arises, one problem is stopped, all previous 

data is held, and the appropriate pF vs. water content curves are changed to 

represent the new scanning curve. B. G. Richards (Ref 10) notes that the 

hysteresis effect can frequently be neglected because, in many cases, changes 

of moisture content are in one direction over a long period of time. Youngs' 

discussion of the infiltration problem gives an important exception to this 

rule (Ref 11). Scanning curves may be estimated from experimental data in 

the manner demonstrated in Research Report 118-1. 

The pF vs. Water Content Relationship. The pF vs. water content 

relationship is assumed to be in the form of an exponential curve, the slope 

of which is the ordinate of a pF vs. slope curve. The cumulative area under 

the pF vs. slope curve is the percentage of final saturation. Both curves 

are needed to explain the assumed pF vs. water content relationships. The 

pF vs. slope curve is shown in Fig 7(a), and the pF vs. percentage of final 

saturation curve is shown in Fig 7(b). The pF vs. slope curve may be intuitively 

related to the pore-size distribution of the soil. The point of inflection 

of the pF vs. percentage of final saturation curve rests on the line between 

lOa-percent final saturation and maximum pF. Any inflection point pF, 

maximum pF , and exponent for the pF curve (BETA), may be specified to give 

the shape of pF vs. water content curve desired. The final-saturation water 

content must be specified as well. 

Input Soil Data. Soil data for each type of soil are included on two 

consecutive cards. Each of the sets of two cards is assigned a number by the 

computer in the order in which the cards are read by the computer. The data 

on the first card of each set include the following; 

(1) number of separate rectangular regions to which the following data 
apply, LOC 

(2) maximum pF 

(3) pF at the inflection point, PFI 

' .. 

.. 
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(4) exponent for pF curve, BETA; 

(5) air-entry gravimetric water content in percent, WVA; 

(6) exponent for the 
relationship, Q 
the same as that 

specific water volume vs. 
(the shape of this curve 

of the shrinkage curve); 

total specific volume 
could be assumed to be 

(7) the slope of the specific water volume vs. total specific volume 
curve at zero water content, ALFO (it is probably safe to assume 
that this value will always be zero); 

(8) porosity at air-entry point, a decimal ratio, PN ; 

(9) slope of the void ratio vs. log pressure (e-log p) curve, AV; 

(10) saturation exponent relating the degree of saturation to the factor 
XE ' which is assumed (perhaps erroneously in some cases) to range 

from zero to one, R 

(11) the soil unit weight in pounds per cubic inch, GAM; and 

(12) the gravimetric water content in percent at final (or suction-free) 
saturation, WVS. 

If the overburden pressure and compressibility of the soil are not to be 

considered, i.e., if the switch KLH has been set to 1, then only items 1, 

2, 3, 4, and 12 need to be read in. The form of the assumed relationships 

among these soil variables has already been discussed. 

Some of the soil data to be provided on the second card in Table 4 are 

in the cgs measurement system, primarily for convenience in computing them. 

Examples of this will be shown in Chapter 5. 

second card: 

There are eight entries on the 

(1) the total specific volume of dry soil in 
~O 

cm 3 per gram of dry soil, 

(2) the total specific volume of soil at final saturation in 
gram of dry soil, VTF; 

cm 
3 

per 

(3) the specific water volume on the zero airjvoids line corresponding 
to the final total specific volume in cm per gram of dry soil, 
WVF (the number for this is identical to gravimetric water content 
expressed as a decimal ratio); 

(4) the swell pressure corresponding to the dry total specific volume, 
PO ; 

(5) the exponent of the swell pressure vs. total specific volume curve, 
ENP (an exponent greater than 1.0 will produce a curve that is 
concave upward); 

(6) the surcharge pressure in pounds per square inch, SRCH ; 

(7) the ratio between vertical expansion and volumetric expansion of 
the soil in situ, PCTUP, expressed as a decimal ratio (this ratio 
specifies how much of the total volume change goes into upward 
movement); and 



.. 

(8) the specific gravity of solids, GAMS. 

Items 1 through 4 are indicated in Fig 8. 

Location of Soil Data. These cards in Table 4, which represent the 

different types of soils present in a soil region, specify the number of 

rectangular regions occupied by the soil of each type in space LOC. The 

sum of the values in LOC is called NLOC The soil data cards must be 

followed by exactly the number of cards as are in the sum NLOC which is 
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the same as the total number of rectangular regions occupied by the different 

types of soils. These cards give the smallest x and y-coordinate and the 

largest x and y-coordinate of each region and specify the curve number 

which applies there. For example, when two soils are present in a soil 

region and one occupies two locations and the other occupies one location, 

the total number of curve location cards should be three. 

The unit of suction used in this program is inches of water. The pF 

is the Briggs logarithm of suction in centimeters of water. Ordinary pF vs. 

water content curves should be furnished, however, since there is a programmed 

internal conversion from centimeters to inches for computed suction values. 

Table 5. Initial Conditions 

Each card put into the computer has a rectangular distribution scheme 

for either of two cases: water content (Case 1) or suction (Case 2). The 

value at the upper right-hand corner of the specified rectangular region is 

given along with the x and y-slopes of these quantities. If the value in 

the upper right-nand corner is smalle,r than any other in the region, both 

slopes should be positive. If no slopes are read in, the machine will assume 

them to be zero and distribute the same value of either water content or 

suction over the entire region. 

The values input in this manner are added algebraically to the values 

already stored at each point. To avoid any complications, when a new 

problem is read in and the keep option is set to zero, all initial values of 

water content and suction are set at zero. Any subsequent additions will 

start from that datum. 

Initial conditions are replaced in the computer memory with new values 

at each time step. For this reason, the exercise of the hold option for 

Table 5 means simply that the most recently computed values of suction and 
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moisture content will be retained. A new set of initial conditions must be 

input if a new start is required. 

Table 6. Boundary and Internal Conditions 

Five cases are permitted as boundary and internal conditions: 

(1) gravimetric water content, 

(2) suction, 

(3) suction gradient in the x-direction, 

(4) suction gradient in the y-direction, and 

(5) temperature and humidity of soil water. 

A rectangular distribution scheme distributes the specified quantity 

uniformly over the region outlined by its smallest and largest x and y­

coordinates and adds algebraically to values already stored at each point 

35 

in the region. Cases 1, 2, and 5 result in computation of a value of suction 

and a final setting of the switch KAS(I,J) to 2. Boundary and internal 

conditions are computed differently based on the value of the switch KAS(I,J) , 

which is set for each point. The computer recognizes the following values of 

this switch: 

KAS(I,J) = 1 water content is set, 

= 2 suction set, 

= 3 x-gradient set, 

4 , y-gradient set, and 

= 5 temperature and soil-water humidity is set. 

A discussion of these conditions and the way they are computed is given 

in Research Report 118-3. The method of converting each of the five input 

conditions is discussed in the succeeding paragraphs. 

Gravimetric Water Content Set. When this quantity is specified, Subrou­

tine SUCTION is called. It converts water content to suction according to 

the pF vs. water content relationships read in as Table 4. Values of pF and 

OT are also computed. Water content may be set at any point of a region. 
06 

Suction Set. The setting of this quantity requires that Subroutine DSUCT 
OT be called to compute volumetric water content pF and 06 from the appro-

priate input soil data. Suction may be set at any point of a region. 



36 

x-Gradient Set. The x-gradient must not be set at any point on the upper 

or lower boundary of the soil region. When a suction gradient is set on the 

right or left boundary (excluding the corner points), a line starting at the 

value of suction that is one station inside the boundary is projected outward 

to the boundary along the gradient that has been set. In this manner, a value 

of suction is set at the boundary point. Then Subroutine DSUCT is called to 

provide information on water content, pF, and ~~. An x-gradient may be 

set at any interior pipe increment. 

y-Gradient Set. The y-gradient may be set at any point along the upper 

and lower boundaries of the region including the corner. The same projection 

scheme is used as explained above, and Subroutine DSUCT is called into opera­

tion. A y-gradient may be set along any interior pipe increment. 

Temperature and Soil-Water Humidity Set. This option may be used at any 

point where these data are known. The option was intended for use primarily 

along the upper boundary where infiltration and evaporation rates may be used 

to establish a soil-moisture humidity, but the condition is valid at any 

point of the region. Subroutine HUMIDY is used to compute suction according 

to the relative humidity formula presented in Chapter 3 of Research Report 

11B-1. 

The switch KAS(I,J) will be set automatically to 1, and suction 

gradients will be set to zero at every station in the region where boundary 

conditions have not been specified. 

Table 7. Closure Acceleration Data 

A different number of closure valve settings for the x and the y-direc­

tions may be read into the computer. The number of each is specified on the 

first card of Table 7. 

The cards immediately following list the x-closure valve settings and the 

cards after that list the y-c1osure valve settings. A maximum of ten of 

each may be used. The computation of these values is described in Chapter 3 

of Research Report 11B-3. 

Table BA. Time Steps for Boundary-Condition Change 

The options that are permitted are based on the value of KEY , which 

is input on the first card of Table BA. The values of KEY and their 

.. 
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meanings are given below: 

KEY 1 discontinuous boundary-condition change (a list of 
time steps is read in for boundary condition changes), 

= 2, continuous boundary-condition change (new boundary 
condition must be read in at each time step), and 

= 3, no boundary-condition change. 

If KEY is set at 1, then the same card should specify the number of 

time steps at which boundary conditions will change. This first card should 

then be followed by cards listing the time steps at which boundary conditions 

will change. The maximum number of time steps at which boundary conditions 

change should not be greater than the number of time steps in the problem nor 

greater than the dimensioned storage of KLOC , the array which tells the 

program when to read a new set of boundary conditions. 

Table 8B. Time Steps for Output 

This table is included to decrease the amount of output that is produced 

by the computer. The first card of Table 8B specifies a value of KEYB • 

Values of KEYB and their explanations are given below: 

KEYB = 1 discontinuous output (a list of time steps at which 
output is desired is read in), and 

2 continuous output. 

If KEYB is 1, then the same card should specify the number of time 

steps for output (NOUT). Additional cards listing these time steps should 

follow . 

If KEYB is 2, no other cards should be added. The maximum number of 

time steps for output should not exceed the maximum number of time steps for 

the problem or the dimensioned storage of array KPUT • 

Table 9. Subsequent Boundary Conditions 

This table is used only if KEY from Table 8A is set at 1 or 2. At the 

beginning of the specified time step, at least two cards are read in: (1) the 

time-step identifier and (2) the boundary-condition card. 

Time-Step Identifier. This card has two entries: (1) the time step and 

(2) the number of cards to be input at this time step. 
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Boundary-Condition Cards. These cards follow the same format as those 

used in Table 6. The same subroutines are called, and all other explanations 

for Table 6 data apply to the data to be read in as Table 9. 

This completes the outline of input procedures. All data that is fed 

into the machine is echo printed by the computer to afford a check on the 

information actually being used infue computer. 

Output 

Output generated before each time step includes the station, suction, 
0,-

water content, 08 ' and the elements of the unsaturated permeability tensor 

(P11 , P12, and P22) at each point of the region. 

Output generated after each time step includes the station, suction, 

water content, pF, and closure valve settings. 

Major Options Available in Program 

Retention of Data from Previous Program 

If the numeral 1 is punched in any of the keep options of Table 1, the 

computer will retain the data that are in the computer for the variables 

specified in Tables 2 through 7. At the end of the initial program, the 

variables listed in Table 2, 3, 4, 7, and 8 for input will be the values in 

the computer memory. However, the values given for suction and water content 

in Table 5 will be the most recent computations. The boundary conditions 

existing at the end of the last problem will be retained. These will be 

values input in Table 6, amended by additions input in Table 9. 

For the third problem and additional problems, the keep options will 

retain the sum of the imputs for previous problems for Table 3. There is no 

way, however, to amend values in Tables 2A, 8A, and 8B in the present program. 

Information for Tables 2B and 2C must be read in anew for each problem, even 

if the keep option is used for Table 2. 

Variation in Response to Boundary Condition Changes with Time 

Table 8B allows three options to be used regarding subsequent boundary­

condition changes: intermittent change, continuous change, and no change. 

" . 

' .. 



, ,-

39 

With intermittent change, the programmer can follow natural occurrences 

such as precipitation, drought, temperature, and humidity. By varying the 

number of time steps between boundary-conditon changes, the effect of a long 

drought in comparison with a short dry period can be determined. 

With continuous change, a ponding project, daily fluctuations in tempera­

ture and humidity, or the reaction of the subgrade to a rainfall or drought 

of variable intensity can be simulated. 

With no boundary-condition changes, the effect of a membrane on a subgrade 

can be simulated. This option also allows the soil to reach a stable 

equilibrium with its environment. 

Rectangular or Cylindrical Coordinate Grid Systems 

The rectangular coordinate system can be used to calculate heave when 

the region being considered is a vertical plane. The cylindrical coordinates, 

on the other hand, are useful for studies around piles, sand drains, drilled 

holes, and other axisymmetric systems. The switch for this option is in 

Table 1. 

Transient or Steady State 

Table 2C is a switch by which the initial and boundary conditions can 

set the constant suction for each station. With respect to time, the problem 

then becomes one of determining flow under constant potentials. 

Ordinarily, this switch would be set to the numeral 1, which permits 

transient flow. With this option, the soil can be initially saturated and 

the effect of drying at the edges can be observed by proper input into 

Table 6 or Table 9. 

Variable Output 

Output can be obtained for all or any of the time steps by setting the 

switch in Table BB. 

KTAPE Switch 

Setting this switch to any non-zero integer causes the program to include 

the KTAPE option at each time step. This option was built into the program 

to provide data for use in a two-dimensional, finite-element, elastic­

continuum computer program devised by Dr. Eric B. Becker, Professor of 

Aerospace Engineering, The University of Texas at Austin. Unless the user 
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intends to treat the soil as a continuum and to calculate the strains and 

displacements from the stress release values supplied by this option, the 

KTAPE switch should be set equal to zero. 

HEAVY Option 

A soil at some depth below the surface will be subject to a total vertical 

pressure equal to the weight of overburden per unit of horizontal area. This 

pressure can be distributed through the particle contacts as effective stress 

and through the water phase as pore pressure. If the water pressures are 

positive, then the effective stresses are less than the total stresses. If 

there is a suction in the pore water, the effective stresses will be greater 

than the overburden pressure. 

The addition of a surcharge on the soil surface will increase the total 

stress and, thereby, permit a less negative value of pore pressure, i.e., a 

reduced suction. The applied stress can be considered to push the particles 

into closer contact, push the air-water interfaces further into the larger 

voids, and generally increase the volume of water per unit of total volume of 

soil and water. Thus, the density, water content, and degree of saturation 

will be increased. If the soil is saturated before application of the sur­

charge, any tensile stresses in the water will be reduced by the increase in 

total stress. The effective stress may be increased or decreased, but at all 

times it will be equal to the total pressure minus the pore-water pressure. 

When dealing with partially saturated soils, it is easier to treat the 

effective stress as the total overburden pressure plus a portion of the abso­

lute value of the soil suction. Intuitively then, the weight of the over­

burden can be expected to reduce the suction from a high negative value to a 

low negative value. 

At any depth below the surface of the clay, effective stress can decrease 

and the soil can become more saturated without a change in total overburden 

pressure; this is due to a reduction in suction from a high negative value to 

a low negative value. This change in effective stress mayor may not be 

accompanied by a change in soil volume, depending on how much energy must be 

expended by the suction against the surrounding total pressure in increasing 

the soil volume. 

'. , 



The volume-change process can be viewed as taking place in two parts. 

In the first part, suction change expends enough energy to overcome the 

surrounding pressure and brings the soil to a point of imminent volume 
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change, without changing volume. In the second part, the magnitude of suction 

is further reduced, and, consequently, volume changes. 

The optional Subroutine HEAVY is included to enable modification of the 

soil suction at depth. Such modification would be influenced by the weight 

of the overburden and the compressibility characteristics of the soil 

structure and is an attempt to account for the energy expended to overcome 

pressure, even when no volume change occurs. Subroutine HEAVY is used 

throughout the program if the number 2 is placed in column 70 of the input of 

Table 1. Input of the numeral 1 ignores the weight of the overburden in 

calculating the suction. If the HEAVY option is not used, there is no need 

to input the e-log p compressibility coefficient, AV the chi-factor 

exponent, R ; or the exponent of the swell pressure vs. total specific 

volume curve, ENP AV and ENP are alternate inputs. If a value of ENP 

other than zero is input, the subroutine calculates the volume change using 

this value. If a value of zero is input for ENP ,a value of AV must be 

input for use in calculating the soil compressibility. 

The relationships used in Subroutine HEAVY are discussed below. 

Water Pressure vs. Total Pressure Relationship. This relationship is 

discussed in some detail in Chapter 4 of Research Report 118-1. The term 

is defined in that report as follows: 

= (3.3) 

where 

u excess pore pressure, 

p total pressure, 

t time after the initial change of water pressure. 
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Also defined in Chapter 4 of Research Report 118-1 is the relationship 

between total specific volume and the specific water volume in a free-swell 

test. This relationship is 

where 

= 

= 

= 

= 

= 

= 

slope of the total specific volume vs. specific 

water volume curve, 

change in total specific volume, 

change in specific water volume, 

volume of the soil solids, 

= unit weight of the soil solids. 

(3.4 ) 

Equation 2.1 has been formulated in Chapter 2 of the present report as 

= 

If this equation is differentiated to find the slope, then 

= = 
V Q-1 

+ (1 - a ) ( ~) a o 0 \ V
WA 

(3.5) 

", ' 

", . 
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The expansion of the soil from an initial specific water volume, VWI ' 

to some intermediate value, V
W

' as the soil approaches an equilibrium value 

with time follows the swell curve (Eq 2.5) 

= 

That is, it is of the same general shape as the free-swell curve, but the 

swell will always be less than if the soil were allowed to swell under no 

external restraint. The soil has swelled from some initial value of suction 

when the specific water volume was V
W1 

to some lower equilibrium value when 

the specific water volume is increased to V
WP 

• The change in total volume 

as a function of change in specific water volume can be denoted by the secant 

The term a 
po 

is estimated by assuming an initial value equal to 

final value equal to zero. That is, the change in the suction, 

(3.6) 

and a 

the rate of change in suction with change in specific water volume due to 

overburden effects, (:~)p' will approach zero as the suction, swell, 

and specific water volume reach equilibrium values. Referring to Fig 9, the 

decay with time can be represented by 

= [ 
(VTP - VT1) - 6VT ] a po aB (VTP - VT1 ) 

(3.7) 

[ 1 -
aB(VW - VW1 ) ] a po = aB (V

TP - VT1 ) 
(3.8) 

Chi-Saturation Curve. The limitations on the relationship between the 

unsaturated stress parameter, XE' and the degree of saturation, S, are 

discussed in Chapter 4 of Research Report 118-1. The assumed form of the 
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relationship is undoubtedly too simple to include all cases, but it is 

programmed as the exponential fUnction given below: 

= = (~) 

where 

= equilibrium unsaturated stress parameter; 

s = degree of saturation, a decimal ratio; 

R ;; an exponent; 

Vw ;; specific water volume; 

VT 
= total specific volume; 

e = = volumetric water content, a decimal ratio; 

n ;; soil porosity, a decimal ratio; 

Vw • 1 = gravimetric water content, a decimal ratio; 

G - specific gravity of the soil solids. 
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(3.9) 

This calculation is made only if the water content is less than air-entry 

water content. Although in error, the porosity is assumed to remain constant 

once the water content falls below the air entry point. Above the air-entry 

water content, X
E 

= 1, and the porosity is assumed to have the form 



46 

n = ( 
nA + ~e ) 

1 + ~e (3.10) 

where 

(3.11) 

and 

= the porosity at air entry, a decimal ratio; 

v~ = the specific water volume at air entry. 

An appropriate value of the exponent R should be determined after 

consulting experimental results, but a value between 0.5 and 2.0 would cover 

many cases reported in the literature. In all of these computations, the 

term (1 - n)G is used to convert gravimetric into volumetric water content, 

where G is the specific gravity of the soil solids. 

Compressibility Relationship. The basic relationship used in this 

computation is Eq 4.106 of Research Report 118-1. Some other equations will 

be considered first. The plot of void ratio and the logarithm of pressure 

gives a straight line over a fairly wide range of pressures, as long as soils 

are either preconso1idated or normally consolidated and not in an intermediate 

pressure range. The relationship normally used is 

where 

e - e 
o = -C log E- = 

c 10 p 
o 

-0.435 C 
c 

(3.12) 

-.. 



e = void ratio, 

p = pressure, 

C = slope of the e-log p curve. 
c 

The derivative of this expression yields 

de 
dp 

= -0.435 
C 

c 
p 
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(3.13) 

In Chapter 4 of Research Report 118-1, reference was made to Blight's 

compressibility coefficient, c, as defined in the following equation (Ref 1): 

= cL\p (3.14 ) 

where 

= total specific volume after the volume change 

completed, 

has been 

L\p = change in total pressure, 

c a negative number indicating a decrease in volume with an 

increase in pressure. 

If it is assumed that the change of total volume is equal to the change 

of void volume, the equation can be rewritten as 

(1 - n)L\e = cL\p (3.15) 

and thus 

L\e c 
- = 

(3.16) 
L\pl - n 
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Equations 3.13 and 3.16 may be combined to give an expression for 

Blight's compressibility, c, in terms of the slope of the e-10g p curve: 

c = 
p 

C (n - 1) 
c 

(3.17) 

This relationship and one other, which will be developed below, will be 

included in the compressibility correction term for the slope of the pressure 

vs. free suction vs. moisture curve, which is discussed in Chapter 4 of 

Research Report 118-1. 

The second relationship deals with the ratio of air volume, VA' to 

water volume, V
w

• 

Vv Vw 

VA Vv - Vw 
= 

VT VT = 
Vw Vw Vw 

(3.18) 

VT 

VA n - 8 = 
Vw 8 

(3.19) 

where 

n = porosity, 

8 = volumetric water content. 

Equations 3.17 and 3.19 are to be used subsequently. As explained in 

detail in Chapter 4 of Research Report 118-1, the rate of change of suction 

with respect to water content varies with the compressibility of the soil. 

This is expressed in Research Report 118-1 by the following relationship: 

0'T" = 
08 

(3.20) 
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where the 0 subscript represents the pressure-free relationship and the p 

subscript denotes the contribution of the compressibility of the soil. This 

latter term uses Eq 3.19 and is expressed in the following fashion for 

saturated soil: 

where 

= 

= 

a po 1 

c(l - 8)XE • Yw 

equilibrium effective stress factor, which is equal to 

1 for saturation; 

(3.21) 

unit weight of water which is independent of pressure if 

soil is saturated; 

8 = volumetric water content, the ratio of specific water volume 

to total specific volume; 

c = a coefficient of compressibility, a negative number. 

This equation is used to adjust the value of or 
08 

computed from the pF vs. 

water content curves. The value of p is taken as the total overburden and 

surcharge pressure and is computed from the values of GAM and SRCH read 

into the computer. 

The net effect of the negative sign in Eq 3.21 and the negative value of 

compressibility coefficient c will be a positive addition to the ~ rela­

tionship because the weight of the overburden is considered. That is, the 

suction will be less negative with an increase in water content when the 

compressibility effects are taken into account. 

For the partially saturated case, Eq 4.106 of Research Report 118-1 is 

in error. Equation 4.106 reads as Eq 3.22: 
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= 

This equation should have read as 

where 

::: unit weight of water, 

1 RTe 
---e 
P mg 

o 

.::1.!!!8. 
RT 

e 

::; ratio of total volume to water-volume change, and 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

F ::; a factor which includes air compressibility and solubility. 

The presumption that YW depended on the vapor pressure should not have 

been made, since l/yw was simply a constant included to convert psi (pressure) 

into inches of suction. Combining Eqs 3.17 and 3.25 gives an expression for 

suction change when the compressibility characteristics are known from 

consolidation tests. 

(3.26) 
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The expression F(a
FS 

- 1) is derived in Research Report 118-1 to 

represent the changes in the air volume that occur with changes of suction in 

a soil that is swelling against the overburden pressure. Figure 9 will aid 

in the derivations which follow. 

When there is a small additional increase in total volume and water 

wlume, the volume of the soil can be pictured as three distinct volumes: 

volume of soil particles, VS; volume of water, Vw and volume of air, 

VA. An increase in the water volume is accompanied by an increase in the 

total volume and a decrease in the air volume. The air volume is decreased 

because the 1:1 slope of the zero air-voids curve is steeper than the total 

specific volume vs. specific water volume curve. Thus, the change in air 

volume is air volume 2 minus air volume 1 equals -~Vw • 1 + aB(~VW)' or 

under an ambient pressure is the free-swell value reduced by the factor F 

= (3.27) 

and 

1 + F(aFS - 1) = (3.28) 

The relationship between a
B 

and a
po 

has been shown in Eq 3.8. In 

the present report, the a factor is removed from the expression for the 

suction change expressed by Eqs 3.25 and 3.26 so that 

(3.29) 

and 

dp = 1 
(3.30) 

or 
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dp = 

The factor a 
po 

p (3.31) 

is now described more precisely by Eq 3.8 than by the 

factor a B used in Research Report 118-1. 

Alternate Form of Blight's Compressibility Coefficient. If data from 

the swell pressure vs. total specific volume curve are provided, Subroutine 

HEAVY uses these data instead of the slope of the e-log p curve, C 
c 

As discussed in Chapter 2 of this report, the p vs. VT curve is 

expressed by Eq 2.2 

where 

p = 

Po c swell pressure of dry soil, 

p = swell pressure or, in this case, a pressure calculated 

= 

= 

= 

m = 

as the sum of overburden and surcharge pressures, 

a total specific volume corresponding to p , 

total dry specific volume, 

maximum total specific volume, 

an exponent (referred to in computer programs GCHPIP7 and 

SWELLI as ENP). 

" .. 
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Differentiation of this expression leads to the alternate form of 

Blight's compressibility coefficient: 

= [ -

which gives the form of c • 

c = - ( 
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(3.32) 

(3.33) 

A switch in Subroutine HEAVY is set to use this expression if a value for the 

exponent m is part of the soil data supplied. The exponent m is expected 

to be near and slightly above 1.0. 
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CHAPTER 4. THE ONE - DIMENS IONAL COMPUTER PROGRAM 

This chapter describes the differences between the capabilities of the 

two-dimensional computer program GCHPIP7 and the one-dimensional computer 

program SWELL1. The latter was developed from the two-dimensional program by 

extracting two important features, changing another, and adding one more 

feature. The extractions are: 

(1) the computation of suction change in the y-direction and 

(2) the alternating-direction implicit iteration procedure at each time 
step. 

The doubly-dimensioned arrays are changed to single-dimensioned. The added 

feature is a switch to allow the choice of vertica1- or horizontal-flow 

problems. 

Familiarity with the contents of Chapter 3 of the present report is 

essential to an understanding of the discussion presented in this chapter. 

Input format is discussed in the same order as in the previous chapter, and 

only the differences are noted. 

Problem Identification Cards 

Three cards are used for problem and run identification; the first two 

of these have 80 columns of alphanumeric run information, and the third has 

five spaces for the problem number and 70 spaces for problem identification. 

Only two cards are used in computer program GCHPIP7. 

Table 1. Program Control Switches 

Only six table switches are provided for input. Table 7 in GCHPIP7 is 

not included in SWELL1. One additional switch is provided, KVERT. This switch 

allows the choice between vertical flow (KVERT = 1) and horizontal flow 

(KVERT = 2). The initial conditions read into the computer in Table 4 are not 

stored. The most recently computed values of suction and moisture content are 

retained if the keep switch for Table 4 is set to 1. 
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Table 2. Increment Lengths 

This table is substantially different from Table 2 in computer program 

GCHPIP7. Tables 2B and 2C have been eliminated entirely, and Table 2A has 

been changed to include a smaller amount of input information. The only infor­

mation input in the SWELL1 Table 2 includes the number of increments and time 

steps, the magnitudes of each, and the inside radius if a horizontal cylindr­

ical-flow problem is being worked. 

Table 3. Permeability 

The one-dimensional problem permits a change of saturated permeability in 

several different regions along the length being considered. No direction of 

principal permeability is considered in this program. The constants a, b, 

and n have the same meaning as in computer program GCHPIP7. 

Table '4. Suction-Water Content Curves 

The information on Table 4 given in Chapter 3 is identical for SWELL1 

with one exception. In SWELL1, Table 4 specifies the linear location of the 

places where each of the pF vs. water content curves apply. 

Table 5. Initial Conditions 

Several changes have been made in Table 5. Each card input in Table 5 

has a linear distribution scheme for either of two cases: gravimetric water 

content (Case 1) or suction (Case 2). If the value at the right-hand (or up­

station) side of the distribution is smaller than any other, the slope 

specified should be positive. If no slope is read in, the machine will assume 

a zero slope and distribute the same value over the entire linear region. 

All input values are added algebraically to those already stored at each 

point. New problems start with zero suction and water-content values at each 

point along the line. 

Table 6. Boundary and Internal Conditions 

Boundary and internal conditions that may be specified are as follows: 

(1) gravimetric water content, 

(2) suc tion, 

.. , 
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(3) suction gradient, and 

(4) temperature and humidity of soil water. 

The specified quantity is distributed uniformly over the linear region deter­

mined by the smallest and largest increment numbers. 

In this program, a specified boundary or internal condition replaces any 

previously stored value. Otherwise, the discussion of Table 6 in Chapter 3 is 

applicable. 

Tables 8 and 9 for SWELLl 

The discussions of Tables 8A, 8B, and 9 in Chapter 3 are also applicable 

for computer program SWELLl. There is no Table 7 for this computer program 

because Table 7 applies only to two-dimensional problems. 

Output. Output before each time step includes the station, suction, 

water content, ~~ , and the unsaturated permeability at each point along 

the line being considered. 

Output after each time step includes the station, suction, water content, 

and pF 

Computer program SWELLl is similar to the two-dimensional program in many 

respects, but the differences in input are such that use of a separate input 

format, as shown in Appendix 8, may be required. 

The flow chart is identical with that of GCHPIP7, except for the fact 

that computations are made in only one direction and no iteration is required 

for solution at a particular time step. 
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CHAPTER 5. EXAMPLE PROBLEMS 

This chapter presents example problems worked with both the one­

dimensional and the two-dimensional computer programs for predicting swell. 

It is not surprising that there is no known set of field and laboratory 

data sufficient to provide information for Curves 1, 2, and 3 and to give 

field measurements by which to validate predicted results. Thus, typical soil 

curves are assumed in this chapter, and swell predictions are compared with 

field measurements made by personnel of the Natural Resources Research 

Institute at the University of Wyoming under the direction of Professor 

Donald R. Lamb (Ref 4). Details of the field test are given in Chapter 6 of 

Research Report 118-3, but some of the salient points will be repeated here. 

Over a period of 80 days, measurements of vertical swell and moisture 

content were made on a 40-foot-square area of expansive clay. Water was 

supplied on a 4-foot grid by pipes fed by 55-gallon drums. Elevations were 

measured on set plates with a level, and moisture contents were determined 

using nuc1ear-moisture-density depth probes and access tubes. Both the 

elevation plates and the access tubes were placed on 8-foot grids. Moisture 

from the atmosphere was sealed out by a polyethylene membrane. The soil at 

the site has a liquid limit of 61 percent and a plastic limit of 26. 

Swell-pressure and free-swell tests were made on compacted samples of 

the soil. No maximum swell pressure was reported although pressures of 

1500 psf (10.4 psi) were developed within ten hours after the start of the 

test; in no case did the pressure seem to be approaching a limit. Volume 

changes of 6 percent occurred within ten hours when the soil swelled from a 

moisture condition slightly above the natural soil water content. No natural 

densities were reported. A standard AASHO optimum moisture content of 23.5 

percent and a maximum dry density of 99 Ib/cu ft were determined, however. 

This dry density corresponds to a total specific volume of (62.4/99) = 0.63 
3 cm /gm dry soil. 
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Determination of Assumed Soil Curves 

The first essential soil curve is the suction vs. moisture relationship 

and the second is the permeability vs. suction relationship. Both of these 

curves have been treated extensively in Chapter 6 of Research Report 118-3. 

The data determined for the West Laramie clay in that report and assumed for 

the present report are given in the following table. 

TABLE 1. ASSUMED SOIL DATA FOR WEST LARAMIE CLAY 

Factor 

Final saturated water content, percent 

Maximum pF 

Inflection pF 

Suction vs. moisture curve exponent 

Saturated permeability, in./sec 

Unsaturated factor b 

Unsaturated exponent n 

Value 

40.0 

6.5 

3.0 

3.0 

1.0 X 10-6 

1.0 X 109 

3.0 

With this information given, it is possible to compute an inflection­

point water content of around 21.5 percent, which is lower than the plastic 

limit and the reported optimum moisture content. 

moisture curve is shown in Fig 10. 

The complete suction-

The data given in Table 1 above are used in all example problems, with 

some minor variations for the purpose of accuracy in the numerical results 

of the two-dimensional problem. There are two reasons for varying these data 

slightly in the two-dimensional problem. 

(1) Initial conditions are not described accurately in the idealized 
soil medium used in the computer. An approximation of the 
inaccuracy of initial conditions is shown in Fig 11, which 
compares initial field measurements with computer input data. 

(2) Too high a permeability is assumed. In such a case, computed 
suction becomes positive, and the computer treats the soil as com­
pletely saturated. The difficulty is avoided by decreasing the 
magnitude of maximum permeability by 5 or 10 percent in many cases. 

In the remainder of this section, the assumed values which determine 

Curves 1, 2, and 3, are discussed. 

'. , 
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Assumed Curve 1. Three points are used to determine this curve: zero 

water content, air entry, and maximum total specific volume. The general shape 

of the curve is taken from Lauritzen's data (Ref 5) for natural Houston 

Black Clay given in Chapter 2 of the present report. The, assumed curve is 

shown in Fig 11. 

At zero water content, a total specific volume of 0.60 is assumed. The 

initial slope of the total specific volume vs. specific water volume curve 

is assumed to be zero. 

At air entry, the reported value of optimum moisture content seems to 

fall within the same range as the air-entry moisture content for Houston 

Black Clay. The unsaturated V
T 

vs. Vw curve to that point is assumed to be 

parabolic, with an exponent of 2.0. Given the above information, it is 

possible to calculate from Eq 2.1 the total specific volume at air entry: 

(l - Ci ) 
Q 

( VWA) VTA VTO + CioVWA + 
0 = V

WA 
VWA Q 

(5.1) 

Since 

Ci o 
0.0 

Eq 5.1 becomes 

VTA V
TO 

VWA = +-
Q 

(5.2) 

= 0.60 + . ;:~ (5.3) 

3 = 0.7175 cm /g (5.4) 

The print for maximum total specific volume is established in just as 

simple a manner. The final saturation water content from Table 1 is 40.0 

percent. Because Curve 1 has a slope of 1:1 in the effectively saturated 

part, the final total specific volume is given as 
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= (5.5) 

= 0.7175 + (0.40 - .235) (5.6) 

3 = 0.8825 cm /g (5.7) 

The soil becomes progressively more saturated along Curve 1 from the air 

entry point to the point of final saturation. The degree of saturation at 

each end point is computed below: 

Air Entry Final ---
Specific volume of voids (VT 

- V ) S .3475 .5125 

Specific water volume .235 .40 

Degree of saturation, fraction .235 .40 
.3475 .5125 

Degree of saturation, percent 67.6 78.0 

The lines of equal saturation shown in Fig 11 illustrate the manner in 

which saturation changes along either Curve 1 or Curve 3. 

Assumed Curve 3. Only one point needs to be specified for Curve 3, 

which is given by the intersection of the maximum total specific volume and 

the maximum specific water volume. Because there is little experimental data 

to indicate the degree of saturation at the maximum specific water volume, two 

values are tried. The results of each are shown as results of the example 

problems. Final degrees of saturation of 82 and 90 percent are chosen 

arbitrarily, these correspond to the 42 and 46 percent water contents shown 

in Fig 11. 

Assumed Curve 2. The following two questions about curves, the swell 

pressure vs. total specific volume curve, remain to be resolved by experiment: 

(1) What is its maximum swell pressure? 

(2) What is the shape of the curve? 

- . 



. , 

65 

Neither of these questions were answered in the data reported by the 

University of Wyoming because the primary emphasis in that study was on 

measuring swell and pressure that had been reduced by the addition of stabiliz­

ing agents. 

Because the swell pressure vs. total specific volume curve is unknown in 

this case, the following procedure is adopted. Two probable but disparate 

values of swell pressure, 40 and 90 psi, are assumed and several problem 

solutions are attempted with different exponents for the swell pressure curve. 

The problem results are then compared with measured field results. An 

exponent of 10 to 20 gives all negative volume change. An exponent less than 

1.0 gives too great a volume change. Because experimental data discussed in 

Chapter 4 of Research Report 118-1 indicate an increasingly higher swell 

pressure with decreasing total specific volume, the exponent is assumed to 

be greater than 1.0. 

As an additional check, McDowell's (Ref 8) curves of percentage of 

volumetric swell versus pressure are used. The curves of the present report 

use total volume rather than percentage of swell; thus, McDowell's curves 

are not strictly applicable to this discussion, except under the following 

conditions: 

(1) All free swell is assumed to arrive at the same final total 
specific volume. 

(2) Each of McDowell's family curves, rated by percentage of free 
swell (e.g., 5 percent, 10 percent, etc.), can be developed in the 
same soil by changing the initial water content. The higher 
percentage of free swell would, of course, come from the drier soil. 

(3) Zero volume-change swell pressures for each family curve may 
be found at the intersection of that curve with the zero-percent 
swell axis. 

Table 2 shows the calculations required to arrive at the continuous 

curve shown in Fig 12. 

The top part of the curve in Fig 12 shows a slight concavity; this 

indicates a p vs. V
T 

curve exponent slightly greater than 1.0. An exponent 

of 1.2 was chosen arbitrarily and is used throughout the example problems. 

One-Dimensional Swell Prediction 

The location chosen for the tests of the one-dimensional swell prediction 

program was nuc1ear-moisture-density access tube No. 11 of the West Laramie, 
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TABLE 2. CALCULATION OF AN APPROXIMATE SWELL PRESSURE 
VS. TOTAL SPECIFIC VOLUME CURVE 



'u; 
0-

" 
cD 
~ 

:J 
en 
en 
cD 
~ 

a. 

II) • II) 

80 

60 

40 

20 

0~~-------+----------~--------4----------+----~~--+ 
,70 .75 ,80 .85 .90 

Total Specific Volume, cm' per gram of Ory Soil 

Fig 12. An approximate p vs. VT curve based on McDowell's 

p VB. %6V relationships (Ref 8). 

67 



68 

Wyoming, test site. Layout and description of the test site are given in 

Chapter 6 of Research Report 118-3 and will not be repeated here, except for 

the vicinity of the location at which swell is to be predicted. 

-Figure 13 shows the access tube chosen for the one-dimensional study and 

its relation to water supply pOints and elevation plates. 

As mentioned above, uncertainty about the location of Curve 3 and about 

the maximum swell pressure suggested a series of four problems from the 

combinations of two swelling pressures, 40 and 90 psi, and two locations of 

maximum water content, 42 and 46 percent. 

The average of the total swell measured at elevation plates Nos. 4, 6, 

7, and 9 is compared with that predicted by each of the four combinations of 

swell pressure and maximum water content in Table 3. 

On the basis of these results, it was judged that the combination of 

40 psi swelling pressure and 46 percent maximum water content gives the best 

results. Consequently, these results are presented in more detail in Table 4. 

Several pertinent facts should be mentioned at this point. 

(1) The initial and final moisture conditions are those described in 
Chapter 6 of Research Report 118-3. Initial values were taken 
from the measured field data, and the predicted final values are 
within 0.1 percent over the entire 13.5-foot depth considered 
in this prob 1em. 

(2) The total swell occurred in the immediate vicinity of the water 
supply. In this case, all swell occurred in the upper two feet of 
clay. 

(3) Because swell takes place in the upper few feet, the difference in 
swelling pressures is not significant in the predicted results. 

(4) Although all three soil curves had to be assumed, the predicted 
results are considered excellent. 

Example Problem: Two-Dimensional Swell 

The problem of predicting two-dimensional swelling is two steps more 

complicated than that of predicting one-dimensional swell. The complications 

arise in establishing 

(1) initial conditions that roughly approximate the actual initial 
conditions of the soil and 

(2) proper boundary conditions along each side of an area. 

, . 
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TABLE 3. COMPARISON OF MEASURED AND PREDICTED TOTAL SWELL 

Predicted Swell (ft) at 
Time After Computed 
Start of Average Simulated 40 psi 90 psi 

Field Test, Swell, Time, V ::= 42% VWF = 46% V = 42% VWF = 46% days feet days WF WF 

0 0.00 0 0.000 0.000 0.000 0.000 

21 0.07 24 0.102 0.076 0.101 0.076 

51 0.11 56 0.129 0.097 0.128 0.096 

80 0.12 80 0.147 0.111 0.146 0.110 



Distance 
from Top 
of Soil, 

ft 

TABLE 4. COMPUTER PREDICTION OF SWELL 

8 

Predicted Total Swell After 
Days Indicated, inches 

24 56 

71 
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Initial Conditions. The difficulty in establishing an appropriate set of 

initial conditions is illustrated in Figs 14 and 15. In Fig 14, moisture 

conditions are known (or measured) only in vertical columns 6 and 8 feet 

apart, and moisture contours are drawn to show a possible initial distribution 

of moisture. Figure 15 shows the initial moisture data as supplied to computer 

program GCHPIP7. These input data require the use of 21 cards. Instead of 

using these data cards, it would be possible to interpolate values at each 

grid point from the moisture contours shown in Fig 14. This latter procedure 

would require 720 input cards; this effort is deemed speculative, in view of 

the wide spacing between columns where moisture conditions are presumably 

known. The same problem will face anyone attempting to predict two-dimensional 

swell. The initial conditions are important; the final results depend on 

them. The inaccuracies noted in the two-dimensional solution presented in this 

report may be explained largely in terms of inaccurate initial conditions. 

There is one distinct difference between the actual and simulated initial 

moisture conditions. In the simulated moisture regime, a constant moisture 

content of 13.7 percent below a depth of 3 feet is assumed. This arbitrary 

value, while not far from the measured water content, is not considered 

important in the prediction of volume change because most of the swell is 

expected to occur in the upper 2 feet. The only consideration in establishing 

the value of this constant moisture content is to ensure that the soil will 

not draw water out of the upper few feet and thus limit swell. 

Boundary Conditions. Five separate boundary conditions had to be deter­

mined before this two-dimensional swell problem could be worked. These 

boundaries were 

(1) at the top in the wetted area; 

(2) at the top in the area not subjected to wetting; 

(3) on the right side, 18 feet away from the closest water supply; 

(4) on the bottom, 10 feet from the wetted surface; and 

(5) on the left side along the vertical column occupied by access 
tube No. 11. 

At the outset, it was decided that the wetted area would be all of the 

ground surface within 2 feet of water line. Thus, there were no discrete 

points of water supply. Instead, it was assumed that the entire surface 

between access tube No. 11 and 2 feet beyond the outside water line would be 

completely wet at the start of the test. 
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The ground surface area beyond the wetted portion was assumed to remain 

at its initial moisture condition. Thus, any swell noticed outside the 

wetted area would be due to horizontal transfer of water under the ground 

surface. 

The right side boundary was set sufficiently far away from the water 

source to be considered safe to assume that water content would not change 

during the test. 

The bottom boundary was set at 10 feet below the ground surface, because 

the experimental data indicated that virtually no moisture change would 

occur below about 3 feet, and the bottom boundary condition was assumed to 

be zero water-content change during the course of the test. 

The boundary conditions at the left side changed with time. These con­

ditions were known at certain intervals of time because of the nuclear 

moisture-density readings made. The water content at each discrete time 

step was also determined by the one-dimensional computer program. As noted 

in Research Report 118-3, the computer-predicted moisture contents matched 

the measured moisture contents very closely at all times when comparisons 

could be made. Because it is desirable to have the boundary conditions 

change with time as closely matched with natural changes as possible, computer­

predicted moisture contents were used for all time steps. New boundary 

conditions were read into the ~omputer 8, 16, 40, 48, 64, and 72 days after 

the beginning of the test. Field-measured moisture data were available only 

for 51 and 80 days after the beginning of the test. 

Soil Properties. With two exceptions, the soil properties used in this 

problem are identical with those used in the one-dimentional swell prediction 

example problems. The two exceptions are the values of saturated permeability 

and the shape of the suction vs. moisture curve. Comparison of the values 

used in the one-dimensional and two-dimensional problems is given in Table 5. 

The reason for the cnange is evident from Fig 14, which shows the initial 

distribution of moisture. There is a very dry lens of soil about 1 foot below 

the surface between Stations 11 and 15. The one-dimensional suction vs. 

moisture curve would require that the suction in the dry area be -1581 inches, 

whereas, in the 13 percent moisture content soil just 4 to 8 inches away, the 

suction is -1024 inches. This difference gives a high suction gradient, and 

the difference of gradients is used to calculate the change in suction from 



76 

TABLE 5. COMPARISON OF SOIL PARAMETERS 
USED IN EXAMPLE PROBLEMS 

Parameter 

Saturated permeability, in/sec 

Maximum pF 

Inflection pF 

Suction vs. moisture curve 
exponent 

One-
Dimensional 

1.0 X 10-6 

6.5 

3.0 

3.0 

Two-
Dimensional 

0.5 X 10-6 

5.0 

3.0 

4.0 
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one time step to the next. In these high ranges of suction, inaccuracies in 

computing the proper value of suction curvature can easily occur. This 

inaccuracy is termed truncation. 

Truncation in the numerical process is discussed in Chapter 6 of 

Research Report 118-3. Truncation is important to this study because it can 

be the direct cause of unreasonable results, such as positive suction values, 

which are considered impossible in the example problems of the present 

report. 

There are two ways of dealing with the problem of suction-gradient 

truncation. 

(1) Reduction of the permeability. Sometimes only a small reduction 
is required, although in this problem a reduction of saturated 
permeability from 1 X 10-6 in/sec to 0.9 X 10-6 in/sec did not 
correct the problem. 

(2) Reduction of the slope of the suction vs. moisture curve in the 
vicinity of the inflection point. Changing the exponent from 3.0 
to 4.0 was the only action required in this case. 

The suction vs. moisture curve used in the two-dimensional problem is 

shown as Curve b in Fig 16 and Curve a is the suction vs. moisture relation­

ship used in the one-dimensional problems. Along Curve b, the dry soil has a 

suction of -590 inches, and the 13 percent moisture content soil has a 

suction of -475 inches. The difference of 115 inches, as opposed to the 

difference of 557 inches obtained in the earlier problem, illustrates the 

source of the truncation problem. 

To reduce further the size of suction gradients used in computations, 

the suction at the wetted ground surface was set at -20 inches, which 

corresponds to a moisture content of 38.6 percent. 

Results of Computation. The results of the two-dimensional computations 

are given in Tables 6 and 7 and Fig 17. The tables compare predicted and 

measured final moisture contents and changes in moisture content. Figure 17 

compares the predicted ground surface profile with changes of elevation 

measured at points along the profile. 

As shown in Table 6, the final moisture contents predicted by the 

computer are lower than the field-measured values at all points 8 inches or 

more below the ground surface. The predicted changes in moisture content are 

lower than those measured in the field; this point is illustrated in Table 7. 
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TABLE 6. COMPARISON OF FINAL MOISTURE CONTENTS 

Tube No. 11 Tube No. 12 Tube No. 13 Tube No. 14 

Computer Computer Computer Computer 
Depth, Field Prediction Field Prediction Field Prediction Field Prediction 

ft Measurements (Station 0) Measurements (Station 6) Measurements (Station 12) Measurements (Station 15) 

0.00 38.6 38.6 38.6 15.0 

0.67 28.6 27.1 28.3 22.5 26.0 21.2 23.5 13.6 

1.67 20.7 17.3 21.6 13.2 18.1 11.6 10.1 11.8 

2.67 12.6 13.2 19.3 12.9 12.9 12.4 13.1 12.4 

3.67 14.0 n.c.'\: 13.8 n.c. 13.4 13 .5 13.5 13 .5 

4.67 13.8 n.c. 13.8 n:c. 12.6 n.c. 13.1 n.c. 

5.67 13.8 n.c. 13.3 n.c. 12.4 n.c. 12.4 n.c. 

7.00 13.2 n.C. 13.0 n.c. 13.0 n.c. 12.8 n.c. 

8.00 13 .8 n.c. 12.4 n.c. 11.8 n.c. 12.0 n.c. 

9.00 13.0 n.C. 12.8 n.c. 12.4 n.c. 11.6 n.c. 

10.00 14.3 n.c. 14.9 n.c. 11.7 n.c. 12.6 n.c. 

* n.c. = no change 



Tube 

Depth, Field 
ft Measurements 

0.00 

0.67 13.3 

1.67 7.9 

2.67 0.3 

3.67 n.c.* 

4.67 n.c. 

5.67 n.c. 

7.00 n.c. 

8.00 n.c. 

9.00 n.c. 

10.00 n.c. 

* n.c. = no change 

TABLE 7. COMPARISON OF CHANGES IN MOISTURE CONTENT 

No. 11 

Computer 
Prediction 
(Station 0) 

25.6 

14.1 

5.5 

0.9 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

Tube 

Field 
Measurements 

14.4 

9.3 

7.0 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

~ . . 

No. 12 

Computer 
Prediction 
(Station 6) 

25.6 

9.5 

0.9 

0.6 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

Tube No. 13 

Computer 
Field Prediction 

Measurements (Station 12) 

26.6 

13.9 10.2 

7.7 1.5 

-0.3 -0.4 

-0.5 -0.2 

n.c. n.c. 

n.c. n.c. 

n.c. n.c. 

n.c. n.c. 

n.e. n.c. 

n.c. n.c. 

." .c. 

00 
o 

Tube No. 14 

Field 
Measurements 

. , .. 

8.5 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

Computer 
Prediction 
(Station 15) 

0.0 

-0.4 

1.7 

-0.4 

-0.2 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 

n.c. 
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However, in the field test, moisture content was not measured at the 

ground surface. Consequently, it is conceivable that the moisture contents 

and changes of moisture content were predicted too high. Also, the nuclear 

moisture-density method of measuring moisture content gives a reading based 

on conditions within a spherical volume within its zone of influence, and the 

computer-predicted value is taken from a single point. Thus the moisture 

contents obtained by these two methods would be expected to be somewhat 

different in a region of high moisture gradient. 

The computer prediction of the swell profile gives results which, in 

the light of the many assumptions made, are much closer to those measured 

than would reasonably be expected. The tables of moisture distribution and 

moisture change indicate that "the major portion of the swell originates from 

the upper 2 feet of soil and that a large portion of the swelling is in the 

upper 8 inches, a condition which is somewhat different than would be expected 

from the field measurements. The total measured swell in the wetted area 

averaged 0.12 feet, and the predicted swell was 0.122 feet inilie same area. 

The additional swell in the vicinity of station 12 occurred because of the 

wetting of the unusually dry soil lens in that area. 

Between stations 13 and 14, where supposedly no wetting occurred, a swell 

of 0.08 feet was measured, compared with an average of 0.004 inches predicted 

by the computer. There are two reasons for this discrepancy: 

(1) Some wetting must have occurred outside of the wetted area in 
order for field-measured soil moisture at 8 inches below the ground 
surface to increase 8.5 percent over the period of the test. This 
unknown source of wetting was not considered in the example problem. 

(2) Shear strength of the soil is not considered in the simple volume 
change technique used in this report. If one vertical column of 
soil rises relative to another, the shear stresses and strains that 
develop between them are not considered. If the shear stiffness 
of the soil had been considered, the swell would gradually reduce 
to its lower value outside the wetted area. 

Actually, the second effect may not be of major importance, although its 

magnitude may be significant. At present, it is judged that if moisture con­

ditions can be predicted properly, the predicted swell profile will be 

reasonably close to the swell that actually occurs. This question is not 

considered settled, however. Certainly, the results of the continuum theory 

developed in Research Report 118-2 indicate that the moisture diffusion 

problem can be worked separately from the swelling problem only in one-

, . 

, 
" .. 



83 

dimensional problems. Also, as discussed in Chapter 3 of the present report, 

provision is made for reading the equivalent stress release (YX~~) onto tape 

in the two-dimensional computer program for use in a finite-element elasticity 

computer program designed to study the way changes in suction and moisture 

affect a continuum. 

The example problems presented in the present chapter are the results of 

computer prediction of a time-dependent process of moisture diffusion and 

prediction of swelling. The overall results match field measurements very 

well. Certain discrepancies were expected and occurred, but were surprisingly 

small in their effects on the overall results. 
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CHAPTER 6. CONCLUSIONS 

This report presents three important developments which have been 

treated separately as the subjects of Chapters 2, 3, and 4. The entire report 

is concerned with using a computer-predicted change of moisture content to 

calculate the consequent change of soil volume. Chapter 2 presents a way of 

using the relationships among pressure, water volume, and total volume to 

compute a soil-volume change. Chapter 3 gives a detailed description of the 

input and output capabilities of the two-dimensional computer program 

GCHPIP7. Chapter 4 describes the ways in which input and output of the one­

dimensional computer program SWELLI are different. 

The example problems presented in Chapter 5 indicate the accuracy that 

can be achieved with the method of prediction used in this report and also 

point up its limitations which, on the basis of the results, do not appear 

to be serious. 

This method of predicting total swell is termed "simple volume change" 

because it does not consider elasticity-type boundary conditions of lateral 

restraint, except indirectly by use of a factor which specifies how much of 

the total volume change is directed upward. Shearing strain is not considered 

in transferring movement from one vertical soil column to another or in 

distorting the shape of individual elements of a soil medium. There are three 

reasons for using the "simple volume change" concept: 

(1) Most long-term experimental data available to engineers are for 
tests of the soil in one dimension only. These tests can measure 
only total change of volume and can give no indication of the 
long-term shear "modulus" of the soil. 

(2) The results of the simple volume change procedure indicate that 
very accurate predictions can be achieved without consideration of 
the soil as a continuum. The simplicity of the technique and of the 
required input data combined with the demonstrated accuracy 
recommend the approach for practical use. 

(3) In Research Report 118-2, it was shown theoretically that the 
total heave can be computed directly in one-dimensional problems 
when the moisture distribution is known. Extension of this idea 
to two dimensions is theoretically invalid, but in view of the 

85 
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possibly low value of the long-term shear-modulus function, the 
assumption that two-dimensional moisture distribution determines 
two-dimensional swell may approximate reality well enough to permit 
consistently good predicted values of swell profile. 

The simple volume change method uses the following three curves in 

establishing the swell curve of a soil under any pressure: 

(1) Curve 1, the natural soil V
T 

vs. Vw curve, which is similar to 
the free-swell curve; 

(2) Curve 2, the swell pressure vs. total specific volume curve; and 

(3) Curve 3, the final V
T 

vs. Vw curve corresponding to a state of 

saturation that is less than 100 percent. 

These three curves are used with the initial moisture condition of the 

soil and the pressure acting on the soil to determine Points 1 and 2, the end 

points of the soil-swell curve along which change of volume and water content 

are assumed to occur. Moisture diffusion computations give a predicted change 

of moisture content from which a change of volume can be predicted. 

The computer programs of this report are analytical tools with broad 

ranges of capabilities for studying problems in swelling clays. On the one 

hand, the soil properties required as inputs are largely unknown for many 

soils at the time of this writing thus indicating a need for experimental 

determination of these simple properties. On the other hand, the computer can 

now be used to study the effect of change of soil properties on the accuracy 

of prediction. These computer studies will be valuable as indications of 

the range of precision required of instruments to measure these soil properties. 

Parameter studies of a sort were reported in Chapter 6 of Research Report 

118-3 and in Chapter 5 of the present report, in which the saturated 

permeability used in the one-dimensional problems was cut in half in the 

two-dimensional problem, and a significant change in the suction vs. moisture 

curve was made. In spite of these changes, the predicted total heave 

differed by approximately 8 percent. 

Thus, although it would be satisfying from a theoretical standpoint to 

describe the suction vs. moisture relationship and the permeability vs. 

suction relationship precisely, it may neither be possible nor necessary from 

a practical standpoint. 

Changes of soil properties which can and, in many cases, should be 

studied include the effects of ponding and chemical treatment on the probable 

, . 



. . 

. . 

swell of the soil. Study of these properties can be made with confidence 

with the computer programs of this report, which are founded on a sound 

theoretical basis and which are sufficiently general to permit the solution 

of a broad range of problems associated with the movement of water through 

a porous material . 
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APPENDIX 1. GLOSSARY OF COMPUTER NOMENCLATURE 

FORTRAN Term Description 

A( , ) 

AA( ) 

AK( ) 

Coefficient of suction at point T(I,J-1) A( , ), B( , ), 

cx( , ), CY( , ), D( , ), E( , ), and F( , ) are coefficients 

of the finite-difference equation representing change of 

suction with time. 

Continuity coefficient for constant A. In the linear 

equation 

T. 
~ 

= 

Ai and Bi (AA and BB, respectively) are continuity 

(recursion) coefficients and the denominator used to solve 

these coefficients is CC. See BB( ) and CC( ). 

Unsaturated permeability coefficient a in Eq 3.1: 

k = unsat 

k 
sat = 

n 
1 + aT 

b 

Equal to either ±2.54 centimeters per inch or 1 inch per 

inch. AK and BK are stored values of constants a and 

b , respectively. Their values can be changed by inputting 

constant values AK1 and BK1, respectively, in Table 3 

to add to values already stored. AK and BK are made zero 

at the beginning of each problem. 
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FORTRAN Term 

Ml 

AL( ) 

ALF 

ALFA( ) 

ALFB 

ALFO( ) 

ALFP 

Description 

See AK() • 

Tube-flow matrix coefficient of TX or TY at I-I. AL() , 

BL( ) , and CL() are coefficients for a one-pass, alter­

nate-direction implicit method of solution for the finite­

difference equation. 

Input in Table 3 to set ALFA() or to change the value of 

ALFA( ) • Units in degrees. 

An.gle between principal permeability PI and the x-direction. 

Units in degrees. This angle is set or changed by adding 

ALF to the previous value of ALFA() • 

Secant of total specific volume versus specific water volume 

curve beginning at the initial water content. Used in Sub­

routine HEAVY and calculated in Subroutine GULCH as the ratio 

of the amount of swell DELV to the change in water content 

DELW. A vector describing swell under constant overburden 

pressure as water content is increased. Where water content 

decreases, ALFB = 1 • 

Value of ALF at specific water volume of zero. Input in 

Table 4A. Used in main program and Subroutine GULCH. 

Rate of change in suction with change in overburden pressure 

at some time after the initial change in water content. Used 

in Subroutines SUCTION, DSUCT, and HEAVY. 

Research Report 118-1. 

Termed 

Alphanumeric identifiers on first two cards. 

Alphanumeric identifiers on problem card. 

in 

~ . 



FORTRAN Term 

AT 

AT( , ) 

ATEMP 

AV( ) 

Al 

Al 

Al .. 
Al 

. .-

A2 

A2 

A2 

A3 

95 

Description 

Percent of saturation based on gravimetric water contents. 

Used in Subroutines SUCTION and DSUCT. 

The equivalent stress release 

( 
"1 RT "RT\ 

P e--- e--X sat mg mg ) 

Computed at the end of the program and put on tape for input 

to a future program. Units in pounds per square ~nch. 

Temporary storage for calculated AA values. 

Slope on e-log p consolidated curve; can represent 

the slope on the overconsolidation branch of curve. 

C 
c 

or 

Final value of J minus initial value of J I i.e., number 

of stations from surface. See A3 . 

Value of ALFA in radians. See A3 . 

Temporary storage for AK values. See A3 . 

Counter in calculating permeability in cylindrical coordinates. 

Represents stations from lowest depth. Sum of ex and CY • 

See A3 • 

y-Slope gives variation in water content or suction with depth 

in Table 5. Units in percent per inch for water content and 

inches per inch for suction. See A3 • 

(900 
- ALFA) in radians. See A3 • 

Has values of 0.5 or CX/(CX + CY) in calculating new values 

of suction by weighted average methods. See A3 • 

Temporary storage, as are Al and A2 , used in DO - loops 

throughout the main program. 
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FORTRAN Term 

A4 

B 

B( , ) 

BB( ) 

BE 

BETA( ) 

BK( ) 

BKI 

BL( ) 

BTEMP 

C 

CC( ) 

CHI 

CL( ) 

CONST 

CTEMP 

cx( , ) 

CY( , ) 

Cl 

Description 

A4 ~ 1.1: switch to steady-state flow. A4 = 0.0: switch 

to transient-state flow (used in statements 2215 and 2450). 

Equals BETA(L) • Used in Subroutines SUCTION and DSUCT. 

Suction coefficient for T(I-l,J) • See A( , ) • 

Continuity coefficient for constant B. See AA() 

Value of EN(I,J) used as exponent n in calculating per-

meability in Eq 3.1. See AK() . 

Exponent of pF versus water content relationship (see 

Fig 7). Input in Table 4. 

Unsaturated permeability coefficient b. See AK() • 

See AKI • 

Tube-flow matrix coefficient of TX at I. See AL() • 

Temporary storage for calculated BB values. 

Coefficient to transform log to base 10 to log to base e. 

Used in Subroutines SUCTION AND DSUCT. . . 
Continuity coefficient for constant C See AA() • 

Represents X
E

, the equilibrium unsaturated stress parameter 
~. . 

(see Eq 3.7). 

Tube-flow matrix coefficient of TY at J+l. See AL() • 

h 
A common factor [(2 t)(:~) ] used in calculation of suction 

coefficients. 

Temporary storage for calculated CC values. 

Suction coefficient for T(I,J) • See A( , ) • 

Suction coefficient for T(I,J) • See A( , ) • 

Number of x-stations before last station. See C3 • 



.. 
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FORTRAN Term 

Cl 

Cl 

C2 

C2 

C2 

C3 

D 

D( , ) 

DELT 

DELV 

DELW 

DL( ) 

Description 

Set to 1.0 if ALFA = 0 ; otherwise, s"et to cos AI. See 

C3 • 

Set to BK(I,J) for solution of Gardner's equation. See 

C3 . 

x-Slope (see A2) input in Table 5. See C3 • 

Set to 0.0 if ALFA = 0 ; otherwise, set to cos A2. See 

C3 . 

Reciprocal of the unsaturated permeability coefficient, 

UNSAT. See C3 . 

Set to 0.0 if ALFA = 0 ; otherwise, set to cos A3 Cl, 

C2, and C3 are temporary storages used in DO loops 

throughout the main program. 

Equals PFM() minus pF at the inflection point. Used 

in Subroutines SUCTION and DSUCT. See PFl • 

Suction coefficient for T(I+l,J) • See A( , ) • 

97 

Change in water content necessary for equilibrium to be 

established between the overburden pressure and the swelling 

pressure. Used in Subroutine GULCH. 

The amount of swell that can take place at constant applied 

pressure given a water content change of DELW. Used in 

Subroutine GULCH. 

Change in water content from some initial state, WVI(,) , 

on the free-swell curve to some intermediate value, WV(,) • 

Values range from zero to DELT. Used in Subroutine GULCH. 

Tube-flow constant. 
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FOR!RAN Term 

DP 

DTDW( , ) 

DTDX( , ) 

DTDY( , ) 

DTH 

DTXl 

DTYl 

DV( , ) 

DVERT( ) 

E ( , ) 

ECL 

EM 

EN 

Description 

Rate of change of the overburden pressure with respect to 

the volumetric water content, TH. Used in Subroutines 

SUCTION, DSUCT, and HEAVY. 

Change in suction with volumetric water content. Units in 

inches. Computed in Subroutine DSUCT. 

Suction gradient in x-direction. Units in inches of water 

per inch. 

Suction gradient in y-direction. Units in inches of water 

per inch. 

Increase in volumetric water content, which, in a saturated 

soil, is equal to the increase in the porosity. Used in 

Subroutine HEAVY. 

Initial suction gradient in x-direction. DTXl and DTYl , 

in inches of water per inch, are input in Table 6. 

Initial suction gradient in y-direction. See DTXl • 

Vertical strain in soil column. Calculated by Subroutine 

GULCH and used in main program. As output from GULCH, DV 

is the vertical strain for a particular station resulting 

from a change in water content at that station. 

Upward movement, in inches, at any depth. 

Suction coefficient for T(I,J+l). See A( , ) • 

Allowable error in suction calculation at any point. 

Molecular weight of fluid. In the case of water, 18.02 

grams per mole. 

Exponent used in Eq 3.1 to calculate unsaturated permeability 

coefficient. ENl is value input in Table 3. See AK() • 

.. 

... 



FORTRAN Term 

ENP( ) 

ENP(L) 

ENRT 

ENI 

EPS 

ERR 

. . , 
F( , ) 

FACT 

FAC1 

FAC2 

G 

GAM 
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Description 

Exponent of swelling pressure versus total specific volume 

curve. Input into Table 4B. ENP(L) is used in Subroutine 

HEAVY to calculate corrections for computed values of suction 

and water content. Used in Subroutine GULCH to calculate 

change in volume (see Fig 7). 

See ENP() • 

Represents RT , the isothermal constant for pressure versus 
mg 

volume relationships used in calculating the equivalent stress 

release. See AT( , ) • 

See EN. 

Closure tolerance. Used to calculate ECL. Input in Table 

2A. No units. 

Difference between calculated suctions at a point for each 

half-iteration • 

Gravity-potential component of permeability. See A( , ) . 

Differentiation of the gravimetric water content (a decimal 

fraction) as a function of the volumetric water content, 

i.e., dw/d8 Used in Subroutines SUCTION and DSUCT. 

Next suction previous to FAC2 divided by ENRT. FAC1 

and FAC2 are exponents used in calculation of AT( , ) • 

See FAC2 • 

Final suction divided by ENRT • 

Acceleration due to gravity: 
2 

981 cm/sec • 

Wet unit weight of soil in pounds per cubic inch. Input in 

Table 4A. Used in main program and Subroutines HEAVY and 

GULCH. 
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FORTRAN Term 

GAMS( ) 

HT 

HX 

HY 

HI 

I 

I 

IMI 

1M2 

1M3 

IM4 

INI 

INI 

IN2 

IR 

IT 

ITEST 

Description 

Specific gravity of soil solids. Input in Table 4B. Used 

in main program and Subroutines SUCTION, DSUCT, and HEAVY. 

Time increment (time step) in seconds. Input in Table 2A. 

Increment length (in inches) in horizontal x-direction. HX 

and HY are input in Table 2A. 

Increment length (in inches) in vertical y-direction. See 

HX • 

Relative humidity input in Table 6. 

Integer counter for stations in x-direction. Used in main 

program and Subroutine HEAVY. 

Integer counter for stations in x-direction. Used in Sub-

routines SUCTION and DSUCT. Equals 12 . 
x-Coordinate of monitor Station 1. Input in Table 2B. 

x-Coordinate of monitor Station 2. Input in Table 2B. 

x-Coordinate of monitor Station 3. Input in Table 2B. 

x-Coordinate of monitor Station 4. Input in Table 2B. 

Switch input in Table 2C. INI = 1 for transient flow; 

INI = 2 for steady-state flow. 

x-Coordinate of left boundary of region. See JN2 

x-Coordinate of right boundary of region. See JN2 . 

Integer counting stations in reverse order in the x-direction. 

Counter for iterations. 

A check built in to insure problem will not run unless a 

problem number is input. Thus, successive problems can 

run on same job number, and a blank card inserted after data 

input will end the job. 

.. 
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FORTRAN Term 

I TIME 

ITMAX 

IV 

IX 

IY 

11 

12 

12 

13 

14 

J 

J 

JMl 

JM2 

JM3 

JM4 

JNl 

JN2 
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Description 

Total number of time steps input into Table 2A. 

Maximum allowable iterations per time step. Input into 

Table 2A. No units. 

Larger value of IX or IY. 

Number of fictitious closure settings in x-direction. See 

IY . 

Number of fictitious closure settings in y-direction. IX 

and IY are input in first card of Table 7. 

x-Coordinate of monitor Station 1 used in output. 

x-Coordinate of monitor Station 2 used in output. 

Value of I used to enter all subroutines. 

x-Coordinate of monitor Station 3 used in output. 

x-Coordinate of monitor Station 4 used in output. 

Integer counter for stations in y-direction. Used in main 

program and Subroutines HEAVY and GULCH. 

Integer counter for stations in y-direction used in Subw 

routines SUCTION and DSUCT. Equals J2 • 

y-Coordinate of monitor Station 1. 

y-Coordinate of monitor Station 2. 

y-Coordinate of monitor Station 3. 

y-Coordinate of monitor Station 4. 

y-Coordinate of lower boundary of region. See JN2. 

y-Coordinate of upper boundary of region. INI IN2, and 

JN2 are input in Table 3 to outline regions of constant 

permeability. INI IN2 JNl ,and JN2 are input in 

Table 4 to outline regions where swell pressure versus total 



102 

FORTRAN Term 

JR 

Jl 

Jl 

J2 

J2 

J3 

J4 

K 

K 

KAS( , ) 

KASE 

KAT 

Description 

volume relationships are constant. INl, IN2, JNl, and 

JN2 are input in Table 5 to outline regions where initial 

conditions are constant. INl, IN2 JNl , and JN2 are 

input in Table 6 to outline regions where boundary and inter-

nal conditions are constant. INI IN2, JNl, and JN2 

are input into Table 9 to outline regions where boundary 

condition changes are alike. 

Integer counting stations in reverse order in y-direction. 

See IR 

y-Coordinate of monitor Station 1 used in output. 

y-Coordinate of station for output of closure. 

y-Coordinate of monitor Station 2 used in output. 

Value of J used to enter all subroutines. 

x-Coordinate of monitor Station 3 used in output. 

y-Coordinate of monitor Station 4 used in output. 

Integer counter for time steps. Used in main program and 

Subroutines SUCTION and DSUCT. 

Counter for input of cards in Table 3. 

Indicator of type of water content versus suction data held 

at each station. 

Indicator of type of boundary conditions input in Tables 6 

and 9. For stations where boundary conditions are set, 

KAS(I,J) equals KASE. 

Curve number will call all data input in Table 4 and refer­

enced by that number, i.e., PFM(M) , BETA(M) , WVA(M) , 

Q(M) , ALFO(M) , PN(M) , AV(M) , R(M) , WN(M) , VTO(M) , 

.'. 

-.. 
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FORTRAN Term 

KAT 

KAT 

KAT 

KAT 

KEEP2 

KEEP3 

KEEP4 

KEEP5 
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Description 

VTF (M) ., WVF (M) , PO (M) , ENP (M) , GAMS (M) , PRF (M) • 

KAT is input in Table 4 to show locations where each curve 

number applies. 

Case number. When water contents and slopes relating to 

water contents are input in Table 5, KAT ~ 1. If suctions 

and slopes relating to suctions are input in Table 5, 

KAT = 2. Value of KAT is then used as a switch. 

Switch to accept input from Table 9. If KAT = 1, Table 

9 is input for that time step. If KAT = 2, there are 

no changes in boundary conditions for that time step. 

Four-way switch to compute continuity coefficients. In this 

case, KAT = KAS(I,J) • 

Two-way switch. Equals KLOS(I,J) • When KAT = 1, the 

closure error at that station is within the tolerable error. 

When KAT = 2 the closure error is greater than the to1er-

able error. If KAT = 2 , a new suction is calculated for 

KAS(I,J) = 1 for that station using the calculated suction 

values of adjoining stations. KAT can be used in various 

contexts because it is a nonsubscripted integer variable 

which is defined immediately before each use. 

Signal to keep input data from previous problem for Table 2A. 

Signal to keep input data from previous problem for Table 3. 

Signal to keep input data from previous problem for Table 4. 

Signal to keep input data from previous problem for variables 

designated in Table 5. 
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FORTRAN Term 

KEEP6 

KEEP 7 

KEY 

KEYB 

KGRCL 

KLH 

KLOC( ) 

KLOS( ) 

Description 

Signal to keep data from previous problem for variables 

designated in Tables 6 and 9. 

Signal to keep input data from previous problem for Tables 7 

and S. 

Time-step option switch. When KEY: 1 , list of time steps 

read in. New boundary conditions for each time step: 

KEY: 2. No boundary changes: KEY: 3. KEY is input in 

Table SA. 

Switch for time steps for output. Input into Table SB. Read 

in list of time steps: KEYB: 1. Continuous output: 

KEYB : 2 . 

Coordinate switch for calculating permeabilities input into 

Table 1. KGRCL = 1 for rectangular coordinates; KGRCL: 2 

for cylindrical coordinates. 

Switch to consider compressibility of soil input into Table 1. 

When KLH: 1 , the overburden pressure is not considered in 

calculating the suction changes with a change in volumetric 

water content. When KLH: 2 , the overburden pressure is 

considered. Used in main program and Subroutines SUCTION 

and DSUCT. 

Switch set for each time step. When KLOC(): 1 , new 

boundary conditions read in. When KLOC() = 2 

in boundary conditions. 

no change 

Closure switch set for each station. If closure of iterative 

method of calculating suction is within tolerable error, 

KLOS ( ) = 1. If to1erab Ie limit is exceeded, KLOS = 2 • 

-.. 
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FORTRAN Term 

KOUNT 

KOUT 

KPUT( ) 

KT( ) 

KTAPE 

KTIME 

KURV( , ) 

L 

L 

LOC 

M 
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Description 

Counter for the number of stations where error of closure 

exceeds tolerance for each time step. If KOUNT = 0 , com­

puter prints word CLOSURE . 

Equals KPUT() for each time step. 

Switch to determine output for each time step. Print output: 

KPUT( ) = 1 Do not print: KPUT() = 2 

Storage for time steps at which output is desired. Values 

are input in Table SB. 

Switch to calculate and store AT( , ) • If KTAPE = 1 , 

calculate AT( , ). If KTAPE = 0 , skip this operation. 

A time step at which boundary conditions are changed. Input 

on a header card in Table 9. 

Equals KAT in main program. Applicable curve number set 

for each station within the region outlined by input card 

in Table 4. Also used in subroutines. 

Last station less one, e.g., L = MYP3 - 1 • 

KURV( ,) in integer form. Subscript relating to suction 

versus total specific volume versus psecific water volume 

curves. 

Counter of the number of stations for which a set of data 

input in Table 4 is applicable. Value of LOC is input on 

the first card of each set representing a suction versus 

water content curve. See NLOC , KAT, and KURV( , ) • 

Counter for number of sets of data representing suction 

versus water content curves. Used to control input of 

Table 4. The integer M is the curve number for that set 
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FORTRAN Tenn 

M 

M 

M 

M 

MMAX 

MX 

MXP2 

MXP3 

MXP4 

MXPS 

MY 

MY 

MYP2 

MYP3 

MYP4 

MYPS 

Description 

of input. See KAT and KURV(,) 

value of M. 

NCD4 is the final 

Counter in DO-loop for readings in additional cards in 

Table 4 to outline regions in which suction versus water 

content curves are applicable. NLOC is the final value 

of M. 

Counter to input Table S. NCDS is the final value of M. 

Counter to input Tables 6 and 9 • NCD6 is the final value 

of M. 

Counter ~n DO-loop used to calculate vertical heave at 

various depths in the soil. 

Largest positive value of either MXPS or MYPS • 

Number of x-increments input into Table 2A. 

Equals MX + 2. MXP2 MXP3 , MXP4, and MXPS are 

calculated for use as end points in computation processes. 

Equals MX + 3 

Equals MX + 4 

See MXP2 

See MXP2 

Equals MX + S. See MXP2 • 

Total number of y-increments used in Subroutine HEAVY. 

Number of y-increments input into Table 2A. 

Equals MY + 2 . MYP2, MYP3 , MYP4, and MYPS are 

calculated for use as end points in computation processes. 

Equals MY + 3. See MYP2 • 

Equals MY + 4. See MYF2 • 

Equals MY + S. See MYP2 • 

r • 
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FORTRAN Term 

N 

N 

N 

N 

NCD2 

NCD3 

NCD4 

NCD5 

Description 

Counter to read in value of KT() for Table SA. Final 

value of N is NSTEP. 

Number of time steps for which KLOC() is set to 1 when 

boundary condition changes are intermittent. 
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Counter to output values of KT() • Final value of N is 

NOUT • 

Number of time steps for which KPUT() = 1 when output is 

intermittent. 

Number of cards related to Table 2. NCD2 is never used by 

the computer; therefore, input is optional. 

Number of additional cards for input of data in Table 3. 

Number of sets of data (2 cards per set) which represent 

different suction versus water content relationships. When 

KEEP4 = 1 , previous data are kept and no new data can be 

read into Table 4. If new data are to be added to the prob­

lem, all of the previous data sets must be input anew and 

KEEP4 = o. NCD4 is not the number of data cards in Table 

4; total data cards would be equal to NLOC plus twice 

NCD4 • 

Number of additional cards for input of data in Table 5. The 

data from this input are added to the data already stored 

for each station. The stored datum is the last calculated 

value and not necessarily the previous input. 

Number of cards of additional data read in for Tables 6 or 

9. Data are added to values already stored at that location. 

NCD6 is input into Table 1 for Table 6 and into Table 9 to 
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FORTRAN Term 

NCD7 

NLOC 

NOUT 

NPROB 

NSTEP 

P 

P 

Description 

input boundary condition changes for pertinent time steps. 

The input value for NCD6 should count the data cards but 

not the header cards, which contain KTIME and NCD6 • 

Number of data cards input in Table 7. 

Total number of cards in Table 4 which specify the regions 

over which particular suction versus water content relation­

ships would apply. NLOC is the sum of the various LOC 

values input in the data sets of Table 4. See NCD4 

Total number of time steps where output is required. The 

input into Table 8B is not recognized by computer if con­

tinuous output is called for. See KEYB. 

Problem number, read from second card in program and first 

card in subsequent problems. Used to identify problem and 

subproblem. Problems may be entered one after another and 

various portions can be reused (see KEEP2 through KEEP7). 

A blank card is inserted after the end of all data. The 

computer reads this as NPROB = 5H. The comparison with 

ITEST ends the compilation of data and starts execution of 

the problems. 

Total number of time steps at which boundary conditions 

change. NSTEP is input in header card of Table 8A and 

value is used only if KEY = 1 • 

Overburden pressure, inches of water, in Subroutines SUCTION, 

DSUCT, and HEAVY. 

Overburden pressure, pounds per square inch, in Subroutine 

GULCH. 

, . 
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FORTRAN Term 

PCTUP 

PF 

PFM( ) 

PFR( ) 

PFl 

PFI 

PL 

PN( ) 

PO( ) 

POR( , ) 
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Description 

Ratio between the vertical expansion and volumetric expansion 

of the soil in~. Value must be input in Table 4. The 

same value is used for all soils in one problem. Value is 

used in Subroutine GULCH. 

Equals PFM - PFI • Used in Subroutines SUCTION and DSUCT. 

Maximum pF value. Must be chosen arbitrarily as the dry 

end point of each suction versus water content curve and 

input in Table 4. 

Equals PFM() - PFI • 

The pF at the inflection point. Determined from each suc­

tion versus water content curve and input in Table 4. 

Equals pF, the log of suction to base 10. Calculated in 

Subroutine SUCTION for each time step and printed when out­

put when called for. PFI will be zero for all positive 

values of suction and will not exceed PFM. PFI is set 

to zero for a steady-state case in which A4 = 0 • 

Principal permeability at right angles to PB. Input into 

Table 3 in units of inches per second. PL is added to any 

previous stored value of P2 • 

Porosity at air entry. Input into Table 4. Used in programs 

as POR(I,J) • 

Swell pressure corresponding to the total dry specific volume. 

Input into Table 4 in units of pounds per square inch. Used 

in Subroutine GULCH. 

Porosity at air entry for each station. Used to calculate 

CHI in Subroutines SUCTION, DSUCT, and HEAVY. 
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FORTRAN Term 

PSAT 

PI 

PI ( , ) 

P11 ( , ) 

P12 ( , ) 

P2 ( , ) 

P22 ( , ) 

Q( ) 

QMO 

QMl 

R 

Description 

Saturated vapor pressure in centimeters of water. 

Overburden pressure in psi. Used in Subroutine HEAVY. 

Principal permeability nearest to the x-direction for each 

station. See PB. Units of inches per second. 

Direct permeability in x-direction. The portion of the x­

component of velocity contributed by a change in suction in 

the x-direction. Units in inches per second. 

Cross permeability in either the x or y-direction. For 

example, it is the portion of the x-component of velocity 

contributed by a change in suction in the y-direction. 

Units in inches per second. 

Principal permeability at right angles to Pl. See PL. 

Units in inches per second. 

Direct permeability in y-direction. See Pll and P12 • 

Units in inches per second. 

Exponent of the specific water volume versus total specific 

volume curve. Describes swell under zero total pressure. 

Input in Table 4 and used in Subroutines HEAVY and GULCH. 

Equals QMO in HEAVY. 

Equals Q() in Subroutines HEAVY and GULCH. 

Equals Q() + 1 Used in Subroutine GULCH. 

Radius of station being considered in axisymmetric case for 

calculation of suction coefficients A( , ) , B( , ) , 

CX ( , ) , CY ( , ) , D ( , ) , E ( , ) ,and F ( , ) • 

Units in inches. 

r " • 

". " 
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FORTRAN Term Description 

R( ) Saturation exponent relating the degree of saturation to 

CHI. Input in Table 4 for each suction versus water content 

curve and used at end of program to calculate CHI. 

RECB Reciprocal of (BETA() + 1.0) • Used in Subroutines SUCTION 

and DSUCT. 

RENP Reciprocal of ENP(L) Used in Subroutine GULCH. 

RG Gas constant. 7 Equals 8.314 X 10 ergs per degree centigrade 

per mole. 

RO Inside radius. A finite number must be input in Table 3 to 

represent radius of source or sink in cylindrical seepage 

problems. Units in inches. 

RPO Equals R() for calculation of CHI. Used in main pro-

gram and Subroutine HEAVY. 

S Used in Subroutine GULCH. Reciprocal of ALFB when DELW 

equals DELT. Must be greater than or equal to Q() so 

that the swell cannot exceed the free-swell value. 

SAT Used in Subroutine HEAVY. Equals X
E

, the equilibrium 

unsaturated stress parameter. 

SRCH Surcharge pressure (pounds per square inch) exerted ex-

ternally on the upper boundary of the region. Only one 

value for each value of KURV(I,J) input into Table 4. 

Used in Subroutines HEAVY and GULCH. 

T( , ) Suction (inches of water) set or calculated for each sta-

tion. See TL. Used in Subroutines SUCTION, DSUCT, and 

HEAVY . 

TA Absolute value of T(I,J) • Used in computing permeability. 
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FORTRAN Term 

TAT 

TE 

TE 

TEM 

TERM 

TH 

TI( ) 

TX( ) 

TY( , ) 

Description 

Used in Subroutines SUCTION and DSUCT. Value of AT which 

corresponds to the inflection point on the degree of saturated 

versus pF curve. 

Soil temperature (degrees F) input into Tables 6 and 9 and 

used in Subroutine HUMIDY to calculate suction. 

Pressure-free suction expressed as positive number. Used in 

Subroutines SUCTION and DSUCT. 

Absolute temperature (degrees Kelvin) used to calculate 

AT( , ) • 

Used in Subroutine HEAVY. Factor to convert gravimetric 

water content (decimal fraction) to volumetric water content 

(decimal fraction). 

Volumetric water content expressed as a decimal fraction. 

Used in Subroutine HEAVY. 

Initial value of T(I,J) used in computing AT( , ) • 

The computed value for suction at a station at the end of a 

Tk+l( time step, i.e., ). The suction at the beginning 

of the time step is T( , ) or ~( , ) . TX( , ) is the 

suction computed during the first half of each iteration for 

stations considered in sequence in the x-direction. See 

TY( , ) • 

The computed value for suction at a station at the end of a 

time step. TY(,) is the suction computed during the last 

half of each iteration for stations considered in sequence 

in the y-direction. See TX(,) • 
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FORTRAN Term 

T1 

UN SAT 

UP 

VSX( , ) 

VSY( ) 

VTAP 

VTF( ) 

VTI 

VTO( ) 

VTP 
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Description 

Variance to input changes in suction in Tables 5, 6, and 9. 

These values are added to whatever value is stored in T( J ) • 

Units in inches of water. 

Unsaturated permeability coefficient K(unsaturated) = 

K(saturated)UNSAT. See AK() and BK() 

Numerator of valve-setting terms VSX(,) and VSY( ) • 

Valve setting for solution of flow in the y-direction. One 

of the acceleration parameters in the Crank-Nicolson method 

of solution. Set for each station. See VX() • 

Valve setting for solution of flow in the x-direction. See 

VSX( ,) and VY(). Set for each station. 

Used in Subroutine GULCH. Total specific volume on the free­

swell curve corresponding to the air-entry water content, 

WVA(L) • 

Total specific volume of zero swell pressure. Used in Sub­

routines HEAVY and GULCH. 

Used in Subroutine GULCH. Initial total specific volume of 

the free-swell curve corresponding to WVI( , ) • Volume 

changes start from VTI and work toward VTP. 

Total specific volume of dry soil. Used in Subroutine GULCH. 

Input into Table 4 for each suction versus water content 

curve. Units in cubic centimeters per gram of oven-dried 

soil. 

Total specific volume when soil is in static equilibrium 

with weight of overburden. Used in Subroutines HEAVY and 

GULCH. 
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FORTRAN Term 

vx( ) 

VY( ) 

WN( ) 

wv( , ) 

WVA( ) 

WVF( ) 

WVI( , ) 

WVP 

WVS( , ) 

Description 

Fictitious closure valve-setting input to be applied at each 

station as VSX(,) until solution generates values inter­

nally. Input into Table 7. See IX 

Fictitious closure valve-setting input to be applied at each 

station as VSY(,) until solution generates values inter­

nally. Input into Table 7. See IY. 

Gravimetric water content at final saturation (suction equals 

zero). Input in Table 4 in percent for each suction versus 

water content curve. Set as WVS( ,) for each station 

within applicable region. 

Gravimetric water content in percent at each station in a 

region. Has same numeric coefficient as specific water 

volume. Used in main program and all subroutines. 

Air-entry water content for each free-swell curve of total 

specific volume versus specific water volume. 

Specific water volume at zero swell pressure corresponding 

to final total specific volume. Units in cubic centimeters 

per gram. Input into Table 4 for each suction versus water 

content curve and used in Subroutine GULCH. 

Initial specific water volume for each station in a region. 

Expressed as percent and set equal to WV( ,) at time 

equal to zero. Used in Subroutines HEAVY and GULCH. 

Used in Subroutine GULCH. Specific water volume correspond­

ing to VTP. 

Gravimetric water content in percent at saturation (suction 

equals zero) for each station in region. Set equal to 

, . 
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FORTRAN Term Description 

WVI 

XM 

WN() and used in Subroutines SUCTION and DSUCT. 

Input in Tables 5, 6, and 9 for gravimetric water content in 

percent. The value is added to previously stored values of 

WV( ,) at each station. 

A collection of terms used in Subroutines SUCTION and DSUCT 

obtained when suction T(I,J) is differentiated with respect 

to the volumetric water content, TH • 
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PROGRAM GCHPIP7 

1 
1000 

READ and PRINT ......... 

Run Identification 
Problem Number 
Problem Identification 

Is Yes 
NPROB 
:: a 

No STOP 

READ and PRINT 
Table 1. Table Controls, 

Hold Options 

READ and PRINT 
Table 2A. Inc rements, Iteration 

Cont ro 1 
Table 2B. Monitor Stations 
Table 2C. Transient or Pseudo-

Steady State Flow Choice 

Compute constants for 
convenience 

. -. READ and PRINT permeabilit~ Table 3. 

. I 

READ and PRINT ......... 

Table 4. Suction-Water Content 
Curves 

READ and PRINT 
Rectangular regions in which 

specified suction-water 
content curves apply 

(------------ DO 1526 M = 1, NCD5 

I 

4 READ and PRINT a card from ~ 
Table 5. Initial Conditions 

I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 

+ 
I 
I 
I 
I 
I 
I 
I 

~ 
I 
I 
I 

I 
KAT ~ I 

---.,l,--____ \/~ 

'-----------------, 
Distribute water content over 
specified rectangular region 
using slopes from upper right 
corner added to previously 
stored water content. 
Set KAS(I,J) = 1 

,-----------------~i CALL Subroutine SUCTION II 

Distribute suction over 
specified rectangular region 
using slopes from upper right 

+--­corner added to previously 
stored suction. 
Set KAS(I,J) = 1 

II CALL Subrout ine DSUCT I] 

I 
I 
I 
I 
I 
I 
I 
I 
I , _______________ ~ 1526 CONTINUE 

I 

I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 
I 

DO 1645 M = 1, NCD6 ) 

READ and PRINT a card from 
Table 6. Boundary and Internal 

Conditions 

KASE 

1 2 345 
~ ~-----.. ~------ ~-----.. r-------

l 

Water content set 
in specified rectangular 
region. Added to previously 
stored water content· 
Set KAS(I,J) = 2 

I 

\ . 
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4 
I 
I 
I 
I 
I 
I 
I 
I 

~ 

~--------------~llcALL Subroutine SUCTION II 

Suc t ion set in 
specified rectangular 
region. Added to previously 
stored suction. 
Set KAS(I,J) = 2 

-----------------111 CALL Su b rou tine DSUCT I] 

x-Slope set in 
specified rectangular 
region. Added to previously 
stored s-slope. After all 
cards in Table 6 have been 
read, boundary values of 
suction are computed from 
x-slope and the value of 
suction just inside the 
boundary. KAS(I,J) is set 
at 3 and Subroutine DSUCT 
is ca lIed 

y-Slope set in 
specified rectangular 
region. Added to previously 
stored y-slope. After all 
cards in Table 6 have been 
read, boundary values of 
suction are computed from 
y-slope and the value of 
suction just inside the 
boundary. KAS(I,J) is set 
at 4 and Subroutine DSUCT 
is ca lIed 

Soil moisture humidity set 
in specified rectangular 
region. KAS(I,J) = 2 

II CALL Subroutine HUMIDY II 

-----------11645 CONTINUE) 

I 
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READ Table 7. Closure Acceleration 
Data. 
First Card: No. of X and y-closure 
valve setting, IX and IY 

READ and PRINT 
List of x and y-closure valve 
settings. 

READ Table SA. List of Time St eps 
Where Boundary Conditions Change. 
First Card: Switch KEY and 
number NSTEP 

KEY 

1 2 3 
---. 

l 

READ and PRINT 
NSTEP time steps where 
boundary conditions change. 
Set KLOC(K) = 1 at these 
time steps; = 2 at all 
others 

PRINT ALL - Continuous boundary ........ 

condition change. Set KLOC(K) -./ 

= 1 at all time steps 
" . 

PRINT NONE - No change of boundarY' 
conditions. Set KLOC(K) = 

2 at all time steps. 

READ Table BB. List of Time '" Steps for Output 
First Card: Switch KEYB 
and number NOUT. 
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KEYB 

1 2 -- r 
READ and PRINT 

NOUT time steps for output 
Set KPUT(K) = 1 for these time steps 
and = 2 for all others 

I PRINT ALL - Cont inuous output 

J Zero out temporary constants I 

DO 9000 K = 1, I TIME) 

I KOUT = KPUT(K) I 

Is 
K > 1 No 

and 
KLOC(K) = 1 

Yes 

READ KTIME (time step) and NCD6, r 
number of cards to be input at 
this time step 

DO 1945 M = 1, NCD6 

READ and PRINT a card from 
Table 9. Subsequent Boundary 
Conditions. 

I 
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, 

I 2 

I 
KASE 

3 4 5 
......... r 

I 

Water content set 
in spec i fied rectangular 
region. Set KAS(I, J) = 

I 
CALL Subroutine SUCTION II 

Suction set 
in spec ified rectangular 
region. Set KAS(I,J) = 

I 
\1 CALL Subroutine DSUCT II 

x-Slope set in 
specified rectangular 
region. After all cards in 
Table 9 have been read, 
boundary values of suction 

2 

2 

are computed from x-slope 
and the value of suction just 
inside the boundary. KAS(I,J) 
is set at 3 and Subroutine 
DSUCT is ca lled. 

y-S1ope set in 
specified rectangular 
region. After all cards in 
Table 9 have been read, 
boundary values of suction 
are computed from y-s1ope 
and the value of suction just 
inside the boundary. KAS(I,J) 
is set at 4 and Subroutine 
DSUCT is called. 

1 

'-. 
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Soil moisture humidity set 
in specified rectangular 
region. KAS(I, J) = 2 

I 
CALL Subroutine HUMIDY ] 

I 
______ -.1 1945 CONTINUE ) 

~ 
Compute components of the saturated 

permea bil ity tensor at each 
point of the region 

I 
Compute unsaturated permeability 

factor, unsaturated components 
of the permeability tensor 

I 
KOUT 

1 2 
----.. r 

PRINT It J, To WV, DTDW, PU, P12, P22'1 
I 

k 
KGRCL 

1 2 
~' 

l 
Compute suction coefficients 

A, B, CX, CY, D. E. F for 
rectangular region 

( 

Compute suction coefficients 
A. B, CX, CY, D, E, F for 
cylind rica 1 region 

~ 
Set constants outside of 

region 

I 
Set T = TX = TY 1 

I 
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I 
I 
t 
I 
I 
I 
I 
I 
I 
I 
I 

4 

,,------
I , 

--

I 
I 
t 
I 
I 
I 

,--- -

+ 

I 
I 
I 
I 
I 

~ 
-, 

I 

~ 
t 

cb 

Ir 

I 

DO 8000 IT = 1, ITMAX) 

DO 2370 J = 3, MY + 3 

DO 2210 I = 3, MX + 3 

Is 
Yes IT > IY 

No 

Preset VSY(I,J) = VY(IT) I 

I Compute natural VSY(I,J) f 

Compute x-tube flow 
coefficients AL, BL, CL, 

'------ 2210 CONTINUE) 

,-
r 
I 

0~ 
I 
I 

$ 

-

r-

H 
If 

DO 2300 I = 3, MXP3 

KAS(I, J) 

1 2 3 4 
~ r 

Compute normal continuity 
coefficients AA, BB, CC 

Compute suction set I 
continuity coefficients I 

DL I 

.r'. 

, " 
." 

~ 

""" 

~ If 
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I I I I 
I I I I 

127 

I I I I 
I I I I 

I I I I 
I I I I 

+ + • ~ No 

I 
I 
I 
I .. 
I Yes I 
I 
I Compute point gradient 
I continuity coefficients 

¢ 
I Compute pipe increment 
I gradient continuity 
I coefficients 
I 
I 
I 

Compute normal continuity I 
I coeffic ients AA, BB, CC 
I 
I 

¢ 
\ 
"'------

DO 2370 I = 3, MX + 3 , 

• cp Compute TX 
I 
I l 
I ,-------

¢ 
,---------

.. 
$ ,----- DO 2570 I 3, MX + 3 

I 
I 
I 
I ~-- DO 2400 J 3, MY + 3 
I I 
I I 
I 

~ ~ 
I I Yes 

I I cp I 
I 
I 
I 

¢ Preset VSX(I,J) = VX(IT) 

Compute natura 1 VSX(I,J) 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I I 

4 4 4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I I 
I I 

Qp I 
I 
I 

I I 

0 
I I 
I I 
I I 
I I 
I I I I 
J I I 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

\ -
,-
I 
I 
I 
I 
I 

4 
I 
I o 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
'-

compute y-tube flow 
coefficients AL, BL, CL, 

-------12400 CONTINUE) 

-- DO 2500 J :::: 3, MY + 3 

KAS(I,J) 

1 2 3 4 
'-------1 r 

"-

Compute normal continuity 
CC , coefficients AA, BB, 

H Compute suction set I 
continuity coefficients I 

H Compute norma 1 cont inuity I 
coefficients AA, BB, CC I 

s 
pt. on No 

boundary 

lYes 

H Compute point gradient I 
continuity coefficients 

Compute pipe increment 
gradient continuity 
coefficients 

______ ~ 2500 CONTINUE) 

,--- DO 2570 J :::: 3, MY + 3 

I 
I , 

DL 

, . 

; . 
.' 

Ir 



• I 

1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

o 

, 

I I 

4 4 

60 J I Compute TY I 
I 
I 
'--

I 
,--------- 2570 CONTINUE) ---------

Is 
(TY-TX) Yes < (€)(TY) 
at each 
point 

No 

Set KLOS(I,J) = 2 at each 
point not closed. KLOS(I,J) 
is set at 1 at all other points 

KOUT 

1 2 
~ 

L' 
PRINT monitor data I 

r 
"'--- -- -------- 8000 CONTINUE 

KLOS(I, J) 
at each point 

1 2 
~ 

l 
Set new T = weighted average 

I of TX and TY 

( 
Set new T = value from 

mod ified forward difference 
method 

II CALL Subroutine DSUCT II 

129 

Ir 

Ir 
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I 
I 
I' 
I 
I 
I 
I 

¢ 
I 
I 
I 
I 
I 
I 
I 

+ I 
I 

I 

KOUT 

1 2 

l 
I PRINT I, J, T, WV, PFl, 

Compute vertical movement 
at each point in the soil. 
Call Subroutine GULCH. 

Is 
KTAPE 
== 1 ? 

Yes 

No 

Compute X'YWllT at each 
point of the region. 
Write these values on tape. 

,"""-'-------------- 9000 CONTINUE ) 

Return to Statement 1000 
to read data for a 
new problem 

.. 

VSX, VSYI 

1 • . " 



.. 
'. 

Subroutine SUCTION 

Compute 

XM 

FACT 

AT 

TAT 

RECB 

Yes 

No DTDW 
.>-------1 PFl 

T 

constants: 

(~~)(1+BiTV 
= 1.0/(1 - POR)GAMS 

100 (WV /WVS) 

= 100 (PFR/PFM) 

'" 1 1(1 + BETA) 

No 

Yes 

1526 

== 1.0 
0.0 

:c 0.0 

PF = PFR ( ~~T ) *RECB 

PFl "" 
T :: 

DTDW == 

PFM - PF 

( -(10)**PF1)/2.S4 

XM (FACT)(-T)(LOG 10) e ( PFR )**BETA 
P.F 

131 

1530 
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1527 

PF1 = (PFM-PFR) ( lOa-AT 
lOa-TAT 

T = ( _.(10)PF1)/2.S4 

DTDW = XM(FACT) (-T) (LOG 10) 
e 

1528 

'-
KLH 

1 2 

)' 

II CALL Subroutine HEAVY I] 

T = T + (ALFP)(P) 

DTDW = DTDW + (ALFP) (DP) 

1530 

r Return. I 

)RECB 

(PFM-PFR) BETA 
PF1 

f....--/ 

.­ -. 

1 • 



133 

Subroutine DSUCT 

wv = WVS 
Yes 
">-----~ PFI = 0 

DTDW = 1.0 

No 

2760 

Yes 

No 

TE = (-T + ALFP>':P)(2.54) 

TE = (-T)(2.54) 

. . . PFI == LOG
iO 

(TE) 

T = -1/2.54 
Yes PFI = 0 
>------~ 

WV WVS 
DTDW = 1.0 

No 

2720 2750 
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'-

Is 

PFl > PFM 

DTDW .. 

No II 

Compute constants: 2750 

Yes 

AT = 

DTDW= 

AT = 

DTDW= 

T = -TE!2.54 

PF = PFM - PFl 

TAT = 100 ( PFR ) PFM 

XM 
PFM 1 

c -
WVS l+BETA 

Is 

PF > PFR 

No 

TAT ( PF ) l+BETA 

PFR 

XM(TE) (LOGe 10)( 
PFR \BETA 

"" 
PF ) 

100 - ( 100-TAT )( PF1 )l+BETA 
\ PFM-PFR 

XM(TE )(LOG e 1 0) ( 
PFM-PFR )BETA 

PFl 

wv = (~~O) (WVS) 

FACT= 1.0/(1 - POR) (GAMS) r--------J 

DTDW= DTDW(FACT) 

I • 
-' 



135 

2750 

KLH 

1 2 

] 

II CALL Subroutine HEAVY "I] 

T :c T + (ALFP) (p) 

DTDW = DTDW + (ALFP) (DP) 

2760 

I Return 1 

• <. 
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VTP 

WVP 

Yes 

VTI 

Subroutine GULCH 

Compute overburden plus 
surcharge pressure 

No 

Yes 

VTF ( P \ENP ( VTF 
\ PO ) 

VTO ) 

WVF ( VTF 

WVI [ 
VTO + 100 

VTP ) 100 

No 

ALFO + (l-ALFO) 
Q 

! 

\ 

WVA [ 
VTAP '" VTO + 100 ALFO + (l-ALFO) 

Q J 
VTI VTAP + ( WVI-WVA 

= 100 ) 

DV :: 0.0 

WVI ,Q-l 

WVA ) 

1770 

J 



.. . 

'. 

WV-WVI 
DELW '" 100 

DELT == 

s 

DELV 

ALFB 

DV 

No 

(WVP-WVI) 
100 

Yes 

SQ II:: SQ 

( VTP -
DELV 
DELW 

f DELV 
I 

\ VTI 

1770 

137 

Yes DV 
">---="':"':""'--1 ALFB 

'--____ --1 

0.0 0.-_ 
1.0 

1770 

No 

VTI ) ( DELW )Q 
DELT , 

) PCTUP 
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Subroutine HEAVY 

Compute overburden pressure 
plus surcharge and 

volumetric water content 

F2 = 1.0 - TH 

Yes 

No 

Pi Fl = C"""'""--:.~--
0.435AV(1 - n ) 

69 = (WV - WVA) (1 - n)G 

_ n + AS 
n - 1 + 69 
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dP = Fl/[F2(X)(O.0361)] 

r (WV - WVI_\] 
Q'p :::: "':aL 1 = Q'B VTP - VTi). 
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" ." 

GENERAL PROGRAM NOTES 

A detailed discussion of all input data is given in Chapter 3 

All words not marked E or F are understood to be input as integers, the last number of which is 

in the farthest right space in the box 

All words marked E or F are for decimal numbers, which may be input at any position in the box 

with the decimal point in the proper position . - I 9 . 36 

o .00 I 3 

72·1 

The words marked E have been provided for those numbers which may require an exponential 

expression. The last number of the exponent should appear in the farthest right space 

in the box 1- 3 . I 4 2 E ~ 0 6[ 

The program is arranged to compute quantities in terms of pounds, inches, and seconds. All 

dimensional input should be in these units. 
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GCHPIP7 GUIDE FOR DATA INPUT -- Card forms 

IDENTIFICATION OF PROGRAM AND RUN (one alphanumeric card per problem) 

80 

80 

IDENTIFICATION OF PROBLEM (one card per problem; program stops if NPROB is left blank) 

NPROB 

I I DESCRIPTION OF PROB.LEM (alphanumeric) 
5 11 80 

TABLE 1. TABLE CONTROLS, HOLD OPTIONS 
SWITCH SWITCH SWITCH 

ENTER 1 TO HOLD PRIOR TABLE NUM CARDS ADDED FOR TABLE KGRCL KLH KTAPE 

2 3 4 5 6 7 2 3 4A 5 6 7 1 or 2 1 or 2 1 or 0 

5 10 15 20 25 30 35 40 45 50 55 60 65 

1 Grid Coordinates 
IF KGRCL IS 

2 Cylindrical Coordinates 

1 Light - overburden pressure and compressibility not considered 
IF KLH IS 

2 Heavy - overburden pressure and compressibility considered 

1 Calculate and store equivalent stress release 
IF KTAPE IS 

0 Skip this section of program 
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TABLE 2A. INCREMENTS ITERATION CONTROL 

MAX 
NUM NuM ITERS NUM 

OF X~ OF Y- PER TIME TIME X-INCR Y-INCR INSIDE TIME CLOSURE 
INCRS INCRS STEP- STEPS LENGTH LENGTH RADIUS STEP TOLERANCE 

I I E E E E E 
5 10 15 20 30 40 50 60 70 

TABLE 2B. MONITOR STATIONS 

COORDINATES OF MONITOR POINTS 

I J I J I J I J 

10 20 25 30 35 40 

TABLE 2C. CHOICE OF TRANSIENT OR PSEUDO STEADY-STATE FLOW 

1 TRANS I ENT FLOW 2 PSEUDO STEADY-STATE FLOW 

0 
5 

TABLE 3. PERMEABILITY 

FROM TO UNSATURATED PERMEABILITY COEFFICIENTS 
PERMEABILITY B PERMEABILITY H ANGLE FROM 

I I J I I J Pi I P2 I Pi TO HORIZ. AK I BK I EN 

I I E I E I E E I E I E I 
5 10 15 20 30 40 50 60 70 80 
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TABLE 4. SUCTION-MOISTURE-COMPRESSIBILITY 

AIR 
PF ENTRY ALFA AT 

NUMBER VERSUS WATER ZERO POROSITY 
LOCA- MAX INTL CURVE CON- ALFA WATER AT 
TIONS PF PF EXPONENT TENT EXPONENT CONTENT AIR ENTRY 

I I F I F 1 F I F [ F I E E 
5 10 15 20 25 30 40 

DRY. SPECIFIC FINAL SPECIFIC FINAL ZERO AIR SWELL 
TOTAL VOLUME TOTAL VOLUME 

I I 
WATER CONTENT; PRESSURE, 

EXPONENT OF 
psi P- V CURVE 

E E E I E E 
10 20 30 40 

FROM TO CURVE NUM 
I J I J KAT 

I 
5 10 15 20 25 

TABLE 5. INITIAL CONDITIONS 

FROM TO KAT WATER 
I J I J 1 OR 2 CONTENT SUCTION 

I I n E E 
5 10 15 20 25 31 40 

TABLE 6. BOUNDARY AND INTERNAL CONDITIONS 

FROM TO KASE WATER 
I J I J 1 TO 5 CONTENT SUCTION 

I n E E 
5 10 15 20 25 31 40 

UNIT FINAL 
E-LOG P WEIGHT SATURATION 

COMPRESSIBILITY X OF WATER 
COEFFICIENT EXPONENT SOIL CONTENT 

E I F I F E 
50 65 10 90 

SURCHARGE RATIO VOLUME SPECIFIC GRAVITY 
PRESSURE, psi CHANGE VERTICAL OF SOLIDS 
I E I E I E 

50 60 10 90 

Y-SLOPE X-SLOPE 
A2 C2 
E E 

50 60 10 

SOIL-
X-GRADIENT Y-GRADIENT MOISTURE 
OF SUCTION OF SUCTION HUMIDITY TEMP 

E E I F I I F 
50 60 10 15 11 90 

I-' 
+--
1.0 
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TABLE 7. CLOSURE ACCELERATION DATA 

NUM 
VX 

NUM 
VY 

VX and VY are externally specified x and y-c1osure valve settings which are all 
used before natural closure valve settings are computed. 

o o 
10 

X-CLOSURE VALVE SETTINGS (maximum number is 10) 

E E E E E E E 
10 20 30 40 50 60 70 

E E 
10 20 

Y-CLOSURE VALVE SETTINGS (maximum number is 10) 

E I E E E E E E 
10 20 30 40 50 60 70 

E E 
10 20 

TABLE 8A. TIME STEPS FOR BOUNDARY-CONDITION CHANGE 

KEY NSTEP 

n I I 
!5 8 10 

LIST OF TIME STEPS (if KEY = 1 , 

10 15 20 

10 15 20 

IF KEY IS 1 

2 

3 

maximum is 50) 

25 30 

25 30 

Read in a list of time steps for boundary-condition change 
NSTEP is the number of these steps. 
Continuous boundary-condition change. Read in a new boundary 
condition at each time step. NSTEP is left blank. 
No boundary-condition change. NSTEP is left blank. 

35 40 45 50 55 60 65 70 

E 
80 

E 
80 
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TABLE BB. LIST OF TIME STEPS FOR OUTPUT 

KEYB NOUT n Cl 
5 8 10 

LIST OF TIME STEPS (if KEYB 

I I 
5 10 15 

t 
5 10 15 

1 Read in a list of output time steps. 
IF KEYB IS NOUT is the number of these time steps. 

2 

1 , maximum 

20 25 
• 

20 
'x. 

I. 

Continuous output. 
Value of NOUT not used. 

is 50) 

30 35 40 45 50 55 

TABLE 9. SUBSEQUENT BOUNDARY CONDITIONS (if KEY 1 or 2 ) 

TIME NUMBER 
STEP CARDS 

I I 
5 10 

FROM TO KASE WATER X-GRADIENT 
I J I J 1 TO 5 CONTENT SUCTION OF SUCTION 

n E E E 
5 10 15 20 25 31 40 50 

KASE 1 KASE 2 KASE 3 

60 65 70 

SOIL-
Y-GRADIENT MOISTURE 
OF SUCTION HUMIDITY TEMP 

E F I I F 
60 70 75 77 80 

KASE 4 KASE = 5 
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APPENDIX 4 

PROGRAM LISTING GCHPIP7 
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C 
C 
C 
C 
( 

C 
( 

( 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
( 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM GCHPIP7 IINPUT.OUTPUTI 25MAY7n 
NOTATION 
T SUCTION 
TX TRIAL SUCTION IN X - PIPES 
TY TRIAL SUCTION IN Y - PIPES 
Pll PERMEABILITY IN X-DIRECTION AFfECTED BY X- HEAD CHANGE 
P12 PERMEABILITY IN X-DIRECTION AFFECTED BY Y- HEAD CHANGE 
PZl PERMEABILITY IN Y-DIRECTION AFFECTED BY X- HEAD CHANGE 
P2Z PERMEABILITY IN Y-DIRECTION AFFECTED BY Y- HEAD CHANGE 
PI PRINCIPAL PERMEABILITY NEAREST X-DIRECTION 
PZ PRINCIPAL PERMEABILITY NEAREST Y-DIRECTION 
A SUCT ION COEFF IC I ENT OF TI "J-ll 
B SUCTION COEFFICIENT OF TI l-l.J) 
C SUCTION COEfFICIENT Of TI I • JI 
o SUCTION COEFFICIENT Of TI l+l.JI 
E SUCTION COEFFICIENT OF TlI.J+lI 
F GRAVITY POTENTIAL COMPONENT OF PERMEABILITY 
DTDW RATE OF CHANGE OF SUCTION WiTH WATER CONTENT 
AL TUBE FLOW MATRIX COEFFICIENT OF TX OR TY AT -1 
BL TUBE FLOW MATRIX COEFFICIENT Of TX OR TO AT 
CL TUBE FLOW MATRIX COEFFICIENT Of U OR TY AT +1 
DL TUBE FLOW CONSTANT 
HX INCREMENT LENGTH IN THE X-DIRECT ION 
HY INCREMENT LENGTH IN THE Y-DIRECTION 
HT INCREMENT LENGTH IN THE T IME- DIRECTION 
AA CONTINUITY COEFFICIENT - A CONSTANT 
BB CONTINUITY COEFFICIENT - 8 CONSTANT 
CC CONT INUI TY COEFFICIENT - C CONSTANT 
DO CONTINUITY COEFFICIENT - A DENOMINATOR 
ALPHA ANGLE BETWEEN PI AND THE X- DIRECTION 
EPS CLOSURE TOLERANCE ON DIFFERENCE IN TX AND TY 
WV VOLUMETRIC WATER CONTENT 
WVS SATURATED WATER CONTENT 
VSX CLOSURE PARAMETER FOR THE X-DIRECT-ION 
VSY CLOSURE PARAMETER FOR THE Y-DIRfCTION 
DIMENSION PlI29.3il.P2129.351.ALFAI29.351.AKI29.351.BKI29.351. 
lENI29.351.WVI29.351.TI29.351.Pl1129.351.P12129.351.P22129.3~1. 
2DTDWI29.351.VSXI29.351.VSYI29.351.AI29.351.BI29.351.CXI29.351. 
3CYI29.351.DI29.351.EI29.351.FI29.351.ALI3~I.BLI351.CL13~I.DLI351. 
4AAI351.BBI351.CCI351.TXI29.351.TYI29.351.KURVI29.351. 
5KLOCII0001.AN11161.AN2171.wVSI29.351.DTDXI29.351.DTDY129.3~1. 
6KASI2 9. 351 .VX 1101 .VY 1101 .PFM I 101 .PFR 110 I.BETA 110 I .WVAI 10 I .QI II) I. 
7ALFOII0).RII01.AVII01.PNII01.PORI29.351.KTI501.WNII01.KPUTII0001. 
8KLOSI29.351.WVI129.351.VTOIIOI.VTFII0l.WVFIIOI.POII01.E-PII01. 
9GAMSII01.DVERTI351.DVI29.351.TI129.351.ATI29.351 

COMMON/ONE/PFM.PFR.BETA.DTDW.PFI 
I/TWO/T.12.J2 
2/THREE/WVS.KLH.K 
3/FUUR/WVA.O.ALFO.R.AV.POR.KURV.wV.GAM.ALF.P.DP.DALF.My.+y.PN 
4/FIVE/WVI.VTO.VTf.WVF.PO.ENP.GAMS.SRCH.PCTUP.DV.ALFB.VTP.ALFP 25MAy70 

I FORMAT III 50H PROGRAM GCHPIP7 R.L.LYTTON REVISION DATE 
I 12H25 MAY. 1970. 1/1 

11 FORMATI ~Hl .80x .1oHI-----TRIM I 
12 FORMAT I BAI01 
14 FORMAT I A~.~X.7AI01 
15 FORMAT 1IIII0H PROB • 15X. AS. 5X. 7AI01 
20 FORMAT 116151 
21 FORMAT I 415.5EI0.31 
22 FORMAT I 415.6ElO.31 
23 FORMAT I 15.~F5.2.3EI0.3.2F5.1.EI0.31 
24 FORMAT 1515.5X.4EI0.31 
25 FORMAT I 515.5X.4EI0.3.F5.3.1X.F4.11 
26 FORMATI 8EI0.31 
27 FORMAT I 5X.15.215X.EI0.311 
28 FORMATI 214.2X.6IEI0.3.2XII 
29 FORMAT III 50H I J TII.JI WVII.JI DTDWII.JI Pll 

1 30HIl.JI P121l.JI P221I,JI I 
100 FORMAT 111140H TABLE 1. PROGRAM CONTROL swiTCHES. 

1 I 50X. 25H TABLES NUMBER 
2 I 50X. 35H 2 3 4A 5 6 7 
3 II 40H PRIOR DAT~ OPTIONS 11 ~ HOLDltUX .615. 
4 I 'oIH _SER CARDEo INPiJT THIS PROBLEM. 10X.615. 
~ 1/ 41H GRID. 10 CYLINDER' 2 SWITCH • 10X.15. 
6 II 'olH LIGHT = 10 HEAVY. Z SWITCH Y 10X.15. 
7 II 41H TAPE WRITE YES. 1 • 10X.15 I 

200 FORMAT 111150H TABLE Z. IN<REMENT LENGtHS. ITERATJON C-NTROL I 
2Ul fORMAT III 35H NUM OFX-INCREMEN1S •• 5x.15. 

1 I. 35H X-INCREMENT LENGTH , • EI0.3.5H IN •• 
2 I. 35H NUM OF Y-INCREMfIiTS •• 5X.15 • 
3 I. 35H Y-INCREMENT LENGTH • EI0.3.5H IN •• 
4 I. 35H Nl.f'IOF TIME INCREMENTS • 5)(. 15. 
5 I. 35H TIME INCREMENT LENGTH • EI0.3.5H SECS. 
6 I. 3~H ITERATIONS I TIME STEP •• 5X.15. 
7 I • 35H INSIDE RADIUS •• EI0.3.5H IN 
8 I. 35H TOLERANCE •• ElO.31 

202 FORMAT ,,/ )oH MONITOR STATION5 r.J .51(. "117,."'1 
ZU3 FORMAT III 25H TRANSIENT FLOW I 
204 FORMAT III 35H PSEUDO-STEADY STATE FLOW 
3UO FORMAT 111130H TABLE 3. PERMEABILITY 
301 FORMAT III 50H FROM TO PI Pz ALFAIDEG.I 

1 30H AS. BK EXPONENT ) 
..00 FURMAT 1I/145H TABLE 4. SUCTION - WATER CONTENT CURVES 
401 FORMAT 11/ 35H CURVE NUMBER .15. 

1 I. 35H NUM LOCATIONS • 15. 
2 I. 35H MAXIMUM PF .5X.F5.2. 
3 I. 35H PF AT INFLECTION .5X.F5.Z. 
4 I. 35H EXPONENT FOR PF .5x.F5.Z. 
5 I. 35H A IR ENTRY WATER CONT .5X .F5. Z. 
6 I. 35H DRYING CuRVE EXPONENT· .5X.F5.Z. 
7 I. 35H ALFA AT 0 WATER CONT • EI0.3. 
8 I. 35H INITIAL POROSITY • EI0.3. 
9 I. 35H REFERENCE AV • EI0.3 

~U2 FORMAT 35H SATURATION ExPONENT .5X.F5.2. 
1 I. 35H SOIL UNIT WT PCI • EI0.3 • 
Z I. 35H SATURATED WATER CONT.· • EI0.3.11 

403 FORMAT III 2~H NO. FROM TO I 
404 FORMAT 11/13 5H CURVE NUMBER • 15. 

1 135H INI TlAL TOTAL VOLUME • E 10 •• 



2 
3 
4 
5 
6 
7 
8 

500 FORMAT 
501 FORMAT 

1 

135H f Ir.AL TOTAL VOLUME 
135H fiNAL WATER CONTENT 
135H SWELL PRESSURE. PSI 

• £10.3. 
• E10.3. 
, flO.3. 

135H EXPONENT Of P-V CURVE • , SX.F5.2. 
135H SURCHARGE PRESS. PSI 
135H PCT VOL CHG VERTICAL 
135H SPEC.GRAV.SOLIDS 

1II130H TABLE 5. INITIAL CONDITIONS 
1/1 50'1 F ROM TO CASE 

20H SLOPE Y SLOPE X I 

EI0.3. 
ElO.3. 

, EIO.3. /I 1 

VOL. w. PORE PRo 

6UO FORMAT 
601 FORMAT 

I 

1II145H TABLE 6. BOUNDARY ANO INTERNAL CONDitiONS I 
III 50H FROM STA TO STA CASE IIIV T 

40H OT lOX OT lOY H TEMP 
111140H TABLE 7. CLOSURE ACCELERATION DATA 700 FORMAT 

701 FORMAT 
I 

III 40H fiCTITIOUS CLOSuRE VALVE SETTINGS .11. 
40H 110. VSX VSY I 

8UO FORMAT 
Svl FORMAT 

1 
802 FORMAT 
8U3 FOfUoiAT 
604 FORMAT 

1 

1II140H TABLE SA. TIME STEPS FOR 8.C. CHANGE 
III 50H ITERATION PTS.NOT CLOSED 

10H STATIONS .11.32X. 4t213.6XI 
I Zt5X.151.IOH TX .4IEIO.3,2XI 
I lOX, IOH TY , 4IEIO.3.2XI,1 I 
III SOH STATION TII,JI WVII,JI 

30HVsxII,JI VSYtloJI , 
I 214.SX.5IEI0.3.2XI I 
1/1 10H ALL I 
III 10H NONE I 
1II140H TABLE 8B. TIME STEPS FOR OUTPUT. 
III 15H TIME STEP • 15,/11 
III ZOH ••• CLOSURE... .1/1 

I 
MONITOR 

PfCl,..I1 

BuS FORMAT 
8uo FORMAT 
807 FORMAT 
808 FORMAT 
809 FORMAT 
810 FORMAT 
811 FORMAT 1II140H HEAVE PROfiLE fOR SOIL AT J-LEVEL ,13, 

I II 30H I-STA VERTICAL MOVEMENT, II I 
900 FORMAT 
90S FoRMAT 
900 FORMAT 
907 FORMAT 

III SOH TABLE 9. SUBSEQUENT BOUNDARY CONDITIONS 
(II 40H USING DATA FROM PREVIOUS PROBLEM I 
(II 45H USING DATA FROM PREVIOUS PROBLEM PLUS 
1/1 2SH ERROR IN DATA I 

!TEST SH 
1000 READ 12,IANI1NI, N I, 161 
IV10 READ 14, NPROB. I ANlINI. N 01.71 

IF INPROa ITESTI 1020. 9999. 1020 
1020 PRIr.T 11 

PRINT 1 
PRINT 12. IANUNI. N • 10161 
PRINT IS, r.PROB. IAN21NI, N -1,71 

C INPUT OF TABLE 1 • TABLE CONTROLS, HOLD OPTIONS. 
IluO READ 20. KEEP2,KEEP3,KEEP4.KEEP5,KEEP6,KEEP7.NCD2.NCD3.NCD4.NCD5, 

INCDo,NCD7,KGRCL.KLH,KTAPE 
PRINT IvO.KEEP2,KEEP3.KEEP4,KEEP5,KEEP6.KEEP7.NCD2,NCD3,NCD4. 

INCDS,NC06,NCD7,KGRCL,KLH,KTAPE 
C INPUT OF TA6LE 2A INCREMENTS. ITERATION CONTROL 

1200 PRINT 200 
IF! KEEP2199BO, 1210, 1230 

1210 READ 21. MX,MY,ITMAX,ITIME.HX.Hy,RO,HT.EPS 
PRINT lCI, MX,HX,My.Hy.ITIME,HT,ITMAX,RO.EPS 

,,0 TO Il40 
1230 PRINT 905 

C COMPUTE CO"STANTS TO BE USED IN THE PROGRAM 

" .' 

1240 MXP~ Ml( + 5 
MYP5 MY + 5 
MXP4 MX + 4 
Myp4 MY + 4 
MXP3 MX + 3 
MYP3 MY + 3 

MXP2 MX + 2 
MYP2 MY + 2 

C READ IN THE TABLE 2B MONITOR STATIONS 
READ 20, IM1.JMltlM2,JM201M3,JM3,IM4,JM4 
PRINT 2D2,IMI,JMl,IM2,JM2. 1M3, JM3, IM4. JM4 

1M 1 11011 + 3 
JMl JMI + 3 
1M2 1M2 + 3 
JM2 JM2 + 3 
1M3 1M3 + 3 
..1M3 JM3 + 3 
11014 IM4 + 3 
JM4 JM4 + 3 

C TAbLE 2C. CHOICE OF TRANSIENT OR STEADY STATE FL W 
READ 20,1"1 

GO TO 11250,12601 INI 
1250 PRINT 203 

,114 1.0 
GO TO 1300 

1260 PRI"T 204 
,114 0.0 

C INPUT TABLE 3, PERMEABiliTY 
1300 PRINT 300 

IFt"EEP31 9980,1310.1317 
1310 DO 1315 I. 1, MXP5 

00 1315 J. I, MYP5 
Plel,J' 0.0 
P2C1,JI 0.0 
ALFAlI.JI = .J.O 
,11K el,JI 0.0 
6K I I .J I 0.0 
ENII.JI 0.0 
IIIVSII,JI 0.0 

1315 CONTINUE 
GO TO 1319 

1317 IF I"CD319980,1330.1318 
1318 PRINT 906 
1319 PRINT 301 

00 1320 K = I. NCD3 
READ 22, INI.J"I,IN2.JN2,PB.PL,ALF,AKI.BKI,ENI 
PRINT 22,IN1,J"I.IN2,JN2,PB,PL.ALF,AKI,BKl,ENI 

INI INI + 3 
J"I JNI + 3 
IN2 IN2 + 3 
JN2 JN2 + 3 

VO 1320 • 1"I,IN2 
00 13Z0 J = JNl.JN2 

PIII.J! PIII,JI + PB 
P211,Jl PZII.J) + PL 
ALFAII,JI ALfAI!,J!+ ALF 



: . 

1320 

AK II,J) 
BK II,JI 
EN II .J) 

CONTINUE 
GO TO 1400 

1330 PRIIH 905 

A'K (1,.,J)+ 
BK (! ,J)+ 

ENII.J) 

AKI 
BKI 

ENI 

t INPUT OF TABLE 4. SUCTION - WATER CONTENT CURVE 
t AT PRESENT, THIS 15 AN EXPONENTIAL SINGLE - VALUED CUROE. 
C ISHOULD BE REPLACED BY NUMERICAL CURVES FOR WETTING. DRYING. 
C 2SCANNING BETWEEN THE TWO. 

14lJO PRINT 4"'0 
IF IKEEP4) 9980.1410.1430 

1410 NLOC 0 
00 1415 M 1.NC04 

IT 
AND 

READ 23.LOC.PFMIM). PFI 
IRIMI,GAM.WN0041 

.BETAIM).WI/AIM),OIMI.ALFOIMl.PNIMI,AI/IMl. 

1415 

1420 

1430 
C 

1500 

PRINT 40I,M,LOC,PFMIMl. PFI .8ETAIMI,WVAIMI,OIM),ALFOIMI, 
IPN(loI) .AI/IM) 
PRINT 402.RIMl.GAM.WNIMl 
READ 26, I/TOIMl. VTFIM). WVFIM). POIMI. ENPIM), SRCH, PCTUP. 

1 GAMSIM) 
PRINT 4V4. M. VTO(M). VTFCMl. WVFIMl, POCM), ENPIM), SRCH. 

1 PCTUP. GAMSCMI 
PFRfM) PFMIMI - PFI 
NLOC NLOC + LOC 

CONTINUE 
PRINT 403 

DO 1420 M I.NLOC 
READ 20. INI.JNI oIN2 .JN2 .KAT 
PRINT ZO, KAT.INI.JNI.INZ,JNZ 

1141 INI .. 3 
JNl JNl .. 3 
INZ IN2 .. 3 
JN2 JN2 .. 3 

00 14Z0 I • INI,IN2 
DO 142v J • JNI.JN2 

KURI/II.J) KAT 
PORO,J) PNI':'ATl 

WI/SII • .)) WNIKAT) 
CONTINUE 
(,0 TO 1500 

PRINT 90S 
INPUT OF TABLE S. INITIAL CONDITIONS 
PRINT 500 

IFIKEEP519960.1510.1505 
1505 IFINCD5) 9980.1506.1507 
1506 PRINT 905 

GO TO 1600 
1507 PRINT 9lJ6 

GO TO 1520 
1510 00 1515 I • I,MXP5 

DO 1515 J c I,MYP5 
'ili!V< I • .,J) • 
WI/III.J) 
TlltJl 
TlII.Jl 

0.0 
0.0 
0.0 
0.0 

1515 
1520 

1522 

I5Z5 

1523 

15Z7 

1528 

1524 
1526 

C 
1600 

1605 
1606 

1607 

1610 

CONTINUE 
PRINT 501 

UlJ 1526 M 1.NC05 
K 0 

. . 

READ Z4 • IN1.JNI.IN2.JN2.KAT.WVI.TI.A2 • C2 
PRINT 24. IN1,JN1.IN2,JN2.KAT.WV1.TI,A2 • C2 

INI • INI .. 3 
JNl • JNI .. 3 
IN2 s IN2 .. 3 
JN2 • JNZ .. 3 

GO TO 11~22.15Z3). KAT 
DO 1525 I • [Nl.IIIZ 
VO 1525 J JNI.JN2 

Al JIIZ - J 
Cl 1142 - I 
WVtl.Jl WVII.JI + WVl + Al*A2*HY .. Cl*CZ*HX 
WI/III.JI WI/II.JI 
"AS!I.J) • 1 
12 I 
..)2 J 

CALL SUCTlOII 
TIII.JI 

COIITINUE 
GO TO HlZ6 

00 1524 I 
00 15Z4 J 

Al 

IN1,INZ 
JN1.JII2 

Cl 
KASII.J) 
T II.J) 
TlII,J) 

IF IA41 1528.1527 
WVII.JI 

JN2 - J 
1112 - I 
1 
Al*AZ*HY 

TlIoJ) 

WVSIIoJl 
WI/CI.J! WVIII.JI 

OTOWII.Jl· 1.0 
PFI 0.0 

GO TO 15Z4 
12 
J2 

CAL~ D5UCT 
WVIII.JI 

COHTlNUE 
COIITINUE 

I 
J 

WVIIoJI 

+ ... Tl .. 

INPUT OF TABLE 6. 80UNDARY AND INTERNA~ CONDITIONS 
PRINT 600 

IFIKEEP61 9980.1610.1605 
IFIHCD6) 9960.160~.1601 

PRINT 905 
GO TO 1100 

PRINT 906 
GO TO 1612 

PRINT 601 
00 1611 I = 1. MXP5 
DO 1611 J • I. MYP5 

KASChJ)· 1 
OTOXCI.JI 0.0 

Til ,J 1 



OTDYII.JI 0.0 
1611 CONTINUE 
1612 00 1645 ~ I.NCD6 

K • -1 
READ 25. INl.JNl.IN2.JN2.KASE. WVl. Tl. DTXl. DTYI.Hl.iE 
PRINT 25.INl.JNl.IN2.JN2,KASE. WVl. Tl. DiXI. DTYI.Hl.iE 

INI 1111 + 3 
JNl JNl + 3 
IN2 IN2 + 3 
JII2 JN2 + 3 

00 1645 I INl.IN2 
DO 1645 J IN 1 tJN2 

12 I 
J2 J 
KASII.JI· KASE 

GO TO 11615.1620.1625.1630.16351 KASE 
1615 wVII.JI wVII.J) + WVl 

WVI( I.J, WVIIoJI 
CALL SUCTION 

iIll.JI TII.J' 
~ASII.JI 2 

GO TO 1645 
1620 TlI.JI Tl + ill • .I) 

illl.JI TlI.JI 
CALL OSUCi 

WVlll.)1 WVII.JI 
GO TO 1645 

1625 OTDXII.JI. DTDXII.JI + DTU 
GO TO 1645 

1630 DTDY I I.J I = DTDYI I .JI + DTYI 
GO TO 1645 

1635 CALL HUMIDY ITE.HII 
TiIIoJl TlIoJI 

CALL DSUCT 
WVI!I.JI WVll.JI 
~ASII.J' 2 

1645 CONTINUE 
Il • -1 

DO 1670 J 4.MYP2 
If I 3 - "'AS I 30J II 165!>. 1650. 1655 

1650 Tl3.JI TI4.JI - HX* OTDXI3.)1 
T113.JI TI3.JI 
12 3 
J2 J 

CALL DSUCT 
WVI13.JI WVI3.J, 

1655 IF ( 3 - KASIMxP).JII 1670.166001610 
1660 L MXP3 1 

TIMXP).JI· TlI-.J, + Hx *DTDXI MxP3.JI 
T I IMXP3.JI- TlMXP3.JI 
12 MXP3 
J2 J 

CALL DSUCT 
WVIIMXP3.JI' WVIMXP3.JI 

1670 lONTINUE 
OQ 169u I 3. MXP) 

21MAI!70 

ZIMAR7(\ 

1675 

1680 
1685 

1&90 
C 

1100 

1705 
1706 

17u7 
1710 

1711 

1112 
1115 

1720 

172!> 
1800 

C 
180S 

IUS 

1820 
1830 

C 
1640 

If I I< - KASCI.3" 1680. 1675. 1680 
TI 1031 TlI.41 HY* DTDY I 1.3' 
TIII.31 TCIo31 
12 I 
J2 3 

CALL DSUCT 
wVltl.3, WV(!.3' 

IF II< KASII.MYP)I) 1690. 1685. 1690 
L MYP3 1 
TlI.MYP3)· TII.Ll + HY + DTDYII.MY?)I 
TIII.MYP)I- TII.MYP31 
12 I 
J2 MYP3 

CALL DSUCT 
WVIII.MY?31 • ",VII.MY?3' 

COfITIHUE 
IHPUT OF TABLE 7. CLOSURE ACCELERATION DATA 
PRINT 100 
Ifl"'EEP1,9980.1710.1706 

IFINCD71 9980.1106.1707 
PRINT 905 
GO TO 1800 
PRINT 906 
PRINT 701 
READ 20. I X 01 Y 

IFtlx - IYI 1711.1712.1712 
IV IY 

GO TO 1715 
IV 

DO 1720 I 
VXIII 
VTI II 

CONTINUE 

IX 

READ 26.1 VXIII •• N • 1.IX. 
READ 26.1 VYINI.N • I.IY, 

00 1725 I • I.IV 
PRINT 27. I. VXIII. VYIII 

CONTINUE 
PRINT 800 
READ 2V. IlEY • NSTEP 

GO TO (1805.1840.18601 KEY 
LIST OF TIME-STEPS WKERE B.c. CHANGE 
READ 20. I"'TlNI. N' I.NSTEPI 
PRUiT 21). (KTIN'. Ii l.liSTEPI 

N 1 
00 183~ K' 1. ITIME 

IF IK-KT(NII18Z0.1815.1820 
KLOC()(1 1 
N N + 

GO TO i8)0 
IlLOC 110 

CONTINUE 
z 

GO TO UHI 
CONTINUOUS -S.C. 

DO 1850 K 
"'LO(l)(1 • 

CHANGE (READ IN NEW B.C. FOR EACH TIME STEPI 
10 IT IME 
I 

.. ' 

01DE9 

01l)E9 

010E9 



IB~O CONTINUE 
PRINT B06 

GO TO 1811 
1860 PRINT 807 

00 1810 K 1. I TIME 
KLOC (I() 2 

1870 CONT INUE 
1871 PRINT 808 

READ 20.KEY8.NOUT 
GO TO I 1872.16621 KEYB 

C LIST OF TIME STEPS fOR OUTPUT READ IN 
1612 REAO 20.IKT(N).N • I,HOUT I 

PRINT 20,IKTIN). N • I.NOUTI 
N I 

UO 181; K 1. ITIME 
If IK-KTIN))187~.167~.187~ 

181~ KPUTIK) I 
N N ... 1 

GO TO 1875 
1614 KPUTlK) 2 
1875 CONTINUE 

GO TO 2000 
C CONTINUOUS OUTPUT 

1882 UO 1883 I'. It I TIME 
KPUTlK) 1 

1883 CONTINUE 
PRINT 806 

C ZERO-OUT OF All TEMPORARY CONSTANTS 
2000 DO 200; I «1.HXP5 

DO 200; J • I.MYP; 
AII.JI 0.0 
B!1.JI 0.0 
eXII.JI 0.0 
eYII.JI 0.0 
OII.JI 0.0 
EII.JI 0.0 
FI I.JI 0.0 
T.II.J) 0.0 
TYII.J) 0.0 
VS,IO I.JI' 0.0 
VSY(I.J). 0.0 

200~ CONTINUE 
IflMYP5 - HXP;I 2006.2006.2001 

2006 MMAX HlP; 
GO TO 2008 

2007 MMAX MYP5 
2008 DO 200 .. I h MMA. 

ALIiI 0.0 
8lli) 0.0 
CLI'I) 0.0 
DLIII 0.0 

2009 CONTINUE 
e START Of TIME STEP 

DO 9000 I'. I. ITIME 
KOUT KPUT I I'. ) 

IF II'. - 11 9980. 1980. 1900 

010E9 

1900 KAT KLOCIK) 
GO TO 11910.1980) KAT 

1910 READ 20. KTIME. NCD6 
PRINT 900 
PRINT 906 
PRINT 601 

DO 1945 M 1. NCD6 
READ 2;. INl.JNl.IN2.JN2.KASE. WVl. Tl. DTX1. DTYI. HI. TE 
PRINT 2S.INI.JNI.IN2.JN2.KASE. WVI. TI. DTXl. DTYI. HI. TE 

INI INI ... 3 
JNl JH1 ... 3 
IN2 IH2 ... 3 
JN2 JN2 ... 3 

00 19~; I INI.IN2 
00 19~; J JNl.JN2 

12 I 
J2 J 
KAS.II.J)· KASE 

GO TO 11915.1920~1925.1930.193S) KAS.E 
191~ WVII.JI WVI 

CALL SUCTION 
KASII.JI 2 

GO TO 1945 
1920 TlItJ) Tl 

CAU DSucT 
GO TO 19~!) 

192; DTO.IItJ) ~ OTXl 
00 TO 19'''' 

19~O OTOYlI.J)' DTYl 
GO TO 19~!) 

1935 CALL HUMIDY ITE,HI) 
CALL DSUcT 

KASII.J) 2 
1945 CONTIMUE 

00 1970 J 4,MYP2 
IF I 3 KA513.JII 1955. 1950. 1955 

1950 TC3.JI Tl4.JI - H~. DTDXI~ • .JI 
12 3 
J2 J 

CALL DSUCT 
195; IF «3 - KASIMXP~.JI) 1970. 1960. 1970 
1960 L MXP~ I 

TIMXP~.JI' TIL.J) ... HX.OTDXIMXP3 • .J) 
12 MXP) 
J2 J 

CALL DS.UCT 
1970 CONTINUE 

~o 1990 I 3. MXP3 
IFI 4 - KAStl.)" 1915. 1965. 1975 

1965 TlI.3,. TIl.4, - HY· OTDYII.3) 
12 I 
J2 3 

CALL OSUCT 
1975 IF 14 - KA51l.MYP3'-' 1990. 1985. 1990 
191$; l MY!') - 1 

Tll.MYP3)· T(I.l)'" HY* OTDYII.MYP31 



1990 
C 

1980 

198Z 

1983 

Z013 

ZOI~ 

ZOl7 

IZ 
JZ 

CALL OSUCT 
CONTINUE 

I 
MYP3 

ROTATION,COMPUTATION OF UNSATURATED PERMEABILITY 
UO Z010 I ; 3, MXP~ 
GO TO I 198Z,19831 KOUT 

PRI NT 809,K 
PRINT Z9 

UO Z010 J 3,MYP~ 
IF IALFAII,JIIZOI~,ZOI3.Z014 

CI 1.0 
CZ 0.0 
C3 0.0 

GO TO ZOl7 
Al 
Cl 
AZ 
C2 
A3 
C3 
Pllll,JI 
PZZII,JI 
PIZ I I,JI 

ALFAII.JI/57.Z957795 
COS I All 
19D.D - ALFAII.JII/57.Z957795 
COSIAZI 
190.0 + ALFAII.JII/57.Z957795 
COSIA31 

PIII.JI*CI.CI + PZII.JI·CZ·CZ 
PIII.JI*C3.C3 + PZII.Jl·CI·Cl 
PIII.JI.CI.C3 + PZII.JI·CI·CZ 

ZOl5 1 A AtlSIT II.JI I 

ZOZO 
ZOZ5 

Z010 

ZI20 

I 
Z130 

ZI40 

BE ENII,JI 
Al AKII,JI 
Cl BKII.JI 

C2 I. + IITA*All··BEI/CI 
UNSAT 1.0 I CZ 
Pll1l.JI PllII.JI· 
PZZII.JI PZZII,JI. 
PIZIIoJI PIZII.JI. 

GO TO IZOZ5.Z010IKOUT 
11 I - 3 
Jl J - 3 

UNSAT 
UNSAT 
UNSAT 

PRINT Z8,II.JI,TII.J I.WVII.JI.OTDWII.JI,PIlII.JI.PIZI I.JI,PZZI I.JI 
CONTINUE 
GO TO IZIZO,ZI401 KGRCL 
UO ZI30 I 3, MXP3 
UO ~130 J 3, MYP3 

CONST HT • DTDWIl.J 1 I I Z.O 1 
AII,JI II PIZII,JII HX + PZZII,JI/HY I/HYI • CONST 
BII.JI • II PIlII,Jl1 HX + PIZIIoJIlHY I/H~I· CONST 
CXIl,JI • II PIlII,JII HX + Pllll+I.JIIHX + PIZI I,JI/HY 

+ PIZIl+IoJI/HY I/HXI. CDNST 
CYIl.JI • IIPIZII.JI/HX + PIZII.J+lI/HX + PZZII.JIIHY 

DII.JI 
EII.JI 
FII.JI 

CONTINUE 
GO TO ZI55 
00 ZI50 I 

Al 

+ PZZII.J+II/HYI/HY I. CONST 
II Pllll+l.JI/HX + PIZII.J+II/HYI/HXI.CON~T 

• II PIZII+I.JI/HX + PZZll.J+II/HYI/HOI.CONST 
c-II PIZIIoJI - PIZII+IoJllI1HXI 

+ IPZZII.JI - PZZIIoJ+llII1HYII. CONST 

3,MXP3 
1-3 

01OE9 

OlDE9 

I 
Z 
3 

1 
Z 

I 
Z 

Z150 
Z155 

ZI81 
Z195 

IF 

R 
DO ZI5D J 

CONST 
AII,JI 

BI I.J I 

CXII.JI 

CY I I.JI 

OII.JI 

EII.JI 

FI I.J I 

RO + AI.HX 
3.MYP3 

HT·OTOWII.JI·10.51 
I I -PIZII.JI/R + PIZII.JI/HX 

+ PZZII.JI/HY1/HYI·CONST 
II -P III I • J 1/ R + P 11 I I • J IIHX 

+ PIZII.JI/HYI/HXI·CONST 
II -PIIII.JI/R + PIIII.JI/HX 

+ PilI I+I.JI/HX + PIZII.JIIHY 
- PIZII+I.JI/HYI/HX 
- PIZII.JI/IHY·RII·CONST 

II PIZII.JI/HX + PIZII.J+II/HX 
+ PZZII.JI/HY + PZZII.J+II/HYI/HYI 
·CONST 

II Pllll+I.JI/HX + PIZII.J+II/HYI/HXI 
4tCONST 

II PIZII+I.JI/HX + PZZII.J+II/HYIlHYI 
·CONST 
- PIZII.JI/R + PIZII.JI/HX 
- PIZI I+I.JIIHX + PZZII.JIIHY 
- PZZII.J+II/HY I·CONST 

CONTINUE 
DO 2195 I I,MXP5 
DO Z195 J I,MYP5 

TXIl.JI TCI.JI 
lYII.JI TII,JI 

IA.I Z195,Z181.Z195 
TCI,JI 0.0 

CONTINUE 
II IMI-3 
J I JMI - 3 
I Z IMZ - 3 
JZ JMZ - 3 
13 1M3 - 3 
J3 JM3 - 3 
14 11410 - 3 
J4 JM4 - 3 

PRINT 801, II,JI.IZ,Jz.13,J3.14,J4 
L.l0 8000 I T I, I TMA~ 

DO Z370 J 3. MYP3 
C CLOSURE PARAMETER CHOI~E 

IF I IT - IYI Z197.Z197,ZZIZ 
C PRESET PARAMETERS 

Z197 DO ZZ10 I 3, MXP3 
VSYII,JI VYIIT I 

ZZIG (ONTINUE 
GO TO ZZI5 

C SELF-DETERMINING PARAMETiRS 
221Z DO 2Z14 I 3. MXP3 

UP c - AII,JI. TYII,J-lI + CYII,JI. TYCI.JI 
- EIl,JI· TVII.J+lI 

IF ITYII,JIIZZI6,ZZI7.ZZlb 
ZZI7 VSYII.JI VYClI 

GO TO ZZI" 
ZZI6 VSYII,JI UP/TYII,JI 

IFIVSYII,J'IZ213.ZZ14.ZZ14 

0lDE9 

...... 
(J'\ 

N 



2213 VSYII.JI 0.0 
2214 (O"TIHOE 
2215 LlO 2200 I 3. MXP3 

ALII I = -BII.JI 
BLIII (X II .J I + A4 + VSY II. J I 
(LIII • -OII.JI 
OLIII AII.JI*TII.J-II + BII,JI*TII-I,JI 

I - !CXlltJ'+ (YII,JI- A41* TlI,J, + OO.JI* TlI+l,JI 
2 + EII,JI* TI[,J+II + 2.0 * FII,JI 
3 + AII.JI* TYII,J-I) + I VSYII.JI - (YI[.JII* 
4 TYI[.JI + EII.JI* TYII.J+ll 

2200 CO"TINUE 
C CUMPUTE CUNTINUITY COEFFICIENTS 

liD 2300 I 3. MXP3 
If 13 - KASI3,JII 230~.2304.2305 010E9 

2304 If II - 41 2305.2300,2305 010E9 
2305 J.AT r;ASII.J) 

GO TO I 2350.2320.2330.23501 KAT 
( SOCTIOH SET 

2320 eCili 1.0 
BBI II 0.0 
AAI1I TII.JI 

If (I - 31 2324.2322.2324 010E9 
2322 BBI21 1.0 

AAI21 0.0 
GO TO 2300 

2324 IF 11 -MXPI12300.2326.2300 010E9 
2320 BBII+II 0.0 

AAII+1I TlIoJI 
GO TO 2300 

C SLOPE SET 
2330 IF 12 -KASII-I.JI12334.2332,2334 010E9 
2332 CCIiI 1.0 

BBIII 0.0 
AAIII TII-I,JI + OTOKI1.JI*HX 

GO TO 2300 
2334 If I 1- 31 2336 .2338 ,2136 010E9 
2336 If II-MXP312340.2338.2340 010E9 
2338 AAII-II -OTOXII.JI*HX 

BBII-II 1.0 
BBIII 0.0 
Mill TYI\oJI 
CC II+ll 100 
BBH+ll 0.0 
AAII+II AAIII*BBII-il + HX*OTOXI!.JI 

GO TO BOO 
C PIPE I"CREME"T SLOPE SET 

2340 CCII' BLlIl + ALIII*BBIl-1I 
BBII, -CLlIII ICCIIII 
AAIII 10LIII - ALIIl*AAII-I11I1CClIII 
CTEMP 1.0 + CCII-ll*II.O - BB(I-III/(CCtill 
BTEMP 88111/CTEMP 
ATEMP IAAIII + CCI I-II*IAAI I-II + HX*OTOXI I.JII 

Ilecll' I 'ICTEMp 
AAII-1I -OTOXII,JI*HlC 
BBII-1I 1.0 

2350 

2300 

236U 
2370 

C 

( 

( 

2365 

2367 

( 

2375 

C 

2376 

2319 

2380 
2385 
24~0 

2"00 

I 
2 
3 

• 

AAIII 
8BIII 
celli 

ATEHI' 
BTEMP 
CTEMP 

GO TO 2300 
(CIII 
BBIII 
AAIII 

BLI! I + ALII.* BIH 1-.11 
-CL 1111 CCII) 

• COLli I - ALII.* AAII-llli cee 1l 
CO"TlIIOE 
00 2160 lR. 2. MXP .. 

I MXP .. + 2 - IR 
TXIItJI 

CO"TI"UE 
CO"TlNUE 

AAII) + 8BIll * TX 11+1.J) 

SOLUTIO" Of fLOW IN Y-PIPES 
DO 2570 I 3.MXP3 

C~OSURE PARAMETER CHOICE 
IF liT - IX) 2365.2365,2315 

PRESET PARAMETERS 
liO 2161 J 

VSXI I.J) 
COI'tTlI'tUE 

3. MYP3 
VlCllT I 

PARAMETERS 
3. MYP3 

GO TO 24!;0 
SELf-OETERMIHI"G 

00 2385 J 
UP -BII,JI* TX(I-l.JI + CXII.JI*TXII.J) 

-Dll,Jl* TXII+l,JI 
IF ITXI1.J.,2319,2376,2319 

VSXII.JI VXII' 
GO TO 2385 

VSXII.JI ~/TXtl.Jl 
IF IVSXII.JI12380,2385.2385 

VSxlI,JI 0.0 
COHTlI'tUE 
00 2400 J 3. MYP3 

ALIJI - AII.JI 
BLIJI eYlI,JI + A4 + VSXII,J) 
CLIJI - EII,J) 
OL(JI AII.J.* TII.J-ll + 811oJI* 1(1-1.JI 

CONTINUE 

- ICXII.JI + (YII.JI - A41* TII.Jl + 011 Jl* 
TII+I,JI + EII.J)* TII,J+I) + 2.0* fYI.JI 

+ B Il,J)* rxn-loJ) +. I VSXII.JI - CXI .J))* 
TXII.JI + DII,J)*TXII+I.JI 

COMPUTE CONTINUITY COEfFICIE"TS 
00 2!;00 J 3. MYP3 

If 
2504 If 
2505 

I" - KASII,lll2505,2504,2505 
IJ -4) 2505,2500,2505 

KAT KASII,JI 

( 

2520 

2522 

~o TO I 2550,2520.2550.25301 KAT 
suo I ON SET 

CCIJ) 1.0 
BBIJI 0.0 
AAIJI TlI,JI 

IF IJ-3 I 252 •• 2522,2524 
BB(2) 1.0 
AAI21 0.0 

010E9 
010E9 

010E9 



GO TO 2500 
2524 IF IJ -MYP3) 2500.2526.2500 
2526 BBIJ+l) 0.0 

C 
2530 
2532 

AAIJ+lI TlI.J) 
GO TO 2500 

SLOPE SET 
IF I 2 - KASI 1.J-l 1 1 2534.2532.2534 

CCIJ) 
BBIJ) 
AAIJ) 

GO TO 2500 

1.0 
0.0 

2534 I F I .J 

2536 1 F I J 
2538 

-31 2536.2538.2536 
-MYP3) 2540.2538.2540 

AAIJ-l) -DTDYII.J)*HY 

C 
2540 

2550 

2500 

2560 
2570 

C 

21>05 

2600 

BBIJ-lI 1.0 
BBIJ) 0.0 
AAIJ) TXII.JI 
CCIJ+lI 1.0 
BBIJ+ll 0.0 
AAIJ+ll AAIJ)*BBIJ-l) + HY*DTDYII.J) 

GO TO 2500 
PIPE. INCREMENT SLOPE SE T 

CCIJ) BLIJ) + ALIJ) *BBIJ-ll 
BBIJ) -CLlJ) I ICCIJ) 1 
AAIJ) IDLIJI - IIl(JI*AAIJ-I'IIICCIJII 
CTEMP 1.0 + CCIJ-l)*1 1.0 - BBIJ-ll )/(CCOJ, I 
BTEMP BBIJI/CTEMP 
ATEMP IAAIJI + CCIJ-ll*IAAIJ-11 + HY*DT+YII.JI) 

AAIJ-ll 
BB (J-ll 
AAIJ) 
BBIJ) 
CC IJ I 

IICCIJ)' IICTEMP 
-DTDY I I .J' *HY 
1.0 
ATEMP 
BTEMP 
CTEMP 

BLIJI + ALIJ' *BBIJ-li 
GO TO 2500 

CCIJI 
BBIJI 
AAIJI 

• - CLIJII CCIJ' 

CONTINUE 
DQ 2560 ..JR 

J MYPIt 
TYIl.JI 

CONTINUE 
CONTINUE 

IDLIJI - ALIJ,* AAIJ-lill CCIJI 

2.MYP4 
+ 2 - JR 
AAIJ' + BBIJI *TYII.J+11 

CHEC~ CLOSURE TOLERANCE 
KOUNT 0 

UO 2600 I 3.MXP3 
DO 2600 J 3.MYP3 

KLOS I I.J'· 1 
EeL ABSIEPS*TYII.JI' 
ERR ABSITYII.J, - TXII.JII 

IFI ECL - ERR' 2605.2600.2600 
KOUNT =KOUNT + 1 
KLOSIl.JI· 2 

CONTINUE 
IFIKOUNTI9980.2650.2608 

010£9 

0lDE9 

OlDE9 
0lDE9 

C 

C 

2608 GO TO 12610.8000'KOUT 
2610 PRINT 802. IT.KOUNT.TXIIMI.JMII.TXIIM2.JM2,.TXIIM3.JM3'T 

1 TXIIM4.JM4) 

8000 

2650 

2625 

2630 

2680 

2685 
1 
2 
3 

21>53 

2651 

21>52 

2660 
2665 

21>70 

2700 

l~Ou 

4 
5 
6 

PRINT tiQ3. TYIIMl.JMI,.TYIIM2.JM2).TYIIM3.JM31.TYIIM4.JM4' 
CONT INUE 

OUTPUT OF TIME STEP RESU~TS 
PRINT 810 

DO 2700 I 3.MXP3 
GO TO 12625.26301KOUT 

PRINT ~09. K 
PRINT 804 

UO 270u J 3.MYP3 
12 1 
J2 J 
KAT KLOSII.JI 

GO TO 12653.2680' KAT 
KAT KASII.JI 

GO TO 12685.2653.2653.46531 KAT 
TIl.JI TII.JI + AII.J)*I TI!.J-lI + TYIl.J-lI' 

+ BII.J'*I TII-I.JI + TXII-I.J,) 
CXII.JI*I TII.J) + TXI!.J" 
CYI!.J)*I TII.J) + TYII.JI' 

+ DI !.J'*I TII+I.JI + TXI!+I.JII 
+ EII.J'*I TlI.J+ll + TYII.J+111 
+ 2.0"FII,J) 

GO TO 2665 
Al CXIl.JI + CYII.J, 

IFIAI12652.2651.2652 
A2 0.5 
A3 0.5 

GO TO 2660 
A2 CXII.J'/AI 
A3 CYII.JIIAI 
Tll.J) A2*TXIl.J' + A3*TYI [,J) 

CALL DSUCT 
GO TO 12670.27001 KOUT 

II I - 3 
Jl J - 3 

PRINT 805.1l.Jl.TII.J,.IIVI I.J'.PFl.VSXI I,JI.VSYI I.J) 
CONTINUE 
uO TO 12800. 90001 KOUT 

COMPUTATION OF VERTICAL MOVEMENT AT EACH POINT 
MYP MY - 1 

DO 2830 J MYP.MYP3 
JNl J - 3 

PRIIoT ~ll.JNl 
[)O 2830 I 3. MXP3 

DVERTII, 0.0 
[)O 2820 M 3. J 

12 • I 
J2 • M 

CALL GULCH 
L KURVII.M, 

IF II~XP31 2815,~10.2815 
2810 DVII.MI DVII.M) * 0.5 
2815 OVERTIlI DVERTlI) + HY*DVIl.M' 

OlDE9 



2820 CONTINUE 
PRINT 27 • 1.0VERflll 

2830 CONTINUE 
IF I~TAPE I 2900.9000.2900 

2900 WRITEll1 AN2 
WRITEll1 MX,My.HX.HY 

G 981.0 
EM 18.02 

RG = 8.814E+07 
TEM 298.0 
PSAT 32.6 I 2.5~ 
ENRT RG.TEM/I G.EM I 

VO 2950 I 3.MXP3 
UO 2950 J 3.MYP3 

L ~URVII.JI 
RPO RILl 
CH I I WV II .J I 11100.0 -POR II .J)) I "RPO 

IFI WVII.JI - WVAILII 2920.2910.2910 
2910 ATII.JI - CHI.0.0361.1 TIII.JI - TII.JII 

GO TO 2950 
2920 FAC2 TI (,JI.2.54 I ENRT 

FACl TICI.JI.2.54 I ENRT 
ATII.JI - CHI. PSAT.I EXPIFAC11 - EXPIFA 211 

2950 CuNTINUE 
wRITElll ICATII.J),I- 3.MXP3loJ. 3.MyP31 
REWINO 1 

9000 CONTINUE 
GO TO 1010 

9980 PRINT 907 
9999 CONTINUE 

ENO 

120E9 

120E9 

, '. 

SUBROUTINE SUCTION 
COMMON/UNE/PFM 110 I .PFR 110 I .BETA 110 I .OTDWI 29.35 I .PFl 

I/TWO/T,29.351.12.J2 
2/THREE/WVSI29.351.~LH.~ 
3/FUI)R/WVAI 101 .QI 10 I .ALFOI 10 I .RI 10 I .AV I 101 .POR 129 .35 I. 
4KURVI29.351.WVI29.351.GAM.ALF.P.OP.DALF.MY.Hy.PNII01 
5/F 1 VE IWV I 129.35 I • V TO I 10 I • VTF I 101 • WVF I 101 .POI 10 I • ENP I 101 TGAMS 1 101 • 
6SRCH,PCTUP.OVI29.351.ALFB.VTP.ALFP 

I 12 
J J2 
L ~URVCI.JI 

IFC WVII.JI - WVSI"JI I 1525.152401524 
1524 OTOWII.JI - 1.0 

PF 1 0.0 
fI I.JI 0.0 

GO TO 1530 
1525 AT ClOO.O.WvlI.JIIIIWVSII .J)) 

TAT 1l00.0.PFRILlIIIPFMIUI 
8 BETAIL! 
RECB 1.0/11.0 + B I 
C 2.302585 
° PFMILI - PFRIU 
XM PFMILI I I WVSII.JI.Il.0 + BETAIL )) 
FACT 1.0 I I I 1.0 - PORII .JIl.GAMSIL) I 

IFIlAT - All 1527.152601526 
1526 PF PFRIU·IAT/TATl •• RECB 

PF 1 PF MIll - PF 
fI I.JI 1-(lO.OI •• PFll 112.541 
TE ABSITII.JI) 
OTOWII.JI • ITE.XM.C.IPFRILI/PFI •• BI • FACT 

GO TO 1528 
1527 PFl 0."100.0 - ATIIII00.0 - TATlI •• RECB 

fll.JI I-II0.01 •• PF11112.5~1 
TE ABSITII.JI) 
OTDWII.JI • IXM.TE.C.IO/PF11.-a1 • FACT 

1528 GO TO 11530.15231 ~LH 
1523 CALL HEAVY 

1530 RETURN 
END 

TII.JI TII.JI + ALFP.P 
OTOWII.JI = OTOWII.JI + ALFP.OP 

25MAY70 

26MAY70 

26MAY70 
26MAY70 



SUSROUTINE OSUCT 
COMMON/ONE/PFMIIOI.PFRIIOI.6ETAIIOI.OTOWC29.351.PFl 

I/TWO/TI29.3SI.12.J2 
2/THREE/WVSC29.351.KLH.K 
3/FOUR/WVAIIOI.QCIOI.ALFOCIOI.RIIO"AVIIOI.PORI29.35,. 
4KURVI29.351.WVI29.351.GAM.ALF.P.OP.OALF.My.Hy.PNCIOI 
S/FIVE/WVI129.351.VTOII01.VTFIIO,.wVFII01.POII0l.ENPIl0ITGAMS'101. 
bSRCH.PCTUP.OVI29.351.ALF8,VTP.ALFP 

2705 

2710 
2711 
2712 

2713 
2714 

271S 

2720 
2722 

2724 

2725 

I 12 
J J2 
L KURVIl.J' 

IFITII.J'12710.2705.2105 
WVIl.JI WVSII.JI 
OTOWI I.JI ~ 1.0 
PFI 0.0 

GO TO 2160 
GO TO 12113,2711)KLH 

IF IKI2112.2713,2712 
CALL HEAVY 

TE 
(,0 TO 2114 

TE - TlI.J'.12.SId 
PFI ALOGI0lTEI 

IFIPFll271S,2720,2720 
PF 1 0.0 
T! loJ) -1.OfI2.S4' 
WVCI.JI wVSIl,JI 
OTDWn.JI' 1.0 

('0 TO 2750 
IF I PFI - PFMCLI) 2124,2124,2722 

PFI PFMCLI 
TIIoJI 1-1l0,OI •• PFII/2.S .. 
WVII.JI 0.0 
DTDWII.J' k I.OE .. I0 

GO TO 2150 
PF PFMCLI - PFI 
EI BEfAlL! 
ElP 1.0 + BETAILI 
C 2.302!>8512.54 
D PFMIL 1 - PFRCLl 
TAT CPFRILI.IOO.OI/IPFMILII 
XM PFMIL' II WVSII .J'.' 1.0 .. BEfAILI I I 
Tll.JI -TE I 2.54 

IF IPF - PFRILI12725.2725.2730 
AT TAT"IPF/PFRIL1I""BP 
OTDWll,JI ~ TE"C"XM*IPFRILI/PFI""B 

GO TO 2735 
2730 AT 100.0 - 1100.0 - TATI"IPFI/OI""SP 

OTOWIl.JI' TE.C.XM"W/PF11""B 
2735 WVII,JI AT·WVSC!,JI/IIOO.OI 

FACT 1.0 I (( 1.0 - PORII.JII"GAMSILI 
DTDWII.JI DTOWII,JI. FACT 

2750 GO TO 12760.2756) KLH 
2756 CALL HEAVY 

2750 RETURN 
[NO 

Tll,JI Tll,JI + ALFP.P 
DTDwlI.JI. DTDwlI.J) + ALFP.DP 

" 

25MAY70 

25'1AY7" 

26MAY10 

25MAY7n 

2SMAY70 

26MAY70 

26MAy70 
26MAY70 

SUSROUTINE HEAVY 
COMMON/TWO/TI29.35).12.JZ 

I/FOUR/WVAIIOI,alI01.ALFOII0).RII01.AVII01.PORI29.3SI, 
2KURVI29'35I'WVI29.3~).GAM.ALF,P.DP.OALF.MY.HY,PNII01 
I/FlvE/WVI129,351.VTO(10),VTFI101.WVfI101,POI10I,ENPII0).GAMSCI01, 
4SRCH.PCTUP,OVI29,351.ALFB,VTP.ALfP 

I 12 
J J2 
L KURVII.JI 

C DETERMINE OvERSURDEN PLUS SURCHARGE PRESSURE AND HEAO 
PI I My + 3 - JI*GAM"HY .. SRCH 
P Pll 10.03611 
TERM I 1.0 - PORI I.JI '''GAMSCL' 
TH WVII ,J '''TERM I 100.0 
F2 1.0 - TH 

CALL GULCH 
IF IENPILII 1~4Z.1541,1542 

1S41 Fl PI I ( .435 • AVILl " I 1.0 - PORII ,JH i 
GO TO 1543 

IS42 Fl E!lPILI"PI"VTP/lVTFILI-VTPI 
IS43 If IWVII.JI - WVAILII 1540.1556.1556 
IS40 RPO RILl 

SAT ITH/PORCI.JIl""RPO 
GO TO 1554 

1550 DTH IwVII,JI- WVAILI I" TERM I 100.0 
SAT 1.0 
PORII,JI I PNIL) + DTHIIC 1.0 + Dnll 

15!>4 DP Fl I I F2 " SAT. 0.0361 ) 

1 VTI Jl 
1!>60 RETURN 

END 

ALFP ALFS"ll.O - ALFS"IWVIl,JI-wvlll,Jll/tVTP-

SUBROUTINE HUMIOY ITE.HI) 
COMMON/TWO/TI29,35i.12,J2 

RETURN 
END 

I 12 
J J2 
R 8.3141'+07 
G 981.0 
EM 18.02 
AN ALOGIHli 
TM HE - 32.01"5.0119.0) + 213.0 
TIl,Ji R"TM.AN/IG*EM"2.S4' 

, . . , ' 

25MAy70 

26MAY70 
26MAY70 
0101'9 
01DEC69 

26MAY70 
26MAY70 

21MAR70 
ZIMAR10 
26MAY70 

25MAY10 
26MAY10 
26MAY10 
TEM 



1720 

1725 
C 
C 
<. 

1730 

1760 

j 731 

1735 

1136 
1737 

1770 

SU8ROUTINE GULCH 
COMKON/TWO/T\Z9,351.IZ.J2 

. ' 

L/FO\JH/WVA ( 101 ,0(10 I.ALFO 110' .R 110' .AVII0 I.PORI 2'1.351, 
ZKURVIZ9.35J.WVIZ9.351.GAM.ALF.P.OP.OALF.MV.Hy.PNII01 
3/FIVE/WVIIZ9.3Sl.VTOII01.VTFII01.WVFII01.POII01.ENPIIO).GAMSIIO). 
4SRCH.PCTUP,OVIZ9.351.ALfB.VTP.ALFP 

I 
2 

I 12 
J J2 
L KURVI I.J' 

OETERMI"E OVERBURDEN PRESSURE PLUS SURCHARGE 
P (MY + 3 - JI*GAM*H.Y + SRCH 

IF I P - POCL)I 1725.1720.1720 
OVII.JI 0.0 

GO TO 1770 
RENP 1.01 E"P(LI 

ALL CALCULATIONS IN THIS SUBROUTINE ARE DONE USING TOTAL 
VOLUME ANO WATER CONTENTS IN THE C.G.S. SYSTEM. 
TO CONVERT VT T~ CU. IN. I L8 •• MPy BY 27.7. 
GRAVIMETRIC WATER CONTENT EQUALS SPECIFIC VOLUME OF WATER 
IN THIS SYSTEM. 

IFI 

VTP 

WVP 
wVIII.JI 

aMI 
OMO 
VTI 

VTFILI 
VTOIL! , 

WVFI~I - I VTf ILl - VTP )*100.0 
-WVAILI! 1730.1750.1750 

OILl - 1.0 
OILl 
VTOILI + WVIII.JI*I ALfOIL' + 11-0 -

ALfOILII*11 WVIII.JI/WVAILII**QMII/OMQ 
I 100.0 

GU TO 1760 
VTAP VTOILI + WVAILI" ALFOI~I + 11.0 - ALFOILII 

10lLII I 100.0 • 
'IT! VTAP + IWVI q .J) - WVAIL'I I 10 .0 
OELW I WVII.JI - WVIlI.JIl I 100.0 • 

1 F IDELIII 173101731.1735 
OVII.J) 0.0 
ALFB 1.0 

GO TO 1770 
OELT I WVP - WVIII.JIl I 100.0 
5 OELT I I VTP - 'IT! 1 

If OILI - S ! 1737.1737.1736 

25MAv70 

QMO 5 26MAY70 
OELV IVTP - VTII*IOElIi/OELTluQMO 26MAY70 
AI.FB OELV/OELW 

DV 15 A VOLUME 5TRAI" 
0'1 II • J I OEL v*pC TUP I Vl[ 

RETURN 
ENO 

.. 
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APPENDIX 5 

SAMPLE DATA GCHPIP7 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



· . . ' '," , .' . 

THIAL PRO~LEM FOR PREDICTING TwO-DIMENSIONAL SWELL USING PROGRAM GCHPTP7 AND 
THE THERMu-ELASTICITY FINITE ELEMENT COMPUTER PROGRAM DEVISED BY ERIC BECKER 
TRY 1 UNIVERSITY OF WYOMING SWELL TEST DATA SEPT 10.1968 

3 1 1 21 4 '3 1 2 
24 30 10 11 16.0 4.0 0.0 691200.0 .001 

1 1 1 2 1 3 2 2 
1 
0 0 25 31 5.00E-09 5.00E-09 0.0 2.54 1.00E+09 3.0 
1 5.0 3.0 4.0 23.5 2.0 0.0 .485 .08 .0 .0695 40.0 

.60 .8825 46.0 90.0 1.20 0.1 1.0 2.70 
0 0 24 30 1 
0 27 10 30 1 13.0 

11 27 11 30 1 11.0 - .01667 
12 27 15 30 1 15.0 - .125 .0625 
16 27 24 30 1 15.0 - .125 

0 L6 6 26 1 12.8 .0125 
7 26 11 26 1 10.3 +0234 

12 26 15 26 1 11.8 -.0312 
16 26 24 26 1 11.8 

0 25 6 25 1 12.3 -.0052 
7 25 11 25 1 10.1 .0344 

12 25 24 25 1 10.1 
0 24 6 24 1 12.3 C00312 
7 24 11 24 1 11.0 .0203 

12 24 24 24 1 11.0 
0 23 6 23 1 12.3 .00104 
7 23 11 23 1 11.9 .00625 

12 23 24 23 1 11.0 
0 ~~ 6 22 1 12.3 
7 22 11 22 1 12.8 -.0078 

12 22 24 22 1 12.8 
0 0 24 21 1 13.7 
0 0 24 0 1 0.0 
0 1 0 29 2 0.0 

24 1 24 29 2 0.0 
0 30 24 30 1 0.0 
3 3 

.001 .01 .001 

.001 .01 .001 
3 
1 3 
1 2- 11 

I-' ...., 
I-' 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



APPENDIX 6 

SAMPLE OUTPUT GCHPIP7 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



PROGRAM GCMPIP7 M.L.LYTTON REVISION DATE 

TRIAL PROBLEM FOR PREDICTING Twn-DTMENSIONAL SW~LL USINA PROGRAM GCHPIP7 AND 
THE THERMO-ELASTICITY ~INITE ELE~ENT COHPUTER PAOGRAM DEVISED BY ERIC BECKER 

PROB 
TRY 1 UNIVEHSITy OF .Yn~ING SWELL TEST 04TA 

TABLE I. PROGRA~ CONTHOL SWITCHES. 

PRIOR DATA UPTIUNS II • HOLOI 
NUMBER CARDS INPUT THIS PROaLEM 

GRID. I. CYLINDER. 2 SwITCH 

LIGHT. I. HEAVy. 2 ~WITCH 

TAPE WRITE TES. I 

TABLE 2. INCREMENT LENGTHS. ITERATION CONTROL 

NUH 0' X-INCREMENT~ 
X-INCREMENT LlNGTH 
NUM 0' Y-INCREMENTS 
Y-INCREMENT LENGTH 
NUH OF TIME INCREHENT~ • 
TIME INCREHENl LENGTH 
ITERATIONS I TIME STEP. 
INSIDE MAtllUS 
TOLERANCF 

MONITOR STATIONS I.J 

TRANSIENT FLOW 

24 
1.600E-Ol I~. 

10 
4.000E-00 I". 

11 
6.912[-05 S~CS 

10 
O. I" 
1.000E-0l 

-" , 

-~ 

2 

TABLES NUHR£R 
1 .. 5 6 

-0 -0 -0 
21 

-0 
4 

F1!OM TO PI P2 ALFAIOEfl.1 A~ BK EXPONENT 

7 

-0 
1 

o 0 25 II 5.000E-09 ~.000E-09 n. 2.540E.00 1.000E-09 l.OOOE-OO 

TARLE 4. SUCTION - wATEM CONTENT CURVES 

NO. 
1 0 

TABLE ~. 

FROH 
0 27 

11 i7 
12 27 
16 27 

0 26 
7 26 

Ii! 26 
16 26 

0 25 
7 25 

12 25 
0 24 
7 il4 

12 24 
0 23 
7 ZJ 

12 23 
0 22 
7 il2 

12 22 
0 0 

CURVE NUMBER 
NUM LOCATIONS 
MAXIMU" PF 
P~ AT INFLECTION 
EXPONENT FOR PF 
AIR ENTRY WATER CONT 
ORYING CURVE EXPONENT. 
ALFA AT 0 WATER CONT 
INITIAL PDHOSITY 
REFERENCE AV' 
SATURATION EXPONENT 
SOiL UNIT WT PCI 
SATURATED WATER CONT •• 

5.00 
l.OO 
4·00 

2l.50 
2·00 

O. 
4.850E-Ol 
B.000E-02 

2.00 
6.950E-02 
4.000E-Ol 

CURVE NUMItER 1 
INITIAL TOTAL VOLU"E 6.000E-OI 
FINAL TOTAL VOLUME B.825E-Ol 
~INAL WATER CONTENT •• 600E·01 
SWELL PRESSUH~. PSI 9.000E·01 
EXPONENT OF P;V CURvE • 1.20 
SURCHARGE PRESS. PSI 1.000E-Ol 
PCT VOL CHG VERTICAL 1.000E-00 
SPEC.GRAV.SOLIOS Z.700E-00 

~ROM TO 
0 24 30 

INITIAL CONDITIONS 

TO CASE VOL. W. PORE 
10 lO 1 1.300E-OI-0. 
11 lO 1 1.100E·01-0. 
15 lO 1 1.500E-OI-0. 
24 lO 1 1.500[-01-0. 

6 26 1 1.2110[-01-0. 
11 26 1 I.OlO[-01-0. 
15 i'6 1 101BO[-01-0. 
24 26 1 1.1110E-OI-0. 

6 25 1 1.210['01-0. 
11 25 1 1.010[_01-0. 
24 i'5 1 1.010[-01-0. 

6 24 1 1.230[-01-0. 
11 24 1 1.100E-OI-0. 
24 jt4 1 1.100[-01-0. 

6 23 I 1.2l0E-OI-0. 
11 i'l 1 1.190[-01-0. 
24 23 1 1.100[-01-0. 

6 i'Z 1 1.230[-01-0. 
11 22 1 1.2110[-01-0. 
24 22 I 1.2"0[-01-0. 
24 21 1 1.370E-OI-0. 

PRo SLOpE Y SLOPE X 
-0. -0. 
-1.667E-02-0. 
-1.250E-01-6.250E-02 
-1.250E-OI-0. 
·0'. 1.250~-02 
-0. 2.l40E-02 
-0. -~.1201!-OZ 
-h -0. 
-0. -5.200E_03 
-e. -3 •• 4 OI!-02 
-0. -0. 
-g. l.120·E-03 
-g. 2.030E-02 
-0. -0. 
-0. 1.04 OE-03 
-0. 6.250E-03 
-e. -0. 
-0. -0. 
-0. -7.1100'.:-03 
-0. -0. 
-0. -0. 



TABLE 6. BOUNDARY ~ND INTERNAL CONDITIONS I-' 
0 19 _4.532E'02 1.37 0F'01 2.158E.01 1.98 0E_OQ O. 1.980'E_09 -...J 
0 20 -4.532E.~2 1.370E.01 2.160E.01 1.98 0E-09 O. 1.980E-09 0\ 

FROM STA TO STA CASE WV T nT/nX OT/roy H TEMP Q 21 -4.!l32E·02 1.37 0E·01 2.162['01 1. 98 0E-OQ O. 1.980E-09 
0 0 24 0 I O. -0. -0. -0. -.000 -0.0 0 22 -4. 985['02 1.230E·01 2.572E·01 1. 65 0E-OQ O. 1.650£-09 

I 0 2Q 2 -0. O. -0. -0. -.000 -0.0 Q 23 -4.950E·02 1.24 0['01 2.540E'01 1.674E_OQ O. 1.674E-09 0 
-4.863E·02 1.21>0F·01 4.45AE·04 1.733E-OQ 1.733E-09 24 I 24 29 2 -0. O. -0. -0. -,ODD .0,0 0 24 O. 

0 30 24 30 I O. -0. -0. -0. -,ODD .0,0 0 25 -5.168E·02 1.180E·01 2. 7 60['01 1.533[-0'1 O. 1.533E-09 
0 26 -4.44SE·02 1.4UOE·01 2.09QE·01 1.050E-"9 O. 2.050E-09 
0 27 -4.739E·02 I. 300E'0 I 3.810E·04 1.822E-OQ O. I. B22E-09 
0 28 -4.142E·02 1.300['01 3.599E·04 1.820E-09 O. 1.820E-09 

TABLE 1. CLOSURE .CCELERATION DATA 29 -4.744E·02 1.300E·01 3.290E'04 1.818E-09 O. 1.818E-09 
30 -4,?41E+02 1.300E·01 2.1>42E·04 1.816E-09 O. 1.816E-09 
31 O. O. -5.605·173 5.000E-09 O. 5.000~-09 

fICTITIOUS CLOSUHE VALVE SETTINGS 

'1O. VS. VSY %TERAT ION PT$.NOT CLOSED ",ONITOR STATIONS 
I 1.000l-UJ 1.000E-03 
Z l.ouOE-02 1.000E-02 2 I 3 2 Z 3 I.QUOE-U3 1.000E-03 324 IX -4.468E'02 -4.470!!:'OZ _4.472E.02 _4.455E.02 

Ty -4.41\9E'02 -4.46'lE.02 -4.4 7 0E.02 -4.455[.02 

2 85 TX -4.460E·0! -4.466E·02 -4.47 OE'02 .. 4,454£·02 
TABLE 8A. TIME STEPS FOj:l 8.C. CHANGE TY -4.41\9E·02 -4.46~E·02 -4.4701':'OZ _4,454£.02 

3 100 IX -4.4'19E·02 -4.46~E·02 -4.47 OE'02 -4.454E·02 
NONf TY -4.40;9E·02 -4.466E·OZ -4.47OE.02 -4.454E·02 

4 'I Tx -4.4~9E·02 -4,466£·02 -4.470E.02 -4.454E·00! 

TAIlLE 8B. TIME STEPS FOR OUTPUT. 
Ty -4.459E·0! -4.466E·02 -4.470!!:'02 -4.454E·02 

I 2 II 5 h -4.41\9E·02 -4.46"10'02 -4.47 OE.02 -4.454E·02 
Ty -4.4<;9E·0! -4.466E·02 -4.470E.02 _4.454E'02 

TtME STEP 

---CLOSURE---

J TII.J) "'v II.J) I)TD'" II.J) DIIII.JI P1211.JI P2211.J) 
0 u -4.448E·02 1.37 OE'01 4.822[·04 ~.048E-09 O. 2.048E-09 
0 I -4.532E·02 1.37"OE·01 2.136E.OI 1.980E_0" O. 1.980E-09 Tt",E STEP 2 
0 2 -4.~32E·Q2 1.370E·~1 20137E'01 1. 98 0E-0" O. 1.980"-09 

3 -4.532E·02 1.370E·01 2. U/lE'O I 1.98 OE-09 O. 1.9110E-09 
I, -4.!l32E·Oc 1.370E·01 2.139E·01 1.98 OE-0" O. 1.980E-09 
5 -4.!l32E·02 1.370['01 2.140E·01 1.980E-09 O. 1.9110E-09 

" -4.532E·Oc I. 370E'0 I 2.14IE·01 1. 980[-0" O. 1.980E-09 I J T (IoJ) WVII.J) OTOW II. JI pIIII.J) PI211.J) p2211.J) 
7 -4.532E·02 1.370F·01 2.142E·01 1.980E-OQ O. 1.9801'-09 0 0 -4.532E·02 1.370E'01 2.136E.01 1.980[-0<1 O. 1.980[_09 
B -4.532E·02 1.370E·01 2.143E·01 1.98 OE-oo O. I. Q80E-0'9 0 1 -4.532E·02 1.343E·01 4.974E·04 1.980E-Oq O. 1.980[-09 

0 .. -4.532E·02 1.370E·01 2'144E'01 1.98 0[-0'1 O. I·Q80E-09 Z -4.532E·02 1.344f·01 4.94I>E·04 1.980E-09 O. 1.980E-09 
0 10 -4.:J32E·oc 1.370f·01 2.145E·01 1.98 OE-09 O. 1.980E-09 3 -4.532E·02 1.3"5E·01 4.917E·04 1.980E-09 O. 1.9AUE-09 
0 II -4.532E·02 1.370E·01 2.146E·01 1.980F-09 O. 1.980[-09 I) 4 -4.532E·02 1.346E·01 4.881E·04 1.980E-09 O. 1.980E-09 0 12 _4.532E.02 1.370E.01 2.141E.OI 1. 98 Of_OQ O. 1.980E_09 

0 ., -4.532E·02 1.346F"OI 4.856E·04 1.980E-OQ O. 1.980E-09 13 -4.!l32E·0l! 1.370['01 2.149E·01 1.980E-0" O. 1.980E-09 0 6 _4.532E·02 1.347~'01 4.824E.04 1.980E-09 O. 1.980E-09 14 -4.532E·02 1.370E·01 2.150E.01 1·980E-09 O. 1. 980[-09 1 -4.532E·02 1.34 8E'01 4. 79 IE.04 10 980E-09 O. 109801':-0 9 
15 -4.532E·02 1.370E·01 2.152[.01 1.980f-0" O. 1.980E-09 II -4.532E·02 1.349F·01 4.757E·04 1.980[-09 O. 1.980E-09 

0 II> -4.532E.02 1.370E.01 2.153E.01 1.98 OE-0" o • 1.980E-0.9 9 -".532E·02 1.350F·01 4.72I E·0 4 1.980E-09 O. 1.980E-09 
0 17 -4.532E·02 1.37 0F·01 2'155E'01 1· 98 0E-OQ O· 1· 9R OE-09 

0 10 -4.532E·02 1.351!!:·01 4.684E·04 1.980E-oQ O. 1·980E-09 0 I" -4.532E·02 1.370['01 2.157E·01 1. 98 Of-0" o. 1.980F-09 0 \I -4.532['02 1.352E·01 4.646E·04 1. 980E-OQ O. 1.980E-09 
0 12 -4.532E·.2 1.353E·01 4.606E·04 1· 980E-OQ O. 1. 980£-0 9 

.. 
, . 



18 9.640E-02 
19 I.OI6E-01 
20 1.022E-01 
21 1.022E-01 
22 I. 022E-0 1 
23 1.022E-01 
2" 1.022E-01 
25 1.014E.Ol 
26 9.123E.02 
27 2.938E-2n 

HEAVE PROFILE FOR SOIL AT J-L[VEL 27 

I_STA VERTICAL MOVEMENT 

3 5.875E-2n 
4 3.061E-02 
5 30 196E-U2' 
6 3.033£-02 
7 2.849£-02 
8 2.637E-02 
9 2.30IE-02 

10 2.593E-01 
11 1.409£.01 
12 7.791E-02 
13 7.68IE-02 
14 3.738E·02 
15 5.182E-02 
16 5.799E-02 
17 7.9 .. 9E.02 
18 9.,,40E.02 
19 1.021£-01 
20 1.028E-0\ 
21 1.1l28E-OI 
22 10028E-01 
23 1.1128E_OI 
2" 1.028E-01 
25 1.1119£.01 
26 9.1 .... E_02 
27 2.93I1E-co 

HEAVE PROFILE FOR SOIL AT J-LF'VEL 21 

I-STA VERTICAl MOVEMENT 

3 5.875E·i!0 
4 3.070£-02 
5 3.196E-02 
6 3.033£-02 
7 2.949£.0;> 
8 2.637E.02 
9 2.301£-02 

10 2.593£.01 
II 1.409E·OI 
12 7.791£-02 
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APPENDIX 7 

PROGRAM SWELLl FLOW CHART 
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APPENDIX 7. PROGRAM SWELLl FLOW CHART 

Commentary 

Although SWELLI is a one-dimensional program, the input arrangement is 

identical in most respects with that of GCHPIP7. In addition, computation of 

new values of suction at each time step do not require iteration and closure. 

The computation procedure is identical with that for one direction in the 

two-dimensional computer program. 

Because of the similarities, a detailed flow chart of SWELLl is not pre­

sented here. Instead,a general flow diagram is included. 

Flow charts of subroutines are not shown because of their similarity 

with those of GCHPIP7. 

181 



lS2 

PROGRAM SWELL 1 

INPUT 

Table 1. Table Controls 

Table 2. Increments 

Table 3. Permeability 

Table 4. Suction-Moisture-Compressi­
bility (p-VT-V

W 
relationships) 

Table S. Initial Conditions 

Table 6. Boundary Conditions 

Table BA. Time Steps for Boundary 
Condition Change 

Table SB. Time Steps for Output 

Table 9. Subsequent Boundary 
Conditions 

_----------1: DO 9000 K 1, I TIME ) 
~----------r_----------~ 

No 

COMPUTATIONS WITHIN EACH TIME STEP 

Compute permeability 

Compute new suction, water content values 

Is 
output 

required 
? 

Yes 



183 

I 
Compute volume change, vertical swell. 

Print out results 

19000 CONTINUE 

Check whether another problem is to 
be worked. If not, end computations 
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APPENDIX 8 

GUIDE FOR DATA INPUT, PROGRAM SWELLl 
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" . ' .' . 

GENERAL PROGRAM NOTES 

A detailed discussion of all input data is given in Chapter Seven. 

All words not marked E or F are understood to be input as integers, the last number of which is 

in the farthest right space in the box 

All words marked E or F are for decimal numbers which may be input at any position in the box 

with the decimal point in the proper position • • . . . . . - I 9 . 36 

0.00 I 3 

72·1 

The words marked E have been provided for those numbers which may require an exponential 

expression. The last number of the exponent should appear in the farthest right space 

in the box 
1- 3 . I 4 2 £ - 0 61 

The program is arranged to compute quantities in terms of pounds, inches, and seconds. All 

dimensional input should be in these units. 
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SWELLl GUIDE FOR DATA INPUT -- Card forms 

IDENTIFICATION OF PROGRAM AND RUN (two alphanumeric cards per problem) 

IDENTIFICATION OF PROBLEM (one card for each problem; program stops if NPROB is left blank) 

NPROB 

I I I DESCRIPTION OF PROBLEM (alphanumeric) 

" 

TABLE 1. TABLE CONTROLS, HOLD OPTIONS 

ENTER 1 TO HOLD PRIOR TABLE NUM CARDS 

2 3 4 5 ~ 2 3 

0 0 0 0 D 0 
5 10 15 20 25 '0 '5 

1 Grid Coordinates 

IF KGRCL IS 
2 Cylindrical Coordinates 

IF KVERT IS 

SWITCH SWITCH SWITCH 
ADDED FOR TABLE KGRCL KLH KVERT 

4 5 

n 0 
40 45 

IF KLH IS 

~ 1 or ~ 1 or ~ 1 or 2 

o 
50 55 60 65 

1 Light - overburden pressure and soil 
compressibility not considered 

2 Heavy - overburden pressure and soil 
compressibility considered 

1 Vertical Flow 

2 Horizontal Flow 

80 

80 

80 
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TABLE 2. INCREMENTS 

NUM 
NUM TIME INCREMENT 

INCRS. STEPS LENGTH 

0 CJ E 
5 15 21 30 

TABLE 3. PERMEABILITY 

SATURATED 
FROM TO 

I 

PERMEABILITY 
I I P 

I E 
5 10 21 30 

TABLE 4. SUCTION-MOISTURE-COMPRESSIBILITY 

AIR 
PF ENTRY 

NUMBER VERSUS WATER 
LOCA- MAX INTL CURVE CON- ALFA 
TIONS PF PF EXPONENT TENT EXPONENT 

I F I F I F I F I F I 
5 10 15 20 25 30 

DRY SPECIFIC FINAL SPECIFIC FINAL ZERO AIR 
TOTAL VOLUME TOTAL VOLUME WATER CONTENT 

E E E I 
10 20 30 

FROM TO CURVE 
I I NUM 

I I 
5 10 15 

INSIDE 
RADIUS 

E 
40 

UNSATURATED 
AK 
E 

ALFA AT 
ZERO 
WATER 

CONTENT 
E 

SWELL 
PRESSURE 

E 

40 

40 

40 

.' . 

TIME 
STEP 

E 
50 

PERMEABILITY COEFFICIENTS 
BK 
E 

POROSITY 
AT 

AIR ENTRY 
E 

EXPONENT OF 
P-V CURVE 

E 

EN 
E 

50 60 

UNIT FINAL 
E-LOG P WEIGHT SATURATION 

COMPRESSIBILITY X OF WATER 

50 

50 

COEFFICIENT EXPONENT SOIL CONTENT 
E 

SURCHARGE 
PRESSURE 

E 

I F I F E 
60 65 70 80 

RATIO VOLUME SPECIFIC GRAVITY 
CHANGE VERTICAL OF SOLIDS 
I E I E 

60 70 80 
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TABLE 5. INITIAL CONDITIONS 

FROM TO KAS WATER SLOPE 
I I 1 or 2 CONTENT SUCTION C2 

I 0 E E E 
! 10 15 21 30 40 50 

KAS 1 KAS 2 

TABLE 6. BOUNDARY CONDITIONS 
SOIL-

SUCTION MOISTURE 

62 65 

KASE 1 KASE 2 KASE 3 KASE 4 

TABLE BA. TIME STEPS FOR BOUNDARY CONDITION CHANGE 

KEY NSTEP 
DC] 

5 8 10 

10 15 20 25 30 

1 Read in a list of time steps for boundary condition 
change. NSTEP is the number of these steps. 

IF KEY IS 2 Continuous boundary condition change. Read in a new 
boundary condition at each time step. NSTEP is left blank 

3 No boundary condition change. NSTEP is left blank. 
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TABLE 8B. LIST OF TIME STEPS FOR OUTPUT 

IF KEYB IS 
KEYB NOUT 

LIST OF TIME STEPS (if KEYB 1 , maximum is 50) 

I I I I I I 
~ 10 I~ 20 2~ 30 3~ 40 

I I I I • 
':\. , 

~ 10 I~ 20 

TABLE 9. SUBSEQUENT BOUNDARY CONDITIONS (if KEY 1 or 2 ) 

TIME NUMBER 
STEP CARDS 

I 
5 10 

FROM TO 
I I 

~ 10 

KASE 
1 to 4 

n 
I~ 

I STOP CARD (one blank card to 

WATER 
CONTENT SUCTION 

21 30 40 

KASE 1 KASE 2 

end run) 

.' . 

1 Read in a list of output time steps. 
NOUT is the number of these time steps. 

2 Continuous output 

4~ 60 6~ 

SOIL-
SUCTION MOISTURE 
GRADIENT HUMIDITY TEMP 

I I I I 
'0 " 62 6~ 

KASE 3 KASE 4 

70 

80 
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APPENDIX 9 

PROGRAM LISTING SWELLI 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PROGRAM 5WEL~1 ( INPUT,OUTPUT 
NOTATION 
T SUCT ION 
TX TRIAL SUCTION IN X - PIPES 
PI PRINCIPAL PERMEABILITY IN X-DIRECTION 
B SUCTION COEFFICIENT OF TO-lI 
C 5UCTION COEFFICIENT OF Till 
D SUCTION COEFFICIENT OF T(I+U 
F GRAVITY POTENTIAL COMPONENT OF PERMEABILITY 
DTDW RATE OF CHANGE OF SUCTION WITH WATER CONTENT 
AL TUBE FLOW MATRIX COEFFICIENT OF TX AT I-I 
BL TUBE FLOW MATRIX COEFFICIENT OF TX AT 1 
C~ TUBE FLOW MATRIX COEFFICIENT OF TX AT 1+1 
DL TUBE FLOW CONSTANT 
HX INCREMENT LENGTH IN THE X-DIRECTION 
HT INCREMENT LENGTH IN THE TIME- DIRECTION 
AA CONTINUITY COEFFICIENT - A CONSTANT 
BB CONTINUITY COEFFICIENT - B CONSTANT 
CC CONTINUITY COEFFICIENT - C CONSTANT 
DO CONTINUITY COEFFICIENT - A DENOMINATOR 
ALPHA ANGLE BETWEEN PI AND. THE x- OIRECTI<»I 
WV VOLUMETRIC WATER CONTENT 
WVS SATURATED WATER CONTENT 
DIMENSiON Pl140l, P2140l, AK(40l, BK!40l, ENI40l, WVI40l, TI40l, 

1 UTDWI4vlt BI40l, CX(401, 01401, F140!, ALI40l, BLl40l, CL!401, 
2 DL!401, AA(40l, 6B(40), CCC40l, TXI40l, KuRvt40l, ~LOCIIOOOI, 
3 ANlllo!, AN2(7I, WVS!4010 DTDXl401, KAS1401. PFM!lOI. PFRtIOI. 
4 BETAIIQ), WVAIIOI. Q(IOI. ALFOIIOI. RlIO). AVIIO). PNIIOI, 
" PORi4.)). KTI50h WNIIOI. KPUTlIOOOlt KLOSI401. 
o wvl 1401 .VTOIIOI ,VTF I 101 ,wVF riO) ,PO 1101 ,ENP 110 I,GAMli 1101. 
7 DVI401.TI140),ATI401 

COHMON/vNE/PFM.PFR.BETA.DTDw,PFI 
1/TWO/T.12 
2/THREE/WVS.XLH.~ 
3/FOUR/WVA,w,ALFO,R,AV,POR,KuRV.WV.GAM.ALF,P,DP,DALF.MX,HX.PN 
4/FIVE/WVI.VTO,VTf.WVF.PO.ENP.GAMS.SRCH,PCTUP.Dv,ALFB,VTP 

I FORMAT III ~OH PROGRAM SWE~Ll R.L.LYTTON REVISION DATE 
I ISH DEC 04. 1968 tI" 

II FORMAT I 5HI .80X .IoHI-----TRIM I 
12 FORMAT I SAlOl 
14 FORMAT I A5,~X.7AIOI 
15 FORMAT (IIIIOH PROB , I~X, AS, 5X. 7AIOI 
2u FORMAT (161~1 
21 FORMAT 1 2115 .5X,. 3EIo.3 I 
22 FORMAT 1215 • lOx. 4EIO,3! 
23 FORMAT liS, 5F5.2. 3EIO,3, 2F5.1. EIO.3 I 
24 FORMAT '31~. 5X. 3EIJ,31 
25 FORHAT 1315, 5X, 3EI0,3, F5,O, 6X, F4,II 
26 FURMAT I BEIo.3 I 
27 FORMAT ( 5X,IS,2E12.3 I 
28 FoRMAT (14. 2X. 4IEIO.3. 2XII 
29 FORMAT 11/ 40.. I T(ll WVIII DTDWIJI 

I 
02 

003 
004 
oos 
006 
007 
008 
009 
010 
011 
OIZ 
013 
014 
015 
016 
017 
018 
019 
OZO 
Oll 
02Z 
023 
024 
025 
026 
027 

Ol9 
030 
031 
032 

I ISH 
100 fORMAT 11114001 

1 I ~ox, 25H 
2 I ~OX, 3~H 

3 II 40H 
4 I 4101 
:> /I 4101 
6 II 41H 
7 /I 41H 

2uo FORMAT IIIISOH 
2Ul FORMAT III 35H 

I I. 3~H 
4 I • 35H 
5 I. 35H 
" I, 35H 

202 FORMAT III 30H 
2U3 FORMAT III 25H 
2U4 fORMAT (II 3SH 
300 FORMAT 111130H 
301 FORMAT III 50H 

I 10H 
400 FORMAT '1114~H 
4ul FORMAT III 3~H 

I I. 3~H 
2 I • 3~H 
3 I. 3~H 

" I. 3~H 
5 I • 3~H 
to I , 3~H 

7 I, 35H 
8 I. 35H 
9 I. 35H 

4u2 FORMAT 3~H 
I I. 35H 
2 I. 35H 

403 FORMAT III ISH 
4u4 FORMAT (1113501 

I 135H 
2 135H 
3 13~H 

4 /3SH 
> 13SH 
6 135H 
7 13~H 

8 13~H 
suu FoRMAT 11113001 
501 FORMAT III 50H 
600 FORMAT 11/14501 
601 FORMAT (II 50H 

I ISH 
800 FORMAT 1II140H 
804 FORMAT III 45H 
8u~ FORMAT 114, 5X, 
806 FORMAT til IOH 
8U1 FORMAT III 1001 
808 FORMAT 1II140H 

.. 

Pl! I) I ) 
TABLE 1. PROGRAM CONTROL SWITCHES. 

TAlllES NuMBER 
3 4A 5 6 
PRIOR DATA OPTIONS II & HOLD I , IIX, 515, 
NUMBER CARDS INPUT THIS PROBLEM, lOX, 5i5, 
GRID' I. CYLINDER 2 SWITCH • IOX,15. 

.lIGHT. It HEAVY· 2 SwITCH .IOX.15. 
vERT. I, HORIZ • 2 SWITCH , lOX, 15 

TABLE 2. INCREMENT lENGTHS. ITERATION CONTROL 
NUM OF INCREMENTS • , 5X,ls. 
INCREMENT LENGTH • , EIO.3.5H IN 
NUM OF TIME INCREMENTS' • 5X. IS. 
TIME INCREMENT LENGTH ., EIO,3,5H SECS. 
INSIDE RADIUS & , EIO,3. 301 IN I 
MONITOR STATIONS • 5X, 417 ) 

TRANS I ENT FLOW I 
PSEUDO-STEADY STATE FLOW 

TABLE 3, PERMEABILITY 
FROM TO PI AX BK 

EXPONENT I 
TABLE 4, SUCTION - wATER CONTENT CURVES 

CURVE NUMBER 
NUM LOCATIONS 
MAXIMUM PF 
PF AT INfLECTION 
EXPONENT FOR PF 
AIR ENTRY WATER CO NT 
DRYING CURVE EXPONENT 
ALFA AT 0 WATER CONT 
INITIAL POROSITY 
REFERENCE AV 
SATURATION EXPONENT 
SOIL UNIT WT PCI 
SATURATED WATER CONT •• 

NO. FROM TO) 
CORVE NUMBER 
INITIAL TOTAL VOLUME 
FINAL TOTAL VOLUME 
FINAL WATER CONTENT 
SWELL PRESSURE, PSI 
EXPONENT OF P-V CURVE 
SURCHARGE PRESS. PSI 
PCT VOL CHG VERTICAL 
SPEC.GRAV.SOLIDS 

TABLE 5. INITIAL CONDITIONS 

· (,,. 
• 17. 
.5X .F5C2, 
.5X.F5.2. 
,5X.Fs..2. 
,5X.F5.2. 
.5X,F5.2. 
.5X,EIO.3, 
,~X,EIO.3t 

,5X ,EIo.3 I 
,5X .F5.2, 
,5X,ElO.3, 
,5X .ElO. 30 /I 

• t 5, 
• EI0.3, 
• EI0.~, 
• EI0.3. 
• EI0.3. 
f 5X.F~.2, 

, E10.'. 
, EIo.3. 
• EIO.), 1/ 

fROM TO CASE VOL. W. PORE PRo SLOPE X 
TABLE 6. BOUNDARY AND INTERNAL CONDITIONS I 
FROM TO CASE WV T DT lOX 

H TEMP I 
TABLE 9A. TIME STEPS FOR B.C. CHANGE 

I T I I I WV I I ) PF I I I 
3tElO.3,2X) ) 

ALL I 
NONE ) 

TABLE 8B. TIME STEPS FOR OUTPUT 

047 
048 
0,,9 
050 
051 
0~2 

053 
054 
055 
056 
057 
058 
0~9 
060 
062 
061 
064 
06S 
066 
067 
068 
069 
070 
071 
072 
071 
074 
07S 
076 
077 
078 
079 
080 
081 
092 
08) 

084 
085 
086 
OR7 
088 
099 
090 
091 
092 
093 
094 



8U9 
811 
9UO 
901 
905 
9Ub 
9U7 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 

III 15H TIME STEP • IS./II 
III 3SH STATION TOTAL MVMT INCR MVMT I 
1// SOH TABLE 9. SUBSEQUENT BOUNDARy CONDITIONS 
1///30H TABLE 10. OUTPUT OF RESULTS' 
III 40H USING DATA FROM PREViOUS PROBLEM I 
1// 4SH USING DATA fROM PREVIOUS PROBLEM PLUS 
1// 25H ERROR IN DATA I 

iTEST 5H 
luuu READ 12.IANIINl. N -1.1&, 
lUI0 READ 14. NPRoe. r AN2INI. N -1.7) 

IF INPR06 [TEST I 1~20. 9999. 1020 
1020 PRINT 11 

PRINT I 
PRINT 12. IANIINI. N - 1.161 
PR I NT 15. NPROlh I AN2 I H). N -1. H 

C INPUT OF TABI.E I • TABLE CONTROLS. HOLD OPTIONS. 
I1UO READ 20. ~EEP2. KEEP3. KEEP4. KEEPS. KEEPb. NCDl. NCD3. NCD4. 

1 NCDS. NCD6. KGRCL. KLH. KVERT 
PRINT I~O. ~EEP2. ~EEP3. KEEP4. KEEPS. KEEPS. NCDl. NCD3. NCD4. 

1 NCD5. NCD6. KGRCL. KLH. KVERT 
C INPUT Of TABI.E 2A INCREMENTS. ITERATION CONTROL 

1200 PRiNT 200 
IfIKEEP2)9980. IlI0. 1300 

1210 READ 21. MX. lT1ME. HX. RO. HT 
PRINT 201. MX. HX. ITIME. HT. RO 

GO TO 1240 
PRINT 905 1230 

C 
1240 

COMPUTE CUNSTANTS TO 8E USED IN THE PROGRAM 
MXP5 MX + 5 
MXP4 MX + 4 
MXP3 MX + 3 

M)(P2 MX + 2 
HXE2 HX " HX 
A4 

GO TO 1300 
126\/ PRINT 204 

1.0 

A4 0.0 
C INPUT TA8LE 3. PERMEABILITY 

1300 PRINT 300 

1310 

1315 

IFIKEEP3l 9980.1310.1317 
DO 1315 I 1. MXP5 

P2! 11 • 0.0 
AKIII 0.0 
8KOI • 0.0 
ENIII • 0.0 
o/VSCII c 0.0 

CONTINUE 
GO TO 1319 

1317 If INCD31998001330.1318 
1318 PRINT 906 
1319 PRINT 301 

DO 13N K 
READ 22. INh 
PRINT 22. 1111. 

IN1 
IN2 

= I. NC03 
IN2. PB. 
IN2. PB. 

1Nl + 3 
IN2 + 3 

M.l> BKI. ENI 
AKI. BKI. ENI 

095 

097 
098 
099 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
III 
112 
113 
114 
115 
116 
117 

120 
121 
122 
123 
124 
125 
126 
127 

140 
141 
142 
14. 
144 
145 
146 
I .. 7 
148 
149 
150 
151 
IS2 
15. 
1~4 

H5 
H6 
157 
158 
1~9 
160 
161 

1320 

DO 1320 I 
P2 I II 
AI:. II) 
BKI II 
ENI II 

CONTlNVi: 
GO TO 1400 

\3301 PRINT 905 

• INl.IN2 
• P2111 + PS 
-AKII,+AKI 
- SKill + SKI 
• EN.Il + ENI 

PI C II P211) 

C INPUT Of TABLE 4. SUCTION - WATER CONTENT CURVE 
C 
C 
C 

AT PRESENT. THIS IS AN EXPONENTIAL SINGLE - VALUED CURVE. IT 
ISHUULD Sf REPLACED SY NUMERICAL CURVES FOR WETTING. DRYING. AND 
2SCANNING SETo/fEN THE TWO. 

14"0 PRINT 400 

1410 

1415 

1420 

If (KEEP41 9980.1410.1430 
NLOC = 0 

DO 1415 M 1.NC04 
READ 23.LOC.PFMIMI. PFI 

lRCMI.GAM.WNIMI 
.BE TACM I .WVAIM) ,01 I'll .ALFOIM I .PN 01" Av C M l • 

PRINT 401.M.lOc.PFMIMI. PFI .BETAIMI.WVA!MI,OIMI.ALFOCMI, 
IPNIM'.AV!MI 

PRINT 402.R!MI.GAM.WN!MI 
READ 2S.VTO!MI.VTFIMI.WVFIM).POIMI.ENPIM1.SRCH.PCTUP.GAMSIM) 
PRINT 404.M.VTOIMI.VTFIMI.WVFIMI.POIMI,ENPIMI.SRCH.PCTUP.GAMSCi'll 

PFRtMl PFMIMI - PFI 
NLOC NlOC + LOC 

CUNTINUE 
PRIM 403 

DO 1420 M I.NLOC 
READ 20. INI. IN2. KAT 
PRINT 20. KAT. INIo IN2 

INI INI + 3 
IN2 I N2 + 3 

DO 1420 I c I NI .1 N2 
KUI!V I Il - KA T 
PORIII - PNIKATl 
o/V5111 • WNtKAT, 

1430 
C 

1500 

CONTINUE 
..0 TO 1500 

PRINT 9"5 
INPUT OF TABLE 5. INITIAL CONDITIONS 
PRINT 500 

IftKEEP5l9980.1510.1505 
1505 IfINC(5) 9980.150S.1507 
1506 PR I NT 905 

GO TO IS00 
15u7 PRINT 906 

GU TO 1520 
151 ... DO 1515 I - I.MXP5 

\IV II I = 0.0 
WV II 11 
TIll 0.0 
Tl I II 

1515 CONTINUE 
1520 PRINT 501 

DO 1526 M 
K 

0.0 

<l.ll 

I.NCD5 
o 

.. 

IS2 
IS' 
IS4 
165 
IS6 
IS7 
IS8 
IS9 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
161 
182 

183 
164 
165 
166 
187 
188 
189 
190 
191 
192 
193 

194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 

206 

209 
210 
211 
212 

tv 
o 
o 



1,22 

1523 

15Z7 

1524 
1526 

C 
1600 

1605 
1606 

1607 

16W 

1&11 
1612 

1615 

READ 24. \Nlo IN2. KAT. IIVI. TI. C2 
PRINT 24.INI. IN2. KAT. IIVlt Tlo C2 

INI • INI ... 3 
IN2 ~ IN2 ... 3 

GO TO 11522.15231. KAT 
~O 1525 I a IN1.IN2 

CI IN2 - I 
IIV, I I % WV I II .. WV I .. Cl * C2 * H X 
WVJ( 11 IIVII I 
KASlll = I 
12 I 

CALL SUCTION 
TlIII 

CONTINUE 
GO TO 1526 

00 1524 I 
Cl 
KASIII 
Till 
Till I 

TIll 

• I 
= CI • C2 • HX .. TI + TIll 

TIll 
IF IA41 1526.1527 

\lV!11 a WVSIII 
WVIIII IIVClI 
DTDW! 11 ~ 1.0 
PFl 0.0 

GO TO 1524 
12 

tALL DSUCT 
WVIIiI 

CONTINUE 
CONTI NUE 

WVIII 

INPUT OF TABLE 6. BOUNDARY AND INTERNA~ CONOITIONS 
PRINT bOO 

IFIKEEP61 9980.1610.1605 
IF!NCD61 9980.1606.1607 

PRINT 905 
GO TO 1700 

PRINT 906 
GO TO 1612 

PRINT &01 
va 1611 I "I. MXP5 

KAS! 11 • 1 
OTOXI1I • 0.0 

CONTINUE 
00 1645 M I.NCO& 

K 0 
READ 25. INI. IN2. KASE. WV1. TI. DTXl. ~I. TE 
PRINT 25. INI. IN2. KASE. WV1. TI. DHI. Hlo TE 

INI INI ... 3 
IN2 IN2 + 3 

DO 1645 I IN1.IN2 
12 I 
KASC II • KASE 

GO TO 11615.1620.162i.1630,16351 KASE 
IIVII) = WVI 
\lVI III WVIII 

C 

Ib20 

1625 
1660 

1630 
1635 

Ib45 

1650 

1670 
1700 
18UO 

18U5 

1815 

1820 
1830 

1850 

1860 

CALL SUCTION 
Till) 
KAStl) 

GO TO 1645 
TIll • Tl 
Till ) 

CALL DSUCT 
WVI I 11 

Till 

Till 

'"VIII 
GO TO 1645 

DTOXIII 
L 

• DTXI 
MXP3 

(,0 TO 1645 
CONTI ",UE 

CALL HUMIDY ITE.Hl) 
TIIII 

CALL DSUCT 
WVI1II 
KASIII • 2 

tONTlNUE 
K 

WV!ll 

IF 1 3 - KASI31.1 1655. 1650. 1655 
TI31 • TI41 - HX • OTOX 131 
12 3 

CALL DSUCT 
IIVIDI ioIVI31 

IF I 1 - KASIMXP31 I 1670. 1660. 1670 
TI,",XP31 • TILl'" HX • OTDX!MXP31 
12 ,",XP3 

CALL OSUCT 
WVl!MXP31 

CONTINUE 
CONTINUE 

PRINT 800 

WVIMXP31 

READ 20. KEY • NSTEP 
GO TO 11805.1840.(860) KEY 

LIST OF TIME-STEPS WHERE 8.C. CHANGE 
READ 20. IKTINI. N = 1.NSTEPI 
PRINT 20. IKTINI. N 1.NSTEP) 

N I 
~ 1830 K· I. ITIME 
IF I K - KTINII 1820.1815 

KLOC I K I 1 
N N + 

GO TO 1830 
KLOC (Kl 

CONTINUE 
GO TO 1871 

CONTINUOUS B.C. 
UO 18~0 K 

KLOC{KI 
COfolTJNUE 

PRINT 80b 
('0 TO 1671 

PRINT 0;07 
00 11170 K 

KLOC (KI 

CHANGE IREAD IN NEW B.C. FOR EACH TIME STEPI 
10111ME 
1 

It ITIME 
2 

267 

268 
268 
270 
271 
272 
273 

274 

275 
276 
277 
278 
279 
2RO 
281 

282 
2113 
284 
285 

286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
29b 
297 
298 
299 
300 
301 
3()2 
303 
304 
3()S 
306 
307 
308 
109 
310 
311 

N 
a 
t-' 



1870 
1871 

C 
1872 

1873 

1814 
U!7S 

C 
1882 

C 

1883 

2000 

2005 
2008 

2009 
C 

1900 

1910 

CONTINuE 
PRINT gOa 
READ 2C.KEYB.NOUT 

GO TO ( 1872,18821 KEYB 
LIST Of TIME STEPS FOR OuTPUT REAO IN 
READ 20.eKTeNI.N ~ I.NOUT ) 
PRINT 20,IKTINI. N = I.NOUTI 

N 1 
Ou 1875 K 1. I TIME 
IFI K I(TINII1874,1873 

KPUTIKI 1 
N N .. 1 

GO TO 1875 
KPUT!K) 2 

COnTInUE 
GO TO 2000 

CONTINUOUS OUTPUT 
DO 1883 K I.ITIHE 

KPUT CK) 1 
CONTINUE 

PRINT ''')6 
PRINT 11 
PRINT 901 
ZERO-OUT Of ALL TEMPORARy CONSTAnTS 

00 200; I = I,MXP; 
Bill = 0.0 
cxnl = 0.0 
D!II·O.O 
FIll -0.0 
TXII) • 0.0 

CONTINUE 
00 2009 I = I. HXP5 

ALIII 0.0 
aLII) 0.0 
CL!11 0.0 
01.111 0.0 

<.uNTI NUE 
5TART OF TIME STEP 

Llu 9000 K 1. IT IHE 
KOUT KPUTIKI 

IF IK - II 9980, 1980. 1900 
KAT KLOCtKI 

yO TO 11910.19801 KAT 
READ 20. KTIME. NCD6 
PRINT 900 
PRINT 906 
PRINT 601 

~o 1945 M I. HCD6 
READ 25. INlo IN2. KASE. 1011110 T). OTox). HI. TE 
PRINT 25, INI. IN2. KASE. Will. Tl. DTDX). HI. TE 

INI INI + 3 
IN2 IN2 + 3 

00 1945 1 INl.IH2 
12 I 
KASel) = KASE 

UO TO 11915.1920,192».1930.1935) KASE 

1915 

1920 

1930 
1935 

1945 

1955 
1960 

1910 
1980 
1982 

1983 
C 

2015 

2020 
2025 

2010 

2120 

2121 

2122 
2130 

2140 

10111111 
CALL suCT ION 

,. Will 

KASIII • 2 
GO TO 1945 

TI II 
CAU DSUCT 

GO TO 1945 

• Tl 

DTDXI II • DTU 
GO TO 1945 
CONTINUE 

CALI. HUMIDY ITE,Hl) 
CALI. DSUCT 

KASIII·2 
CONTINUE 
IF C :3 - KASCH ) 1955. 1950. 1955 

TI31 ,. TI41 - HX 4 DToX(3) 
12 3 

CALL DSUCT 
IF I :3 - KASIHXP31 1 1970. 

l MXP3 
TIMXP3) • TIll + HX 4 
12 MXP3 

CAll DSUCT 
C.ONTiNUE 
GO TO I 1982~19831 KOUT 

PRINT 809.K 
PRINT 29 

CUNTINUE 

1960. 1970 
1 

DTDXIMltP31 

ROTATION,COMPUTATION OF UNSATURATED PERMEABILITY 
DO 2010 t • 3. HXP4 

Tf • ABSITIIII 
9E • ENIII 
Al • AKIII 
Cl K 9K(II 
CZ 1.0 + IITE4A11 449EI/CI 
UNSAT 1.0 I C2 
Pllil • P2111 4 UNSAT 

GO TO 12025.20101KOUT 
II I - 3 

PRINT 211. 11. Tel .. IoIlItll. DTDIoIIII. P)IJI 
CONTINUE 
GO TO 12120.21401 KGRCL 
00 2130 1 3. HXP3 

CONST • HT 4 DTDWIII • 0.5 
9 I II • I P II II I HX E 2 14 CONS T 
CXIII. I I PlIlI + Plel+ll I I I-IXEZI * CONST 
Dell =IPlll+11 I HXE21* CONST 

~O TO I 2121. 2122 I KIIERT 
FIIl=-( ( PHil - PlIl+ll II HX14 CONST 

(00 TO 2130 
Fe I) • 0.0 

CONTINUE 
GO TO 2155 
DO 2150 I 

Al 
R 

3.MXP3 
1-3 
RO + A)4H)( 

.. 

368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
38~ 
384 
385 
386 
387 
388 
389 
390 
391 
392 
393 
394 
395 
396 
396 
399 
4(l0 
401 
402 
403 
404 
405 
406 
407 
408 
40<) 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
421 
424 

N 
o 
N 



2150 
2155 

2181 
2195 
2215 

1 
2200 

C 

2304 
2305 

C 
2320 

2322 

2324 
2326 

C 
2330 
2332 

2334 
2336 
2338 

,,340 

" ... 

HX - R 
HT - DTOW(I! - 0.5 

HXE2 I ,- CONS T 

HXR 
CONST 
Bill 
CX!II 
D! 11 
FI lJ 

I - Pl111 I HXR + Pl(11 I 
I - Pllll I HXR + ! Pllll + Pi( l+lllIHxE 21-CONST 

,(Pl(l+l1 I HXE21- CONST 
0.0 

CONTINUE 
DO 2195 I I.MXP5 

TXIII-Tni 
IF (A4121'5.21S1 

TI II & 0,0 
CUNT IIIIUE 
DO 2200 I 

ALII I 
BI-HI 
CL (11 
OL (11 

CONTINUE 

3. /lXP3 
& - 8(p 
• CXIII + A4 
• - O! II 
• BII I - Til-II -

+ D(II - T 11+11 

COMPUTE CONTINUITY COEFFICIENTS 
DO 2300 I 3. MXP3 
IF I 3 - KASIll 1 2301. 2304 
IF I I - 41 2305.2300 

KAT • KASIII 

I CXIII - A4 ) - TIl) 
+ 2.0 - F ( I ) 

vO TO I 2350.2320.2330.23501 ~AT 
SUCTION SET 

CCIII 
B61 II 
AAIII • TIll 

1.0 
0.0 

IF ( I - 31 2324.2322 
68(21 1.0 
AAI21 

';0 TO 2300 
0.0 

IF (I - /lXP31 2300.2326 
8B!I+1I 0.0 
AAII+11 • Till 

GO TO 2300 
SLOPE SET 

IF I 2 - KASII-l1 I 2334. 2332 
CClII 1.0 
BBIII 0.0 
AA(II • TIl-II + OTDXIII - HX 

GO TO 2300 
IF I I - 31 2336.2338 
IF I I - MXP31 2340.2338 

AAl1-11 • - DTOXIlI - HX 
BBII-1I 1.0 
8BIII 0.0 
AA I 1 I • T X I 11 
CCII+11 1.0 
88(1+11 0.0 
AAII+ll • AAIII - 8811-11 + HX - DTDX(tl 

GO TO 2300 
PIPE I NCREME lilT 

CCl11 
BBI II 

SLOPE SET 
8llli + ALIII-B811-11 
-CL II I I I CC I III 

42!1 
426 
427 
428 
429 
430 
431 
~12 
433 
434 
435 
436 
437 
438 
439 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
4!10 
451 
4OS2 
453 
454 
455 
456 
457 
458 
45' 
460 
461 
462 
4,,3 
464 
465 
466 
467 
468 
469 
470 
47\ 
472 
473 
474 
475 
476 
477 
478 
479 
480 

2300 

23t.0 
C 

2625 

2630 

2665 

2670 

2700 
C 

2800 

2810 
2815 

2820 
900C 

9980 
9999 

AAI II 
CTEMP 
liTEM!' 
ATEHP 

Mil-II 
til:\( 1-11 
AA I I) 
San) 
CClI) 

GO TO 2300 
CCI I' 
SS! I) 
AAI II 

.' 

tDLl1 1- ALIII-AAII-I))/ICC(111 
1.0 + CCII-II-ll.0 - 8BII-III/ICCIIII 
3S ( I : ICTE~P 
IAAIIJ + CCII-lI-IAAII-U + HX-OTolllll 

IICC IIII IICTEHP 
-DTox II I -HX 
1.1> 
ATEHI' 
tlTEMP 
CTEHI' 

8LIII + AL(!)- S811-1I 
-CL I III CC( I I 

• IDLtl) - ALIII- AAll-llll CCIII 
CONTINUE 
110 2360 

I 
IR. 2. MXP4 

TXIII 
CONTINUE 

MXP4 + 2 IR 
• AAIII + SBlil - IXlI+!) 

OUTPUT OF TIME STEP ~ESULTS 
GO TO 12625.26301KOUT 

PRINT 809. K 
PRINT 804 

CONTINUE 
00 2700 I 

TI II 
12 

CALL OSUCT 

3tMXP3 
TXI II 

I 

GO TO 12670.2700) KOUT 
11 I - 3 

PRINT 8<.>5.11. TIll. ItVIII. PFI 
CONTINUE, 

COMPUTE VERTICAL MOVEMENT AT EVERY POINT 
GO TO I 2800.9000 I KOUT 

DVERT 0.0 
PRINT 1111 

DO 2820 I c 3.MXP3 
12 

CALL GULCH 
IF t I - MXP3 I 2815.2810 

OVII! OVIIl - 0.5 
DUP oVIII"HlI 
DVERT OVERT + oUP 
INI I - 3 

PRINT 27. INl.DVERT,OUP 
CONTINUE 
CONTINUE 
GO TO 1010 

PRINT 907 
CONTINUE 

END 

481 
482 
483 
484 
485 
486 
487 
488 
489 
490 
491 
492 
493 
494 
4"~ 
496 
497 
498 
499 
500 
501 
502 
503 
504 
505 
506 
507 
508 
509 
510 
511 
512 

N 
o 
w 



1524 

1!>25 

SUBROUTINE SUCTION 
COMMON/UHE/PFMllOI.PFRI101.BETAI101.OTOWI40I,PFl 

I/TIoU/Tl40l,Il 
2/THREE/WVSI401.KLH,K 
3/FUUR/WVAIIOI.QII01.ALFUIIOI,R(lOI,AV(10I,POR(401, 
4KURV(40I,WVI401.GAM,ALF,P.DP,DALF,MX.HX.PN(IOI 
S/FlvE/WVI140l.VTOIIOI.VTFIIOI.WVFIIOI.POIIOI,EHPIIOI,GAMSI10I, 
6SRCH,PCTUP,OV'40I,ALFB.VTP 

1 12 
L : ':'URVIlI 

IF I WVIII - WVSIII I 1525. IS24. 1524 
OTOW(l1 : 1.0 
PFl 0.0 
Till -0.0 

GO TO 1''>30 
AT 
TAT 
B 
RECB 
C 
o 
Xfol 
FACT 

• 100.J * WVIII I WVSI II 
1100.0*PFRILII/IPFMILII 
BETAILI 
1.0/11.0 + B I 
2.302565 
PFMILl - PFRILI 

• PFMli.1 I C WVS(ll * I 100 + BETAIU 
1.0 I I( 1.0 - PORI !I J*GAfoISIUI 

1521.1526.1526 

I I 

1!>26 
IFITAT - ATI 

PF PFRILI*CAT/TATI**RECB 

1521 

1528 
1529 
1523 

PFI 
Tin 
Tf; 

PFMILl - PF 
10.0 ** PFI / 2.54 

• ABS I Tell I 
OTOWII' -ITE * XI'I. C * PFRILI I PF I ** B I * FACT 

GU TO 1528 
PFI 0*1(100.0 - ATI/1100.0 - TATII**RECB 
TIll 10.0 ** PFl 12.!>4 
TE • ABS ( TI iI I 
OTOW C 1 I I xl'I * TE * C • 

GO TO C1530~15291 KLH 
IFIIlI 1530,1523 

CALL HEAVY 
Till • Till + ALF * P 

o I PFI I ** B I * F+CT 

OTOWIII • OTOWIII + ALF * OP + P * OALF 
1:'>30 RETuRN 

END 

2105 

2110 
2711 
2712 

2713 
271" 

2715 

2720 
2122 

2724 

2125 

2730 

2735 

27~O 
2755 
2756 

SU~ROUTINE OSUCT 
COMMON/ONE/PFMIIOI,PFRI10I.BETAI10I,OTOWI40 I ,PFl 

llTwO/Tl40lol2 
2/THREE/WVSl40l,KLH,K 
3/FOUR/WVAI 101 ,a, 10 I,ALFOI 10 I,RI 10 I.AVI 10 I ,POR (40). 
4IlURVI40J,WVI40I,GAM.ALF,P,OP,DALF,Mx,HX.PNI101 
S/FIVE/WVII401.VTOII01,VTFIIOI,WVFII01.POII0I,EHPI101.GAMSIIOI, 
6SRCH.PCTUP.OVI40I,ALF8,VTP 

I 12 
L - IWRVlll 

IFITII 1121~O,Z705,270; 
WII I 1 I • WVSoIIl 
OTOWI II • 1.0 
PFI 0.0 

GO TO zno 
GO TO 12713,2111lKLH 
I FI)( I 2112,2113 

CALL HEAVY 
TE Till * 2.54 + ALF * P * 2.54 

GO TO 2714 
TE TIII*2.54 
PFI ALOG10ITEI 

IFIPFlI2115.2720.2720 
PFI 0.0 
Till • - 1.0 I 2.54 
10,", I I I - WVS I 1 I 
OTOWI (I • 1.0 

GO TO 21S0 
IF I PFI - PFMILI' 2724.2124.2122 

PFI PFMILI 
TIll 
,"VIII 
OTOWI II 

,,0 TO 2750 
PF 
B 
BP 
C 

• - 10.0 ** PFI I 2.54 
• 0.-0 
• 1.OE+IO 

PFMILl - PFI 
BETAILl 
100 + BETAIU 
2.302585 

o 
TAT 
xM 

PFMIU - PFRILI 
IPFRILI*lOO.OI/IPFM!LII 

IF IPF -
- PFMli..I I I IoNS!l' * I 100 + B€TAILI I I 

PFRILI1Z1Z!>,272S.2730 
AT TAT*IPF/PFRILII**BP 
TE 
OTOWI II 

GO TO 2735 

• - Till 
• TE * C * XM * I 0 

AT 100.0 - 1100.0 
TE TIll 

PFI I *. B 

TATI*IPFI/D'**BP 

OTOWI 1 TE*C*XM*ID/PFll**B 
WVIII • AT * WVSIlI I 100.0 
FACT 1.0 I II 1.0 - PORIlll*GAMSILII 
OTOWIII OTOWIll * FACT 

GO TO 12160.21551 )(LH 
IFI!:.I 2760,2756 

CAL.L HEAVY 
TIll • Till + ALF * P 
OTDWIII • OTOWII, + ALF * OP + P * OALF 

2760 RETURN 
EIIO 

556 
551 
558 
559 
560 
561 

562 
563 
564 
565 
566 
561 
568 
569 
510 
511 
512 
513 
514 
515 
516 
577 
578 
519 
579 
581 
582 
583 
5114 
585 
586 
587 
588 
589 
590 
~91 
592 
59'). 
594 
595 
596 
597 
598 
599 
600 
601 
602 
603 

604 
605 
606 
607 
608 
609 
610 

N 
o 
.p 



SUBROUTINE HEAVY 
COMMON/TWO/TI40l,I2 

3/FOUR/WVA ( (0) ,0110) ,ALFO nOl,R I (0) ,AV« 101 ,POR (40), 
4KURVI40l,WVI40l,GAM,ALf,P,DP,DALF,MX,HX,PNIICI 

.' 

5/F IvE/WVI 1401 ,VTOI 10 I ,VTF (10 I,WVF (10) ,POI (0) .ENP( 101 .GAMS« 101. 
oSRCH.PCTUP.DVI40I,ALFS,VTP 

I 12 
L KURV( I I 

L UETc~HIHE uVERBURDEN PRESSURE HEAD 
PI I H~ + 3 - I I*GAM*HX + SRCH 
p PI 1 0.0361 
TERM I 1.0 PORI III * GAMSILi 
TH WVll)*TERM 1 100.0 
ENN PORI II 

If I ENPIL) 1542.1541 
1541 Fl PilI IWILI*I 1.0 - PORII)!I 

GO TO 1~43 
1542 CALL GULCH 

fl ENPILI*PI*VTPI I VTFILI - vTP 
1543 f2 I 2.0*TH - EI<II<I*I TH + 100 I I 

IF I WVII I - WVAILI I 1540. 1550. 1550 
1540 RPO RILl 

aMI OILI - 1.0 
OM2 OIL) - 2.0 
ALF ALFOlLi + (100 - ALFOILII*HIVII IIWVAILII 

**0141 
SAT I THI PORIIIIURPO 

IFIENPILI 1545.1544 
1544 F3 1.0 

GO TO 1546 
1545 F 3 I TH + ALF - ALFB I I TH 
1546 RG 8.314E+07 

G 981.0 
EM 18.02 
PSAT 32.6 
TEM 298.0 
ENRT R*TEM/G*EM 
FACT TlII*2.54 1 ENRT 
f4 ENRT I I PSAT * EXPIFACTII 
DP fl*ENN*F3*F4 I IF2*sAT I + HX 
OALf '" aMI " « 100 - ALFOIL) I " I WVI I) I WvAILI 

"* QM2 
OALf IOALF"100.01/1IlVAILI * T.ERM ) 

GO TO 1560 
155U CALL GULCH 

(560 RETURN 
ENO 

ALF ALFB 
OALf 0.0 
DP HX + F I"ENN 1 I F2*0.0361 1 
OTH "'II WVII) - WVAIL' I 1 100.0 I " TERM 
PORIll • I PHILI + OTH I 1 I 1.0 + OTH I 

611 
612 
613 
614 

615 
616 
617 

619 
6;>0 
621 
6;>2 
623 
6;>4 

6,3 
n4 

636 

638 

641 
642 
643 

C 

C 
C 
C 
C 
C 

H20 

SUBROUTINE HUMIDY ITE.Hll 
COMMON/TwO/T(40).12 

RETURN 
EI<ID 

I 12 
R 6.314E+07 
G 981.0 
EM 111.02 
AN AlOGIHII 
TM liE - 32.01"5.0119.01 + 273.0 
TIll • R " TM " AN 1 I G" EM * 2.54 , 

SUBROUTINE GULCH 
CQHMOh/TwO/TI40l,IZ 

l1fUuR/WVA,10J.OI10J,ALFOllOI.RI10I,AVI10I,PORI401. 
2KURYI40I,WYI401.GAM,ALF,P.DP,DALF,MX,HX.PNfl01 
3/FIYE/WVI140J.VTOIIQJ.VTFI101.WVFllO,.POIIOl.ENPI101.GAMSll0l, 
4SRCH,PCTUP.DVI401.ALFB.VTP 

I 12 
L KURVIII 

DETERMINE OVERBURDEN PRESSURE PLUS SURCHARGE 
P I MX + 3 - I I"GAM*HX + SRCH 

If I P - POILJ' 172~'1720,1720 
DVIII 0.0 

GO TO 1770 
ALL CALCULATIONS IN THIS SUBROUTINE ARE OOHE USING TOTAL 
VOLUME ANO WATER COHTEI<ITS IN THE c.G.s. SYSTEM. 
TO CONVERT VT TO cu. IN. 1 LB •• MI'Y BY 21.1. 
GRAYIMETRIC WATER CONTENT EOUALS SPECIFIC VOLUME OF WATER 
IN THIS SYSTEM. 

1725 REMI' 
VTP 

100 I ENPILI 

1730 

1 
2 

1750 
1 

1760 

1731 

1735 

1736 
1737 

VTFIL) - II P/POILII"*RENPI"1 VTFILI -
VTOILlI 

WVFILI - I VTFILl - VTP I * 100.0 
IF I 

IIVI' 
WVI (II 
aMI 
0140 
VII 

- WVAILl l 1730.1750,1750 
OILl - 100 

GO TO 1760 
VTAI' 

OILl 
VTOILl + WVIIII*( ALFOILI + I 1.0 -

ALFOILI'*IIWVIIII/WVAILII*"OM11/0MOI 
1100.0 

VTOILI + WVAILI*1 ALFOILI + 
lal Ltl I 100.0 

VT! VTAP + I WVIIII -WVAILI'I 100.0 
DELW I IIVIII - IIVlIlI I I 100.0 

IFIDELWI 17'1.1731.17'5 
DVIII 0.0 
ALF8 1.0 

GO TO 1770 
DELT 
S 

IF I 01 L) - S 
S 
DELV 
AlFS 
DVI II 

I IIVP - WVIIIII I 100.0 
DELT 1 I vTI' - VTI I 

I 17'7.17'7.1736 
OILl 
I VIP - VTI 1*( DELlo//DElT I**S 
OElV/OElW 
DElV*PCTUPI VII 

1770 RETURN 
END 

644 
645 
646 
(,47 
648 
649 
(,50 
651 
652 
(,5' 
654 

N 
o 
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APPENDIX 10 

SAMPLE DATA SWELL1 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



TEST RUN OF PROGRAM SWELL1 
DATA FROM WYOMING TEST MOISTURE MEASURED FROM NUCLEAR PROBE TUBE NO. 11 
TEST1 COMPUTATIONS MADE ASSUMINGSAT. WAT. CONTENT, SAT. PERMEABILITY 

1 1 1 24 4 1 1 1 
27 11 6.0 691200. 
o 28 1.0E-06 2.54 1.0E+09 3.0 
1 6.5 3.0 3.0 23.5 2.0 0.0 0.485 .08 2.0 .0695 40.0 
U.60 0.8825 42.0 40.0 1.20 0.1 1.00 2.70 
o 27 1 
3 3 1 12.85 
4 4 1 13.6 
5 5 1 14.2 
6 6 1 14.15 
7 7 1 14.0 
8 8 1 13.55 
9 9 1 13.1 

10 10 1 13.5 
11 11 1 13.9 
12 12 1 13.55 
13 13 1 13.15 
14 14 1 13.3 
15 15 1 13.5 
16 16 1 13.65 
17 17 1 13.75 
18 18 1 13.85 
19 19 1 13.9 
20 20 1 13.55 
21 21 1 13.75 
22 22 1 12.4 
23 23 1 12.6 
24 24.1 13.1 
25 25 1 14.7 
26 26 1 15.9 
o 0 1 15.2 
1 1 1 14.5 
2 2 1 13.3 

27 27 1 15.9 
1 1 
2 
1 5 
1 2 4 8 11 
2 1 

27 27 1 40.0 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



APPENDIX 11 

SAMPLE OUTPUT SWELLl 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



PRCGIIA" SloIELLI ~E~ISIO" OATE OEC 04. 19",8 

TEST RUN OF PROGIIAM S.ELLI 
OAT, FROM loIYOMl~G TE~I MOISTURE MEASURF:D FWOIO "UCLE.R PRu8E TII8E ",0. II 

TA~LES NUMIIER 
2 1 •• ::. 6 

PMIO~ OAT A OPTIONS II a ~OLU' 

"UMBEH CA~QS INPUT lMIS PR08L~M 

GRID· I. CTLINnER • Z SloIITCH 

LIG~T • I. ~EAvY ., S.ITCM 

VERT. I. MURIZ • 2 S.ITC" 

NUM O~ I~C~EME~TS 

INCREMENT LlNGT .. 
NYM Uf TIMl I~CRE~ENTS • 
TIME I"CRE~tNT LE~Gl .. 
INSlDl i'lAUIUS 

l7 
6.000[.00 I .. 

11 
6.9\2E·1I5 SECS 

I .. • -0. 

_0 

PIAl( 81< F.X""NF:~ T 

-0 
1 

F"OM TO 
o 28 1.00oE-Vb Z.~.OE'OO l.uooE.09 l.~oOE'OO 

T.~LE ". SUCIION - .ATEA CUNTlNl CU~VES 

CURVE NUM~lR 

NUM LOCA lIONS a 
"AU"U~ "'. • 
PF AI IN~LECTIO~ 
EXPONENT ~OR PF 
AIR ENTH¥ "ATER CO~I 
n~TI"b CU~VE EXPO~l~T • 

6.5U 
3.UO 
3.uO 

23.50 
Z.UO 

_0 

I 
-0 

4 
~O. 

I 

TA8LE 

FROIO 
1 
4 
5 
6 
7 
8 
9 

10 
II 
12 
Il 
h 
IS 
16 
17 
18 
19 
20 
II 
22 
2l 
2. 
25 
l6 

ALFA AT 0 .ATER CO~I 
INITIAL ~U~OSITT 
REFEfoIl"CE AV 
SATU~ATION EXPONE~T • 
SOIL U~IT WT PCI 
S&TURATEO .ATER CC~I •• 

CUR~l "'UMdt~ 

IN IT UL TuTAL VOLUMt:. 
FINAL TOTaL ~OLUME 
FINAL "ATe'" CONTE~T a 
swELL PRESSURE. PSI 
EXPO .. lNT Of P-V C~R~E • 
SURCHARGE PRESS. PSI 
PCT VOL CM~ VERTICAL 
SpEC.bRAV.SOLIDS a 

FROM TO 
0 21 

5. l"lluL CIINDI TIONS 

TO CASE VOL. w. !'ORE 
1 I 1.285E.UI-0. 

" I 1.360E·01-O. 
5 I 1.420E·IlI-o. 
6 I 1.·15E.OI-O' 
7 1 1.400E·OI-0. 
8 I 1.355E·OI-0· 
9 I 1.310E.01-0. 

10 I 1.350E·OI-0' 
11 I 1.390E·OI-0' 
12 I 1.355E·OI-0. 
Il I 1.315E.OI-0. 
I. I 1.330E·OI-II. 
IS 1 1.350E.OI-0. 
16 I 1.365E.OI-0. 
17 I I .375E.0 1-0. 
18 I 1.385E.OI-0. 
19 I 1.390E.01-0. 
20 I 1.355E.01-u. 
21 I I.J75E.OI-0. 
22 I I.Z40E.OI-0. 
Zl I 1.2bOE.01-0~ 
2. I 1.310E·OI-0. 
25 I 1.·70E·UI-0. 
26 I 1.590E.OI-0. 

O. 
4.850E-OI 
8.1I00E-02 
2.00 
6.950E-02 
4.000E.OI 

1 
6.000E-UI 
8.825E-UI 
4.200E.Ol 
4.000E·OI 

l.lO 
1.00oE-ul 
I.OOOE.UO 
2.700E.OO 

PRo SLOPE X 
-0. 
-0. 
-0. -0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0 .. 
_0. 
-0. 
-0. 
_0. 
_0. 
-0. 
_0. 
-0. 

T AtlLE 6. HOU"'UART A~D INTER~AL CO~DITTONS 

N 
...... 
W 



f~O'" TO 

° ° I I 
2 Z 

Z7 21 

CA~E 

I 
I 
1 
I 

wV 
I. 5Z0E-0 1-0' 
1.450E'01-0. 
l.lJoE-o 1-0' 
1.5'90E-01-g. 

TABLE 8A. TIMt STEPS FOR e.c. CHANGE 
Z 

TABLE 8B. TI~~ STf~S 'OR OuTPuT 
I 2 4 II U 

Or/OX 

-0. 
-0. 
-0. 
-e. 

T"~,, 

"Q'O 
"0·0 
"n·O 
-0,0 

TABLE 1~. OUTPUT 0. RESULTS 

TI"E STEP • 

HI! oV (i I OTo .. (11 PI(11 

Q -7.113E-." !.520E*01 6.739E_OI '.1 hE-~1 
I -B.411£*Ol 1.450E*01 7.6lJE*OI ",.30~E--G8 
2 -9.B3uE*Ui! I.J30E_OI 9.493E*01 ".031£-08 
3 -1.045E-OJ 1.215E*01 1,036E*02 :',O!5E-08 
4 -9.44!>E-Ui! 1,3611E*01 1I.97 OE*01 6. 153E-08 
5 -1.731E-u.: 1.420E_OI 1I.033E*01 8.383E-08 
6 -8.793E-uZ 1.415E*01 8,106E*01 11,237£-08 
1 -8.964E-n 1.400E.Ol 8,330E*O, 1.810E-OS 
8 -9.50~E'Ol I.J55E,01 9.055E,0\ 6.629E-08 
9 -1'OIUE*Ul 1.310E-OI 9.1165E,0\ 5.59;)[-08 

10 .9.51IE-uc 1.350£_01 ",.140E*01 6.501£-08 
II -9.081E'~2 1.390E,01 S.485E*01 1.535E-08 
12 -9.508E,uZ I.J55E.OI 9.055E*01 6.6Z9E_08 
13 -1.003E·uJ l.lI5E-OI 9.770E·01 5.701E-08 
14 -9.830E'~" 1 ol3uE, 0 1 9. 49 3E*01 1>.0 37£-08 

~i -~'57IE'02 l. l 2° E*01 9,140E'&1 6'iO~E-08 _ .383£*OZ 1.3 5E_Ol e.eS7E,91 6. 7 E_oS 
1'1' -9.261E'U2 1·375E-OI S.1Z3E*01 7.136E-08 
II:! -9.14oE*OZ I.J85E*01 8.563E*01 7.400E-08 
19 -9.08IE'oz 10390E*01 , .. 4S5E*01 1.535E-oe 
ZO -9.50 IlE *vi! 1'355E'01 9,055E*01 ".629E-08 
21 _9· 26I E·0" I'l75E*01 ".123E*01 7'136E- 08 
22 -!'lljE'O~ 1·24 0E.0I 1'133E'62 4.240E-08 
23 -1'082E'U3 1'260E'01 o'a88E'02 4.591E-08 
Z4 -. 'OloE*ol 1'310E*01 • 65E*01 5.593E-08 
ZS - 'Z~3E *Qi! 1'470E*01 7'349E*01 9.957[·OS 
z6 -7.0 4E'Oc 1·590E'01 5.993E-OI 1.46 0E-07 
27 _7 .094E *Oc 1.590E*01 5.993E*0\ 1046OE-07 
28 Q. Q. -!.U3-Z7 0 1.000[-06 

TI-E SfEP • 

T( 11 WV (II PF (II 

0 -7.1l3t.,oZ 1.5zoE'vl 3.Z92E*00 
1 -8.dlE'vi? 1.450E·ol 3.330E'0.0 
Z -9.81uE,vZ 1.330E'vl 3.397f*00 
3 -1.021E'u3 1.298E*01 3.417[,00 
4 -9.4UI:*02 1.3!59E*ul 3.3eO[*00 
5 -8.8261:*02 1.41ZE*vl 3.351[,00 
6 -e.sli!t..~z 1.413E*ul 3.350(*00 
7 -S.991:1t.*o2 1'397E'01 3.359E·00 
8 -9.!501t:!*02 1.356E*01 3.383,,*00 
9 -1I.9S3£·OZ 1.319£*01 3*404E*00 

'. 



" .. 

10 ·9.560t.-~i 1,350E-1)1 3.386".00 
II -9.117t.-u2 1.382E·Ol 3,368,,_00 
12 -9.5UE·Oi 1.355E·1)1 3.383"'00 
13 _9.95'i1t:.OZ 1,320£.01 3,403r.Oo 
14 -9.S1 ...... oZ 1.33U·QI 3.391".00 
15 .9.5111'._02 1.3S0E·~1 3.386E.OO 
16 -9.3119"_~2 1.364E·01 3.371[+00 
11 -9,26U-02 "315E'~1 3.311,,_00 
18 _9.1 49 ... 0Z 1,384E+Ul 3.366E.00 
19 -9.li7E.02 1.386E.UI 3,365':.00 
20 _9,44I1E.OZ 1.360EoUI 3.380"_00 
21 -9.40~E+OZ 1.363E·01 3.318£.00 
ZZ .1.0951'..03 1025ZE.Vl 3.444".00 
23 -1.0 75E,')3 I.Z65E'01 3.436"00 
Z- .9.,84 'Of. ~Z 1.3Z9E+ul 3.398£'00 
25 -1I.Z311'·,,2 1.461E+ul 3.320r+00 
26 -7.ZS0t·oz 1.57IE·ul 3.266""00 
Z7 -7.094I:.·Oi 1.590E·01 3,Z,6£.00 

SUTIO" fOTAL IlIIV .... t IHC" MV",' 
0 u. O. 
I Q. O. 
2 o. n. 
3 S. fl8E-05 S.13I1E.OS 
4 5.738E-05 O. 
5 S.13I1E-05 O. 
6 5.138E-OS O. 
7 S.138E-~5 O. 
8 !i.149t-US 1.I~bE_07 
9 8.Z7I1E·US 2.Si!9E-0~ 

10 8.284E-OS S.825E.08 
11 8.ZhE-OS o. 
12 8,Z~4E-OS O. 
13 9.210E-U5 9.323E-06 
14 9.il41E-u5 2.49UE_07 
IS 9.C4IE-US o· 
16 9.2_IE-OS O. 
17 9.24IE-O., O' 
1<1 9.~41E-QS O. 
U 9.l41E-OS n. 
ZO 9.994E-05 7.S3IE-01> 
ZI 9.994E-05 o. 
li! 1.40IE-04 4.G1_E_OS 
23 1.466E-u4 6.53 7[-06 
Z4 2.474E-04 I.OOijE-04 
ZS Z.474E-04 n. 
ZI> Z .474E-04 O. 
Z1 2.474E-v4 O. 

UtiLE 9. SU8SE\luhl 80UNOARY COtd) IT 10",5 

US ING flA TA FIlO," P"EVIOU5 PROBLEM PLHS 

'AO" TO CASE wV OIlO~ 
n Z7 ! 4.000E+\ll-o. -0. 

TI"E STr'" • c 

TIll 

0 _1.111E.0i! 
I -e.4 11E. OZ 
2 -9.83oE·uz 
3 -1.020t.·v3 
4 .Q.4S5E-vz • -8.86511.'02 
6 -8.8Z6t.oZ 
1 -9.014E_02 
8 -9.496E·02 
9 -'1.9361:.·UZ 

10 .9.564E.OZ 
11 -9.21~E·OZ 
1l -9.517E.OZ 
13 ''1.930E.OZ 
14 -9.sIZt.uZ 
IS '9.S791:.·0Z 
16 -9. 3921:.'0Z 
11 -9.Z6c!.·u2 
18 -9.15:>E·OZ 
19 -9.1461:..oZ 
ZO -9.4Z8E·oZ 
ZI -9.460E·02 
i!Z -1·088E·U3 
23 -1·070E·03 
24 -9.752E·oZ 
Z! -e·061E·oz 
ZI -l.562t.oZ 
27 O' 

SUTtO" TOTAL MV'4f 
0 O. 
I Q. 
Z O. 
3 I.I04E-.-
4 1.104E-04 
S l.l04E-04 
6 1.lo4E-Q4 
7 l.l04E-1I4 
8 l.l07E.04 
9 1.607E-04 

10 1.608E-~4 
II 1.608E-U4 
12 I.008E-U4 
13 1.7\13E-04 
14 1./9VE-04 
IS 1.799[-u4 
16 1.199E-04 
17 1.799E-04 
18 1.799E-u. 
19 1.799[-U4 
20 1.9Z5E-U4 
21 I.Y25E-04 
Zi! Z .b97E-U4 
Z3 Z.1I69E-U4 

... T,,'4;' 24 4.1127E-0_ 
-, ·fII.n 25 5.426E-U4 

Z6 1.418E·uI 
27 1.04Ze..OO 

.' 

."VII) 

I.S7.oE.vl 
h4S0E.Ul 
1*330E-Ol 
1.302E·Ul 
1.359E·01 
10409E'01 
1.412E'vl 
1.396E+Ol 
1.356E·01 
1.3ZZE'Ul 
1.351E-ol 
1.379E·01 
1.354E+Ol 
1.32ZE·Ul 
1.33IE'1)1 
1'349E',1 
1.364E·1)1 
1.37SE·1)1 
1.384E·Vl 
1.38SE·UI 
1.361E·Ul 
1.3S9E·1)1 
I.ZS6E·01 
1.2,,8E·01 
1.336E·\l1 
1·484E·01 
Z.2S9E·OI 
4'000E'Ul 

IHCR "'VIIT 
O. 
O. 
O. 
I.I0-E-04 
O· 
O. 
O· 
O. 
3.106E_07 
s.OOQE-OS 
9.sooE-U8 
~. 

O. 
I.UZE-05 
6.377E-01 
O. 
O. 
O· 
~. 

O· 
1.25JE-OS 
O. 
7.123E-OS 
1.1I7E-05 
1.95I1E-04 
S.9I1YE-O!l 
1.412E-0 I 
9.00:;£-01 

I>F I I I 

3 _Z9Z" .00 
l.330E.OO 
3_391"'00 
l.H4£.OO 
3.381"'00 
3.353£+00 
3.351':'00 
3.360':'00 
3.382r.OO 
3.402"-00 
3.3115".00 
3.369.:.00 
3.383,,+00 
3.40ZII;'00 
3.397".00 
3.386"'00 
3.378£.00 
3.37Z,,·00 
3. 366I1;.n 
3.366E'00 
3.379':'00 
3.381£'00 
3.441£'00 
3.434£'00 
3.394£'00 
3.311"00 
Z.951E·00 
O. 

N 
...... 
V1 
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