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PREFACE 

This report is the third in a series of reports from Research Project 

3-8-68-118 entitled "Study of Expansive Clays in Roadway Structural Systems." 

The report uses the theoretical results of the two previous research reports 

(Nos. 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. 

A numerical method is used in which errors made at one time step do not 

grow with additional steps forward in time. This property, called stability, 

is very important in solution of the highly nonlinear flow problems encountered 

in unsaturated soil. 

This project is a part of the Cooperative Highway Research Program of the 

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

Highway Department in cooperation with the U. S. Department of Transportation, 

Bureau of Public Roads. The Texas Highway Department contact representative 

is Larry J. Buttler. 

April 1969 
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ABSTRACT 

This report describes two computer programs for determining changing 

moisture distribution with time. Program FLOPIP2 is arranged to work one

dimensional problems and computer Program GCHPIPI solves moisture distribution 

problems in two dimensions. The equation governing the flow of moisture is a 

concentration-dependent, parabolic, partial differential equation which is 

solved numerically using the implicit Crank-Nicolson method of marching for

ward in time. 

Although it is stable in one-dimensional problems, the Crank-Nicolson 

method can become unstable in two-dimensional problems, depending upon the 

relative size of the components of the permeability tensor. This rare form of 

instability is predicted theoretically and observed in one of the example 

problems. 

Example problems are worked to demonstrate the capabilities and breadth 

of application of the computer programs and to prove the validity of the 

approach. The one-dimensional example problems are concerned with matching 

measured field data and with presenting the results of a parameter study of 

various suction and permeability factors. The field data can be duplicated 

to within very close tolerances. 

The two-dimensional example problems are arranged to demonstrate the 

versatility of computer Program GCHPIPI. Problems solved include a two

dimensional consolidation problem, ponding problems, and a problem of pre

dicting moisture distribution within a concrete highway bridge girder. 

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

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

permeability, compressibility. 
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CHAPTER 1. INTRODUCTION 

The purpose of this report is to present numerical methods of solution to 

the differential equations which describe mathematically the movement of 

moisture in one and two-dimensional regions of clay soil. 

The basic numerical method used is the discrete-element approach, which is 

similar in many respects to the numerical method used to solve for the deflec

tions of beams, slabs, and grid beams described in several reports of Project 

3-5-63-56 (Refs 26 and 27). The greatest difference between the two rests in 

the fact that a beam or slab differential equation is of fourth order, i.e., 

involves fourth derivatives, while the flow differential equation is of second 

order. The one-dimensional flow equation is solved herein by computer Program 

FLOPIP2 and the two-dimensional solution is accomplished by computer Program 

GCHPIPI. 

This report consists of eight chapters. The second chapter presents 

briefly the moisture flow equation to be solved. A more detailed treatment of 

this subject is contained in Research Report 118-1, "Theory of Moisture Movement 

in Expansive Clays." The third chapter outlines the numerical technique used to 

form discrete-element analogs to the differential equations of flow. Chapters 

4 and 5 discuss the two and one-dimensional moisture distribution computer pro

grams, respectively, detailing the forms of input and output information. Chap

ter 6 presents the results of a study made of field experimental data collected 

by Donald R. Lamb and others at the University of Wyoming. These data were 

assembled from readings of moisture and density nuclear depth probes. The 

chapter is valuable because it shows a technique for using the computer to 

develop realistic field soils data. Chapter 7 presents results of two

dimensional problem solutions and demonstrates a rare form of instability of 

the numerical method used to march forward in time. This instability is pre

dicted theoretically in Chapter 3. These two-dimensional problems involve 

solutions of flow problems in both rectangular and cylindrical coordinates. 

Chapter 8, the concluding chapter, summarizes the findings and capabilities 

presented in this report and suggests areas for use of the computer tools 
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developed in Project 3-8-68-118, "Study of Expansive Clays in Roadway Struc

tural Systems," for predicting moisture movement in clay. 



CHAPTER 2. THE FLOW EQUATIONS 

In Chapter 5 of Research Report 11S-1, a detailed derivation of the flow 

equations was given. In this chapter, these equations will be summarized and 

their discrete-element forms will be given. In the latter part of the chapter, 

boundary conditions will be considered. These conditions will involve defini

tions of soil suction which are given in detail in Chapter 3 of Research 

Report l1S-1. 

The Flow Equation in Rectangular Coordinates 

The flow equation is derived from a combination of the continuity equa

tion and the tensor form of Darcy's law. The element used to derive the 

equations is given in Fig l(a). The continuity equation developed from this 

element is 

o 
ot (pe) o (pv.) ox. 1. 

1. 

where 

p the mass densi ty of liquid, 

e = the volumetric water content of water, 

the velocity in the .th direction. v. ~ 
1. 

Darcy's law in rectangular coordinates is as follows: 

where 

V. 
1. 

= 

k.. = the permeability tensor, 
1.J 

(2.1) 

(2.2) 

oH 
ox. = the force potential head gradient in the jth direction. 

J 

3 
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z a 
pw ... az (pw) dz 

y 
pv~ 

Cit 
pu +- ax (pu)dx ""::~l-""I---- p u dz 

e 
pv +- iY (pv) dy 

pw 

(a) Rectangular element. 

a 
pw+ ~(pw)dZ 

(b) Cylindrical element. 

Fig 1. Elements used to derive equations. 
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Although the total head is a function of all the variables included under 

the term "suction" and of temperature in addition, the moisture distribution 

programs given in this report use suction alone. Thus the force potential 

head used in this report is more restricted than the broadest possible defini

tion which includes temperature effects.· USLng ~ for the suction, desig

nating the three-direction as the direction opposite to the pull of gravity, 

and assuming that the average water density does not change greatly within a 

soil region either in time or space, the flow equation in rectangular coordi

nates becomes 

08 
at = 

a 
ox. 

L 

( k oT + k ) 
ij oX

j 
i3 

(2.3) 

A further assumption is that suction is a unique function of water con

tent. Although this is not true, because of known hysteresis effects, it is 

certain that changes of suction with water content in a certain direction, say 

drying, do follow a unique curve so that long-term one-way changes of suction 

may be treated as if suction and water content were related by a single curve. 

Given this assumption, the time derivative is found to be 

from which comes the form of the equation used in this report 

0'1" ....£... 
08 ox 

i 

0'1" 
k .. ;-- + k' 3 LJ uX. L 

J 

(2.4) 

(2.5) 

This equation is presented in its discrete-element form in a subsequent 

section of this report. 

The Flow Equation in Cylindrical Coordinates 

The element from which these relations are derived is shown in Fig l(b). 

The continuity equation in cylindrical coordinates is 
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1 a loa 
(pur) + - -- (pv) + -- (pw) = r or r aS oz 

0(p8) 
at 

Darcy's law in cylindrical coordinates is of the form 

kll k12 k13 
oH 

u or 

k2l k22 k23 
1 oH 

v 
r aS 

w k3l k32 k33 
oH 
02 

(2.6) 

(2.7) 

The combination of these two equations with the assumptions made in 

developing the flow equation in rectangular coordinates, and the designation 

of the direction opposite to the pull of gravity as the three-direction, 

gives the three-dimensional flow equation in cylindrical coordinates: 

01' 
at 

k 
= 01' ( 1. + 2.... ) (k d1' + ~ 01' + k 01' k ) 

08 r or lIar r oS 13 oz + 13 

(2.8) 

The axially symmetric condition occurs when all derivatives with respect 

to S are equal to zero. This is the equation which is used in this report 

for flow in cylindrical coordinate systems: 

01' = 
at 

01' ( 
08 

The discrete-element form of this equation is given below. 

(2.9) 
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Discrete-Element Representation of Flow in a Rectangular Region 

Each pipe segment shown in Fig 2 has one or two permeability coefficients. 

If a principal permeability is aligned with the pipe direction, then 

= 

and 

= o 

If the principal permeability is at some angle, the pipe increment will have 

two permeability coefficients. 

The pipe increment i,j running in the y-direction, has permeability 

components 

and 

k
2l

, , 
~,J 

k22' , 
~,J 

= k22' , 
~,J 

The differential equation for transient flow in these pipes is as follows: 

0'1' 
ot 

+ 01' L I, k 0'1' + k ( 
08 oy L... 21 ox 22 

0'1' + 
oy 

(2.10) 

The suction at a point i,j will be denoted '1'., With the suction 
~,J 

and permeability conventions set, the finite-difference form of Eq 2.10 may 

be written virtually by inspection of the discrete-element representation in 

Fig 2. The superscripts k and k+l indicate the time step, 
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y 

i+l,j 
(Pipe Increment) 

Fig 2. Discrete-element representation of 
flow in a rectangular region. 



k+l ,.k T, -1. 2 j id = 
ht 

( ;~), ,~ [-
1.,J x 

.,.k + ,.k 

+ k11i+l ,j ( id i+l z j 
h 
x 

_ ,.k ,.k 

( 
+ , , 1 id 1. z ]+ 

+ k12i+l ,j 
\ h 

Y 

+ ( 0" ) 1 r 
~ , ,"hL 1.,] Y 

-k2l , . 
1.,J ( 

k + ,.k -T 

+ k2li ,j+l ( i z j i+l z j 
h x 

_Tk + ,.k 

kll , , 
~,] 

) - k12 , , 
1.,] 

,.k k 
'1 +,." ~-.i ~.l 

h 
x 

( 
-,.~ , 1 + ,.k 

1.d- i 2 j 
h y 

) 

( ) ] \ 

) + -k12 , , + k12 i+l,j 1.,] 

k + ,.~ -,.. 1 . 
) 1.- d 1. 2 j 

h x 

.Tk + ,.k 

) - k22 · . ( id- l i z j \ 
1.,] h ) 

y 

9 

( + k22i ,j+l 
i z j i 2 j+l 

) + ( -k22 · , + k22i , j+l ) ] (2.11) h 1.,] 
Y 

For convenience, coefficients of like terms may be collected and the 

collection itself designated as follows: 

h I k12 , , k 
) A. = t ( OT ) ! 1. 2 ] + 22i 2 j 

1.,j 2 '09 , ' h h h h 1.,j X Y Y Y 
(2.12) 

h 
( 

kll , . k2l , . 
) B. , = t ( aT ) 1. Z 1 + 1. 2 ] 

1.,] 2 oe . , h h h h 
1.,J x x Y x 

(2.13) 

h 
( aT \ ( kll · , k 

ex, = 
09 J. 

1. z ] + lli+l z ] 
1.,j " h h h h 1.,j X X X X 
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k12 · . + k12i+1aj ) + 1.1 1 
h h h h x y x Y 

h 

(~~) ( k21' . + k21iz j+l Cy, = --.t 1. 2 J 
1.,j 2 h h h h i,j Y x Y x 

k22' . k22 · '+1 ) + 1.zJ + 1.zJ 
h h h h y y y y 

h kU'+l ' + k2li 2 j+1 D, = t ( O-r) ( 1. z] ) 1.,j 2 08." \ h h h h 1.,J x x Y x 

h 

(~~ ) . ( k12 '+1 . + k22iz j+l ) E. = t 1. 2 J 
1.,j 2 h h hh 1.,j x y y y 

h 

( ~;) . , ( k12' , + k12i+lzj F, = t 1. Z ] 

1.,j 2 h h 
1.,J x x 

k22' . + k22iJ j+l ) 1. 1 ] 

h h y y 

If these substitutions are made into Eq 2.11, the result is 

-rk+1 
i,j 

-rk 
i,j = 

- 2(CX .. + Cy, .)-r~ , + 2D .. -rk 1 . 
1.,J 1.,J 1.,J 1.,J i+ ,J 

k 
+ 2E. ,-r, '+1 + 2F. . 1.,J 1.,J 1.,J 

(2.14) 

(2,15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

The method used to solve systems of equations such as this is discussed in the 

next chapter. 



11 

Discrete-Element Representation of Flow in a Cylindrical Slice 

The equation for flow in a cylindrical continuous medium is Eq 2.9. This 

development derives a finite-difference equation which corresponds to a discrete

element representation of the continuous medium, a sketch of which is shown in 

Fig 3. Again, very nearly by inspection, the finite-difference equation may 

be written as follows: 

,.k+l _ ,.k 

= 

+ k13' . 
~,J 

( 

+ k l1i+l ,j 

+ k13i+l , j 

+ k3li '+1 , J 

+ k33i ,j+l 

a.,. _.,.k + .,.k 

;[ kll · . ( i-l, j i. j ) 09. ~,J h 
~,j r 

_.,.k + .,.k 
i 2 ;-1 kli ) - k

13
, , ] h ~,J z 

_.,.k 
i-l, j 

h 
r 

+ ,..k 
i,1 ) 

_.,.k +,.k 
( i.j h i+l,j ) - k 13 , . 

~,J 

( 
_,..k 

ilj 
, 

_,.k 

( i I j 

r 

+ .,.k 
i+l,j) ( ) 1 

h + -k13i ,j + k13i+l ,j J 
z 

+ .,.k 
i+l l j 

h 
r 

,..k 
+ , . 1 

~z ]+ 
h 

z 

_.,.k 
i 2 j-l 

h 
z 

) - k33i ,j ( 

) + ( -k33 · , 
~,J 

_.,.k .,.k 
i z j-l + k ' ) z ] 

h 
z 

+ k33i ,j+l ) ] (2.20) 
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~ 
4 'rl-l,l-I 

L 'rj,I+1 

L i,j+/ 
(Pipe Increment) 

i .. I, j tl i-J,j+/ 

(Pipe Intersection) i,l t r 

1+1, j+1 

~ I,l +1 

J 'r1_1,j 
Flow ~ 

1.1 
--...... 

~ i, j 

1+1, j 
I h, -"-tV I 

rid 
i + I, j 

i, ) :E-, 
hz 

i +1, j-I 

Fig 3. t representation of ' rete-elemen , D~sc I' drical sl~ce. flow in a cy ~n 
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As in the rectangular case, coefficients of like terms may be collected and 

defined as given in Eqs 2.21 through 2.27. 

h 

( ~~ ). r k13 · . k13 · . + k33izj ] A. t l. 2 J + l. Z J 
l.,j 2 L rh h h h h 

l.,j Z r z z z 
(2.21) 

h 
( 0'1" } [ kll· . kll · . k3l · . l B. 

t l. Z J + l. Z J + l. Z 1 = 2 J l.,j \ 08 rh h h h h l.,j r r r z r 
(2.22) 

h 

( ~~ ). . [ 
kll · . kll· . + klli+lzj CR. = ....t - l. 2 J + l. Z J 

l.,j 2 rh h h h h 
l.,] r r r r r 

k13 · . k13 · . k13i+lz j l l. Z J + l. Z ] + rh h h h h J 
(2.23) 

z r z z r 

h 
( OT \ [ + k3li z j k3l · ·+1 

cz. = ....t + l. Z J 
l.,j 2 08 J .. h h h h 

l.,] Z r z r 

k33 · . k33 · ·+1 ] + l. Z J + l. Z J 
h h h h 

(2.24) 
z z z z 

h 
( 0'1" \ [ klli+ lz j k3l · ·+1 -, 

D. 
t + l. Z J J = 

08 J. . l.,j 2 h h h h 
l.,J r r z r 

(2.25) 

h 
( OT ) I k13 ·+1 . + k33i , j+l l 

E. t l. Z J = T J l.,j \ 08 i,j L h h h h r z z z 
(2.26) 

h 

( ~~ ). . [ + 
k13 .. k13 · . k13i+ lz j F. 

t l. , J l.21 + = 
l.,j 2 r h h 

l.,] r r 

k33 · . k 
] l. Z ] + 33i I j+l 

h h (2.27) 
z z 
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If Eq 2.20 is rewritten using these newly defined coefficients, it is 

found that the result, Eq 2.28, is of the same form as the rectangular coordi

nate Eq 2.19. 

,.~ . 
~,J 

2A. :r~ . 1 + 2B .. ,.~ 1 . 
~,J ~,J- ~,J ~- ,J 

- 2 Lr CR. . + CZ. . ] 
~,J ~,J 

,.k + 2D ,.k 
k,j i,j Hl,j 

+ 2E .. ,.kk . 1 + 2'r . 
~,J ,J+ i,J 

(2.28) 

This leads to the conclusion that both rectangular and cylindrical region 

problems may be solved with the same computer program, provided the coeffi

cients A. . through F. . are appropriately computed. As mentioned before, 
~,J ~,J 

discussion of the solution to a system of such equations is given in Chapter 3. 

Boundary Conditions 

In a mathematical sense, only two types of boundary conditions may be 

considered: a specified value of the variable on the boundary and a specified 

gradient of the variable perpendicular to the boundary. The first of these is 

termed a Dirichlet problem and the second a Neumann problem by mathematicians. 

The use of the term "boundary conditions" in its engineering sense requires 

determination of physical quantities which exist on the fringes of an area of 

interest. All of the engineering boundary conditions to be considered may be 

expressed as a boundary value or a boundary gradient. A set of typical prob

lems, shown in Fig 4, will permit easier discussion of these boundary condi-

tions. 

(1) No Flow. This is a condition in which the gradient normal to the 
boundary is zero. 

(2) Symmetry or Mirror Image. No flow will cross a line of symmetry. 
The normal gradient must be zero on such a boundary. 

(3) Seal. A watertight seal will permit no flow. The normal gradient 
must be zero. 



Evapo- Transpiration 0 

! t ! I 
g~~ .... 

Ponding 

No Flow 
~ 

Suction 

Temperature 

Fig 4. 

Rainfa II 

Water Ta ble 0 

Boundary condl.' t ' l.ons. 

15 

I 

I 
Symmetry .1'2\ • I .v 

I 
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(4) Water Table. At a water table no suction other than solute suction 
exists. If a water table is known to exist in a clay formation, a 
convenient, though not necessarily correct, assumption would be that 
the suction is zero on that boundary. 

(5) Ponding. At the surface while water covers it, the suction in the 
soil can be assumed to be zero or some value dictated by a difference 
in ion concentration from ordinary soil water. The most convenient 
value is zero. 

(6) Suction. If a constant water content is maintained at some depth 
below ground, then the suction will remain relatively stable. The 
value of suction corresponding to this constant moisture content may 
be set. If the moisture content on the boundary changes with time 
in a known way, then the corresponding suction may be set at the 
appropriate time. 

(7) Evaporation and Infiltration. This condition can be handled in 
either of the two ways: by specifying a known suction which cor
responds to the condition of soil moisture humidity or by specifying 
the gradient which corresponds to the net inflow or outflow. Richards 
(Ref 18) discusses this problem and chooses the gradient method. 
Some of the considerations he presented are given here. 

The total moisture entering or leaving the soil is the algebraic sum of 

infiltration (+) and evaporation (-). This sign convention requires nega-

tive gradient into the soil. Infiltration will be denoted as I and evapora

tion as E , and each is expressed in units of length per time increment, e.g., 

in/hr. The time and length units should be the same as the units being used to 

express suction and permeability. 

Infiltration is a topic studied by hydrologists who recognize that it is 

affected by soil type, surface roughness and vegetation cover, antecedent 

moisture conditions, and ground slope. Rainfall is disposed of on the surface 

as runoff, surface storage, and infiltration. Ideally, if there were no sur

face storage, then a runoff coefficient and an infiltration coefficient which 

add to one could be defined. The coefficients represent the fraction of rain

fall which becomes that component of surface water disposition. No table of 

typical values is given here because of the many different methods used by 

hydrologists to estimate runoff characteristics of small areas. It is evident, 

however, that with a tight, dry, smooth clay soil on a moderate slope the 

infiltration factor is close to zero. On a rough-surfaced, open-structured 

soil with a flat slope and surface cracks and slickensides, the infiltration 

coefficient will be closer to 1.0. If the total rainfall is R and the 

infiltration coefficient is C. , then I = C.R 
L L 



Evaporation is more difficult. It is based on the difference between 

soil-moisture vapor pressure and atmospheric vapor pressure according to a 

statement attributed to Philip by Richards (Ref 18) in referring to smooth 

bare ground. For this condition 

17 

E K(p - p ) 
a 

(2.29) 

where 

K 

p 

= 

= 
= 

mass transfer coefficient dependent on climatological 
considerations, 

vapor pressure of soil moisture, 

atmospheric vapor pressure. 

Similarly, for saturated soil 

The ratio of the two equations gives an expression for evaporation: 

E = 

(2.30) 

(2.31) 

Dividing each term of the fraction by the saturated soil vapor pressure cor

responding to 100 percent soil-moisture humidity gives 

where 

E = 
H - H a 

100 - H a 
) 

H = relative humidity of soil moisture, 

H = atmospheric relative humidity. 
a 

(2.32) 

Attempts have been made among climatologists interested in the agricul-

tural sciences to estimate E = 0.4 EO. 75 , which applies to a certain area 
sat pan 
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of Australia. This equation is of the same form as proposed by Thornthwaite 

(Ref 21) to describe total evaporation including the effect of transpiration: 

= (2.33) 

where 

T temperature in degrees centigrade, 
e 

k,n = constants calculated from a temperature-efficiency index, 

E = total evaporation. 
t 

Other work indicates that potential evaporation should be considered a function 

of wind speed in a form like Dalton's law of partial pressure: 

E = f(u)(p - p ) 
o a 

(2.34) 

One of the most recent approaches, which gives excellent prediction, is 

an energy balance method reported by van Bavel (Ref 22). This includes the 

factors of wind speed, latent heat of vaporization, sensible heat, and a term 

which lumps together all energy inputs such as radiative flux, soil heat flux, 

heat storage changes in vegetation or ponded water, and energy used in plant 

photosynthesis. Latent heat of vaporization is the quantity of heat required 

to change a unit weight of water into water vapor. This heat is absorbed by 

the water without change in temperature. On the other hand, a sensible heat 

change can be detected with a thermometer or other temperature measuring 

device. 

The velocity with which moisture enters or leaves the ground is 

= I - E = (2.35) 



19 

Set the x-gradient to zero and get 

(2.36) 

which gives the proper sign and magnitude for the required gradient. 

The other method also uses Eq 2.35 but assumes that v
2 

and I are 

known or can be estimated. Then Eq 2.32 is used to give an estimate of the 

soil-moisture humidity: 

H 

The relative 

'T' 

where 

R 

T 
e 

m 

g 

'T' 

(I - v
2

) 

E 
sat 

(100 - H ) + H a a 

humidity is then used in the equation 

RT 
1 H e 

= n 100 mg 

= the universal gas constant, 

the absolute temperature, 

the molecular weight of water, 

the acceleration due to gravity, 

= the suction. 

(2.37) 

(2.38) 

This suction can be set on the boundary where infiltration and evaporation 

are taking place and can be changed as these conditions change. Equation 2.38 

is taken from the condition of change of free energy in an isothermal process: 

and 

dF = vdp 

mgpv = RT 
e 

(2.39) 

(2.40) 
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F - F = 
o 

= 

= 

RT 
e 

mg 

RT 
e 

mg 

RT d 
_e~ 

mg p 

H 
In 100 

(2.41) 

(2.42) 

(2.43) 

In the equations written above 

p vapor pressure of soil water vapor, 

v = volume occupied by the water vapor, 

Po = vapor pressure of free water, 

L = the relative humidity of soil water, H 

Po 100 

(8) Evapo-transpiration. Evapo-transpiration is the process of water 
transport from soil, through plants, to the atmosphere. This is 
a serial flow process in which the flow rate is controlled at the 
point of greatest resistance to water movement. 

The same reasoning applies to this boundary as in Condition 7. Rdinfall 

infiltration will generally be higher because the soil is more loose, but the 

transpiration from plants may counterbalance these, depending on the nature of 

the vegetation. Qualitatively, it is known that a large tree keeps the soil 

within and around its root zone in a rather dry condition. When the tree is 

cut down, the subsequent moisture gain causes a heave in the soil. This has 

been the sad experience with roads built across the location of old hedgerows. 

In attempting to derive vegetation moisture requirements, agricultural 

scientists have developed tables of transpiration ratios which give the weight 

of water transpired compared to the weight of dry plant material above ground. 

In a more recent development, Gardner (Ref 8) has proposed that the water 

intake rate of plants in volume of water per unit time per unit volume of soil 

is 



where 

,. -,. 
p m 

R + R 
P s 

T = the matrix suction of the plant, 
p 

,. the soil matrix suction, 
m 

R = the resistance to water movement in the plant, 
p 

R = the resistance to water movement in the soil. 
s 
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(2.44) 

His experimental results show fair agreement with his predicted results. Ehlig 

and Gardner (Ref 6) then showed experimental relations and some theoretical 

explanation of plant suction and transpiration rate. The plant suction is, of 

course, dependent on the soil suction and this system is tied together with 

continuity relations of water intake, storage, and transpiration. An analog 

model of the entire process has been proposed by Woo, Boersma, and Stone 

(Ref 23) in a paper which includes a thorough discussion of the transpiration 

problem. 

The eight boundary conditions just discussed compose a fairly exhaustive 

list of conditions which may occur on the boundary of a soil region of interest. 

Internal Conditions 

Internal conditions are those which occur within a soil region of interest 

and in principle are no different from boundary conditions. For example, a 

known gradient or suction (such as from a root system) may occur within a soil 

region being studied and any computational process should be able to handle 

such interior complications. 

One of the benefits of using the numerical solution process discussed in 

the next chapter is that it permits the inclusion of internal conditions with 

relatively little complication. 
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CHAPTER 3. THE NUMERICAL METHOD OF SOLUTION 

In Chapter 2, it is shown that whether rectangular or cylindrical coordi

nates are chosen for a problem, the finite-difference equation representing 

change of suction with time is of the form 

T k · = 
i,j 2A .. 'T'~ • 1 + 2B .. T~ 1 . 

L,J L,J- L,J L- ,J 

CX .. + CY .• 
L,J L,J ] 'T'~ • + 2D Tk 

L,J i,j i+1,j 

k 
+ 2E. . T. '+1 + 2F. . L,J L,J L,J 

(3.1) 

The type of partial differential equation for this process of suction 

changing with time is called a parabolic equation. Two sets of information 

must be known for this type of equation to be solved: (1) the initial condi

tions and (2) the boundary conditions. Initial conditions specify the original 

value of T at each point in a region at the time chosen for the start of the 

problem. Boundary conditions specify the value or gradient of T on the 

boundaries of a region at each step in time. This parabolic partial differen

tial equation is, of course, different from a Laplace equation in which the 

time derivative is zero. In the Laplace equation, values computed for the 

interior of a region do not change with time. Only one set of information is 

required for solution of a Laplace equation problem: the value or gradient of 

the variable of interest on the boundaries of an area. An example of a problem 

described by a Laplace equation is a steady-state seepage problem. 

23 
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Forward-Difference Method 

If Eq 3.1 is used to solve for T
k
+

l 
, then the expression becomes 

i,j 

,.k+l 
i,j 

1 lk 
CX . . + CY, . - 2 J ,.. . L,J L,J L,J 

k Tk 
+ 2D. , T, 1 ' + 2E. . . '+1 + 2F, . L,J L+ ,J L,J L,J L,J (3.2) 

If values for T at time step k are known at each point, then ,. at time 

step k+l can be computed by Eq 3.2. This procedure is termed forward

difference method and is the method used by Richards (Ref 18) in his computer 

program. From a computational standpoint, this is a very convenient method, 

but it has the disadvantage that unless the coefficients like A. . are less 
L, J 

than 0.25, errors between actual and computed values can become very large--

a condition termed "unstable." The terms CX. . and CY. . should be less 
L,J L, J 

than 0.125 for the numerical solution to remain stable as time increases. The 

value of T at one time step depends solely on the five surrounding values of 

T at the previous time step. A graphical representation of this method is 

shown in Fig 5. The coefficients of each applicable T term are shown 

enclosed in the diagram. 

Convergence of a numerical scheme is assured if the numerical values 

obtained approach the exact solution of the differential equation as the incre

ment size is decreased. Though other definitions of convergence are used, this 

appears to be widely accepted. A clear discussion of both stability and con

vergence of a numerical approximation of a parabolic equation is given by Kunz 

(Ref 12). Although the difference equation considered by Kunz is a function of 

x and t alone, the method of proving convergence and finding the condition 

for stability is the same as is used when a function of x, y, and t is 

considered. The forward-difference method is convergent and stable for coef

ficient values less than the amounts previously mentioned. 



Fig 5. Forward-diff erence operator. 
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Crank-Nicolson Method 

The Crank-Nicolson method was proposed for use in the solution of heat 

flow problems (Ref 4) and normally has the advantage that any size of time 

step may be chosen and the process will still remain stable. When compared 

with the forward-difference method, it has the disadvantage of being a more 

complicated computational procedure. 

The Crank-Nicolson method requires a change from Eq 3.1 as shown in 

Eq 3.3. A graphical representation of the operator is given in Fig 6(a). 

k+l Tk k~ k~ 'i = 2A 'i + 2B .. 'i 2 

i,j i,j i,j i,j-l 1.,J i-l,j 

I l k~ 
- 2 

1 
CX. + CY. J 

'i 2 
L 1.,j 1.,j i,j 

k~ k~ 
+2D .. 'i.+2

l .+2E .. T. :+1+2F .. 1.,J 1.,J 1.,J 1.,J 1.,J 
(3.3) 

Because the values of 'i are not computed at the half-time step, it is 

further assumed that 

(3.4) 

This approximation is inserted in Eq 3.3, and the form of the Crank-Nicolson 

method that is actually used in computations is found in Eq 3.5. The actual 

operator used is shown in Fig 6(b). 

= k 'ik 
A. :1' .. 1 + B ... 1 . 1.,J 1.,J- 1.,J 1.- ,J [ Cx. . + CY. . ] 

1.,J 1.,J 

+ D .. 'i~+l . + E .. 'i~ '+1 + A .. 'i~+: 1 1.,J 1.,J 1.,J 1.,J 1.,J 1.,J-

+ B 'ik+l 
i,j i-l,j - [cx. . + CY. . ] 1.,J 1.,J 

+ D 'i k+ 1 + E. . 'i k+ 1 1 + 2F. . 
i, j i + 1, j 1., J i, j+ 1., J 

(3.5) 
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(a) Operator illustrating the Crank-Nicolson concept. 

(b) Crank-Nicolson operator. 

Fig 6. Crank-Nicolson operator as applied to 
discrete-element representation. 

27 



28 

A demonstration of the stability of the forward-difference method is not 

given here. A demonstration of the stability of the Crank-Nicolson method 

will be sketched briefly. With the following simplifications, the demonstra

tion will be more straightforward: 

h 
x 

= 

h 
y 

= 

h 

= 

D 

k one time increment 

In its simplified form, Eq 3.5 may be written 

T(x,y,t+k) - T(x,y,t) h D [ + -} 2 T(x,y-h,t) 
h 

+ T(x-h,y,t) + ~(X+h,y,t) + T(x,y+h,t) 

- 4T(x,y,t) + ~(x,y-h,t+k) + T(x-h,y,t+k) 

+ T(x+h,y,t+k) + T(x,y,t+k) ] 

The following substitutions are made and the equation is manipulated 

into the form shown in Eq 3.B. 

r 

T(X,y,t) == 

(3.6) 

(3.7) 



e'Y ( t+k) _ e'Y t 

e'Y(t+k) e'Yt 
Dr [ X(x,y-h) + X(x-h,y) + X(x+h,y) + X(x,y+h) 
2 X(x,y)· 
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-4X(x,y) J 
X(x,y) (3.8) 

In Eq 3.8, ¢ is a constant. The function X(x,y) must be found from 

the initial boundary. conditions. Two somewhat austere cases are shown in 

Fig 7. For the condition shown in Fig 7(a), the function X(x,y) is of the 

form: 

L C 
X(x,y) = -y- cos nnx cos nny 

nn L L 
x Y 

For the condition shown in Fig 7(b) the function is 

X(x,y) = cos n~x [ :~y sin n~y + 1Y cos n~y J 
x y y 

which can be reduced to the following form: 

where 

X(x,y) A cos n~x cos ( n~y _ * ) 
x y 

CL 
arc tan ( -L \ nn'T"y ) 

A = some constant. 

Generally speaking, the function X(x,y) will be of the form 

X(x,y) A cos ax cos \3y 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

This general relation may be substituted into Eq 3.8 to find an expres

sion for the constant ¢ 
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Fig 7. Two cases of boundary conditions. 
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if; - 2Dr [ sin2 a
2
h + sin2 i3

2
hJ (3.13) 

The constant if; is set equal to the time-dependent fraction in Eq 3.8 to 

obtain 

[: 2Dr· (sin 
2 ah + 2 ~2h l] t 

sin 
yt 2 k 

(3.14 ) e = 2 2 ~) + 2Dr (sin ah + sin 
2 2 

This form is substituted into Eq 3.7 to obtain Eq 3.15, a finite Fourier 

series which expresses ~ as it varies with x, y, and t: 

M N 

'i(x,y,t) I I A .• cos a (~) cos i3 ( ~ ) X • . 
~J 

i=O j=O 

[ ( . 2 ah + ' 2 ~~~ 
t 

2Dr s~n s~n k 2 
(3.15) . . X , 2 ah + ' 2 i3 h ) + 2Dr (Hn s~n 

2 2 

where 

M number of x-increments, 

N number of y-increments, 

A, , constants. 
~J 

In order for a method to be stable, it must produce bounded results as t 

approaches infinity, In most real cases, the constants A" are bounded and 
~J 

the only term which affects stability is that in brackets. Because the terms 
, 2 

D, r, and (s~n) are all positive, the term in brackets is always less 

than one. Thus, as t approaches infinity this term remains bounded. 

Thus, the Crank-Nicolson method will allow stable solutions of this type 

of numerical, parabolic, partial difference equation regardless of the time 

step chosen. It must be recalled that the cross permeability terms were set 

at zero for this development. In the next section, the effect of including 

all of the terms of the permeability tensor will be shown. 
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Stability of Crank-Nicolson Method with Tensor Form of Permeability 

As in the previous section, the difference equation form of the Crank

Nicolson method is written as a function of x, y, and t as follows: 

T(X t) - eytX(x,y) ,y, -

With the aid of the following definitions 

r ::::: 

m 

n = 

an equation similar to Eq 3.8 may be written in two parts: 

and 

e y ( t+k) _ e y t 

ey(t+k) + eyt = 

Dr r (l+m)X(x-h,y) + (m+n)X(x,y-h) + (l+m)X(x+h,y) 
-I 
2 L X(x,y) 

+ (m+n)X(x,y+h) - 2(1+2m+n)X(x,y) ~J 
X(x,y) 

Again recognizing that the function X(x,y) will be of the form 

X(x,y) A cos ax cos l3y 

(3.16) 

(3.17a) 

(3 .17b) 

(3.18) 



33 

it is found that the constant ¢ is 

¢ = - 2Dr [ sin
2 ~h + n sin

2 ~ + m ( sin
2 ~h + sin

2 ~ ) ] (3.19) 

The term in brackets must always be positive in order for the method to be 

stable. It is apparent from a Mohr's permeability circle that m may be 

negative and thus the stability requirement becomes 

m ( 
• 2 Q'h + . 2 E.h 

S1n 2" S1n 2 )+ 

The sine term ratio W is defined as follows 

= 
sin

2 E.h 
2 

. 2 Q'h 
S1n 2 

(3.20) 

(3.21) 

In addition to W , the positive angle S is defined as the angle mea

sured counterclockwise from the major principal permeability to the horizontal. 

With this definition, the cross-permeability term is 

= (3.22) 

and the quantity m may be written as a function of nand S • 

(3.23) 

The stability condition becomes 

2(1 + nW) 
tan 2S < (1 + ,)(1 - n) (3.24) 
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which indicates that instability is a function of n s , and * . The 

following table gives ranges of angles S for which instability may be antici

pated for various values of nand * 

TABLE 1. RANGES OF ANGLES FOR INSTABILITY OF THE METHOD 

VALUES OF * 
Angles 1 1 1 

n Range 1 - - 0 
from 

2 4 8 

+45° to +45° +45° +45° +45° +45° 
1 

_45° to _45° _45° _45° _45° _45° 

° 35°47' 36°39' 37°14' 37°35' 37°59' +45 to 
1 
2 _45° -54°13' -53°21' -52°46' -52°25' -52°01' to 

+45° to 29 0 13 ' 31°43' +33°06' +33°52' 34°43' 
1 
4 

_45° to -60°29' -58°17' -56°54' -56°08' -55°17' 

+45° to 26°04' 29°09' 31°02' 32°04' 33°11' 
1 
8 

_45° to -63°56' -60°51' -58°58' -57°56' -56°49' 

+45° to 22°30 ' 26°34' 29°00' 30°19' 31°43' 
0 

_45 0 to -67°30' -63°26' -61°00' -59°41' -58°17' 

In addition, Fig 8 shows graphically the safe ranges of direction for the 

maximum principal permeability with respect to the horizontal for * = 1 . 

The stability condition may be written as a function of the major and 

minor principal permeabilities for two different angle ranges. The first 

range is 
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in which the stability condition is 

sec 2S > tan 2S + I !W* - I 

The second range is 

in which the stability condition is 

sec 2S < tan 2S + ~l 2 - I 

+ * 
These guidelines will point out conditions in which instability can 

develop before a problem is submitted for solution to the computer. 

Method of Solution 

(3.25) 

(3.26) 

At each mesh point of a region of interest, an equation like Eq 3.5 may 

be written. The complete collection of all such equations, with boundary con

ditions included, will form a system of linear algebraic equations which must 

be solved simultaneously. The methods proposed by mathematicians and engineers 

to solve systems containing large numbers of equations exhibit considerable 

variety and ingenuity. In discussing the classes of methods, Forsythe and 

Wasow (Ref 7) stated: 

Methods for solving a given computational problem are ordinarily 
divided into direct and iterative. Direct methods ... are those which 
would yield the exact answer in a finite number of steps if there were no 
round-off error. Ordinarily the algorithm computation procedure of a 
direct method is rather complicated and non-repetitious. Iterative 
methods, on the other hand, consist of the repeated application of a sim
ple algorithm, but ordinarily yield the exact answer only as the limit of 
sequence, even in the absence of round-off error. . .. Iterative methods 
are preferred for solving large "sparse" systems because they can usually 
take full advantage of the numerous zeros in the coefficient matrix, 
both in storage and in operation. 
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The term "sparse" refers to the fact that each equation written contains 

unknowns in the immediate vicinity of the point about which the equation is 

written. Thus, in each equation the coefficient of all other unknowns in a 

region is zero and the preponderant number in any such coefficient matrix is 

zero. Furthermore, if points are numbered row-wise and column-wise, then the 

nonzero coefficients will be arranged in diagonal fashion, symmetrically or 

nearly symmetrically positioned around the main diagonal. Out of the many 

available methods, an alternating-direction-implicit iterative method was 

chosen for this study. 

The discussion of this method will be much clearer if operators are used. 

In the discussion to follow, the symbols defined below will be used. 

T the collection of T 
i,j 

operated upon 

0 
( kil 

aT ) 1 62 T = 
ox. oXl h

2 x ,..., 
l. 

~x. [ ( OT 
- 1 ) ] 

1 2 
ki2 oX

2 h
2 

o T 
y,..., 

l. 

h t ( OT ) r ""2 -
h \ 06 

With this notation, Eq 3.5 may be written as 

T 
--k+l 

r (2 2 \ ( ~+l + ~ ) 
Ox + 0y ) \ 2 

In this case, the subscripts k and ktl indicate the time step. If 

all X-operators on 

results 

T 
k+l 

are collected on one side of the equation, Eq 3.27 

( 1 - f 6~ ) ~+l = + ( 
r 2 
- 0 2 y 

- \i \) T(n) 
,--k+l 

0.27) 
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Similarly, if all Y-operators on 

Eq 3.28 is found 

,. 
~k+l 

are collected on the left, 

( 1 E.62),. = 
- 2 y ~+l ( 1 + £ 62 + r 2),. + ( £ 62 _ " ) ,.(n+i) 

2 x 2 6y ~ 2 x ~ ~+l 

(3.28) 

The problem to be solved involves marching a step forward in time: given 

T ,find 
~k 2:,k+l . The coefficients represented by the operators are set. Any 

acceleration parameter must be added. The acceleration parameter is a number 

added to an operator to increase the speed of convergence of an iterative pro

cess. Addition of an acceleration operator v to Eq 3.27 and \-L to Eq 3.28 

gives the iterative process used in this study and given in Eqs 3.29 and 3.30. 

( 1 _ r 2 \ ,. (n+*" ) = 
2 6x - v ) ~+l ( 

r 2 r 2' 
1 + 6

x 
+ - 6 )',. 

2 2 y ~ 

+ ( 
r 2 '\ ,.(n) - 6 - v ) 2 y --k+l (3.29) 

( 1 -
r 2 " ,.(n+l) r 2 r 2 ) 6 - \-L ) = 

\ 
1+-6 +- 6y 

,. 
2 y --k+l 2 x 2 ,..k 

( 6
2 

- \-L ) 

l r ,. (n+.",) + -
\ 2 x ~+l 

(3.30) 

The superscripts n, n+t, and n+l refer to iteration number. Itera

tion should continue until the difference between the values of ~ computed on 

the first half iteration are within some specified tolerance of those calcu

lated on the second half iteration in the y-direction. One cycle of this 

double-sweep process is termed an iteration. It is apparent that if ~+l 

the true value of ~ at time step k+l , and the error in the computed value 

of ,. is 

(n) 
~+l 

,.(n) 
.....k+l 

,. 
--k+l 



39 

then the difference between the true solution and that computed by Eqs 3.29 

and 3.30 is given in operator form by 

( 
.E 02 - ) (n+t) 

" 
v 

(n) 2 y 
(3.31) ~+l 

= 

( v ) 
~+l r 2 

1 - - + 
2 x 

and 

( r 
6

2 

J - - ~ (n+~) (n+l) = 2 x (3.32) 
~+l ( r 2 ) ~+l· 1 - - 6 + ~ \ 2 y 

In each case, if the numerator is set equal to zero, the error at the 

next half step would be zero. This is no mathematical proof, but in operator 

form it suggests a relation that has been found to be useful. If 

""' r 2 
v +- 0y 2 

(3.33) 

and 

~ r 2 
~ + - 6 

2 x 
(3.34) 

then the error should decrease provided the approximation is good enough. To 

get the best approximation, one assumes that the latest computed values of 

T are the best, applies the operator, and divides by 
i,j 

T at the point 
i,j 

in question. Thus, if T
k
+

l 
is the value of T 

i,j 
i,j , 

v (n~) 
i,j 

2
T

(n) 
r 6Y~k+l 
2 T(n) 

k+l 

at a particular point 

(3.35) 
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and 

(n+l) 
IJ.. • 
~,J 

= 

62'T'(n-H5) 
r x---k+l 
2" ~~(n~) 

k+l 

(3.36) 

The operator form becomes complicated at this point and it is more convenient 

to return to explicitly stated formulas. The alternating-direction approach 

separately considers flow in the x-direction and then in the y-direction. The 

limit of this sequence of double sweeps of computation is the condition in 

which 'T' computed in the x-direction ('T'X) equals the 'T' computed in the 

y-direction ('T'Y) . A physical representation of the alternating-direction 

process is shown in Fig 9. At each intersection of an X and Y-pipe at a 

mesh point, the two are connected by tubes with valves on them. Storage of 

water at each point is represented by a sump. It is interesting and perhaps 

significant to note that the dimensions of the parameters IJ. and v are 

square inches or square centimeters per unit area of soil region. These param

eters may be regarded as valve openings which allow flow from one pipe to 

another. For this reason, the parameters IJ. and v have been termed "valve 

setting - x" and "valve setting - y" with the appropriate abbreviation. The 

expressions for these terms are shown in Eqs 3.37 and 3.38. 

VSX .. 
~, J 

VSY .. 
~,J 

r B •. 'T'X. 1 . k+l 
~,J ~- ,J, 

! 
'-

A 'T'Y r i, ii, j -1 , k+ 1 
L 

- CX . .'T'X .. k+l 
~,J ~,J, 

'T'X 
i,j,k+l 

- CY .'T'y. . k+l 
i,l ~,], 

'i'Y .. k+l 
~,J, 

The equations for each half iteration take the form: 

= d. 
~ 

+ E 'T'y 
i, j i, j+ 1 , k+ 1 "1 

J(3.38) 



i,j 
(Pipe Increment) 

Manometers 

(MeasurinQ Suction) 

r 
TY 

l 
I 
'Tx 

L 

Valves 

j, j + I 

i,j (Pipe Intersection) 

8 .. 
~I 

• • fl\~ 
'f.' Sump (Water StoraQe) 

Fig 9. The grid pipe system. 
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in which, for the x-iterations, the coefficients are given in Eqs 3.39 through 

3.42: 

a. 1. 

b. 1. 

c. 1. 

-B .. 
1.,J 

1 + cx .. + VSy .. 
1.,J 1.,J 

-D. . 
1.,J 

'i = 'iX ... 'k+l ... , k+l 

d. = A .. 'iY .. 1 k+l + [VSY .. 1. 1.,J 1.,J-, 1.,J 

+ E. .'iY. ·+1 k+l + A. . 'i . . 1 k 1.,J 1.,J, 1.,J 1.,J- , 

+ B. . 'i. 1 . k + (1 + cx. . + CY. . ) 'i. . k 1.,J 1.- ,J, 1.,J 1.,J 1.,J, 

+ D. . 'i .+1 . k + E . 'i. ·+1 k + 2F. . 1.,J 1. ,J, i,J 1.,J, 1.,J 

(3.39) 

(3.40) 

(3.41) 

(3.42 

The coefficients for the y-iterations are given below in Eqs 3.43 through 

3.46. 

a 
j 

-A .. 
1.,J 

b. = 1 + CY. 1.,j + VSX .. 
J 1.,J 

c. = -E. 
J 1.,j 

'i ... , k+l 'i'Y ..• 'k+l 

(3.43) 

(3.44 ) 

(3.45 ) 
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+ D" " 'TX " 1 " k+l + A" " 'T" " 1 k 1,J 1+ ,J, 1,J 1,J- , 

+ B" .or" 1 . k + (1 + CX" "+ CY. " ) 'T. " k 1,J 1- ,J, 1,J 1,J 1,J, 

+ D" " 'T . +1 " k + E" "'T. "+1 k + 2F. . 1,J 1 ,J, 1,J 1,J, 1,J 
(3.46) 

The quantities involving 'T 
k 

are known and remain constant throughout 

the iteration process. The definitions of the valve-setting terms show that 

the 'TY terms in Eq 3.42 and the 'TX terms in Eq 3.46, when added to the 

appropriate valve-setting term, will be zero. The valve setting is not a 

mathematically precise quantity, however. It depends for its accuracy upon 

the degree of accuracy in the previously computed values of 'TX or 'TY as 

the case may be. Thus, in a computation process a little judgment must be 

built into the procedure. It has been found useful, by trial and error, never 

to allow the value of VSX or VSY to be negative. If a computed value of 

valve setting is negative, then it is set to zero and the 'TX or 'TY terms 

on the right side of Eqs 3.42 and 3.46 will add to a value other than zero. 

Some intuitive or empirical reasons can be given for not allowing the valve 

settings to become negative: 

(1) There is no physical significance for a negative area. 

(2) The negative factor appears to force 'TX and TY apart rather than 
pulling them together. 

One other limitation should be followed at present. There is no reliable 

guideline to which kinds of problems may be worked using this "naturally deter

mined valve setting" and thus it appears success can only be guaranteed if the 

problem to be solved is relatively well-behaved. If there is a problem in 

which ~ is expected to change by a large amount in one time step, one may 

expect to have difficulty, even though at times he may be pleasantly surprised. 

In the case of more ill-behaved problems, it is safer at the present time to 

use the more established methods of computing valve settings such as the 

Peaceman-Rachford or Wachspress parameters. The formula for the P-R valve 

settings is 
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where 

The 

where in 

fL· l. 
= \). 

l. 
= 

2i-1 
2m 

b the largest eigenvalue of both the x and the y
coefficient matrix, 

a = the smallest eigenvalue of both the x and the y
coefficient matrix, 

m = an integer chosen so that 

a 
b 

i an integer that varies from I to m . 

Wachspress 

fL· == \). 
l. l. 

this case 

a 
~ 

b 

formula 

i-I 

b ( 
a )m-l -
b 

M an integer chosen so that 

(3.47) 

(3.48) 

The computed valve settings are used cyclically until acceptable closure has 

been achieved. 

The preceding discussion is deliberately not mathematical. The problem 

described in Chapter 2 is not susceptible to the precise analytical treatment 

that mathematicians have given to the alternating-direction method for a some

what restricted set of conditions. For example, Forsythe and Wasow show that 

the "Peaceman-Rachford method," of which Egs 3.39 to 3.46 are an example, will 

converge for any positive valve setting provided all of the eigenvalues of both 

the x and y-coefficient matrices are positive. Young and Wheeler (Ref 24) 

prove convergence for the process for any set of positive valve settings 



provided the x and y-coefficient matrices are commutative and are similar 

to diagonal matrices with positive diagonal elements in addition to meeting 

the requirements of Forsythe and Wasow's proof. 
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Commutative matrices will give the same result when they are multiplied 

together regardless of the order in which they are multiplied. Thus if there 

are two matrices M and N, then they commute if 

MN NM (3.49) 

Forsythe and Wasow comment that "this commutativity is a very exceptional 

property, occurring only for rectangular [regions]." 

The analytical problem is a difficult one. The results that have been 

achieved lend assurance that the alternating-direction scheme is a powerful 

method which is characterized by rapid convergence when compared with other 

iterative schemes. Additional assurance may be gained from the fact that 

alternating-direction methods have been used to solve a variety of problems 

involving both second and fourth-order partial difference equations (Refs 10, 

11, and 19) for which no proof of convergence exists. Young and Wheeler state, 
.. . the Peaceman-Rachford method has been found to be extremely effective 

even in cases where commutativity does not hold." 

Even in those cases in which convergence can be proven, the positive 

valve settings may be chosen wisely to achieve a faster rate of convergence. 

The Peaceman-Rachford and Wachspress parameters computed from Eqs 3.47 and 

3.48, respectively, are attempts at choosing values which will accelerate the 

convergence. 

Systems of equations like Eqs 3.39 to 3.46 may be solved simultaneously 

by a procedure which Young and Wheeler credit to L. H. Thomas (Ref 20). Given 

a system like 

a. T . 1 + b. T . + c. T ·+ l ~ ~- ~ ~ ~ ~ 
= d. 

~ 
(3.50) 

a systematic method of applying Gauss elimination would give equations like 

(3.51) 
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'1' 
i 

A + B '1' 
i i i+l (3.52) 

Substitution of Eq 3.51 into Eq 3.50 results in the following equations: 

A. 
1. 

B. 
1. 

d. - a.A. 1 
1. 1. 1.-

b. + a.B. 1 
1. 1. 1.-

-c 
i 

b. + a.B. 1 
1. 1. 1.-

(3.53) 

(3.54) 

Boundary conditions are special cases of this general form as will be shown in 

the next section. 

Representation of Boundary Conditions 

As previously discussed in Chapter 2, boundary conditions may 
0'1' 

two types: a specified value of '1' and a specified gradient ox 
Suction specified. In this case, Eq 3.52 would show that 

= A 
o o 

+ B '1' 
o 1 

fall into 
0'1' 

or oy . 

(3.55) 

Because 'i 
o 

must remain the same regardless of what the numerical value of 

'T'l is, this condition is enforced by setting 

A = '1' 
o 0 

(3.56) 

B = 0 
o 

(3.57) 

The same reasoning applies to a value of suction set on the interior of a 

region. 

Boundary Gradient Specified. Although the point seems trivial, it must 

be mentioned that in the discrete-element representation of the transient flow 

problem, gradient does not exist at a point. Rather, it occurs between mesh 

points. Thus, when a gradient is specified it must be taken to apply a certain 



Pipe 
Increment 
Number c",--I -----.;....-.-1 _-.;--1 _I ... _I -.,...--1 ---lo.Jb - Flow 

~h.~ 
Station Number 

Pipe 
Increment 
Number 

Stat ion Number 

i+1 

(a) Pipe increment gradient. 

1'H 1' j 1'1 +1 

i +1 .... 
Flow 

i-I 1 ... 1 

(b) Point gradient: average of gradients on each 
side of the point. 

Fig 10. Discrete-element representation of 
point and increment gradients. 
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rise or drop of suction in a certain pipe increment. If gradient at a point 

is desired, it must be viewed as the average gradient on each side of the point. 

An illustration of the pipe increment and point gradient is given in Fig 10. 

For representing boundary gradients, the point form was chosen for this 

study. Thus, it is found that 

O'T" }[ 
-'T" + 'T" _'T" 

] ( )AVG 
-1 0+ = ox h 

x x 

which produces the result 

2h ( O'T" ) .,. = 'i = T 
-1 -1 1 x ox 

If each of the pipe-increment gradients is also set equal to the average 

gradient, then the following two equations are derived: 

which in 

'i 
-1 

turn 

A -1 

B_1 

A 
a 

B 
a 

T 
a 

'T" + h ( OT \ 
o x ox) AVG 

give the constant values 

= -h 
(:;)AVG x 

1 

= 'T" 
a 

= 0 

(3.58) 

(3.59) 

(3.60) 

(3.61) 

(3.62) 

(3.63) 

(3.64) 

(3.65 ) 
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B_lAo + A_I + 2hx ( ~T ) 
uX AVG 

(3.66) 

= o (3.67) 

The same set of equations applies at the other boundary where x has its 

maximum value. Analogous equations may be developed for a specified gradient 

in the y-direction. 

The value T may be specified or it may be computed from flow conditions 
o 

in the y-direction. This latter is the way the gradient boundary condition is 

used. The value of T 
o 

is allowed to change, but its relation to surrounding 

values of T is not. An example of this is the use of the line of symmetry 

as a boundary. A mirror image is assumed to exist on each side of a line of 

symmetry. The point gradient is thus zero and no flow takes place across this 

type of boundary. 

Internal Gradient Specified. Only the gradient along a particular pipe 

increment is considered here. If a point gradient is desired, then that gra

dient should be specified for the pipe increments on each side of the point of 

interest. The discussion to follow is concerned with specifying a gradient 

along pipe-increment i. This is shown in Fig 11. 

According to the standard procedure given in Eqs 3.53 and 3.54, the coef-

ficients A. 1 B. l' A. , and B. will be computed. For convenience, a 
L- L- L L 

coefficient C. 1 is defined as 
L-

C. 1 L- b. 1 + a. lB. 2 L- L- L-

so that the other coefficients will be 

and thus 

A. 1 L-

d. lao lAo 2 L- L- L-

C. 1 L-

T. = A + B T 
L i-I i-I i 

(3.68) 

(3.69) 

(3.70) 
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Pipe 
Increment 
Number 

Pipe 
Station 
Number 

'T" 
I-I 

i-I 

'T". 
I 

Fig 11. Internal suction gradient specified. 



The final result that is desired is that 

'T" 
i-I = - ( + T 

i 

The coefficients A. l' B. l' A. ,and B. contain information 
L- L- L L 

·51 

(3.71) 

carried from the boundary to the points i-I and i by virtue of the elimina-

tion process. If the coefficients A. 1 and B were simply reset to 
L- i-I 

reflect the relation given in Eq 3.71, the continuity of the elimination pro-

cedure from one boundary to the other would be interrupted. To avoid this 

difficulty a special procedure must be used. A fictitious suction t. 1 
L-

is 

added to T 
i-I 

and subtracted from T 
i 

ficient size to cause the difference in 

The fictitious suction is of suf-

'r 
i-I 

and T. to be in accord with 
L 

the desired gradient. The size of this fictitious suction is established from 

the relations which must be satisfied simultaneously: continuity of the elim

ination process and establishment of a desired gradient. These two relations 

are specified in the following two equations: 

T 
i-I 

'i 
i-I 

t. 1 
A + L- + B 'f' 
i-I -C- i-I i 

i-I 

- ( + 'i 
i 

Solving these two equations for t. 1 L-

t. 1 L-

This same amount is subtracted from 

T. = A. 
L L 

t. 1 
L- + B 'f ---c.- i i+l 

L 

l' 
i 

(3.72) 

(3.73) 

gives 

(3.74) 

in the following fashion: 

(3.75) 
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'1" == 
i 

Ci _l r 0'1" ) 
A. + I A1.'_l + (~x h - (1 - B. 1)'1"· ] 1. Ci LUi x 1.- 1. 

+ Bi '1"i+l (3.76) 

After some manipulation, new coefficients B ( d , an 
i 

C { 
i 

are found to be 

1 r C 
( + ) 

0'1" ] I -.i:.l A. == e'l A. + A. 1 ox 
h 1. . ~ 1. C. 1.- X 

1 1. i 
(3.77) 

B. 
B: l. 

== 1. C. (3.78) 
1. 

C. 1 
I 

1 
1.-

(1 B. 1) C. == +-- -1. C. 1.-
(3.79) 

1. 

The continuous "flow" of the elimination process is preserved with the 

computation of these coefficients. At this point, the new values of 

and B: 1 may be set in accord with the requirements of Eq 3.71: 
1.-

A: 1 - ( 0'1" \ 
h == J. 1.- ox X 

1. 

B~ 1 == 1 
1.-

and both continuity and desired gradient are established. 

Special Conditions for Large Suction Change 

A ~ 1 1.-

(3.80) 

(3.81) 

Practical experience with problems run on a computer have shown that it 

is possible to get answers that are obviously incorrect because of truncation. 

Truncation error is the amount by which the numerical answer fails to repre

sent the exact answer. The large truncation errors have occurred in problems 

describing the sudden wetting of very dry soils where suction changes abruptly 



from a very low value to a very high value in a distance that is sometimes 

shorter than a l~easonablell increment length. 

Three elements are involved in this truncation error: 
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(1) Permeability is highly (factor of 100 to 1000) dependent on suction. 

(2) Suction gradients are large. 

(3) The product of permeability and suction gradient is water velocity, 
which need not be very large. 

Because diffusion of water is based on a gradient of water velocity it is 

necessary that water velocity be accurately determined. Where there are large 

changes of suction in a short distance it has become quite clear that unrea

sonable answers can result. 

There are at least three ways to attempt to correct this situation: 

(1) Use a smaller mesh size. 

(2) Use a higher order difference equation to represent the gradient. 

(3) Fit a polynomial through the points and get a gradient by differen-
tiation. 

The first method is always preferable because of its simplicity and should 

be used wherever possible. Variable increment lengths have aided in the 

solution of such problems. 

All of the equations programmed for the CDC 6600 computer use the concepts 

stated in this chapter. In Chapters 6 and 7, example problems will be worked 

to demonstrate solutions to problems of concern to engineering in which the 

transient flow of water in unsaturated soils is an important factor. 
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CHAPTER 4. THE TWO-DIMENSIONAL COMPUTER PROGRAM 

This chapter outlines the capabilities of the computer program developed 

for studying transient moisture movement through clay soils. It is the final 

program in a series which started with GRPIPEI (GRid PIPE 1) and included 

CYLPIPI (CYLindrical PIPe 1) before arriving at the present version which is 

GCHPIPI (Q.rid-.Qylind.rical-!!eavy Soil PIPe 1). The program is written in 

FORTRAN language for the Control Data Corporation 6600 computer at The Univer

sity of Texas Computation Center. An austere version of FORTRAN has been main

tained to permit easy conversion to other types of machines. A guide for data 

input is included as Appendix 2. As will be seen by referring to this appen

dix, there are nine tables of input data. Each of these tables will be 

explained in this chapter, in the order in which they appear. 

Problem Identification Cards 

These cards are included before the data for any table is read into the 

machine. The first card is in an alphanumeric format which allows 80 columns 

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

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

are for problem identification. 

Table 1. Program Control Switches 

The format for this card is seen in Appendix 2. In the first six spaces 

of five columns, the hold option for Tables 2 through 7 may be exercised by 

placing a 1 in the appropriate position. This keeps the data from the previous 

problem. The initial conditions put into the computer in Table 4 are not 

stored for recall. The data that is kept from the previous problem are the 

most recently calculated set of suction and water content values. As stated 

before, the keep options occupy the first thirty spaces on the control switch 

card. 
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The next six five-column-wide spaces specify the numbers of cards to be 

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

Table 4A is specified in that position reserved for Table 4. 

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 a 2 tells the computer 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 neglected. 

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

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

bility, and porosity. 

Table 2. Increment Lengths and Iteration Control 

For the most part, this table is self-explanatory. (See the Input Format, 

Appendix 2.) The first card has space for the inside radius of a cylindrical 

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

be left blank. Also, a closure tolerance is specified on this card. The clo

sure tolerance is a relative one based on a fraction of the computed TY (FOR

TRAN for TY). That is, the error at each point must be within a specified 

fraction of the value of suction at that point. The closure signal printed at 

the successful conclusion of computations on a particular time step signifies 

one of two things: 

(1) Actual closure has been achieved at each point of a region. 

(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 condition (2) 

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 to 

assure stability of the estimation process. 

The second card in Table 2 requires a list of four monitor stations to be 

specified. 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. 
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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 equa

tion, Eq 3.5, is specified. If a 2 is inserted, the time derivative term is 

set to zero by making the l's in Eqs 3.40, 3.42, 3.44, and 3.46 equal to zero. 

In most circumstances, the transient flow condition should be specified. 

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 per

meability may be read in at each point of a soil region. There are three 

essential parts of the card which specifies permeability: (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 spaces give the corner 

coordinates of the region within which the permeability data applies. The 

first two numbers specify the ~allest 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 bound

ary 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 is in accord with the stationing system illustrated in 

Figs 2 and 3 in Chapter 2. 

Principal Permeabilities and Their Directions. The principal permeabili-

ties are given in the next three spaces in order: 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 with counterclockwise 

angles positive. The quantity P2 is the principal permeability at right 

angles to Pl. The permeabilities specified should be the saturated perme

abilities. 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." 
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Unsaturated Permeability Coefficients. The form of unsaturated permeabil

ity recommended by W. R. Gardner (Ref 9) has been programmed. This is of the 

form: 

k 
k 

sat = unsat 'in 
-+ 1 
b 

(4.1) 

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

centimeters, a conversion factor may be included which transforms 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 em/in. 

(4.2) 

One note of caution is required before leaving this section. The data 

read in at each point are added algebraically to the data already stored at 

that point. At the start of a problem all data at each point are set to zero. 

Either positive or negative values of permeability, angle, or unsaturated 

permeability may be read in at each point; but the computer will use the alge

braic sum of all data furnished it for each point. 

Table 4. Suction-Water Content Curves 

Table 4 data consist of two parts: the first part is concerned with 

specifying numbered single-valued suction-volumetric-water-content (pF-e) relations 

and other pertinent soils data; the second part establishes the rectangular 

regions within which each numbered pF-9 curve applies. No hysteresis effects 

are considered in these relations. This is not a serious limitation, however, 

because the pF-9 relation specified for a point may be an approximation of a 

scanning curve. The greatest difficulty introduced by this limitation occurs 

when the trend of moisture change is reversed, and a new pF-e curve must be 

followed. This can be handled by stopping one problem, holding all previous 

data, and changing the appropriate pF-9 curves to represent the new scanning 
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curve. B. G. Richards notes (Ref IS) that in many cases, changes of moisture 

content are in one direction over a long period of time and thus the hysteresis 

effect may be neglected. Young's (Ref 25) discussion of the infiltration 

problem gives an important exception to this rule. Scanning curves may be 

estimated from experimental data in the manner demonstrated in Research 

Report lIS-I. 

Input Soils Data. Certain soils data must be included on each card in 

Table 4. The computer assigns a number to each card in the order in which the 

cards are read. The data on each card include the following: 

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

(2) maximum pF, PFM 

(3) pF at the inflection point, PFM - PFR , 

(4) exponent for pF-curve, BETA 

(5) air entry gravimetric water content, WVA, 

(6) exponent for the water pressure - total pressure relation, Q. 
The shape of this curve could be assumed to be the same as that of 
the shrinkage curve, 

(7) the slope of the water pressure - total pressure 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, PN, 

(9) slope of the void ratio-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 
between zero and one, R, 

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

(12) the gravimetric water content 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 relations among these 

soil variables is discussed below. 

The PF - Water-Content Relation. The assumed form of the pF-e relations 

is an exponential curve, the slope of which is the ordinate of a pF-slope 

curve. The cumulative area under the pF-slope curve is the percent of final 

saturation. Both curves are needed to explain the assumed pF-8 relations. The 

pF-slope curve is shown in Fig l2(a) and the pF-% final saturation curve is 



60 

t: 
0 -0 ... 
::s -0 

(J) 

0 
c 

LL -C 
QJ 

0 ... 
QJ 

0.. 

~ o 
I 

-o 

Beta: 0 Beta = 0 

- c 
0 .e 
I) -0 

I 0- I) 
0 -I (J) c 

1)1 E -::s 0 

g-I E -
enl .. c 

0 0 

I :ii 0.. 

Beta :111 Beta :. 

6 5 4 3 2 7 0 
pF 

(a) The pF - slope relation. 

Beta : III 

100-r----------------~----_r------------------------_=~~~ 

PFR 

Inflection 
50 Falls on this Line 

PFM 

(f) 

1 

0 
7 6 5 4 3 2 0 

pF 

(b) The pF - % of final saturation curve. 

Fig 12. Suction-moisture relations. 



61 

shown in Fig l2(b). The pF-slope curve may be intuitively related to the pore

size distribution of the soil. The point of inflection of the pF-% final 

saturation curve rests on the line between 100 percent final saturation and 

maximum pF. Any inflection-point pF, maximum pF , and exponent BETA, 

may be specified to give the shape of pF_8 curve desired. The final saturation 

water content must be specified as well. 

Subroutines SUCTION and DSUCT have been written to deal with these rela-

tions. SUCTION operates when a water content is known and a value for suction, 

as well as ~;, is desired. DSUCT is called upon when a suction is known and 
0'1' 

a water content and 09 is desired. 

The Water Pressure - Total Pressure Relation. This relation is discussed 

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

defined in that report as follows: 

The quantity ex po 
is 

where 

Ci po 
o 

u excess pore water pressure, 

p total pressure, 

t = time after the initial change of water pressure. 

(4.3) 

It is assumed that the Ci relation has approximately the same shape as the 
po 

slope of the shrinkage curve which is given in Chapter 4 of Research Report 

118-1. The equation which has been programmed to express this relation is of 

the form 

where 

Ci po 

Ci 
pod 

wv = 

(4.4) 

the slope of the water pressure-total pressure relation, 
at zero water content, 

water content, 
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WVA air entry water content, 

Q an exponent drawn from the shape of the shrinkage curve. 
Differentiation of this curve produces a slope and the 
Q-l exponent given in Eq 4.4 

The value of a is assumed to be 1.0 at water contents above air entry. 
po 

All computations involving the water pressure-total pressure relation are 

programmed in Subroutine HEAVY which is called only when switch KLH is set 

at 2. 

The X-Saturation Curve. This computation is made in Subroutine HEAVY 

which is called only when switch KLH is set at 2. The limitations on the 

relation between the unsaturated stress parameter ~ and the degree of sat

uration S is discussed in Chapter 4 in Research Report 118-1. The assumed 

form of the relation is undoubtedly too simple to include all cases, but it is 

programmed as the exponential function given below: 

= = (4.5) 

where 

X
E 

= the equilibrium unsaturated stress parameter, 

e = the volumetric water content, decimal, 

Vw = the volumetric water content, percent, 

n,POR the porosity of the soil, decimal, 

S the degree of saturation, decimal. 

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

water content. Although it is slightly 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, the porosity is assumed to have the form 

POR (4.6) 
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where 

(4.7) 

PN = the porosity at air entry, 

v~ = the volumetric water content at air entry. 

An appropriate value of the exponent R should be determined after con

sulting 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 soil 

unit weight and a solid specific gravity of 2.70 are used to convert gravi

metric into volumetric water content. 

The Compressibility Relation. The computations involving this relation 

are contained in Subroutine HEAVY. The basic relation used is Eq 4.16. Some 

other equations must be considered first. The plot of void ratio and the 

logarithm of pressure gives a straight line over a fairly wide range of pres

sures as long as soils are either preconsolidated or normally consolidated and 

not in an intermediate pressure range. The relation normally used is 

where 

e - e 
o -C c 

e void ratio, 

p pressure, 

C slope of the e-log p curve. 
c 

The derivative of this expression gives 

de 
dp = 

0.435C 
c 

p 

(4.8) 

(4.9) 
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In Chapter 4 of Research Report 118-1 reference was made to Blight's 

compressibility coefficient c (Ref 2), as defined in the following equation: 

= (4.10) 

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

of void volume, the equation can be rewritten as 

and thus 

I::.e 
I::.p 

= 

(4.11) 

C (4.12) 
1 - n 

Equations 4.9 and 4.12 may be combined to give an expression for Blight's 

compressibility c in terms of the slope of the e-log p curve: 

c = 
O.435Cc (n - 1) 

p 
(4.13) 

This relation and one more to be developed below will be included in the 

compressibility correction term for the slope of the pressure-free suction

moisture curve which was discussed in Chapter 4 of Research Report 118-1. 

The second relation deals with the ratio of air volume VA to water 

volume VW ' 

Vv Vw 

VA Vv - Vw V
T 

V
T 

= 
Vw Vw Vw 

(4.14) 

VT 

VA n - e 
Vw e (4.15) 
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where 

n the porosity, 

8 : the volumetric water content. 

Equations 4.13 and 4.15 are to be used subsequently. It is explained in 

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

suction with respect to water content varies with the compressibility of the 

soil. This was expressed by the following relation 

= (4.16) 

where the 0 subscript stands for the pressure-free relation and the p sub

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

latter term uses Eq 4.15 and is expressed in the following fashion for satu

rated soil: 

where 

and 

1 
(4.17) 

X
E 

the equilibrium effective stress factor, 

= the unit weight of water: 
is saturated, 

independent of pressure if soil 

In the effectively unsaturated case, 

OT 
08 

p 
= 

1 1 
= 

RT 
e 

mg 

1 

e 

Tmg 
RT 

e 

1 + F (Q'FS - 1) (4.18) 

(4.19) 
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where 

Po saturated water vapor pressure, 

R == universal gas constant, 

T absolute temperature, 
e 

m == gram-molecular weight of water vapor, 

g == acceleration due to gravity, 

= ratio of total volume to water volume change, 

'i suction, 

F == a factor which includes air compressibility and solubility. 

For the purpose of Subroutine HEAVY the F-factor is considered to be 

zero. It is not judged to cause serious error but this judgment is not based 

on quantitative results. 

The form of the compressibility correction term as used in Subroutine 

HEAVY uses Eq 4.13 and may be expressed as 

== (4.20) 

This equation is used to adjust the value of 
0'1" 
oe computed from the pF-¢ 

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

sure and is computed from the value of GAM read into the computer. It must 

be noted carefully that this equation neglects the effect of air compressibility, 

an exclusion which may be seriously in error in less saturated soils. 

Location of Soils Data. The cards in Table 4 representing the different 

types of soils present in a soil region specify the number of rectangular 

regions occupied by the soil of each type. The soils data cards must then be 

followed by exactly the same number of cards 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. 
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As an example, assume that two soils are present in a soil region. One 

occupies two locations and the other occupies cne. The total number of curve 

location cards should be three. 

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-hand corner is smaller than any other in the region, both slopes 

should be positive. If no slopes are read in, the ~achine 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, 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 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 is provided which distributes the speci

fied 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 in the region. Cases 1, 2, and 5 result in computation of a value of 
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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 values of this switch recognized 

by the computer are given below: 

KAS(I,J) = 1 a regular point at which no value of suction or , 
gradient is set, 

= 2 suction set, 

= 3 x-gradient set, 

'= 4 y-gradient set. 

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

in Chapters 2 and 3. The method of converting each of the five input condi

tions is discussed in the succeeding paragraphs. 

Volumetric-Water-Content Set. When this quantity is specified, Subroutine 

SUCTION is called. It converts water content to suction according to the pF-¢ 

water-content relations read in as Table 4. Values of pF and OT are also 
09 

computed. Water content may be set at any point of a region. 

Suction Set. The setting of this quantity requires that Subroutine OSUCT 

be called to compute volumetric water content, pF and o'r from the appro-, 
09 

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

x- tion Grad 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 one station inside the boundary is projected outward to 

the boundary along the set gradient to establish a value of suction at the 

boundary point. 

water content, 

increment. 

Then Subroutine OSUCT is called to provide its information on 
OT pF , and 09' An x-gradient may be set at any interior pipe 

y-Suction 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 pro

jection scheme is used as was explained above and Subroutine OSUCT is called 

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

Units of suction in this program are inches, water content is in percent, 

angles in degrees, permeability in inches per second, time in seconds, and 

increment lengths in inches. Ordinary pF-¢ water-content curves should be 

furnished, however, since there is a programmed internal conversion from cen

timeters to inches for computed suction values. 

Table 7. Closure Acceleration Data 

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

directions 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 value settings and the 

cards after that list the y-closure value settings. A maximum of 10 of each 

may be used. 

Table 8A. Time Steps for Boundary Condition Change 

The options are permitted based on the value of KEY which is input on 

the first card of Table 8A. The values of KEY and their meanings are given 

below: 

KEY 1 , discontinuous boundary condition change (Read in a list 
of time steps for boundary condition changes.), 

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

= 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 for the problem nor greater 
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than the dimensioned storage of KLOC, the array which tells the program 

whether to read a new set of boundary conditions. 

Table BB. Time Steps for Output 

This table is included to save the amount of output that is produced by 

the computer. The first card of Table BB specifies a value of KEYB. Values 

of KEYB and their explanations are given below: 

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

= 2 continuous output. 

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

for output. 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 BA 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 cards. 

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. 

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 put 

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

information actually being used in the computer. 

Output 

Output before each time step includes the station, suction, water content, 

dT and the elements of the unsaturated permeability tensor PIl, P12, and 
de ' 
p22 at each po int of the region. 

• 
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Output after each time step includes the station, suction, water content, 

pF , and closure value settings. 

A guide for data input is included as Appendix 2. It should be consulted 

when preparing data because it gives the formats in which data is furnished 

to the computer. 
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CHAPTER 5. THE ONE-DIMENSIONAL COMPUTER PROGRAM 

This chapter describes the differences between capabilities of the two

dimensional Computer Program GCHPIPl and the one-dimensional Computer Program 

FLOPIP2. The latter was developed from the two-dimensional program by 

(1) extracting two important features (computation of suction change in the y

direction and altern·ating-direction-implicit iteration procedure at each time 

step), (2) by changing another important feature, namely that the doubly

dimensioned arrays are changed to single-dimensions, and (3) by adding one 

important feature, the switch to allow the choice of vertical or horizontal 

flow problems. 

Familiarity with the contents of Chapter 4 is essential to an understand

ing of the discussion to be presented in this chapter. Input format will be 

discussed in the same order as in the previous chapter and only the differences 

will be noted. The entire input format may be reviewed in Appendix 7. 

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 GCHPIP1. 

Table 1. Program Control Switches 

Only six table switches are provided for input. Table 7 in GCHPIPl is not 

included in FLOPIP2. 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 

kept. The most recently computed values of suction and moisture content are 

retained if the keep switch for Table 4 is set to 1. 

73 
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Table 2. Increment Lengths 

This table is substantially different from Table 2 in computer program 

GCHPIPI. Tables 2B and 2C have been eliminated entirely and Table 2A has been 

changed to include a smaller amount of input information. The only information 

input in the FLOPIP2 Table 2 includes the number of increments and time steps, 

the size of each, and the inside radius if a horizontal cylindrical 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 GCHPIPI. 

Table 4. Suction-Water Content Curves 

The information on Table 4 given in Chapter 4 is identical for FLOPIP2 

with one exception. Table 4B specifies the linear location of the places where 

each of the pF-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, then 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) suction, 
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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 4 is 

applicable. 

Tables 7, 8, and 9 for FLOPIP2 

The explanation of Tables 8A, 8B, and 9 given in Chapter 4 is identical 

for Computer Program FLOPIP2. There is no Table 7 for this computer program 

because its contents are applicable only to two-dimensional problems. 

Output 

Output before each time step includes the station, suction, water content, 
OT 
08 ' and the unsaturated permeability at each point along the line being 

considered. 
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CHAPTER 6. EXAMPLE PROBLEMS: ONE- DIMENS roNAL 

The study in this chapter was undertaken to examine the validity of 

moisture distribution Computer Program FLOPIP1 by comparing the predicted 

pattern of moisture distribution with that measured in actual field experiments. 

The study is also aimed at fixing some reasonable properties and constants for 

the soils at the site of such field experiments so as to use them in the swell 

programs described i.n Research Report 118-4 to predict the swell potentials of 

in situ soils with time. Since this study was made, minor modifications have 

been made in the program, and except in this chapter, where the results were 

obtained with FLOPIP1, the program reported is FLOPIP2. 

Such studies cannot be made by laboratory observations on sampled and 

remolded soils because the distrubed structure of the soil in such samples has 

a profound effect on their behavior. Because an analysis needs to be made on 

an in situ basis, a small project carried out at about 5 miles from Laramie 

north of Interstate 80 and reported in a Highway Engineering Research Publica

tion H-18 of the University of Wyoming (Ref 13) was selected for this study. 

The surface formation in the area overlies a small portion of the geo

logical formation of Steele shale, which is a source of expansive clays. The 

2-1/2 feet of overburden material at the test site area, a 40-foot square with 

the surface sloping at approximately 7 percent, was stripped to expose the 

clay shale. Within the cleared area moisture-density access tubes were in

stalled in the pattern as shown in Fig 13. The site, including the side 

slopes meeting the normal ground level, was covered with two layers of 6 mil 

polyethylene sheeting to prevent intrusion and loss of water. Holes in the 

sheeting, made to facilitate the tubes, were sealed against moisture. Approxi

mately 3 inches of soil was placed and compacted over the sheeting to secure 

it. The water supply and injection system was built as shown in the figure. 

From the 1-inch plastic pipes serving as feeder lines, water injection lines 

were inserted vertically into the ground for a depth of approximately 8 inches 

below the membrane. To facilitate the flow, penetration holes were drilled to 

depths 2 inches below the ends of the tubing and filled with sand. The mem

brane was sealed around the tubing. 
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For vertical movements of the surface elevations, control points were 

placed at 20 points as shown in the figure. These control points consisted of 

2-inch vertical stems welded to the center of a 12 by 12 by 1/4-inch metal 

plate and held firmly by four corner spurs penetrating a few inches into the 

compacted soil but not through the membrane. Plates were covered with an inch 

of compacted soil. The stems served as the elevation control points. Eleva

tions were measured with respect to the permanent bench marks set for the pur

pose, the relative elevations of which remained quite consistent throughout 

the study. 

Operation of the experiment began in September 1966 when two partial sets 

and one complete set of data were obtained to establish the initial values of 

moisture and density. The site was closed for the winter months after the 

application of small volumes of water. Actual data collection was done for 

the period from April 27 through July 17, 1967, for a total of 80 days exclud

ing the first four of the last date. At the start of the experiment in April, 

a partial set of moisture readings agreed closely with the sets taken the pre

vious September and therefore those sets were established to be the initial 

values of moisture and density. Initial elevations were obtained on April 27, 

1967, and the subsequent sets for moisture, density, and elevations were taken 

on May 19, June 19 and 20, and July 16 and 17. 

Computer Simulation of the Problem 

The problem was simulated in the computer with the help of the one

dimensional moisture distribution program. The program uses some of the uncon

ventional properties of soil which are not commonly found in the laboratory. 

It also uses some of the common engineering properties as well as the initial 

conditions, boundary conditions, and subsequent changes in those conditions. 

Moisture data for this experiment were taken to a depth of 13.2 feet in 

the field. Tube No. 11, which is in the center of the test site, was picked 

for the first computer study. The initial moisture values were plotted as 

shown in Fig 15. A depth of 13.5 feet was divided into 27 equal parts of 6 

inches each with stations numbering zero at the bottom and 27 at the top sur

face. The moisture values at each of these stations points were measured from 

the plot in Fig 15 and taken as the initial values of moisture at these points 

for the computer solution. 
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General Computer Input. The test period was divided into time increments 

of 8 days each so that the tenth time increment fell at approximately the time 

when the final readings were observed. Soil was assumed to be a "light" soil 

and therefore the compressibility effects are neglected. In other words, it is 

assumed that changes in soil suction do not vary as a function of overburden 

pressure, soil compressibility, and porosity. It is shown in the ponding prob

lems of Chapter 7 that such effects, if neglected, do not cause an appreciable 

change in the total moisture variation in the region. Therefore, the modifica

tion of soil suction due to overburden pressure can safely be neglected. 

Boundary conditions were fixed by the condition which prevailed at the top 

and the bottom at the time of the field test. There was practically no change 

in moisture content at the depth of 13.5 feet. The surface was assumed to be 

kept completely saturated. There was no subsequent change in these boundary 

conditions with time. 

Soil Properties. Some of the needed engineering properties of the soil at 

the site were measured by University of Wyoming project personnel; all other 

soils data were assumed. 

Because the effects of overburden were neglected, only the f~llowing were 

the soil parameters selected for use in the one-dimensional example problems: 

(1) saturation permeability PB, 

(2) unsaturated permeability constant BKl 

(3) unsaturated permeability exponent EN1, 

(4) maximum pF, PFM 

(5) pF at inflection pFl, 

(6) pF-moisture content exponent BETA, 

(7) saturation water content WH, and 

(8) constant AKl with a value of 2.54 ems/in. 

The values for these constants generally reported in literature or deter

mined in this project are as follows: 

(1) for soil permeability: 

BKl ; 
6 14 

1 X 10 - 1 X 10 

ENl ; 2.0 - 4.0 
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(2) for soil suction: 

pFM = 7.0 

pFl 3.0 - 5.0 

BETA 1.0 - 4.0 

For the problem being studied, these soil parameters, which at present 

are not firmly related to any of the common engineering properties of the 

soils, "ere established by solving a large number of problems using different 

values of these constants in different combinations with each other. 

In the first phase of study, saturated soil permeability was used over 

the entire l3.S-foot depth and different soil parameters were tried in an 

attempt to match the values of moisture in the top 3 feet of soil. This gave 

the preliminary values of these constants for the more exact analysis which 

followed later on. A final moisture curve derived using saturated permeability 

is plotted in Fig 15 as curve No.3. 

The soil permeability was then allowed to change as a function of suction 

and numerous computer runs were made to establish the exact moisture distribu

tion pattern as observed in the field. The predicted moisture distribution 

with the best fit is given in Fig 15 as curve No.4. Predicted and observed 

values are given in Table 2. The accuracy of the solution is apparent from 

this table. The following values seem to be the best for the soil at the site 

of the experiment: 

( 1) 

(2) 

saturation permeability PB 

BKI = 1 X 109 , 
(3) exponent ENI 

(4) maximum pF 

3.0 

6.5 , 

(5) pF at inflection 3.0 , 

(6) BETA exponent 3.0 , and 

(7) saturation moisture content 

-6 
1.050 X 10 , 

40 percent . 

Some of these values are plotted in Fig 14. Curve AOB is the pF

moisture content curve obtained by using data items 4, 5, 6, and 7. Curve 

AOB
f 

is a hypothetical curve typical of soils which are completely 
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TABLE 2. COMPUTED OBSERVED VALUES OF MOISTURE 
AT THE END OF THE TEST PERIOD FOR 
TOP 7 FEET OF SOIL (Tube No. 11, 
Central Tube). 

Depth Moisture Content, % 

ft 
Observed Computed 

0 40.00 40.00 

0.5 30.50 30.54 

1.0 25.44 25.42 

1.5 21.45 21.18 

2.0 17.70 17.49 

2.5 14.20 14.56 

3.0 13 .10 13 .57 

3.5 13.70 13.62 

4.0 13.90 13.74 

4.5 13 .85 13.77 

5.0 13.80 13.72 

5.5 13.75 13 .62 

6.0 13.70 13.50 

6.5 13.40 13.39 

7.0 13.30 13.38 
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disturbed. Curve branches OBI' OB2 , etc. are curves for soils with higher 

overconsolidation or desiccation in the soil loading history. A final satura

tion moisture content of 40 percent proved to give best values in the computer 

studies of the moisture migration problem of this chapter. Figure 14 shows the 

difference between the wetting and drying curves and the hysteresis area that 

is included between them. The study of this chapter uses the wetting curve. 

Several rough guidelines may be used in choosing appropriate values for 

the pF-water-content curve. Some of these guidelines are given below. 

Final Saturation Water Content. This value will lie between the plastic 

limit and the liquid limit based on the drying and loading history of the soil. 

Soil with high antecedent drying conditions or high overconsolidation ratios 

will have a final saturation water content nearer the plastic limit. The 40 

percent value found in this study can be calculated as the plastic limit plus 

0.4 times the plasticity index. 

Inflection Point Water Content. Although it is not always a reliable 

rule-of-thumb, the inflection point moisture content may fall close to the 

optimum moisture content reached with a relatively high compactive effort. 

The best inflection point moisture content for this study was 21.5 percent 

coinciding closely with the 23.5 percent optimum moisture content reported by 

the Wyoming project. Inflection point water content may be identical with the 

air entry water content from a shrinkage test. 

In the pF-moisture curve used in this report, the point of inflection 

always falls on a straight line between the final saturation water content 

and the maximum pF. Thus, if either the pF or the water content at 

inflection are determined, then the other can be found by a simple proportion 

calculation. 

Maximum pF. This value, as it is used in the computer, may be chosen 

by trial and error. It mayor may not have any relation to the maximum mea

surable pF. It is chosen so that the pF-water-content curve fits very 

closely that of the actual soil in the moisture ranges being considered in a 

particular problem. Thus, if soil is very dry, a more accurate value of maxi

mum pF will have to be assumed than if the soil is rather wet. The best 

value found in the computer studies of this chapter was 6.5. 

Inflection Point pF. Experimental data reported by Croney, Coleman, 

and Black (Ref 5) and others place the inflection pF for the wetting curve 
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between about 1.8 for a fine sand to about 3.4 for a heavy clay soil. A value 

of 3.0 was used throughout the studies of this chapter. This corresponds to a 

suction of -1000 cm or about an atmosphere of negative pressure. 

Results of the Computer Study 

Figure 15 shows the final results plotted with depth for Tube No. 11. 

Curve No.3 gives the values of moisture which best fit the data with permea

bility kept as constant, and Curve No.4 is the one with permeability as a 

function of depth. Curve No.4 is in a very close approximation to the field 

observed data. It may be pointed out that the combination of different con

stants with a variable permeability follows the shape of the observed curve 

very closely whereas Curve No.3 is a smooth curve which does not follow the 

observed curve well. This illustrates, in addition to the saturated permea

bility, the importance of the constants used in describing unsaturated permea

bility and suction-moisture relations. 

The values of the constants established for the central tube were then 

used for analyzing the moisture patterns at the other tubes in the central 

area where boundary conditions on all the sides can fairly be assumed to be 

the same, e.g., Tube Nos. 5, 6, 15, and 16. Computer output at the Tube No. 

16 is plotted in Fig 16. The solution again shows a striking agreement with 

the field observations. 

It may be pointed out that the small deviations of the two curves can 

justifiably be attributed to the heterogeneous nature of any in situ soil, 

errors in field measurements, and the disturbance to the soil structure during 

the experimentation and observations. 

Some Observations on Results of the Field Experiment 

The following comments are excerpts from the Highway Engineering Research 

Publication No. H-18 from the University of Wyoming. They are listed here to 

emphasize the major findings of the field measurements. 

(1) There were considerable changes in subsurface moisture and surface 
elevations. 

(2) Having considered the possible losses due to leakage for some initial 
period of experiment, it can be stated that the site most likely did 
absorb water at a greater rate during the initial weeks of the study. 
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(3) The site showed an appreciable gain in moisture 6 inches below the 
membrane within the first 22 days. Values of about 11 increased to 
about 23 lbs/cu ft. Points at the perimeter of the test site showed 
lesser amounts of increase as expected. 

(4) After about 52 days the readings revealed no further gain in 
moisture at the 6-inch level but sizable increases to the depths of 
18 inches. 

(5) At the end of the test the readings showed only slight further 
increases of water content at l8-inch level but appreciable gains 
were noted at 24 inches below the membrane. A few of the central 
readings showed considerable gain to 36 inches. 

(6) An average elevation increase of 1.3 inches occurred in this period 
due to the moisture changes. 

(7) Notable deviations from the average were observed especially at the 
points lying on the perimeter of the test site. 

The above results can roughly be summarized as follows. The most striking 

conclusion of this experimental study is that the top 6 inches or so became 

quite wet after a short period of time and the increase of water content was 

less and less rapid as the depth increased. The site absorbed water at a 

greater rate during the initial weeks of the study. With the exceptions 

accounting for the soil necessarily being a heterogeneous material, indications 

are that a uniform swelling occurred over the entire wetted area. 

Computed moisture distributions, when observed continuously with time, 

followed very closely the pattern as indicated by (3), (4), and (5) above. 

The top 6 inches were observed to be fairly wet after three time increments, 

i.e., 24 days. The rate of moisture intrusion was very small at greater 

depths. On the whole, the rate' of water absorption throughout the depth was 

computed to be quite high in the initial periods as compared to the rest of 

the time. 

Parameter Studies 

Some useful computer studies were conducted at The University of Texas at 

Austin to observe the effects of changing various coefficients on the distribu

tion of moisture. Such studies prove to be useful in understanding these im

portant soil parameters which are not easily determined in the conventional 

engineering analysis of soils. Virtually no correlations exist to connect them 

to engineering properties, and their behavior cannot be found in detail in the 

presently available literature. The results of these studies are given below. 
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Saturated Permeability PB. As seen in Table 3 an increase in permea

bility, on the average, increased the moisture values throughout the region un

der consideration. It may be noted that there is relatively a very high increase 

in the moisture contents for a small increase in permeability ranging between 

1 ;< 10-6 and 3 X 10-6 . Such a phenomenon can cause truncation in the compu

tational procedure, sometimes increasing the suction to the positive values. 

It may be further pointed out that such truncation errors depend not only on 

the specific permeability values but also on the other soil constants involved 

in the solution. Numerous problems solved with different soil parameters to 

study this phenomenon of suction gradient truncation reveal that its effects 

can be reduced to a reasonable level by a suitable selection of soil constants. 

Unsaturated Permeability Constant BKI The effect of this constant is 

studied in Tables 4 and 5. It appears that the region wetted by an increase in 

this number shifts downwards as this number is increased. Of course, all other 

coefficients involved remain constant. This can be explained by the fact that 

for smaller values of this number the permeability is more dependent upon water 

content or suction. This dependence is shown by the large accumulation of 

water at 0.5 foot depth as this number is decreased and by the tendency for the 

moisture to spread throughout the depth as this number is increased. As the 

dependence of permeability on suction decreases, the moisture content near the 

surface decreases and moisture contents are increased at the lower levels. 

Unsaturated Permeability Exponent ENI The effect of ENl, as shown in 

Table 6 is of the same form as that of a decrease in unsaturated permeability 

constant BKI A higher exponent results in a greater dependence of permeabil-

ity on moisture content. The lower values of this constant result in a condi

tion of more even distribution of water in the entire region of soil. A more 

complete discussion of this phenomenon is presented in Chapter 2 of Research 

Report 118-1 and it is not considered further in this chapter. 

Maximum pF, pFM. An increase in maximum pF value, as shown in 

Table 7, causes an increase in moisture roughly on the wetter side of the point 

of inflection and a decrease on the drier side. In addition, the slope of the 

suction-moisture curve increases as the value of maximum pF is increased. 
C'i 

This slope is 08 which is used to calculate changes of suction from one time 
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TABLE 3. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS OF THE 
VARIATIONS OF SATURATED PERMEABILITY PB. 

Saturation moisture content = 38 percent 

Maxinrum PF 5.00 

PF at inflection = 3.00 

PF moisture content exponent 3.00 

Unsaturated permeability constant 1 X 109 

Unsaturated permeability exponent 3.00 

Depth, Saturated Permeability 

ft 
5 X 10- 7 10- 7 X 10- 6 10- 6 X 10- 6 

9 X 1 3 X 5 

0 38.00 38.00 38.00 38.00 38.00 

0.5 25.76 27.72 28.06 31.36* 32.65 

1.0 20.04 22.39 22.82 27 .17* 28.98 

1.5 16.28 18.72 19.19 24.09* 26.19 

2.0 14.04 16.04 16.50 21.63* 23.94 

2.5 13.31 14.38 14.70 19.58* 22.02 

3.0 13 .35 13.72 13.87 17.86* 20.36 

3.5 13.55 13.59 13.64 16 .44-1~ 18.90 

4.0 13.69 13.63 13.64 15.33* 17.63 

4.5 13.74 13.67 13.66 14. 56-1( 16.52 

5.0 13.70 13.65 13.64 14.08 15.61 

5.5 13.61 13.60 13.60 13 .82 14.90 

6.0 13.51 13 .53 13 .54 13.67 14.39 

*Very high relative increase in the values. 



TABLE 4. COMPUTED SOIL MOISTURE VALUES TO SHOW 
THE EFFECTS OF THE VARIATIONS OF UN
SATURATED PERMEABILITY CONSTANT BK 1 

Saturation moisture content 39 percent 

Maximum PF = 4.50 

PF at inflection 3.00 

PF moisture content exponent 3.00 

Saturated permeability 8 x 10- 7 

Unsaturated permeability exponent 3.00 

Depth, Unsaturated Permeability Constant 

ft 
10

6 
X 108 

X 10
10 

10
12 

1 X 1 1 1 X 

0 39.00 39.00 39.00 39.00 

0.5 31.99 28.38*~< 26. 95~'rl< 26. 90~'"* 

1.0 18.23 22.35* 21.10~·<* 21. 04~d< 

1.5 13 .12 16. 73~< 17.63~·< 17.61** 

2.0 12.60 13. 29~" 15.57~< 15.60~·< 

2.5 12.41 12.79* 14 .43~·< 14.48* 

3.0 13.74 13 .43 13.88* 13 . 93~< 

3.5 13.55 13.52 13.67~< 13. 70~'" 

4.0 13.90 13.80 13.63 13.63 

4.5 13 .85 13 .82 13.62 13.62 

5.0 13.75 13.74 13.61 13.61 

5.5 13.65 13.64 13 .58 13 .58 

~< Increased value (left to right). 
**Decreased value. 
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TABLE 5. COMPUTED SOIL MOISTURE VALUES TO SHOW 
THE EFFECTS OF THE VARIATIONS OF UN
SATURATED PERMEABILITY CONSTANT BK 1 

Saturation moisture content 38 percent 

Maximum PF ~ 5.0 

PF at inflection = 3.0 

PF moisture content exponent = 4.0 

Saturated permeability = 9 X 10- 7 

Unsaturated permeability exponent 3.00 

Depth, Unsaturated Permeability Constant 

ft 
107 1 X 108 1 X 109 10

10 
1 X 1 X 

0 38.00 38.00 38.00 38.00 

0.5 31.83 30.37** 27.72** 28.75* 

1.0 23.87 24.32* 22.39** 22.69* 

1.5 13.54 17.38* 18.72-1( 18.72 

2.0 12.61 13 .12* 16.04* 16. 19-1( 

2.5 12.44 12.70-l( 14.38* 14.71* 

3.0 13.71 13 .47 13.72* 14.01* 

3.5 13 .57 13 .62 13 .59 13.73* 

4.0 13 .89 13 .82 13.63 13 .64* 

4.5 13.85 13 .83 13 .67 13.62 

5.0 13.75 13.75 13.65 13 .61 

5.5 13.65 13.64 13.60 13.58 

6.0 13 .50 13.49 13.53 13.55 

* Incre~sed value. 
**Decreased v~lue. 



TABLE 6. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS 
OF THE VARIATIONS OF UNSATURATED PERMEABILITY 
EXPONENT EN1 . 

Saturation moisture content 40.0 percent 

Maximum PF 6.0 

PF at inflection 3.0 

PF moisture content exponent 3.0 

Saturated permeability 

Unsaturated permeability constant 

Depth, Unsaturated Permeability Exponent 

ft 2.5 3.0 3.5 4.0 4.5 

0 40.00 40.00 40.00 40.00 40.00 

0.5 28.95 29.94"'( 32.06"'( 33.51* 34.81"k 

1.0 23.40 24.58* 26. 77~'< 26.24~~ 21.19~·d, 

1.5 19.71 20.35* 17.61*~'<" 13. 18""~~ 13.10.,.d< 

2.0 17.37 16. 81~~* 12 • 68~'<* 12.60*"'< 12.60 

2.5 15.94 14 .41~·d< 12.43*"'< 12.40"'0'<" 12.4u 

3.0 15.03 13.59 13.71 13.75 13.75 

3.5 14.44 13 .59 13 .57 13.55 13.55 

4.0 14.08 13.70 13 .89 13.90 13.90 

4.5 13 .85 13.74 13 .85 13 .85 13.85 

5.0 13.72 13.70 13.75 13.75 13.75 

5.5 13.64 13.61 13 .65 13.65 13.65 

6.0 13.60 13.51 13 .50 13 .50 13.50 

~'< Increased value. 
"'<"'Decreased value. 

93 



94 

TABLE 7. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS 
OF THE VARIATIONS OF MAXIMUM PF, PFM. 

Saturation moisture content = 38 percent 

PF at inflection = 3.00 

PF moisture content exponent 3.00 

Saturated permeability 9 X 10- 7 

Unsaturated permeability constant 

Unsaturated permeability exponent 

Depth, 
Maximum 

ft 4.0 4.5 5.0 

0 38.00 38.00 38.00 

0.5 27.47 28.22* 28.87* 

1.0 21.60 22.60* 23.47* 

1.5 16.85 17 .48* 17.98* 

2.0 13.73 13.68** 13 .46** 

2.5 12.99 12.88** 12.75** 

3.0 13.36 13 .40 13.45 

3.5 13.61 13.62 13.63 

4.0 13.76 13.79 13 .81 

4.5 13.79 13 .81 13.82 

5.0 13.73 13.74 13.74 

5.5 13.63 13.63 13.64 

6.0 13.49 13 .49 13 .49 

* Increased value. 
-J(*Decreased value. 

1 X 108 

3.00 

PF 

6.0 

38.00 

29.91* 

24.85* 

18.56* 

13 .15** 

12.56** 

13.59 

13.61 

13.85 

13.84 

13.75 

13.64 

13.49 

6.5 

38.00 

30.40* 

25.56* 

19.15* 

13 .13** 

12.51** 

13.64 

13.60 

13.86 

13.84 

13.75 

13.65 

13.50 
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step to the next. An increase of this slope has the effect of increasing the 

permeability and making it more dependent upon suction. 

pF at Inflection pFl. The effect of change in inflection pF must be 

considered along each of the two branches of suction moisture curve, one branch 

being above and the other being below the inflection pF. As shown in 

Table 8, the value of inflection pF of 3 shows a relatively higher increase 

in moisture over the entire soil region. The higher increases in the top 1 

foot can be explained by the fact that the higher pF at inflection implies a 

greater water content for certain suction levels. In the drier range, pF of 

3.0 appears to give wetter values throughout. This is explained by the fact 

that higher slopes of suction-moisture curve at inflection as the inflection 

pF is increased have the same effect as increasing permeability and making it 

more dependent upon suction. 

pF Moisture Content Exponent BETA. The effects of BETA as shown by 

Table 9 imply that higher BETA values cause flatter slopes of suction

moisture curve in the vicinity of inflection and therefore moisture values are 

more widely divergent in this region as BETA increases. 

Saturation Moisture Content WN. Greater values of saturation moisture 

contents in general imply a greater openness of the pores of the soils which 

in turn can take on greater amounts of moisture. This is reflected in the 

results shown in Table 10. A consistent decrease in water content noticed 

between the depths of 1.5 and 2.5 feet is due to the disparity of slopes of 

the suction-moisture curves in the vicinity of the inflection pF 

Concluding, this study suggests that a very high confidence can be placed 

in the one-dimensional moisture distribution Program FLOPIP2 and its cap

ability of working problems such as reported in this chapter. The values of 

constants involved can be assumed in a better way with their different effects 

having been thoroughly studied and indicated. Thus, this study can furnish a 

valuable guide in future selection of constants for the solution of moisture 

distribution problems. 

Output after each time step includes the station, suction, water content, 

and pF. 
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TABLE 8. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS 
OF THE VARIATIONS OF PF AT INFLECTION PF1 . 

Saturation moisture content 40 percent 

Maximum PF 6.5 

PF moisture content exponent 3.0 

Saturated permeability 1 X 10-
6 

Unsaturated permeability constant 

Unsaturated permeability exponent 

Depth, 
ft 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

* Increased value. 
**Decreased value. 

PF 

2.5 

40.00 

25.27 

19.15 

16.29 

14.64 

13.77 

13.51 

13.55 

13.64 

13.68 

13 .66 

13.60 

13 .53 

1 X 10
9 

3.0 

at Inflection 

3.0 

40.00 

30.37* 

25.18* 

20.86* 

17.16* 

14.29* 

13.52* 

13.62* 

13.74* 

13.77* 

13.72* 

13.62* 

13.50 

4.0 

40.00 

31.52* 

25.54* 

20.23** 

16.03** 

13.65** 

13 .41** 

13.60** 

13.73** 

13.77 

13.72 

13.62 

13 .50 



TABLE 9. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS 
OF THE VARIATIONS OF PF MOISTURE CONTENT EXPO
NENT BETA. 

Saturation moisture content 40 percent 

Maximum PF 6.5 

PF at inflection 3.0 

Saturated permeability 

Unsaturated permeability constant 

Unsaturated permeability exponent 

Depth, PF Hoisture 

ft 2.5 3.0 

0 40.00 40.00 

0.5 29.90 30.37* 

1.0 25.21 25.18** 

1.5 21.48 20.86*i: 

2.0 18.13 17 .16~':* 

2.5 15.20 14.29ofd: 

3.0 13.72 13.52 

3.5 13 .64 13.62 

4.0 13.75 13.74 

4.5 13.78 13.77 

5.0 13.72 13.72 

5.5 13 .62 13 .62 

6.0 13.50 13 .50 

of: Increased value. 
';'d:Decreased value. 

1 X 109 

3.0 

Content Exponent 

3.5 

40.00 

30.95* 

25.34* 

20.51** 

16. 53,'d: 

13.89*i< 

13 .45 

13.60 

l3.74 

13.77 

13.72 

13.62 

13.50 

4.0 

40.00 

31. 527( 

25. 54i~ 

20.23** 

16.03*'': 

13.65** 

13 .41 

13.60 

13.73 

13.77 

13.72 

13.62 

13.50 
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TABLE 10. COMPUTED SOIL MOISTURE VALUES TO SHOW THE EFFECTS 
OF THE VARIATIONS OF SATURATION MOISTURE CONTENT 
WN • 

Maximum PF 5.0 

PF at inflection 3.0 

PF moisture content exponent = 3.0 

Saturated permeability 9 X 10- 7 

Unsaturated permeability constant 

Unsaturated permeability exponent 

1 X 10
8 

3.0 

Depth, Saturation Moisture Content 

ft 37 % 38 % 39 % 

0 37.00 38.00 39.00 

0.5 28.29 28.87* 29.45* 

1.0 23.14 23.47* 23.79* 

1.5 18.03 17.96** 17.90** 

2.0 13.60 13 .46** 13.34** 

2.5 12.79 12.75** 12.72** 

3.0 13 .43 13.45 13 .46 

3.5 13.63 13.63 13.63 

4.0 13 .80 13 .81 13 .81 

* Increased value. 
**Decreased value. 

% 

40 /0 

40.00 

30.03* 

24.11* 

17.79** 

13 .24** 

12.70** 

13 .48 

13.62 

13 .82 



Computer Program FLOPIP2 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 7 may be required. 

The flow chart is identical except that only one direction is computed 

and no iteration is required for solution at a particular time step. 
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CHAPTER 7. EXAMPLE PROBLEMS: TWO-DIMENSIONAL 

This chapter is broken into two parts: the first demonstrates the 

solution to a problem for which a theoretical answer can be obtained and the 

second gives the soil properties used and a summary of results for example 

problems involving transient moisture movement in different clay regions. 

Theoretical Problems 

This problem is the determination of the decay of positive pore pressure 

head in a square clay region 100 inches on each side. The steady-state hydro

static pressure head on this clay region is 100 inches at the top and 200 inches 

at the bottom. A footing load is imposed which increases pore pressure head in 

the region by 100 inches. The region is surrounded by sand which immediately 

relieves the excess pore pressure head on the boundaries of the clay region to 

its original hydrostatic state. The decay of the excess pressure head in the 

region has been computed by Program GCHPIPl and the results are compared with 

the exact solution to the problem determined by other computer programs espe

cially written for the purpose. The problem is illustrated in Fig 17 and 

results of the computer solution are shown for points along the diagonal of 

the square in Fig 18. The compressibility coefficient is assumed to be 10-
6 

5 6 
and the time steps used in GCHPIPl were 10 and 10 seconds. 

The exact solution of the problem is the product of two series, one repre

senting the decay of pore pressure head in the x-direction and the other the 

decay of pore pressure head in the y-direction. For a unit initial excess 

pressure head, then, a one-dimensional solution for excess head U with 

respect to x and time t is 

U(x,t) 
4 CO 1 
;- L (2n - 1) 

sin 
2 

(2n - 1) nX(e)-(2n-l) 
L 

101 

(7.1) 
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where 

L = the length of a side, 

c = the compressibility coefficient, 

t = time. 

If U(y,t) is understood as the symbol for an identical series in the 

y-direction and A is the initial excess head, then the expression for the 

two-dimensional decay of excess pressure head is 

U(x,y,t) = AU(x,t)U(y,t) (7.2) 

The series in Eq 7.1 is very slowly convergent for small values of the 
2 

time factor ct/L . A special series which converges rapidly may be used to 

evaluate both U(x,t) and U(y,t). The series is as follows: 

where 

and 

U(x,t) = 1 

x 

erfc(z) 

~l 

L 
x - 2 

= 

L 
00 n-l (2n-l) 2 - x L (-1) eric 2 ct 

~l 

L (2n-l) - + x n-l 2 
(-1) erfc 2 ct (7.3) 

2 
-u 

e du is the complimentary error function. 

The error function itself can be difficult to obtain for small values of 

ct/L2 • Three methods were programmed. The first, suggested by Carslaw and 

Jaeger (Ref 3) involves a series 
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erfc(g) (7.4) 

The computer program for this method is named SQFOURE. The second method 

used to evaluate the "exact" answer to this pore pressure head decay problem 

uses a polynomial approximation to the complimentary error function called 

Algorithm 209 (Ref 1). The program containing this algorithm is named SQFOURI. 

The third method, Program SQFOUR, uses Eqs 7.1 and 7.2 directly. Answers from 

these programs are compared with results of computations with GCHPIPI with two 

sizes of time step. Table 11 shows values of excess pore pressure head com

puted for point (1,9) by the four methods for various amounts of time elapsed. 

The truncation error in the Crank-Nicolson parabolic difference equation 

is of the order of (h
x
)2, (hy)2, and (h

t
)2. Thus, while the error in 

representing the time derivative is decreased by decreasing the time step, 

better overall results would be obtained only if there is a corresponding 

decrease in the size of the x and y-increments. 

TABLE 11. VARIATION OF EXCESS PORE PRESSURE HEAD AT (1,9) 

SQFOURE SQFOURI 
Time GCHPIPI GCHPIPI SQFOUR Carslaw & Erfc series 
Elapsed, H =106 sec H = 105 sec Sine series Jaeger Algorithm 
Seconds t t 

Erfc series 209 

1 x 106 
100.0 100.0 100.0>'< 100.0 100.0 

2 X 106 
98.0 98.0 100.0>'< 100.0 99.9 

4 X 106 
94.2 96.1 99.9 99.9 97.5 

8 X 106 
87.3 92.5 97.5 102.4 85.2 

16 X 106 
75.6 85.7 85.2 96 .2 62.2 

24 X 10
6 

66.2 79.8 72 .4 65.8 X 10
8 

48.0 

32 X 10
6 

58.6 74.4 62.2 62.2 38.8 

40 X 106 
52.4 69.6 54.2 54.2 32.6 

"k 100 terms of series used to compute this number. 
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Point (1,9) is in a corner of the clay region and experiences the greatest 

amount of change in the period of time studied. The table above gives an idea 

of the difficulty encountered in arriving at "exact" solutions, as well as the 

kind of accuracy to expect from the numerical computations. In the exact solu

tion programs, at least twenty terms of each series were used in computing the 

values reported. In SQFOUR, the first 100 terms of the Fourier series were 

used to compute the values of excess pressure head at times 1 X 106 and 2 X 106 

seconds. The figures shown in the black-bordered section are probably incorrect 

because of two factors: (1) the erfc series converges very slowly for larger 

values of ct/L2 and (2) the series used to evaluate erfc in SQFOURE diverges 

for values between 1 and 2. 

The remaining part of the chapter presents example problems involving com

putations of unsaturated flow in clay soils. 

Accumulation of Moisture Around a Bored Casing 

A perplexing phenomenon related to the heave of pavement above a bored 

casing has been observed by men of the Texas Highway Department. Normally, 

cased utilities (gas, water, and electricity lines) are laid in an open trench 

before construction of a highway. Even though high-quality backfill is used 

(in some cases one-sack mix concrete) enough swelling can occur subsequently to 

require costly maintenance and repair work. It was thought that by boring a 

hole beneath the completed highway, casing the hole with a light steel pipe 

liner, and extending the utility lines under the pavement through the casing, 

the swelling would be eliminated. The swelling that occurred after these pre

cautions were taken was both surprising and puzzling. 

A partial explanation of this phenomenon is offered here as an example 

problem. Several factors can contribute to an accumulation of moisture around 

the casing which will cause or permit swelling. Some of these factors are 

(1) difference in temperature between ground and casing, 

(2) ion-concentration potential between ground and casing, 

(3) presence and availability of boring water, and 

(4) increase of soil suction in disturbed soil around the casing. 

There are probably more factors, but these are the most significant. The 

example problem considers the effect of factor (4) alone. When preconsolidated, 

clay is disturbed, its suction increases even though the water content remains 
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unchanged. This can be explained microscopically by the realignment of parti

cles and breaking their internal bonds by shearing. Reference to Croney, 

Coleman, and Black's data (Ref 5) indicates that air entry pF and water con

tent may remain very nearly the same, but disturbed soil pF can be expected 

to be higher at the same water content. The final saturation water content may 

be expected to be larger as well. 

Problem Description. A disturbed area 2 feet on a side is centered 7 feet 

below the subgrade. This area is surrounded by soil in an undisturbed state 

and the entire area remains at the undisturbed water content. This arrangement 

is shown in Fig 19. Principal saturated permeabilities are assumed as follows: 

(1) horizontal, 1.0 X 10- 7 in/sec; and (2) vertical, 0.5 X 10- 7 in/sec, in both 

the disturbed and undisturbed soils. No attempt was made to model the casing 

hole. This problem simply assumes the entire 4-square-foot area to be composed 

of disturbed soil alone. The unsaturated coefficients used are 

a 2.54 

b 1.6 X lOS 

n = 3.0 

which are fairly representative of the Yolo light-clay data presented in 

Ref 17. 

The following data for the disturbed and undisturbed soil pF-e relations 

are presented in tabular form for comparison. 

TABLE 12. pF-8 DATA FOR UNDISTURBED AND DISTURBED CLAY 

Maximum pF 

pF at inflection 

Exponent for pF 

Saturated volumetric water content 

Undisturbed 
Soil 

7.0 

3.0 

1.0 

45.0 

Disturbed 
Soil 

7.0 

4.0 

1.5 

4S.0 
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No overburden pressures were considered in this problem. This effect 

will be illustrated in a later example problem. Initial volumetric water con

tent is 42.8 percent at the top and 37.8 percent at the bottom with a linear 

variation between the two. If a specific gravity of solids of 2.70 is assumed, 

a volumetric water content of 37.8 percent corresponds to a gravimetric water 

content of 22.5 percent. 

One-week time increments were used in this problem and 50 weeks of data 

were computed. The suction changed only in the immediate vicinity of the dis

turbed soil in that period of time. The initial and final values of suction 

are shown in Fig 20. Maximum suction change was recorded at station (15,2) 
o~ 

from a value of -151 inches to -85 inches. Because 09 at this point remained 

between 26 and 39 inches throughout the entire problem, the suction change rep

resents a gain of volumetric water content of over 2 percent in 50 weeks. As 

can be seen in Fig 20, a suction potential still remains at the end of this 

period which, if brought to equilibrium, could account for another 1-1/2 per

cent. The increase of suction at points surrounding the disturbed area indi

cates that water has been sucked out of the surrounding soil. A 2-percent 

volume change in a 24-inch cube will produce between 0.17 and 0.5 inch of 

vertical heave. The first figure applies if there is equal swell in all direc

tions. The latter figure is based on swell in the vertical dimension alone. 

A larger disturbed area and larger moisture change will have proportional 

results. This example problem demonstrates that the increased suction due to 

soil disturbance can be significant in causing the swell of a pavement surface 

above a bored casing. 

Soils Data for Other Example Problems 

There is a scarcity of published experimental data of the kind required in 

this study. Of the data that have been published, none include the complete 

list of permeability-suction, suction-moisture, and shrinkage curves; specific 

gravity; and e-log p data. Because of this it is necessary to collect data 

from several sources and use a kind of conglomerate soil in the example prob

lems. Data for each item in the list will be presented along with the source 

of information. 



113,5) 
<, 

113.4) 

115.5) 116.5) , (14.5) 

:::::-- ------ ... _--= ...... 

(14.4) 115.4) (16.4) 

'f Suction after 50 Weeks 

"---------
'/ ~ 

117.5) -

( 17.4) 

(18.4) 

---= 

( 18.4) 

Time,t=O 

119.5) ..,. 

(19.4) 

(~13r.2~)~ ______ ~(~14~.~2~) ________ ~U~5~.2~) ________ ~(~16~.2~) ________ ~(_17~.~2~) ________ ~(1_.~.2~) __________ (~19.2) 

\ 
\ -'------- -----------,/-- ~ 

~~I)~------~ __ ~14~~~I~ __ ---__ --__ --__ --~:.~15~U.~I) ________ ~(~16~.~1~)-----__ ---__ ~(~::~.~1_~)--__ ------~(~18~::~1)~ _______ ;;;"-(~19~.~ 

12 in. 

113.0) 114.0) 115.0) (16.0) (17.0) 118.0) (19.0) I ~~-------+u-------+u-------+u------~u------~,~----~~~ 

Fig 20. Change of suction in disturbed soil region. 

,..... 
,..... 
o 



111 

Permeability Suction. The data for two clay soils reported in Ref 17 were 

used to get values of the unsaturated coefficients a, b, and n 

used and the derived coefficients are given in the table below. 

The data 

TABLE 13. CLAY PERMEABILITY DATA 

Yolo Light Clay Horsham Clay 

Suction, cm Permeability, cm/sec Suction, cm Permeability, cm/sec 

-200 2 X 10- 7 -200 6.3 X 10- 10 

-500 2 X 10-8 
-500 5.6 X 10- 10 

-900 6 X 10-9 -900 2.6 X 10- 10 

k 2.2 X 10- 7 cm/sec k = 6.3 X 10- 10 cm/sec 
sat sat 

0.9 X 10- 7 in/sec 2.5 X 10- 10 in/sec 

a 2.54 cm/in a 2.54 cm/in 

b 
8 

b 1. 08 X 10
12 

= 1.58 X 10 

n = 3.0 n 4.1 

In addition to these data, a rough value for silt permeability, 10-6 cm/sec, 

was drawn from Table 2.1 of Foundation Engineering, by Peck, Hanson, and 

Thornburn (Ref 14). 

Suction-Moisture and Shrinkage. The curves used for guidance in this sec

tion were drawn from Croney, Coleman, and Black (Ref 5). A pF at inflection 

is assumed to be between 3.0 and 5.0 unless the soil is silty clay. For silty 

clay, an inflection pF of 2.5 is assumed. Maximum pF in all cases is 7.0. 

Other check points are shown in the table below. Gravimetric water contents 

are computed assuming a solids specific gravity of 2.70. The quantities shown 

for silty clay are purely assumed data. 
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TABLE 14. SOIL PROPERTIES USED IN EXAMPLE PROBLEMS 

Property Clay Silty Clay 

Final saturation water content (volumetric) 45.0/0 35.0/0 

Final saturation water content (gravimetric) 30.3/0 20.0% 

ct at 0 water content 0 0 

Air entry water content (volumetric) 34.0 - 35.0/0 30.0% 

Air entry porosity 0.350 - 0.365 .310 

ct - exponent of shrinkage curve 2.0 1.5 

X - exponent of saturation curve 0.9 0.8 

Compressibility. None of the problems attempted achieved low enough 

moisture content for the programmed equation containing e-log p data to be 

used. To be on the safe side, however, values of compressibility coefficient 

of 0.08 for clay and 0.04 for silty clay were used. The figure for clay is 

for a preconsolidated Boston blue clay. The silty clay figure was assumed to 

represent twice the clay stiffness, i.e., one-half of its compressibility. 

Redistribution of Moisture and Suction Beneath a House Foundation 

In this problem, an inclined silty clay lens intrudes downward into the 

horizontal clay layer on which a house is built. Outside of the house, at the 

surface of the soil, the soil-moisture humidity remains at 99.99 percent with 

an average temperature of 80
0 

F throughout the period of the problem. The 

physical arrangement of the problem is shown in Fig 21 on which is indicated 

the direction and size of the assumed saturated permeabilities of each soil 

type. Two problems are worked: one with the major principal permeability at 

45 degrees below the horizontal and the other with the major principal perme

ability at 45 degrees above the horizontal. The initial condition for this 

problem is a linear suction gradient from -167.3 inches at the top to -50.2 

inches at the bottom. 

.. 
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Results. The results include output at time steps over a period of 400 

weeks. The time steps for these problems are 4 weeks. Because it is impos

sible to catalog the results in their entirety, the initial and final suction 

and moisture are shown at three locations which may be represented as borings 

at x-stations 4, 8, and 14. These results are shown in Figs 22 and 23. 

Two mechanisms of moisture movement are in evidence in these example prob

lems: an upward transfer of water through the silty clay lens into the drier 

soil above and wetting of the soil from above by infiltration. In Problem 1, 

the second effect was predominant because of the low permeability in the 

lateral direction of the lens. In Problem 2, the greater permeability in an 
o upward 45 orientation allowed relatively rapid transfer of water from below, 

the effect dominating the increase of moisture due to infiltration. As is 

seen in Figs 22 and 23, much suction remains to be changed to a lower value at 

the end point of each problem. The consequent gain of moisture content can 

cause a considerable amount of swelling. 

The instability predicted in Chapter 4 is a consequence of allowing a neg

ative cross permeability term to become too large in magnitude. The insta

bility noted in Fig 22, which occurred in the problem with the negative cross 

permeability terms, did not occur in the identical problem (Problem 2) with 

positive cross permeability terms. The negative cross permeability, the perme

ability discontinuity between clay and silty clay, and the use of the explicit 

estimation of suction at points not closed after a specified number of itera

tions account for the instability noticed in Problem 1 and not noticed in any 

other problem worked. 

As a check on this idea, two variations of the theoretical problem of 

positive pore pressure head decay in a square clay region were run. One was 
-6 

run with a major principal permeability of 10 in/sec inclined at a positive 

45 0 and the other inclined at a negative 45
0

• The minor principal permeability 

used was 10-7 in/sec. In neither of these problems did the solution become 

unstable. Thus it becomes apparent that in house foundation Problem 1 the neg

ative cross-permeability term in vertical pipe increment (14,4) dominated the 

smaller positive permeability terms in the rest of the difference operator at 

point (14,3) and caused instability at that point. It is useful to note fur

ther that as the solution to Problem 1 marched farther in time, the suctions at 

the interfaces between clay and silty clay became larger and larger, some 

reaching exponents as high as 7 and 8 within the 400-week duration of the 
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simulated problem. There is no physical interpretation of this instability; 

it is simply a weakness of the method used. 

Ponding Problems 

A technique used by engineers to reduce the amount of swell, ponding has 

been tried with varying degrees of success for many years. Methods employed 

vary: some use sand wells, others trenches, and still others simply pond the 

surface of a soil expected to cause trouble. The problems reported below serve 

both as examples of the method of solution and as a study of the efficiency of 

sand wells as opposed to surface ponding. 

Six problems are presented: three with l2-inch diameter, 10-foot deep 

sand wells, and three with surface ponding. The soil in each case is the same 

with a final saturation volumetric water content of 4S percent and an inflec

tion pF of 4.0. Other particulars are shown in Fig 24. Positive hydrostatic 

pressure head is set as a boundary condition in each sand well. 

Of the three problems in each ponding category, one includes the effect of 

soil compressibility and two do not. Also, two problems have an initial condi

tion in which all soil is at the plastic limit (assumed to be 37.8 percent, 

volumetric), and one is initially wetter than the plastic limit. Volumetric 

water contents specified for this problem range from 42 percent at the surface 

decreasing linearly to the plastic limit at a depth of 20 feet. The following 

table \vill show the variations presented and the corresponding problem number. 

As is seen in Table 15, one other variation of each ponding category is 

possible: consideration of overburden pressure effects on the wetter soil. 

These problems are not presented because in this case the overburden pressure 

"overcomes" soil suction at a depth of 20 inches, indicating that all expansive 

moisture change must occur in the upper three 6-inch increments. This problem 

variation is not considered significant in the comparison of the efficiency of 

surface ponding as opposed to sand wells. 

Figures. Figures 2S and 26 show the results of all of the surface ponding 

problems. Figure 2S(b) presents the ponding problem which considers the effects 

of overburden pressure and soil expansibility. Figure 26 gives results of Prob

lem POND2. 

Sand well problems are presented in Figs 27 through 32. Results of each 

sand well problem are presented in two figures: one shows contours of total 
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TABLE 15. VARIATIONS OF PONDING PROBLEMS 

Type Soil Initially Soil Wetter Overburden 
Problem of at than Pressure 

Ponding Plastic Limit Plastic Limit Considered 

PONDI Surface x 

POND2 Surface x 

POND3 Surface x x 

PWI Surface and 
sand well x 

PW2 Surface and 
sand well x x 

PW3 Surface and 
sand well x 

change of suction in 50 weeks and the other shows approximate isochrone lines 

for suction changes of at least 1 inch. Figures 29 and 30 show results of the 

expansive problem, pw2. Because overburden pressure "overcomes" suction at 

about 7 feet of depth, only results for the top 5 feet were computed. 

The scale of Fig 25 is too fine to reveal the small details of moisture 

and suction change. Table 16 provides a list of moisture and suction changes 

over a period of 50 weeks for Problems PONDI and POND3. 

Table 16 shows that there is a difference in the suction and moisture 

change depending on whether the soil weight and expansibility are considered. 

When these factors are considered, suction and moisture change are lower, but 

not by a relatively large amount. Because prediction of swell is related to 

moisture change, it appears that the analysis which excludes expansive effects 

would overestimate swell, but not by a substantial amount. Assuming swell to 

be equal to volumetric moisture content change and to occur in the vertical 

direction alone, POND3 predicts 0.84 inches and PONDI predicts 0.92 inches of 

swell in the upper 30 inches. 
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Depth Below 

TABLE 16. COMPARISON OF RESULTS, PONDI VERSUS POND3, 
CHANGES IN 50 WEEKS 

POND 1 POND 3 

I::::.T, I::::.e I::::.T, I::::.e 
Surface, inches inches percent inches percent 

0 162.9 7.20 162.9 7.20 

6 151.8 5.98 140.3 5.01 

12 61.8 1.58 51.4 1. 27 

18 17.1 0.39 16.3 0.37 

24 5.2 0.12 5.1 0.11 

30 1.6 0.04 1.7 0.04 

36 1.2 0.03 0.7 0.02 

42 0.6 0.01 0.4 0.01 

Effect of Expansibility of Soil. The imprecise term "overcoming suction" 

has been used and is clarified in this section. When water becomes available 

to an expansive soil, the suction in the soil draws the water in, and the soil 

tends to swell. If the soil is not restrained, it will swell freely. If it 

is restrained from changing its volume, it develops an internal excess pore 

pressure which can be very large in comparison with most building loads. If 

the soil is restrained by an isotropic stress p, then a portion of the suc

tion in the soil must be converted into an excess pore pressure which is 

exactly equal to p before volume change or change of moisture can take place. 

This process could be viewed as an "overcoming" by the isotropic pressure p 

of an amount of suction equal to a ply . This is precisely the point 
po w 

developed in Chapter 4 of Research Report No. 118-1 regarding the constant 

water content test. The experiments made by Croney, Coleman, and Black (Ref 5) 

showed that the water content of a soil sample does not change as long as 

change in suction from the free swell condition is equal to a ply . 
po w 

In both expansibility problems, it is assumed that the conversion of suc-

tion to an excess pore water pressure occurs instantaneously when water becomes 
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available to the soil at any depth. The only suction that remains to change 

water content and volume is that which has not been "overcome" by isotropic 

pressure. In the expansive problems, this isotropic pressure is assumed to be 

the overburden pressure. This assumption is in error in the vicinity of the 

sand well because the horizontal pressure is decreased by the presence of the 

drilled hole. Similarly, the presence of shrinkage cracks can relieve hori

zontal pressure to an active state, reducing the confining effect of overburden 

pressure. In general, the confining conditions, both vertical and horizontal, 

should be considered in determining the isotropic pressure against which 

swelling occurs. Thus, the use of an inert surcharge over an expansive clay 

effectively reduces the suction available for changing volume. The amount of 

reduction depends on the level of suction in the soil. 

The expansibility coefficient of a soil may be taken from the rebound 

curve in a drained triaxial test or consolidation test. If no experimental 

data are available this coefficient could be assumed equal to the preconsoli

dated compressibility coefficient. 

The results of these six problems reinforce the qualitative opinions held 

by engineers on the technical superiority of sand wells. In addition, the fact 

that antecedent moisture conditions determine the amount of infiltration that 

will occur has been clearly demonstrated. The wetter the soil before ponding, 

the less water will be absorbed by the soil. Presence of weather cracks and 

slickensides in soil reduces the effective confining pressure so that suction 

changes which actually occur may be at some intermediate stage between those 

presented in this study. 

Distribution of Moisture in a Concrete Girder 

Although this problem does not apply strictly to soil, it does indicate 

the mathematical and physical similarity of moisture movement in clay and con

crete. This problem also reveals another possibility for experimental verifi

cation and predictive use of the computer programs presented in this report. 

Powers and Brownyard (Ref 15) of the Portland Cement Association presented 

data relating the water-cement ratio of hardened cement paste to the relative 

vapor pressure with which it comes into equilibrium. These vapor pressures 

have been converted to suction and included in Table 17 with the water content 

and relative vapor pressure data. 
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TABLE 17. SUCTION-MOISTURE RELATION FOR HARDENED CEMENT PASTE 

Water Content, Relative 
wt of water Vapor Suction, 
wt of cement Pressure cm of water pF 

15.47 0.00 

17.98 0.08 -3.54 X 106 6.55 

18.87 0.16 -2.66 X 106 6.43 

20.10 0.32 -1.59 X 106 6.21 

20.82 0.39 -1. 32 X 106 6.12 

21.44 0.46 -1. 08 X 106 6.03 

22.02 0.53 -0.89 X 106 5.95 

22.82 0.60 -0.72 X 106 5.86 

24.82 0.70 -0.50 X 106 5.70 < • 

27.52 0.81 -0.296 X 106 5.47 

30.43 0.88 -0.179 X 106 5.25 

35.31 0.96 -0.0575 X 106 4.76 
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These data are plotted in Fig 33 along with the approximate curve used in 

the computer program. The exponent for the pF-water-content curve is 2.13 and 

was determined from a plot of the experimental data on log-log graph paper. 

An attempt has been made to input these data as exactly as possible into 

Computer Program GCHPIPI to allow calculation of the evaporable water that is 

retained in a large concrete highway girder subjected to a drying atmosphere. 

The size of the girder is chosen to be approximately the same overall 

dimensions as the largest standard Texas Highway Department prestressed highway 

bridge girder. An overall depth of 54 inches and flange width of 24 inches was 

assumed. The web thickness is unrealistically large at 9.6 inches. 

The cross section of girder shown in Fig 34 is assumed to be cast at a 

water-cement ratio of 0.50 after bleeding. It is surrounded by an atmosphere 

that remains at 800 F and at 15 percent relative humidity. The problem does 

not completely model field conditions because the upper flange of the girder is 

ordinarily covered by a deck slab and is subjected to different atmospheric 

conditions than the rest of the girder. In addition, stress gradients will 

cause moisture migrations from the compression into the tensile zone. Both of 

these effects could be modeled with GCHPIPl, of course, but inclusion of these 

effects will detract from the use of this problem as an example. 

Permeability of cement paste is assumed to be the permeability of the con
-12 

crete. The value of 5.9 X 10 in/sec is drawn from a paper by Powers, 

Copeland, Hayes, and Mann (Ref 16). 

Computation of moisture distribution with time in the concrete girder was 

attempted using two approaches: 

(1) recognizing the fact that permeability of cement paste increases 
with drying, and 

(2) assuming permeability is constant with decreasing water content. 

Experimental observations reported in Ref (16) show that permeability of 

cement paste may increase by a factor of 70 as the paste is dried to 80 percent 

relative humidity. It was assumed that permeability would be 100 times larger 

at 8 percent relative humidity and the following set of a 

computed for the moisture dependent case. 

a 2.54 cm/in. 

b -1.0858 

b , and n were 



132 

c: 
.2 .-
o 
::J 

en 
Q 

0> 
o 

Ll
e. 

7 

6 

5 

4 

3 

2 

o 
o 

Suction Moisture 

10 

Suction Moisture Curve 
Used in Computer Solution 

20 30 

Water/Cement Ratio, % 

40 

Fig 33. Graph of concrete suction-moisture curves. 

50 60 



133 

r 
19,2"" 

f 
5.4 in. 

+-
5.4 in. 

t 

9.6 in. 54 in. 

t 
8.1 in. 

.. 

t-. . 

8.1 in. 

L 
I~ 24 in. .1 

Fig ~4. Concrete girder cross section. 



134 

n = .0054 

The values of a, b, and n for the constant permeability case are 

as follows: 

a = 0.0 

b = 1.0 

n = 1.0 

The negative value of b and the small size of n in the moisture 

dependent case resulted in an unstable solution process in which negative 

permeabilities were computed which in turn induced larger errors in computed 

suction values. This instability is akin to the instability noticed in the 

house foundation problem and predicted analytically in Chapter 3. Because of 

the erratic results achieved, none of the data for this case are presented here. 

Results of computations in the constant permeability case are shown in 

Fig 35 on the left. In Fig 35 are shown contours of equal water-cement ratio 

after a period of about one year. The right side of Fig 35 shows the same 

contours after three years. It is readily apparent that the concrete within 

the flanges remains substantially wetter than that at the exterior for long 

periods of time even in every dry climates. This higher water content in the 

interior of concrete structural members has been observed in thick concrete 

columns by personnel of the Portland Cement Association. This last example 

shows the versatility of Computer Program GCHPIPI in solving unusual problems 

with odd geometry. 

The most important finding of the studies reported in this chapter is 

that it is possible to make quantitative prediction of results such as these 

for a heterogeneous, anisotropic region of soil or concrete in which unsatu

rated water movement occurs. 
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CHAPTER 8. CONCLUSIONS AND APPLICATIONS 

The two computer programs described in this report, GCHPIPI and FLOPIP2, 

are written to solve a nonlinear concentration-dependent partial differential 

equation for moisture movement in soil regions with irregular boundaries using 

a discrete-element model of the flow process. 

The computer programs have been tested for accuracy and validity against 

theoretical series solutions and against field data. In both of these widely 

divergent cases, the methods used have been proven valid. The results of com

puter simulation of moisture change measured by University of Wyoming personnel 

at their West Laramie test site show that computer prediction of such results 

is not only practical but is quite accurate. In addition, the procedure has 

been demonstrated by which field data can be used by the computer to determine 

field permeability characteristics of the soil. If one has access to data 

such as these, it may no longer be necessary, except as a check, to make labo

ratory permeability tests, the results of which are questionable in many cases. 

Chapter 2 contains an abbreviated discussion of the flow equations solved 

by the computer programs of this report. A more comprehensive treatment of 

the subject is given in Chapter 5 of Research Report 118-1. The flow equation 

is a nonlinear parabolic partial differential equation which is normally 

solved in one of two ways: 

(1) a closed form series solution and 

(2) a numerical method which starts with some initial condition and 
marches forward in time, computing incremental changes from one 
time step to the next. 

Of these, the first method is applicable only in the most well-behaved prob

lems. Several possibilities exist in the second approach. 

Chapter 3 presents two of these possible approaches: the forward differ

ence method and the implicit Crank-Nicolson method. The latter is used in both 

Computer Programs of this report because of its inherent stability. A method 

is defined as stable if errors do not normally grow with time regardless of the 

size of time step chosen. An interesting discovery in numerical analysis is 

137 
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described in this chapter in a demonstration of a rare form of instability in 

the Crank-Nicolson method associated with the angle between the horizontal and 

the direction of principal permeability. 

Chapters 4 and 5 outline the details of the two computer programs, 

GCHPIPI and FLOPIP2, respectively. A prospective user of these programs is 

advised to read these chapters carefully. 

In Chapter 6, field data from tests by University of Wyoming personnel 

were studied in detail using the one-dimensional computer program. These data 

will be considered further in Research Report 118-4, in which computer programs 

to predict swell will be presented. It is impossible to present in a single 

chapter any but the most austere outline of the information and artificial 

experience gained from the many computer trials made in an effort to match the 

Wyoming field data. The outline presented is encouraging as it provides guid

ance for an efficient choice of the unsaturated permeability parameters b, 

n , and k 
sat 

In Chapter 7, a number of example problems are presented which have been 

solved with the two-dimensional computer program. Solution of a two-

dimensional consolidation problem is checked with series solutions, some of 

which were not within their region of convergence. This problem indicates two 

pertinent points: 

(1) the accuracy of the computer method and 

(2) the difficulty of achieving closed form solutions even in such 
fairly well-defined problems as this one. 

Predictions of moisture accumulation around a pipe-casing, beneath a 

house, and in stratified clay due to ponding and sand wells were presented to 

emphasize the versatility of the computer program. The computation of moisture 

distribution in a concrete girder is presented as an example of the broad scope 

of applicability of the suction-moisture approach adopted as a basis in these 

computer programs. Based on these latter findings, it would be possible to use 

moisture distribution in concrete members to determine field permeability con-

ditions in concrete. 

The computer programs of this report were devised with a comprehensive 

theoretical development as a foundation and with an accurate and stable numer

ical method as a framework. Their demonstrably broad scope of applicability is 

a planned result and their use for practical analytical and predictive purposes 
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is to be expected. The accuracy that can be achieved in using these computer 

programs is excellent provided the input data are of as high a quality. 

High quality input data are normally difficult to achieve but, as shown 

in this report, a considerable amount of detailed information about the soil 

can be gained from field tests and this information can be used subsequently 

to make quite reliable predictions. In this way, the computer programs of 

this report can be used to improve the quality of their own input information. 

Computer Programs GCHPIPl and FLOPIP2 are expected to provide widely 

applicable and versatile tools for analysis, prediction, and data improvement 

of moisture movement in porous materials. 
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APPENDIX 1 

FLOW CHARTS FOR PROGRAM GCHPIPI 
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(------------
, 
4 

PROGRAM GCHPIPI 

1000 

READ and PRINT 
Run Identification 
Problem Number 
Problem Identification 

Yes 

No 

READ and PRINT 
Table 1. Table Controls, 

Hold Opt ions 

READ and PRINT 
Table 2A. Increments, Iteration 

Cont ro 1 
Table 2B. Monitor Stations 
Table 2C. Transient or Pseudo

Steady State Flow Choice 

Compute Constants for 
convenience 

READ and PRI NT 
Table 3. Permeability 

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 

READ and PRINT a card from 
Table 5. Initial Conditions 

149 



150 
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 

l 
KAT 

'-----------------, 
Distribute Water Content Over 
specified rectangular region 
using slopes from upper right 
corner added to previously 
stored water content 
Set KAS(I,J) = 1 

,-----------------~llcALL Subroutine SUCTION II 

Distribute Suction over 
Specified rectangulpr region 
using slopes from upper right 

+--corner added to previously 
stored suction 
Set KAS(I,J) = 1 

II CALL Subrout ine DSUCT 1/ 

I , _______________ -11526 CONTINUE) 

( 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 
I 
I 
r 

DO 1645 M = I, NCD6 ) 

READ and PRINT a card from " 
Table 6. Boundary and Internal 

Conditions 

KASE 

1 2 345 
-'r---~r--~r---~r--~~ 

Water Content Set 
in specified rectangular 
region. Added to previously 
stored water content 
Set KAS(I,J) = 2 

, 



~ 
I 
I 
I 
I 
I 
I 
I 
I 

~ 

----------1:1 CALL Subroutine SUCTION II 

Suction Set in 
specified rectangular 
region. Added to previously 
stored suction. 
Set KAS(l,J) = 2 

_----------ill CALL Subrout ine DSUCT II 

x - Slope Set in 
specified rectangular 
region. Added to previously 
stored X - 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(l,J) is set 
at 3 and Subroutine DSUCT 
is ca lled 

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(l,J) is set 
at 4 and Subroutine DSUCT 
is called 

Soil Moisture Humidity Set 

I 

in specified rectangular r----------------/ 
region. KAS(I,J) = 2 

II CALL Subroutine HUMlDY II 

- - - - - - - - - - -1 1645 CONTINUE 
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READ Table 7. Closure Acceleration ........... 

Data. 
First Card: No. of X- and Y-
closure valve settings, IX and IY 

READ and PRINT 
List of x- and Y- closure valve 
settings. 

". 

READ Table SA. List of time steps 
where boundary conditions change 
First Card: Switch KEY and 
number NSTEP 

KEY 

1 2 3 
--.. r 

READ and PRINT "-
NSTEP time steps where 
boundary conditions change. 
Set KLOC(K) = 1 at these 
time steps; = 2 at all , others I 

PRINT ALL - Continuous boundary "-
condition change. Set KLOC(K) f---" 
= 1 at all time steps 

PRINT NONE - No change of boundary' 
conditions. Set KLOC(K) = 
2 at all time steps. 

READ Table 8B. List of time 
st 2pS for output 
First Card: Switch KEYB 
and number NOliT. 



: 

,,----------
r 
I 
I 
I 
I 
I 
I 
I 

t 
I 
I 
I 

¢ 

.. 
I 
I 

+ 

-----

o 
--

153 

• KEYB 

1 2 
L...- r 

READ and PRINT 
NOUT time steps for output 
Set KPUT(K) = 1 for these time steps r 
and = 2 for a 11 others 

I PRINT ALL - Cont inuous output 

Zero out Temporary Constants I 

DO 9000 K = 1, I TIME) 

I KOUT = KPUT(K) I 

Is 
K > 1 No 

And 
KLOCeK) = 1 

Yes 

READ KTIME (Time Step) and NCD6, 
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 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

4 

r 

KASE 

I 2 3 4 5 
.......... ,---..... ,...--.... r--.... ,...--.... ,.-.... l __ _ 

I 

Water Content Set 
in specified rectangu la r 
region. Set KAS(I,J) = 2 

CALL Subroutine SUCTION II 

Suction Set in 
in specified rectangular 
region. Set KAS(I,J) = 2 

II CALL Subrout ine DSUCT II 

x- Slope Set in 
specified rectangular 
region. After all cards in 
Table 9 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. After all cards in 
Table 9 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 called. 

, 

" 



. . 

I 
I 
1 
I 
I 
I 
I 
I 

i 

I 
I 

cb 

I 
I 
I 
I 

~ 
I , 
I 
I 

I ,----
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Soil Moisture Humidity Set 
in specified rectangular 
region. KAS(I,J) = 2 

r I 
:1 CALL Subroutine HUMIDY I] 

I 
_______ ---1 1945 CONTINUE 

~ 
Compute components of the saturated 

permeability 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, T, WV, DTDW, PH, P12, P22l 

~ 
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 
cylindrical region 

~ 
Set constants outside of 

region 

I 
Set T = TX = TY I 

I 
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/-------- DO 8000 IT = 1, ITMAX ') 
I 
I 
I 
I 
I 
I 
I 
I 

4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

C$ 

,--- - DO 2370 J = 3, MY + 3) 
I 
I 
I 
I 
I 

-, - DO 2210 I = 3, MX + 3 ) 
I 

~ 4 
I 

cb 

I 
'-

,-
r 
I 
I 

¢: 
+ 
I 

¢ 

Is 
IT > IX Yes 

No 

Preset VSY(I,J) = VY(IT) I 

r Compute natural VSY(I,J) I 

Compute X- tube flow 
coefficients AL, BL, CL, 

----- 2210 CONTINUE ') 

- DO 2300 I = 3, MXP3 

KAS(I, J) 

1 2 3 4 
L-...., r 

r-
Compute normal continuity 

coefficients AA, BB, CC 

H Compute Suction Set I 
cont inuity coefficients I 

r 

DL l 
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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 

~ ~ • ~ No 

I 
I 
I 

.. I 
I 
I 
I 
I Compute point gradient 
I continuity coefficients 

~ 
I Compute pipe increment 
I gradient continuity 
I coefficients 
I 
I 
I 
I Compute normal continuity 
I coefficients AA, BB, CC 
I 
I 

¢ 
\ ""-------

-- DO 2370 I = 3, MX + 3 , 

• ¢ Compute TX 

l 
,-------

¢ 
,---------

$ ,,----- DO 2570 I 3, MX + 3 I ( I 
I I 

I I I ,-- DO 2400 J 3, MY + 3 
I I ( 
I I I 

I 

~ + I I Yes 
I I 

~ I 
I 
I 
I 

¢ Preset VSX(I, J) VX(IT) 

Compute natura 1 VSX(I, J) 
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4 4 
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 

0 

I 
'-

Compute Y- tube flow 
coefficients AL, BL, CL, 

-------12400 CONTINUE 

-- DO 2500 J = 3, MY + 3 

KAS(I,J) 

1 2 3 4 
'--------. 

l 
'-

rl Compute norma 1 cont inuity 
coefficients AA, BB, CC I 

H Compute Suct ion Set I 
continuity coefficients I 

Compute normal continuity 
~ coefficients AA, BB, CC 

s 
Pt. on No 

Boundary 

Yes 

H Compute point gradient I 
continuity coefficients 

Compute pipe increment 
gradient cont inuity 
coefficients 

______ ~ 2500 CONTINUE) 

,--- DO 2570 J = 3, MY + 3 

I 
I 

• I 

DL I 

'. 

I 
I 

If 



: 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

o 

C0 
I 
I 

I 

4 
J , 
I , 
I 
'--

I 

4 
J I Compute TY I 
I 
,----------- 2570 CONTINUE ---------

Is 
(TY-TX) Yes < (e)(TY) 
at each 
point 

No 

Set KLOS(I,J) = 2 at each 
point not closed. KLOS (I, J) 
is set = 1 at all other points 

KOUT 

1 2 
'------. 

l 
PRINT Monitor Data 'I 

~ 
,-------- -------- 8000 CONTINUE ) 

KLOS(I,J) 
at each point 

1 2 
~ 

l 
Set new T = weighted average 

I of TX and TY 

( 

r Set new T = value from 
mod Hied forward difference 
method 

II CALL Subroutine DSUCT I 

159 
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I 
I 
I 
I 
I 

+ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
~ 
"'"-'- ---- - - --

KOUT 

1 2 
"---- r 

"" 
PRINT I, J, T, WV, PFl, VSX, VSy 1 • 

r 
---- 9000 CONTINUE 

Return to Statement 1000 
to read data for a 
new problem 
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Subroutine DSUCT 

wv = WVS Yes >-------1 PF 1 = 0 
DTDW:; 1. 0 

2750 

Yes 

No 

TE (-T + ALP X P )( 2.54 ) 

TE (-T ) ( 2.54 ) 

PFl LOG10 ( TE ) 

T = -1/ 2.54 
Yes PFl == 0 

0 WV WVS :; 

DTDW == 1.0 
No 
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Is PFI = PFM 
Yes T PFI 

PFI > PFM = (-00) )/2.54 
WV = a ~ 

DTDW ;z 
lola 

No 
II 

" 
2750 

Compute Constants 

PF = PFM - PFI 

TAT = 100 \ 
PFR ) -
PFM 

XM 
PFM 1 

= WVS l+BETA 

Is 
Yes 

r PF > PFR 

No 

AT = TAT ( PF ) l+BETA 

r 
-PFR 

DTDW= XM ( - T)( LOG 10 l PFR \BETA 
- ) e \ PF 

AT = 100 - ( lOa-TAT )( PFI ) l+BETA 

'- \ PFM-PFR 

DTDW= XM(-T)(LOGelO)( 
PFM-PFR )BETA 

PFI 

I 
WV 

AT 
= - (WVS) 

100 

FACT= o - POR) x 2.70 ~ 

DTDW= DTDW ~'( FACT 
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2750 

KLH 

2 
'---....... r--..... 

. ' 
No 

Yes 

I CALL Subroutine HEAVY I] 

T = T + (ALF) ( P ) 

DTDW DTDW + (ALF) ( DP ) + ( P ) (DALF) 

Return 
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Subroutine SUCTION 

Compute 

XM 

FACT 

AT 

TAT 

RECB 

PF 

PF1 

T 

DTDW = 

Yes 

No DTDW 
>-------.1 PF1 

T 

Constants 

PFM 1 
WVS l+BETA 

(1 - POR) X 2.70/100 

= 100 ( WV/WVS ) 

100 ( PER/PFM ) 

1 / 1 ++ BETA ) 

No 

1526 
-

) PFR ( AT RECB 
TAT 

PFM PF 

( (lO)PFl ) / 2.54 

1.0 
0.0 
0.0 

1530 

(FACT)(-T)(LOG 10) ( PFM-PER )BETA 
XM e PF 
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1527 

( 100-AT \ RECB 
PF1 = (PFM-PFR) 100-TAT ) 

( 
(lOlF1 

\ 

/ T = \ - ) 2.54 --"" 

DTDW :::;; XM (FACT)(-T)(LOG 10) ( PEM-PER \BETA 

e PFl ) 

1528 

KLH 

1 2 

) r--

No 
Is Data 

Being Read 
In 

Yes 
Yes 

II CALL Subroutine HEAVY I] 

T :::;; T + (ALF) ( P ) 

DTDW :::;; DTDW + (ALF) ( DP ) + ( P )(DALF) 

1530 
I Return I 
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Subroutine HEAVY 

I 
P = ( MY + 3 - J ) (GAM) ( HY )/0.0361 

TERM = ( 1 - paR )(2.70) 

TH = ( WV )TERM/100 

F1 = AV ( paR - 1 ) 

F2 = ( 2 X TH - paR ( TH + 1.0 ) ) 

Is 
No 

WV < WVA 

Yes 

ALF = ALFO + (l-ALFO) ( WV )Q-1 
, WVA 

paR = PN 

SAT ( TH )R = paR , 

F3 = SAT 

DP 
P X paR 

+ HY = F1~'<'F2xF3 

100 ( WV Q-2 
DALF = WVAxTERM (Q-1) (l-ALFO) WVA 

) 
I 
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l 
ALF 1.0 

DTH 
( WV - WVA 2 TERM 

100 

POR ( PN + DTH ) 1 + DTH 

DP 
P X POR 
F1XF2 + HY 

DALF 0.0 

lRe turn1 
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APPENDIX 2 

GUIDE FOR DATA INPUT FOR PROGRAM GCHPIPI 
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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.'42E-06/ 

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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GCHPIPI GUIDE FOR DATA INPUT --- Card forms 

IDENTIFICATION OF PROGRAM AND RUN (one alphanumeric card per problem) 

IDENTIFICATION OF PROBLEM (one card each problem; program stops if NPROB is left blank) 

NPROB 
DESCRIPTION OF PROBLEM (alphanumeric) 

5 II 

TABLE 1. TABLE CONTROLS, HOLD OPTIONS 

ENTER 1 TO HOLD PRIOR TABLE 

2 3 4 5 6 7 2 

15 20 

1 Grid Coordinates 
IF KGRCL IS 

2 Cylindrical Coordinates 

NUM CARDS ADDED FOR TABLE 
SWITCH 

KGRCL 
SWITCH 

KLH 

3 4A 5 6 7 1 or 2 1 or 2 

1 Light - overburden pressure and 

IF KLH IS compressibility not considered 

2 Heavy - overburden pressure and 
compressibility considered 

Note: KLH SWITCH should be set to 2 only if data includes the soil compressibility effect on suction. 

10 

80 
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TABLE 2A. INCREMENTS, ITERATION CONTROL 

NUM NUM MAX NUM 
0'/ ..{- OF Y- ITERS TIME X-INCR Y-INCR INSIDE TIME CLOSURE 
INCRS INCRS PER TIME STEPS LENGTH LENGTH RADIUS STEP TOLERANCE 

I I I I I E E __ L E E E 
'5 10 1'5 20 30 40 '50 60 70 

TABLE 2B. MONITOR STATIONS 

COORDINATES OF MONITOR POINTS 

I J I J I J I J 

5 10 15 20 25 30 35 40 

TABLE 2C. CHOICE OF TRANSIENT OR PSEUDO-STEADY STATE FLOW 

1: TRANSIENT FLOW 2 PSEUDO-STEADY STATE FLOW 

TABLE 3. PERMEABILITY 

FROM TO ANGLE FROM UNSATURATED PERMEABILITY COEFFICIENTS 

I I J I I J Pl I P2 I Pl TO HORIZ. AK I BK I EN 

I I I E I E I E E I E I E I 
5 10 15 20 30 40 50 60 70 80 

...... 
....... 
U'I 
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I 

NUMBER 
LOCA- MAX INFL PF-w 
TIONS PF PF EXPONENT 

F F I F I 
5 10 15 20 

FROM TO 
I J I J 

TABLE 5. INITIAL CONDITIONS 

FROM TO 
I J I J 

5 10 15 20 

AIR 
ElnRy 
W.,\TER 

CON- ALFA 
TENT EXPONENT 
F I 

25 

CURVE 
NUM 

KAS 
1 OR 
n 
25 

F I 
30 

2 

I 
31 

TABLE 6. BOUNDARY AND INTERNAL CONDITIONS 

FROM TO KASE 
I J I J 1 TO 5 

I I n 
5 10 15 20 25 31 

ALFA AT 
ZERO 
WATER 

CONTENT 
E 

WATER 
CONTENT 

E 

KAS 

WATER 
CONTENT 

E 

KASE 

40 

40 
1 

40 

1 

POROSITY 
AT 

AIR ENTRY 
E 

SUCTION 
E 

KAS 2 

SUCTION 
E 

KASE = 2 

50 

50 

50 

UNIT FINAL 
E-LOG P 

COMPRESSIBILITY X 
COEFFICIENT EXPONENT 

WEIGHT SATURATION 
OF WATER 

SOIL CONTENT 
E I F I F E 

60 65 70 80 

Y-SLOPE X-SLOPE 
A2 C2 

E E 
60 70 

SOIL 
X-GRADIENT Y-GRADIENT MOISTURE 
OF SUCTION OF SUCTION HUMIDITY TEMP 

E E F I I F 
60 70 75 77 80 

KASE 3 KASE 4 KASE 5 
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TABLE 7. CLOSURE ACCELERATION DATA 

NUM NUM VX and VY are externally specificed X and Y-c losure valve settings which are all 
VX VY used before natural closure valve settings are computed. 
n n 
4 5 9 10 

X-CLOSURE VALVE SETTINGS (maximum number is 10) 

E E E E E E E E 
10 20 30 40 50 60 10 

E E 
10 20 

Y-CLOSURE VALVE SETTINGS (maximum number is 10) 

E E E E E E E E 
10 20 30 40 50 60 10 

E E 
10 20 

TABLE SA. TIME STEPS FOR BOUNDARY CONDITION CHANGE 

KEY NSTEP 

o D IF KEY IS 
5 8 10 

LIST OF TIME STEPS (if KEY 1 maximum is 50) 

5 10 15 20 25 30 
, 

5 10 15 20 25 30 

1 

2 

3 

~ 

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 10 

80 

80 

t-' ..... 
1.0 
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TABLE BB. LIST OF TIME STEPS FOR OUTPUT 

1 

KEYB 

o 
NOUT 

CJ 

IF KEYB IS 
2 

8 10 

LIST OF TIME STEPS (if KEYB 1 maximum 

I 
5 10 15 20 25 

I I 
) 

~ 
) 

5 to 15 20 

TABLE 9. SUBSEQUENT BOUNDARY CONDITIONS 

TIME NUMBER 
STEP CARDS 

I I 
5 10 

FROM TO KASE 
I J I J 1 TO 5 

I n 
5 10 15 20 25 

Read in a list of output time steps 
NOUT is the number of these time steps 
Continuous output 

is 50) 

30 35 40 45 50 55 

(if KEY 1 or 2 ) 

WATER X-GRADIENT 
CONTENT SUCTION OF SUCTION 

E E E 
31 40 50 

KASE 1 KASE 2 KASE 3 

60 65 70 

SOIL 
Y-GRADIENT MOISTURE 
OF SUCTION HUMIDITY TEMP 

E I F I I F I 
60 70 75 77 80 

KASE 4 KASE 5 
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APPENDIX 3 

LISTING FOR PROGRAM GCHPIPl 
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c 
r 
c 
r 
c 
C 
c 
C 
c 
c 
c 
c 
c 
c 
r 
c 
C' 
C 
C ,. 
r 
~ 
r: 
r 
c 
c 
r: 
c 
r 
r 
C 
C 
(: 

C 

PRO"HAM fiCH~lr'l (INPUT ,OUT~UTl 
NOUTlON 
T SUCT'o~ 
TX T~I~L SUCTION IN A· PIPES 
T1 THlAL SUCTION TN 1 - PIPES 
Pll PfR~tA~ILITY IN X-U1RECTIO~ AFFtCTED RY x- HEAD CHANGE 
~l2 PE"~tAH1LITY I~ 1-~lREeTlnN ~FFECTEO 8Y Y- HEAD CHANGE 
~21 PE~~~A~ILITY I~ Y-UIREeTION AFFECTED 8Y x- HEAD CHANGE 
P22 p~~~tAH1LllY I~ y-UlREeTION ~FFECTED BY Y- HEAD CHANGt 
Pi P~lNCIPAL PE~~EABILITy NEARF~T X-OIRECTInN 
P2 P~l~CI~AL PEHvEABILITy NEARFqT Y-DIQECTION 
A ~UCI 10~ eOEFFICIF~T OF T( I,J-l) 
rl C;UCrlOl\l COEFFICIFI><T OF T( I-ttJ) 
c sueT LU'", COEFFICIF~T OF T ( I • J) 
o suCTiUN eOEFFTCIFNT OF T( I+l,J) 
E sucr,o~ eOEFFICI~~T OF T(I,J+l) 
F ~WAV,rY ~OTENTtAL COMPONENT OF PEq~EA8ILIIY 
orull lolA T I:. OF CHA",·GE nF sueT ION WTTH·;ATEq CONTEN! 
AL TU~~ ~LU~ HATRII COEFFICIENT ~F TX OR Iy AT I -1 
i"lL TUI~t fo'Luw MAT~IX COEFFICIFll.JT nF TX OR iv AT I 
eL TU':!t ~Luw MANIX COEFHCIENT 'IF TX OR 1y AT I +1 
DL TUbt ~LO~ rONSTA~T 
HI I~CH~M~Nr LENRTH IN THE x.nTwECTION 
H1 INCH~M~Nl LENRTH IN THE v.nIHECTInN 
MT !NCH~M[Nr LENRTH IN THF TTM~- OIRFCTION 
AA r:Dr.I.lNII!fY COFFFlClENT .. A CO'~STANT 
~~ CO~11NUITY CO~FFICIENT - R CONSTANT 
ce CO~T1NUIry COEFFICIENT - C CO~STA~+ 
DO CO~l'Nuirv COFFFICIENT .. A nENOMINATO~ 
ALPH6 ANGL~ HETwEEN PI ANO THE x_ nl~ECTTON 
~PS CLCSuk~ TOLEHA~CE ON OIFFFOENCE IN TA ANu TY 
wlJ vOllJNll::THIC \IIAlF~ COIliTENT 
wvS SATU~.l~U wATER CO~TENT 
VS" CLOSUHC: PA~AMFTEH FO~ THE X-DIREcTION 
VSY CL05uHE PAMAMFTEH FOR THF v-DIREcTION 
OlME~Slu~ ~1(.O,~~),~2(40,2~),ALFA(40,~~"AK(4n,?5),dK(4n,2S), 
lEN(~V'2~),_Vl~O,2~),T(4n,25),pl1(4n'2~l,P12(40.25),p2~(4n.2S), 
~OTD~(40'25"V~X(.O'25)'VSY(40.2~),A(4n,2~).8(4n,25),eA(40,2S). 
JC11'+O'2~1 ,0 (4iJ,2~) ,E (40,25,.F 14 0,25) ,AI (40) ,BL (40) ,eL (401 ,OL (40), 
,.U(4tu) .~i:'(4(d .CC(4tO) ,TX(40.lS) 'TY(40'''~) ,I(URV(4Qt2S), 
~KLOC(1000),AN1(lb),AN2(1).WVS(4tO,2S).nTnX(40,~5),DtOY(40.25), 
O~ A5 lot 0,(3) • v X Cl 0) , V'f ( 10) ,PFI"I ( 1 0 ) ,PF~ ( 1 ", ,t1ETA ( i 0 I ,IiVA (10 1 • Q 11 01 , 
1 ALF 0 ( 10) • R ( 1 v) ,A OJ ( 10) 'Pfo.1{ 10) ,paR (4 n, 2'\ l ,I( T (50 I ,WN ( 1 n) • I\PUT ( 1 0001 , 
OKLOSI'+O,2S) 
COMMUN/ONE/PfN,~FH,~E'A.nTD~,PFl 

l/TWO/f,I7.,J2 
i/TH~tt/~vS,~LH,~ 
3/FOUH/WVA,~,ALfo,H,Av,PnR.KuHV'WV,G4M,AlF,P,OP~OALF,MY,HY,PN 

1 FOIolMAT (1/ 5ul1 "''''OGMA''' GCHPIPl R.L.tyTTON REVISION DATE 
1 I 5;; JUNE ,196':1 'II) 

11 FORMATI ~~l ,80X ,10HI-----TRJ~ ) 

185 

no!) 
000 
001 
oots 
009 
010 
Oil 
012 
013 
011t 
015 
016 
on 
Ol~ 
019 
020 
021 
022 
o~j 
024 
1)2:;' 
02f1 
UZI 
O;?" 
02~ 

03u 
031 
032 
033 
oJIt 
03~ 
036 
037 
038 
039 
040 
041 
042 
043 
044 
(145 
040 
041 
O".~ 

049 
050 
os 1 
052 
053 
1)54 
055 
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l~ FORMAl 
1'+ FJH"'AT 
\~ FOI'fI'lAT 
i:!u FOHMAT 
21 FORM~I 
~c: FO~MAT 
~J FORMAT 

~Al\i) 

I A!:I,5 Jl ,1 Al0) 
(1111UH PHOR , I~X, AS, SX, 1 A10) 
(1bi5) 
( 415,~l:.lO.3) 
i 41:"ol:.10.3) 
C I5t~r5.2.3EIO"t2r5.l'EI0.3) 

2~ FOH~~T CSTS,S~,~l:.lO.3) 
2~ FOR~AT ( Sl5,~X,'+flO.3'FS.3tlX'F4.1) 
2b FOH~~TC 8Eln.~) 
Z7 FOH4AT C ~A,1~,~(5X,EIO.3) 
~d FOH~ATC ~1,+,C~,&'EIO.3,?X» 
2:.; F'uki"lAT l/ I "U-; 1 J TlltJ) l1li11 C ItJ) OTO- (1 ,J) 

1 3u~(',J' P12Cl,J) P2?,I,J) ) 
Pll 

IdO FOriMAT (11140M fABLE 1. PRUGRAM CONTROL SWITCHES. 
I I ~IJA, 25M TABLES NUMBER 
l I ~V~, 35n 2 3 4A 5 6 7 
J II 40N PRIO~ DATA OPTIONS (1. HOLD',lll ,615, 
'+ , ~1~ NUMdER CARDS T~PUr THI~ PRORL~M, 10X,6lS' 
~ II ~1~ GNlO = 1. CYL'~OE~ = 2 SWITCH ,10x,IS, 
t) II 41·1 LlGIH = 1, I-IEAIIY • 2 c;wTTCH ,IOX,I5) 

056 
1151 
OSt5 
059 
n60 
Obi 
(')62 

!)63 
064 
/'l6S 
066 
061 
066 
069 
070 
071 
072 
073 
014 
07!:> 

20u FOHMAr (11150 M TAbLE 2. INCREMENT LF~~T,",S, ITFRATION CONTROL ) 
() 7b 
077 
07£1 201 FOH~.T (II 3~M NUM OF X-INCRFYFNTS ., 51,15, 

1 I. 3~h X-INCREMENT LF~GT~ • , flO.3,5H tN. , 
it I, 3bl"i NUM OF Y-INCQFMEI\:TS ., ISl,is , 
~ I, 3~1 v-l~CREMENT LF'~GT~ • , EIO.3,5H IN. , 
'+ I. J~M NUM OF TIME INCREMENTS. , C;~. IS, 
S I, 35~ TIME INCRE~ENT LENGTH ., ~lO.J.5H sEes. 
e I, 35~ ITE~ATIONS I TTME STEP a , 5X,lS. 
, I, 3:'~1 INSIUE ~AOIIJS • ,EIO,3,5M IN 
~ I, ]:,,1 TOLERAN;:'E • ,E10,3) 

202 FORMAT 1/1 3(},i MONLTOR STATJ"t..IS I.J ,lIjl, 4117.13)) 
203 FOH~~r (II 2~M TRANStENT FLOw ) 
20'+ FOR~AT (II J~H PSEUno-STEAOy STATF FLUW 
300 FOHI'1AT II 113v 1' TA~LE "4. PERMEABIL lTv 
3ul FORMAr III SUM FROM TO PI p2 ALFAIOEG.) 

1 3un AK tlK El(PorliENT ) 
~OU FQMr1AT t/114~:1 UtiLI:: 4. SuCTION - WATER CONTF:NT CIIAVt.S 
.01 FORMAT (II 3~M CURVE NU~BER ,IS, 

i I. 35~ NUM LOCATIONS • ,l5. 
t I, 35n MAXiMUM PF • ,5x.F~.2. 
J I, 3~M pF AT INFLE~TtO~ • .5X,F~.2' 
'+ I, 3~~ EXPuNENT FOR PF ~ .5x. FS.2' 
5 I. 3~h sIR E~TRY WAT~Q CONT • ,5x,fS.2. 
b I. 3~M DRYING CURVE F:.PO~ENT. .5x.f~.2. 
1 I. J~~ ALFA AT 0 WATEq CONT • ,EIU.3, 
~ I. 35~ INITIAL PORO!iTY .' El0.3. 
9 I, 35M ~ErEHENCE AV , ,£10.3 

.0;:: FOR.,.AT 3!)" SATURATION EXP"NE1\lT • ,5)(,1':'.2. 
1 I. 3~~ SOIL UNIT WT eCI ., fl O!3 • 
2 I. 35M SATUAATEO ~ATEQ CONT.. ,ElO.3.11 

'+OJ FORMAT (II c!)n NO. FROM TO ) 
SOO FORMAT (1113v h TAttLE 5. INITIAL CONOTTIO~S 
501 FORMAT III SOH FHOM TO e4SE PORE pRe 

1 20M SLOPE Y SLOPE X 

079 
080 
081 
:)82 
OBJ 
OB'+ 

• 08S 
OAb 
087 
088 
089 
090 
091 
09Z 
093 
094 
095 
096 
097 
098 
099 
100 
101 
102 
103 
104 
105 
106 
107 
lOti 
109 
110 



bOIJ fOHMAT 
eOI FOR"1i1T 

! 

(1114';,1"> rAI5LE b. BOUNDARY AND TNTE.ANALC-ONDyTfUNS ) 
(II SOM F~OM STA TO STA CA~F WV T 

4un uT/Da uT/Dy H TEMP 
(III~UM TA~Lt 7. CLOSURE ACC~lERATIO~ DATA 700 FORMAT 

701 FORMAT 
1 

(II ~url FICTITIOUS CLOSURE VALVE SETTINGS .11. 
~o..; NO. VSlC VSy) 

80u FORMAT 
tH) 1 F OHro1A T 

1 
8112 FO~MAT 
~I)J Fo~r"M I 
80~ F,)~,"'A i 

! 
805 FORM~r 
I:\Ub F O~, .. A 1 
cHI7 FO~"'AT 
~Ol; FOI1I~AT 

80-; FOi'HAT 
~1\J FO~"1AT 
90U FORc.1AT 
~V~ FOI'INAT 
~Ub FOHMAr 
901 FORMAT 

(11140 h TA~LE 8A. TIME STEPS Fn~ ~.c. rHANGE 
(II ~U~ IrE~AllnN PTS.NOT CLn~EO 

lu~ STATIONS ,11.32~, 4(2I3,~lCl ) 
(2(")(.15),101-1 TX ,4(El(l .. 3.2X) 
( '.OA, lOti T'f , 4~lFi';.-]-;tXl.1 ) 
tll.,u"' STATtON Tq,JI ,'V(ILIl 

3u~V5A(I,~) vSY(l.J) 
(?14,~~,5(t10.3.2X) ) 
(II ION ALL I 
til ItJ~1 NONE. ) 
(11140~ rABLE 8R. TIME STEpS ~"~ ~UTpUT. 
til 1~.1 rIME STEP = • 115.1/) 
(II 2U" o**CLOC:;UHEoOO ,Ill 
til 50~1 TAbLE. 9. SUdSEQUfNT B"")NOARY CnNDITIONS 
(II 40~ USING DATA FROM p~~VTnUS P~ORLEM ) 
(II ~~~ USING OATA FHOM PREVTOUS PRORLEM PLUS 
(II ~~~ ER~Op IN DATA ) 

1 H -:, I = 5i-! 
10011 ~EAIJ 12.IANl(';), 1I;::E1t A 

1010 ~EAU 14. w~~U~, ( AN2(N,. N =1.7) 
11" (r·:PRCtl - 1 TtSI) '020' 99QQ. 10'" 

10CIJ P~I,\lT 11 
PM Ifljl 1 
P~If'4T 12, (ANl U~). N = 1.8 
p~Ir'4T 15. NPi·(Uo, (AN2(N), N -117) 

) 

~ONIToR 

r. INPUl OF T~~LE 1 • TARLE CONT~OLS. ~nLU OPTTONS. 
1100 ~EAU 2o. KEEP,.KEEP3,KEFP4.KEEP5,KEFP~,KEEP7.NCD?NcOJ.NC04.NCD5. 

lNCDo.NCU7.KGR~L.~LH 
PRl~1 10n.KE~~2.KEEP3.K~EP4.KEEpS.KEF.PA.KEEP7.NC02.NCUj.NCD4. 
lNCD5.NCU~,NCU,.KU~CL.KL~ 

r l~PuT OF lA~LE 2A 1NCPEME~TS. ITERATTON CONTQOL 
120v P~lNT 200 

H (KEEf'2)'1'l1HU, 1210. 12JO 
1211.1 REAU 21, ~~.MY,ITMAX.ITT~E.ti~.HY.RO.~T.~PS 

P~INI 2Ul. ~A.HX.MY.HY'TTIME.HT.ITMAlC.QO.EPS 

123u 
C 

124 0 

\JuT:) 1241J 
P~INT 905 
CUM~UTE rO~SIA~TS TO B~ USED IN T~E PQOG~AM 

MX~~ = ~A + 5 
.. ,yp~ = MY + r:, 
:·1XP~ = ,.,)1 + 4 

t.~Y~~ ;; MY + 4 

·~J(P3 • t .. a + 3 
,"YP3 • MY + 3 
M.~~ ::E ~x + 2 
~y~~ = ~Y + ~ 

C REAU IN THE TA~LE 2~ MONITOR STATln~~ 
REAiJ iO. IMlt..JMltlMZ.~M2.IMJ.JM3.Ifol4 • .l"'4 
P~INl 2u~.I~I.JM1.IM2.JM2. 1~3. JM3. T~4. JM4 

. 187 

III 
112 
llJ 
11~ 

115 
lIb 
117 
11~ 
119 
120 
121 
122 
123 
12~ 

125 
120 
127 
12b 
129 
130 
131 
132 
133 
131+ 
13~ 

Uti 
37 
3ti 

1.3~ 
140 
141 
142 
143 
14'+ 
145 
I4e 
141 
14t1 
149 
150 
151 
152 
153 
154 
155 
150 
151 
lSI:! 
159 
160 
161 
162 
Hd 
16 '+ 
165 



188 

C 

1250 

12bO 

r 
130v 

131U 

131(:) 

1311 
1310 
1319 

132'" 

1330 
C 
C 
C 
C 

If.11 :II -IMl + 3 
JMl c JMl + :3 
)1'12 :II 1M2 + 3 
.JM2 II JM2 + 3 
1M3 II 1M3 + :3 
JI'13 • JI'43 + 3 
IM4 II IM4- + 3 
,Jf044 II JM4 + J 

T 14tH.t. ~C, Cr1IJICE; OF TRANSIENT 
Io(EAu 4:!O'1NI 

l;O TO r 12511, I~OO) IN1 
PH 11'111 203 

A4 :II 1 .. 1) 

"v TU 130(1 
Io>Q I ~ 1 204 

Act = 0.1' 
I,;;PIJ I T AHL L- J, PE~MEMHI..1 TY 
P~I,~f 3u·J 

IF(~EE~31 ~9~O'13IO.13I1 
wu 13]5 1 II 1, ~XP5 
uu lJ1S ~ = 1, MYPS 

Pi (r,J) = n.O 
t=)2(1'J) = n.O 
4LFAII,JI = 1'.0 
~~ ti'JJ ;; 0.0 
tll'I. (1'JI :II 0,0 
FN Il'J) = n.O 
~V~ll'JI • q.O 

CON T I "'Ut. 
IJU TO 1319 

IF (dC031-i980.1330'1318 
~.UNI 9Uh 
PRl,1I1301 

uU 1]70 ~. 1. NCU; 

OR c;TEADY 

REAu 22. T~I.JNl'lN2.JN2,P~.PL'ALF,AK],~Kl,ENI 
~RINf 2l.T~l,JN1,IN2,JN?,P8,PL'ALF.AKl.RK1.EN1 

II;;l = 1"11 +] 
,IN 1 :II IN 1 + "3 
JN2 = 1"12 + ; 
~N2 • JN2 + ] 

~o 1]20 :II 1"11,1"12 
uu 1320 J :II JNl,JN? 

PICl',J) :II p}(I.JI + p~ 
p~ ( 1 ,~) • PiJ ( 1, J) + PI.. 
ALF~\l,J):II ALFA(l,J)+ ALF 
AK (ltJ) II 61( (l,J)+ AKl 
",K 11.J) .. RK (I.J)+ flK] 
~~(I.JI • E~(I,J) + EN1 

CON T 1 NUE 
GO TO 141'0 

PIHI'tIT qUI.; 

CiT ATE 

INPul OF TA~L~ ., SUCTION - WATER cnNTENr CURvE 

fL.OW 

AT P~ES~~T. fHIS IS AN EXPONENTIAL SiNGL~ - VALUED CUHVE, 
1SI'40ULLl .;E HcYI..ACf..O BY NIIMERICAI.. CUR'IFCi FOR WETTING. uRY!NG. 
lSCAN~IN~ qETw~EN TME Twn. 

IT 
ANI') 

160 
161 
168 
169 
110 
171 
172 
173 
17" 
17~ 
11& 
171 
l1d 
119 
180 
181 
182 
1s3 
18. 
185 
180 
187 
18~ 
189 
190 
19, 
192 
193 
194 
19~ 
19& 
197 
19t; 
199 
loO 
21)1 
202 
203 
20ct 
20:' 
200 
201 
208 
209 
210 
211 
212 
213 
21· 
21S 
216 
217 
21t; 
219 
220 



.189 

140U PRINT 400 221 
IF (I(EEP4) 9980,1411'1,1430 222 

1410 NLOC • U 223 
uu 1415 ~ • 1,NCD. 224 

~EAU 23,LOC,PFM(MI, PF1 ,HETA(~I'WVA(~,.QCM)'ALFO(M).PNfM).AV(M). 225 
HI(MI,GAM.IoIN,,"1 22& 
P~INT 4~1.M.LUC,PFMt~l, PFl .SETAtM,.~VAtM).QrM'.ALFOIM', 227 

!PIIj(MI,AIJIIolI 228 
P~INT 402.R(MI,GAM,WN(M) 229 

pFR(MI • PFMCM) - PFl 230 
NLOC • NLOC. LOC 231 

141~ CUNTINUe 232 
PRINT 403 233 

UO 1420 M • 1.NLOC 234 
~EAu cO. INl.JN1.IN2,JN2,KAT 235 
~Nl~T 2u, KAT,INl.JN1,IN2.J~2 2]6 

TNI • INl. 1 237 
IN 1 :: IN 1 • '3 23b 
TN2 • INc. ~ 239 
JN2 a JN2. 1 24U 

uu 1420 1 • IN1.IN, 241 
uu 1~?0 J = JNI,JN? 242 

Ku~v\l,J) :: I(IIT 243 
PQkll'JI :: PNCKATI 
JlvSIJ.'JI • Wt,j(II.Af) 244 

1'~~ ~ONr[NU~ 245 
(,0 T I) l" 0 ,) 24b 

t43~ ~~lNl Yv~ 247 
~ I~~UI OF TA~Le s. INITIAL CONDITIO~~ 248 

1500 P~l~1 SUO 249 
IF(KEfPS)~~~O'1510'1~05 250 

150:' If(''1cn5) 'iW~O,lSOb'lC;Ol 251 
150b P~l~1 9uo; 252 

IJU T<I 160U 253 
lSul P~l~T 9Uh 254 

GO T i) 1 ~o£! 0 25:; 
151u uo 1~1~ I • !.MXP5 250 

Uu !~1b J = l'MY~~ 257 
IIn/(1.J). 0.0 25~ 
T(l,JI • ~.o 259 

1515 CUNTT~UE 260 
,52u P~I~T ~Ol 261 

UU 1526 M. 1.NCDS 262 
K • 0 263 

~EALJ 4:4 , 1I\l,JN1,IN2,JN2,KAT,WV1,Tl,lI? t C2 264t 
p~I''ir 24. I"'1.J lli ltIN2.Ji',Ii;I,KAT,IIIVltTltA; , C2 26!) 

INl a 1N1 • 3 260 
JNl • JNl • 3 267 
rN2 & JN2 • 3 26~ 
JN2 = ~Ni + j 26~ 

uO TU (lSZC'L~~J). K6T 270 
1522 UO 1525 I • INl,lN2 271 

uO 1525 J • JN1.JN~ ~72 
Al • IN?. - J 273 
C 1 = II\I? - I 274 
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1,,2; 

1,,24 
ISeb 

c. 
1601l 

161v 

161:' 

~V(l.J) ;: Wv(I.J) • WVl • Al*A2-HY • Cl*C~-HX 
KAS(l'J' = I 
f2 = 1 
J2 II.J 

C<lLL SI)crrOI\' 
CUNrlfJU~ 
IJU II) l!;~n 

OU 15~4 1 = INl.IN? 
uU 1~24 ~ = JNI,JN~ 

I'll = 
Cl = 
"'AS(lt~l) ;; 
T(J.J) = 

lr (~41 1:;,~l:jd~27 
-Nil ( 1 , J) = 
')lCJ.v(l.JI ;: 
PEl II 

\:Iv 10 }5"'. 
T2 = 

J~I? - J 
hi? - 1 
1 
A1 .. A2*Hy 

Wli<;(I,J) 

l.n 
o.n 

I 

It! = J 
CiLl IJSUr,r 

t,;u,n !:',UE 
!..t.:nd P,JUE 

• • Tl • 

J ~PU r OF TAtiLt .... "OUNDI\~Y ~I\jO INTF.~NI\I C:'JNOIT TmJS 
ptd'll flu!) 

H (KFEPb) '1';t:SO.}t:'!lO.lbU::t 
lr ('Kub) ·#lilju'H'(IC)'1 .... 0 7 

.... .q,~ I qvS 
(:> '.I 1. 1 1 7 iJ J 

p~ l.d qi./If:l 
l:lu Tf') 161i 

Pl-iI,d 6U1 
Lu 1~11 1 II 1, M~P~ 
Uu !~ll J ;; 1, MYP~ 

"A~(l',J);: 1 
nlLKll.J) = n.O 
nTuy(l,JI ~ n.O 

LONTll\lUE" 
UU '~4~ M = 1.NCD~ 

I( ;: 0 
kEAU t:'5, rNl.J~l"N~,JN?KASE, wVI, Tl. nlXl, ~TYl,~l,rE 
PI-iINI 25.IN1,JN1.1N2.JN2.KASE, WVI, T1, nTXl, nrYl,~I.lE 

TNt :: lNl. 3 
IN t It IN 1 • ~ 
TNc :: l'~i. 3 
,)N? II JN2 + :; 

uQ 164~ 1 = IN1,lN~ 
Uu 1~4~ J II JNI.JN?' 

r 2 = I 
JZ = J 
I'(AS(l.,JI II t<:ACOE 

bu 10 llbl~,lb20.1~~5.Ib30t163~J ~6~E 

Nv(I,JI = WV(T,JI + ~Vl 
CALL SIJCTIOI\ 

I(AS(it,JI a:::;t 

21~ 
27(:) 
n7 
211:1 
?79 
280 
281 
282 
283 
2~~ 
~8!;) 

2136 
~B1 
?H~ 

2119 
~QIi 

291 
29c 
2'i1J 
?q~ 

;;;>9:' 
r.>9b 
'2"11 
?q!i 
?q'1 

100 
301 
J02 
303 
304 
30S 
300 
307 
JOb 
109 
310 
311 
312 
313 
314 
31~ 
JIb 
l17 
318 
31~ 
320 
.321 
322 
J23 
32~ 
32:; 
32t:1 
.'327 
32~ 
329 



163\i 

163;' 

1&90 
C 

l700 

170!;') 
170b 

170/ 
)710 

17U 

uO Tn It'li+':> 
TII,J) = Tl • T(l,J) 

CALI.. wSUCT 
l:U rn Ib'+~ 

DTUX(l,J)= OTn~(I,J) + DTXl 
bu To lti~;) 

OTDY(I.J'= UTnv(l.J) • aTY, 
GO To 16~:> 

C-LL ~U~I"Y (TE,M1) 
CALI.. uSUCT 

KASIl.J) = 2 
i.UNrrNUI: 

K = 1 
JU 1~7n J • 4.MYPi 

iF 1'3 - t\ASI3.J» 1':'55, 10 50. If'llii" 
fI3,) = T(4.J) - MX* nTDX(3.J) 
12 • 3 
J2 = J 

CAI..I.. USUCT 
H 13 - !\AS(MXP3,J) 1&10.1660,1i-1n 

L = Ml(P3 1 
T('~x"'J.J'. T(L.JI + HX *I"ITO)( ~xp~ •. Jl 
,2 = M~p3 
.12 = J 

C~I.L LlSVCT 
r;;ONTCIIJUE 
uV 1~~0 1 = 3, M~P3 
J.F( .. - I\ASIId» ,,,130, 1&75. IM~~ 

T(I.~) = TII.~) HV* ~T~1(1.1) 
T2 = 1 
Ji = 3 

CALI.. USUCT 
IF (4 I<.ASq,"1YP11 I 1b9U. 16M5. 1690 

L = MYP3 1 
T<1.,"1YP3):z T(I.L.) + I-IY * nToY(I."4vP]) 
Ii = I 
J2 = MyPJ 

CALI.. vSUCT 
CUNTINuE 

INPUT OF TARL~ 7' CLOSUqE ACCELERATION OArA 
PRI!~l 7uo 

If(~~FP7)~980'1710'170S 
1FINeD7) ~~80.170bt1707 

P..(l'-.lT 9Jco, 
(.:)0 Tn 200'1 

P;.l 1 I'tl 91.1'" 
Plod I'" 1 7() 1 
REAL) to. tXt! Y 

1" Ill( - iV) 171lt17,?.lfl2 
Til • IV 

\:IU TO 11b 
tv 

UO 1720 I 
vX (11 
VY ( I' 

= 1 X 

• ltIIJ 
I: 0,0 

• 0.0 

191 

'330 
331 
332 
332A 
333 
33~ 

33~ 
33b 
337 
33~ 
339 
140 
34J. 
342 
343 
344 
345 
346 
V+/ 
348 
349 
350 
351 
3:'2 
353 
354 
35:' 
35" 
J:,7 
351:1 
359 
360 
361 
362 
363 
;64 
365 
360 
167 
3bts 
369 
370 
371 
372 
373 
]H 
HS 
:'H6 
377 
37t:! 
379 
)80 
381 
382 
3A3 
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17~U CONTINUE 38~ 
!<iEAI) io,( 'i)«N),~ = 1tll(1 38~ 

H£All 2b, ( V'f (.II) ,N II l' Iv) 386 
uu 1725 I • 1,IV 387 

pt<l·"r 27. 1, V.k(1), 'iV(l) 388 
112::' \';ONT T~HH:. 389 
18~~ VHINI 800 190 

~EA~ ~O' KEY • NSrF~ 391 
I:ll Til (11:J"::,,lI:11+0, 186,0) .... Ey 392 

r L[sr ~F TtME-ST~PS ~"EHF H.C. CHANGE 393 
IHi)~ f<I:,Au 20. (",J(.,.). N II It'',STEI>'' 394 

P,U .. I 20, (KT (I'll), N II I ,N~TEPI 395 
~ = 1 396 

~v lA30 K = 1, ITIHF 397 
IF ~ - KrCN») lR20,1815 39h 

181~ KLOCIK) II 1 39~ 
~I • N.. 1 40 (} 

I:U 10 18~J 401 
182v KLC("(K) = , 402 
18Ju ~uN1INUE 403 

~'U r n 1 fl 11 4 () 4 
C C:"vI1' .. UUdC; ~.C. CI'IANGE (~f~AIJ IN f\'EIII R.,... r-OR E~C~ TI~I::. STEP) 40b 

It:4ttIJ "Ij 18'50 1\ = lt1Th~f 406 
KLUC(K) = 1 407 

la5v ~uNrlNUE 40b 
P~l~1 ~Uh 409 

llll It! unJ 1+10 
n~ov ~j.(l'~l t:lu7 411 

~U 1d7n Kill, ITrME 412 
~LOC(K) II 2 413 

187u CU~Tl~uE 414 
1~11 P~lNT SUA .l~ 

J;.EALJ CO'KEYth~l)ul 4}& 
bU To ( 1e72,ldH2) ~~Y~ 417 

C llSl OF TIM~ ~TEPS FU~ nUTPul HEAD tN 41b 
1~7c r<EAI) ~o, (KT (NI •• \1 • ltNOIIT ) 419 

P~l, .. 1 2QdKT(,J). iii = 1 ""nUT I 420 
>J = 1 421 

LiU UP,> K • 1, IT TME 422 
1r( I< - l\1(rd)U:l1""lA1J 423 

187J t<.I"'Ul (K) = 1 424 
~, I: N. 1 425 

uU Tn 181~ 42b 
HH.. K~UT(l\l = 2 427 
181~ CUNTI~uE "'ZS 

Gv T0 2"O~ .. 29 
C CCNfll'11II1JUS OUIPuT 430 

188Z WO lAR] K = 1,ITIME 431 
KPuT (K) = 1 432 

IS8J CONTINUE 433 
P~I,,11 R06 43. 

C lEMU-OUT OF ~LL TEMPOHAPV CUNSTANTS .3~ 
~oou uu ZOOS 1 = 1,MxP5 43& 

uU 2005 J = 1,MyP5 437 
ACJ'~) • n.o 438 
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tH hJ) • 0.0 439 
cXCI·J) • 0.0 440 
CYCl'J) • 0.0 441 
OCI,J) • 0.0 442 
E CI • ..II • 0.0 443 
F(J,JI • 0.0 441t 
TA(ltJ) • 0.0 44S 
ncltJ) • 0.1'1 44b 
VSX (ltJ) • 0.0 4'+7 
IISYC!tJ) • 0.0 44" 

,-,OO!;) CUNTINUE 449 
I.F(~YP5 .. Mx.P,) ZOO~.20Ub,2007 450 

1\)00 MMU, II "I(PS 451 
l,O To 200li 452 

?OOl MMAX ill Myp5 453 
?OOO IoiU i!009 1 • 1. MMA)( 451t 

ALel) • 0.0 455 
HL ( 11 II: 0.0 "50 
Cl ( 1 ) .: o.n 451 
OL (1 I ;: 0.0 458 

,ilOO-; 1.0N r t WE 459 
r SlA~r 01" TI~E SH.P 460 

LlI.! ~()OO K = 1, ITTME 4f,1 
Koul ;: KOlllC") 4b2 

it CK - 11 ~'idO, 19111h I~OO 4bJ 
I~OI.i ,<AT = I(LOC (1<1 464 

"'1,,1 r () (}910,J."~OI I(AT Itfl5 
1 fH iJ t-Ic~tJ 20, IOIMt.. IIICOfl 466 

!J~INl 900 I+b7 
"-1'11·,11 91.l~ 4MI 
P.H'" I 6Ul I+fl9 

IJU 19.~ I'll • 1 , NCn~ 470 
... EAU 25, INl,JNl,lN2,JN2,K Asf. wvl, Tl, nTxl. nTyl. toll , TE 471 
t>~I"'1 2~.rNltJN1'lN2tJN~.KASE. wVl. Tl. nrxl, nTYI. Hl. TE 1+72 

TNI = INl + 3 473 
JNl .: JNl + ~ 47-
TNe • INc + l 47, 
JN2 • JNc + 3 476 

uo 1~45 I ::I INbIN? 4n 
UI) 1945 ..J • JNl.J"I? 478 

12 • I 479 
J2 ;: J 480 
KASO.JI • KAc;E 481 

(,0 To C191S,1920,19?5.1~30'1935) I(lISE 482 
1~1::1 lNvCI.JI ;: -Vl 483 

C.lL L !)UCU Of'; 4S4 
KAS e b .J) ;: ~ 485 

"u TO 1 <tit!:) 48b 
19i!u T(I • ..I) • T1 487 

CALL USUCT 488 
uu TO 19"~ 489 

192~ OTDX(I.J} = OTI(1 490 
lJu To 1940:; 491 

1'1";0 r)TDY \ 1.JI = Onl 492 
',L TU l<1ct:) 1j.9J 
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I q':lv 
c: 
19~1J 

1~8J 

CALL. I1UMIO¥ (IE,HL) 
CALI. USUCT 

I(A!:iti.J) • 2 
CONTINUE 

uU 1970 J ::I .. ,MYPZ 
IF (3 KAS(3.j) 1955, 19150. 1955 

Tt3,.) 
T2 
J2 

• T(4,J) - MX* nTOl(3.J) 
= 3 
= J 

CALI. u5Ucr 
IF' (3 - KAS(MXPJU) 1 1970, 1960. 1970 

l. = ~)(P3 1 
T '''''XI''J,J) = T (L,.) • MX*OT!'Il( CMXP3"I) 
12 II M)(P3 
J2 = J 

CALL USUCT 
l.UNTINUE 
uO 19~0 1 = J, MXD3 
!F( 4 - I\'S(l,)) 1975, 19 65, 197c 

T(I.j) = T(r,4) - MY* OTnv(I.3) 
r2 • I 
.Jl' • 3 

C,,1.1. u!:)urT 
H (4 - "'ASH.MVP3» 191J0. 19A5. ,9Q, 

L :;, MV") - 1 
TCI,MVPJ) • TII,L) + HV* OTny(1,MVP11 
t2 ::I I 
,12 = Mv!)] 

CALL LlSUCT 
CUIIoT[NUE 

H.)h r lON,COP<'PUlA r ION OF lJNSA1UHATED PFQ"E~BILITY 
UO 201U J 11.3. MXp4 
uu To ( 1~~2'1983) KoUT 

P~I!\Il 809.1'>. 
Pi11NT 2'1 

uu 2010.J = ),MVP4 
IF IALFA(1'J»)201 •• ?~13.2014 

Cl II 1,0 
C2 • O.n 
CJ II 0.1} 

IjU TO 2011 
A1 • 'LFA(1,J)/57.29~77Q~ 
Cl • COSIA11 
A2 II 190.0 - ALFA(I,J)/C;7.~9577QS 
C2 • COS(A?) 
A) • (90.0. ALFAII,JI)/.7.29S7795 
CJ II COS(63) 
Pll (l,JI ;; Pl (I,J)*Cl*Cl + D2(ItJ,*cc*C2 
P2211.J) II Pl(I,J)*C3*C3. D2(I,J'.Cl*Cl 
PI21!.J) • PlI1.J)*Cl*C3 + p2(I,J)*r,1*C2 

IF IWIIII."") - WVS(1.J)'lOI5.2020.?I\21l 
TE • A9S IT CI • J) , 
RE • ~Nll.J) 
41 • AK(I.J) 
Cl • Bw(I.J) 

494 
495 
49b 
497 
498 
491i 
500 
501 
502 
503 
SQ4 
SOb 
506 
1507 
501:! 
SO'J 
510 
511 
1512 
513 
5]4 
515 
51b 
5}1 
5lts 
519 
520 
521 
522 
523 
524 
525 
5?b 
527 
528 
529 
530 
531 
532 
S33 
534 
535 
53t» 
531 
538 
539 
54\,) 
54l 
1542 
543 
54_ 
545 
546 
541 
548 



1 

1 
i!. 
.; 

1 

C2 ;; l.u + IITE*Al)~.Rf)/Cl 
IJ/IISA r ~ 1. I) I C2 
P111(.JI ; Pl111.JI. UNSAT 

UNSAT 
UNSAT 

P22 I it J) • "22 I It J I. 
P1211.JI • 01211,JI* 

(;,0 To 120~5,20101I(OIJT 

t1 • I - 3 
Jl = J - ~ 

p ~ I: H 2 d , rl • J 1 • T ( It J I • III \I I 1 , J) ,0 T 0 \II I t "H ,,, 1 1 I I , .,) • P 12 I 1 "11 ,P 22 ( I • J) 
COi'HINUE 
iJO T.) (2120,2140) Kr;~CL 
~o lllO I • 3. MXo3 
Uo 2110 J : 3, MY,,1 

CO~ST • HT * DTOWII,J) I (2.0) 
A(I.J) ;; II "12IL,JII HX + P2il(,J)/~Y liMY) • CONSl 
~(l,J) ;; (( plllltJ)1 HX + Plt!IItJ)/HY )/1'1)\) * CONST 
CXII.J) ;; « ~llll,JII HK + PIIII+l.J)/HX + PI2II.JI/I'IY 

+ P1GII+!.JI/HY )/~~l. CnNST 
CYIl.JI ;; IIP1~ll,JJ/wX + Pl~(r,J+l)/HX + Pii(I.J)/HY 

1'1 I I. Jl 
F.:II·.) 
F (ltJI 

l.UNTI"lU£ 
(,0 To 21~~ 
l.IU 2150 1 ;; 

41 
~ 

1.10 215U.J • 
CONsr 
All,.) 

!'jIY • .)) 

CX(ltJ) 

f) I 1 • ..J) 

H ItJ) 

CUNI t NU€' 

+ Pi2II.J+l)/HY)/HY )* CnN~T 
;; II p}1 11+1'J)/~X + p}2IItJ+t)/Hyl/rlX).CONST 

• I( P1211+1'Jl/HK + P~~II,J+l)/HYI/HY).CONST 
;; -l( P12(I.J) - 0l'tJ+l.J))/IHXI 

+ l~lG(I'J) - P'~(T.J+l))/(HY)I* CONST 

3.MXP~ 

= I - J 
;; rio + Al*H)( 

3.MYP1 
;; HT*OTU.II.JI·IO.~1 
• (e -PI2(I,JI/R + ~12II.J)/HX 

+ ~l211.J)/HYI/HY)*CONST 
= Ie -Pl111.J)/R + ;"llII.J)/HX 

+ ~12(I,JI/HvI/H~I*Cn~ST 
=' (( -fo1!l ( I • J) IR + 1..111 ( I • J) IHl( 

+ Pll(T+l,.Jl/j.jX + QllII,J)/HY 
- P1211+1.JI/~YI/HX 
- ~12(I.JI/(HV*R)I*COMST 

;; « Pl~(T'J)/~l( + ~12It.J+l)/HA 
+ P~2II.J)/HY + P22,I.J+l)/MY)/HY) 
*CIJNST = l( Pll(I+l.J)/H~ + P12(I.J+l)/MY)/HX) 
*CvtliST 

;; «( PlcII+l.J)/HX + P22(I.J+IJ/HY)/HV) 
*CONSl 

= -I - P12II.JI/R + 
- j.ll21I+l.Jl/loIl( 
- P221I.J+1l/IoOY 

P 120 tJ)/HX 
+ Pt'2 11 "f II IiY 
) * rONST 

UO 2195 1 • 1.M)(p~ 
UO c19S J ~ 1.MYP~ 

TX(19J) :: Tn.JJ 
TY(l.J) • TtT.J) 

H (44)2!'t~.~181 

195 

549 
550 
551 
552 
553 
55" 
55~ 
55b 
5~1 
558 
':)59 
~bll 

5bl 
50l 
5bJ 
504 
She;, 
Sbb 
r;;,,,f 
5b.., 
1)09 
570 
571 
572 
!)7J 
574 
51':) 
'57b 
.,71 
.,., tI 

519 
580 
581 
SR2 
51i3 
58" 
585 
'iflb 
58 ( 
StH~ 
5M9 
'iQO 

591 
1592 
593 
594 
5'1:' 
'i9b 

:;9~ 

599 
600 
1'101 
"O~ 
003 
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1111.:11 TCI.,J) I: 0.0 (,Olt 
"1 Y!::l (,.vNl JNUE 605 

c 

C 
"1";( 

,2lJ 

r 
Ie 11'-

,,211 

?~lb 

nl.:l 
?2l" 
,21:;' 

C 
l3ZU 

Il == tM1 - 3 606 
J 1 I: ,JM 1 - 3 fIJ 07 
r 2 = [foIZ - 3 ~ tH; 
J2 :I .JM2 - 3 609 
13 :I 1M3 - 3 610 
,)3 ::I JM3 - 3 611 
14 = IMIt - 3 "12 
"It :I ,jMIt - 3 613 

Io>l-Il!\j/ 801, U,Jl.I2,J2'1'1.JJ,IIt,J4 614 
Ul) 0000 IT II 1, IPIA-. .015 

UO 2370 J = 3, ~vP3 61& 
C~OSu~~ PARAM~TEH CHOyCE 611 

Lf 1 IT - ly) 2197'~197,2212 618 
~~tStr ~A~A~~rt~S h19 

l' u ~ 21 0 1 II 3. M ~:J 3 620 
VSYll.,J) = VvIIT) nZ1 

(.lJNTlNUt ~22 
bu Tn Ul:;:, 023 

~~Lf-UETEAMIN1NG ~ARAMETERS 624 
uu 2214 I = 3, M~p3 625 

.,p :; • 4119..1)· TY<I"I.lI • C'(,ftJ). rYCI,J) ~2f:1 
J. - ElItJ)· TVIl.,I+}) 621 

H ITYIltJI)Ulb.2Z17.221~ "-'2~ 
IISYlhJ) = Vy(}l 629 

bV T,I 221'+ ~30 
VSYI!,~) :; Up/TY(l.J) ~31 

If (V;SYIltJ1l2t13.n14.2214 1'.3t! 
VSyl! • .J) :; O.u b33 

LUNrlNUE 631t 
uu 22no ! :; ), MwPJ ~3~ 

ALCll :; -BCl,J) &3b 
RLII) :; CX(ltJ) + A4 + vSY(I,J) 631 
CL t1 , • -0 I 1 • J) 1,31:1 
nLcl> ::I AIltJI.TII.J-ll + ~II,JI.TII-l,.,)l #,)39 

L - ICXCltJI+ CYIltJ)· 44). T([,J) + nq.J)· 111+1'..1) b40 

lUNII"1UE 

+ FII,"))· TII,J+l, + 2.0 • FCI,J' 
+ Alt.JI· T'(II.J-11 + I V5vlTtJI - CYII,JII* 

TylI,JJ + EII,j,. "(I,J+1' 

COM~ulE CONTI NUIT'( COEFFICIENTS 
uo 2300 1 : 3, MID3 
If C ~ - KASCj,J» ~305.2304 
If' 1 I - 4) c:30S,230n 

KAT II KASCI,,J) 
bU In ( 23~o.2J20t21JO.i350) KAT 

suC r J UN SET 
cell) .1.(1 
91:HII ::I 0.0 
AA(1) • TCl.JJ 

IF 1 - JI ~J24,23~2 
8~(cl = 1.0 
AA(2) = 0.0 

IJU T·) t!30V 

641 
642 
b43 
644 
~".:, 

6".b 
647 
648 
649 
bSO 
I)Sl 
()S2 
653 
654 
65:; 
~S6 

657 
",,5t1 



(" 

IF II - M~PJI 2300.~3lb 
Bdll·1) 
UIl·l) 

,"V TO 230v 
SLU"'t. SET 

0.0 
Til. J I 

lF I 2 - ~ASII-l.JI) 2334.2332 
CCII) :a 1.0 
AS I 1 ) :a 0.0 
AAII) a TII-l.JI • DTOX(T.JI*HX 

\.::v Tn 2301; 
iF I I - J) 2336.231A 
11- I I - ,"I)(!"J31 23.0,23Jt:I 

AACI-11 • -nTDXlI.JI*HX 
~tHl-11 • l.n 
H~(l) = 0.0 
4AIII • TYII,JI 
CCII.l) I: 1.0 
1j8(I+l) :; 0.0 
AAII.l) :: AAlllltb811-11 .... X*'~TOXIT.JI 

1;1.) reI 23()v 
~IP~ !NC~fMENr SLUP~ 

CC I I> 
SET 

Bt 11) • AL I I I *AI=! 11-1 ) 
-nlll I cr.CII)) ad 111 

AAlll 
CTtMI-' 
KTE""'" 
ArE. ~11-' 

AA (1-0 
~~tjll-1) 

4A III 
A~(I) 

CC (!) 
uv T) "3vl.l 

CC I L I 
MtllI ) 
4A (11 

I. u'" I 1 NLJ t 

:: 
:: 

:: 

= 

:: 
:: 
:: 

= 

Inull - ALlt)*HII-IlI/ICCII)) 
1.0 • CrII-ll*ll.f, - AcHI-l)I/ICCII)) 
8~III/CTEMP 
1~1II) • CCII-l,oIAA(I-l) • HX*urOXIl.J)) 
IICCII)))/CTE~O 

-I"lTUAII,J)*Hl( 
1.11 
ATEMP 
BTEMP 
CTE~P 

!jUtl • ALIII* A8IT-ll 
-CL I Yll CC I I ) 

:: luLIT) - ALIII* AAIT-l»)1 CCIYI 

UI) 230') Ii.<:: 2, ul(P4 

:: MAP4 • 7 - I~ 

TA.II.J) :: ~AII) • ~81Il * TX II.!tj) 
C uN r r \JuF 
l. u~: r I/\jUt. 

SOLJ1,O~ OF FLOw IN V-PIPES 
GU "~70 1 :: J,~Xp3 

CLOSvHE PA~AMt.T€" CHOIC~ 
l~ lIT - U) 2365,21b~,,,375 

p~fSE.T I-'AwAM~rE~S 
UU 7367 ~ • 3, ",vP3 

vSXI!'JI = 1Il(IIT) 
tUN T J/lIUE 
Gu To 2ltb 

SELF-uETEPMINING 
Liv 2385 J :: 

liP 

PA~AMr:TEH::' 
3. lAyP3 

= -RII.J)* TXII-l,J) • CXIT.J)*TAll.JI 
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6S'i 
660 
661 
662 
'.163 
"6. 
&6!:> 
666 
661 
66t:1 
f,611 
-,10 
b71 
t)72 
&73 
"7'+ 
-,7!) 
670 
r, 7 I 
,,7c 
679 
bau 
Mil 
682 
683 
#)84 
~8~ 
.,~o 

687 
b8t:! 
6~II 

690 
')91 
~92 
~93 

"9-
"95 
f,9b 
~97 
"9t:1 
6911 
700 
701 
702 
703 
70'+ 
70~ 
70':' 
707 
708 
70'1 
71U 
711 
712 
llJ 
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c 
Io'S2v 

c 

,5J4+ 

2530 
IIS.Hi 

-n(l,..)* TX(t+).J) 
It (TX(1,J»237~,237~,2J79 

\lS)I. Ii ,..I) E Vl( (1) 

,",0 rn 23"'> 
vSX(l,J) Q Up/T~(l,J) 

1t (II5XII,..))lJMO,23AS,23SS 
VSX(ltJ) = 0.0 

CUN r [!\IUE. 
WU 2400 ~ :: 3, ~y~3 

AL(..)) :: - AIT.J) 
!-Il(..) :: CYII.)) + 
el(..) :: - Elr.J) 

+ 11<:1(([,..1) 

III I..) ::I All'f). III'J-1) + n(pJ). TIT-1,J) 
- ICX(I,J) + cy(I,J) _ ~4). T(I,J) + U(l,J'* 

T<1+1'J) + E(I-J'* 1(T,..)+1I • 2.n* tolI,J) 
+ ~ (I,J). rA(I-I,J) + (~SX(l.J) - CAlI,J». 
fi(i,J) + 0{1,J).Tl((1+1tJ) 

l. UI'. I }\lUE: 
CJ~~urE CON1INUIT, COEFFIClfNTS 

uu ~,oo ..I = 3, MYp~ 
iF ( 4 - ,,~s(l,3» ;:tS05,c504 
if ( J - :t) ~~os ,250!l 

KAT :: K~S(l,..) 

iju In ( l~S0,t520,2~~u,~S30) KAT 
5 ' )CI10", 51=" r 

CCI..) ;; 1.') 
i11;H..)) :: 0.1') 
AA(JI ;; TII.J) 

11' ( .J - -') ~5c~ ,2S?2 
FI"Ic: 1 :: l.n 
AA(~j :I: 0.0 

l:n) T" 25 u" 
if ( J -1yp3) 2500,2520 

HI'i(J+ll = 0.0 
41\(..1+11 ;; Tn,J) 

I:i.,i T') i?., ()! 

SLu~t. 51:. T 
!r ( 2 - ~AS(l.J-l» 2~J4'ZS32 

CC c.,n II 1. l' 
Hb(J) ;; 0.0 
AA(,J) :: T(t.,J-lI + OTI')YtT,JI*HY 

bU Tn t5ul) 
11- ( J - .j) ~536,251J;l, 

U ,} .,YJ.>.;jl 
All (..)-1) 

RHIJ-i) 
Ad 1..1) 
AA f. .. 11 
eCI..)'l) 
HtI(J·l) 
111\(..1·11 

2~4+0.?:'3rj 
::I -nlDY (ItJ) *HV 
::I 1.0 
= 0.0 
• hlltJ) 
= 
= 

1 • :1 
O •• ) 
AAIJ)*t:l8IJ-U + j./V*,>TOV(T •. J) 

v\) If) ,,51)" 
fJIPt. INC~r::ME~1 

CC (J) 

HI:!(JI 

SLOPE. SET 
::I BL 1..1) + AL (J) .REI (J-1) 
• -CUJI I (;:'C(JII 

11'+ 
71~ 
7lo 
711 
71 8 
711i 
720 
721 
722 
12J 
72'+ 

·72:' 
rZ" 
121 
72d 
729 
730 
731 
732 
733 
13'+ 
735 
13e. 
73/ 
73ti 
73" 
740 
71+1 
742 
71+3 
744+ 
11+!) 
71+6 
74·' 
7,,1;j 

749 
75u 
751 
752 
753 
754 
7S!:) 
7Sb 

757 
7S~ 
751j 
'T60 
7f,! 
1b2 
763 
7M 
76S 
'bb 
Ib7 
1he 



~60v 

,",OOv 

C 
",651.1 

.. 6Ju 

.1 

lIA I J) 

ClEM,", 
H r t,>11" 
ArE!'1t-' 

AA I J-l) 
Ri::H ";-1) 

AA(J) 
~r;IJI 

eCIJ) 
bl) i,l 2'='Ov 

CC I J) 

!-,tjlJI 
.UIJ) 

CONTII\IUE 

= 
= • 
:= 
:: 

:= 

:: 

InLIJ) - ALIJ)*AAIJ-1))/(CCIJ)) 
1.11 + CCIJ-ll*ll.O - BBU-)))/ICCIJ)) 
S-'IJ)/CTEMP 
IAAIJ) + CCIJ-,'*(AAIJ-l) + HV*OlOVII,J») 

IICCIJ)))/CTEMP 
-nTDVII,J)*HV 
1.n 
ATEflilP 
STEMP 
CTEMP 

:: ~l.(J) + AL.(J) *RF1fJ-l) 
• - Cl..lJII eCIJ) 
:: lOll» - ALIJ)* AA(J-ll)1 r.;C(J) 

UJ 2S60 J~ :: 2.HYD~ 

. 1 :: ~Y~4 + ~ - JR 
rYIl.J) = AA(.J) + 8B(J) *TVlle.J+1) 

CUNTINUE 
(..UN1 (,'JUE 

CHE.el\ CL!I<;UMt. TfJL.EIoiANCE:. 
KOUNI = \) 

U~ ~bnu 1 :: ],MXQl 
uu 2~no J = 3.MY~' 

I<.L()~(l,J):: 1 
fCL :: A~SIEPS*Ty(t,J)' 
F~k • AR~(rt(l'JI - TWIJ.J) 

lr I ~CL - I:.~RI 2005.?bOO,2 6 00 
I<OlJ'~ r .I\OUNT + 1 
KL05111,J) • 2 

CUNI l tnJF 
IF 11(.0' INT I ~~HO, 2b50, ~60ti 
I.:lU T.) 12b.lu,~OOOIKOliT 

Ploll''11 HU::>, rl.r\QUNT,Tl(ITM1.JMl).T){I!M~ • .JIo\'::)tTXlrM3'JMj), 
1 T x. ( .l,.,4 LJt-14) 

j 

~'" 1 ,·n 8 ')l, TY ( .1 ,., 1 • JM 1 ) • TV ( l"'Ic. JM2) ,T Y ( T M3, J~3) • TV I I M4. JM4 ) 
c.;ON 1 I r-llJE 

OUTfJuT UF r ll"t.. sH.p kESllLTS 
~·dl~J Air 

u0 2{no I = l,MXP] 
,,0 111 12b~:,,4!o3n)I(UilT 

P~l·'JT 8u'1, K 
P;;( 1''11 HI) .. 

VU 2700 J = 3,MYP1 
12 :: 1 
..12 =.J 
KAT • KLOSI1.J) 

uU Tv (26~3'lo~OI KAT 
~4T :: K4SII.J) 

Gu Tc) (2b b <;',2b53.261:i3,2053) KAT 
TII.J) I: T(f.JI + AII.J)tt( T(I.J-ll • TVl.l.J-l" 

+ B(!.J)*( TII-,.J) + Tx(I-l.J)) 
CXI!.J)*I TIT,J) + T.(I.J)) 
eYI!.J)*1 TIT.J' + TY(I,J») 

+ Dll.J)*( TIJ.l,J) • TvIT+l.JI) 
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7n9 
770 
711 
772 
113 
174 
71f> 
776 
771 
778 
77~ 
780 
781 
7H2 
183 
7ti .. 
785 
7i1t> 
781 
711M 
18'1 
r9u 
1"J 1 
7q2 
793 
1Q4 
795 
79b 
797 
79~ 

rq"J 
~OO 

~Ol 
~o2 
>403 
1104 
"lOb 
~Oo 

~O{ 

ROt; 
RO~ 

~10 
811 
"12 
B13 
814 
SIS 
'llb 
817 
~18 

819 
R20 
821 
1:122 
~c3 
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:;, 
tI 

.>65.:1 

,,6~j, 

,bS~ 

I>bbu 
,6b:;' 

;>611.i 

;;1700 
~OO\.l 

Q'itl\.i 
"'~'i'; 

f.:u Til i61)~ 

+ EI1.J)*( TrY.J+ll + TV(t.J+l)) 
+ 2.\l*F(I.J) 

Al = Cv<l.J) + CVO.H 
1~CA1)l6:;'~'2~~1.265~ 

AI? ,. O.c:; 
A.3 II 0." 

bU rd 2f',hd 
,',2 
1.\,3 

= 
= 

T( It.) 
CALL USllCT 

Cl(lltJ)/~l 

CVII.JI/AI 
A,.n II .J) 

bU I~ (cofU.c100) KnUT 
II • I. 3 
Jl = J .. 3 

P~l~T S~~,Il.Jl.l(I,J),wV(I,JJ'PFl'VS~fy.J).VSY(I,JI 
tUNl [!\JUE 
tUN T T ~.UE 
c;,v r ,"; 1 u! ,~ 

i-'[.H··d 'JuT 
I.vti I 1"1 U I::. 

E.!~O 

A2~ 
~2:;' 

H2b 
st27 
!'I 2 I!! 
R29 
830 
831 
832 
R33 
~3" 
83~ 
~3& 
~37 
1-\3M 
~3~ 
A40 
Bltl 
R4Z 
Hit) 

"'44+ 
R4:; 



SU~HUUTINF SUCTtO~ 
COM~ON/U~E/PFMIIO),PFkllO),dETAllO).OTnwI40'25"PFl 
1/TwO/rI4f).25).12,~2 
c/TH~EE/W~SI40.2~)tKLHtK 
J/FOUk/w~A(10)tYI1O)tALFnI10),RllO)'.Vf10).PORI40.25). 
4KUR~1 O'25),wVI.O,25"G~~.ALf,P,OP.DAlj.MVtH,.PNI10) 

I = J? 
J = J? 
L = KnRV 1 ltJ) 

Ifl uiV(I.J) - INIJSlltJ) ) 1525.1'5?.t..115;.?4 
1524 nTDlidl.JI = 1.0 

pf 1 • 0.0 
T(It~1 • 0.0 

tiO T'1 lSj" 
t5c~ AI • 1100.u*WVIltJ»/IWVSIJ.J) 

TAT = IlOO.OOPFRIL)}/IPFMIL'} 
k • 8EfAIL) 
REC~ = 1.0/11.0 ... B ) 
C • 2.]02~85 
I) = PF'HU - PFRILl 
)(1-1 III PF""1ILI I I WVSITt,noCl.o ... t:1ETAIL)) 
FACl = 1.0 / II 1.0 - pnRIl'J))o~.7o I 

IFITAT - ATI lS27.1C;26.1S2b 
1520 ~~ = PFRIL)OIAT/TAT}oo~EC~ 

P~l • PFMILI - PF 
Tll,J) • 1_IIO.u)OOPFl}/c,.S~) 

T~ = AR5tTIl,J)} 
nTD~(I.J) • ITFOXMOcoIPFRIL)/PF)OOS) 0 FACT 

GO Tf) lSc,1 
1521 pfl • 00(1100.0. AT)/fIOO.O • TAT,)oOHEC8 

TII.J) = 1.I}O.0)OoPFl)/c'.54 ) 
TE III ARS(TII,J» 
IHD"l! .Jl :I CX~oTEOCO (D/PF no.R) • FArT 

152d Go f'" Cl~"'O,.I.::I(9) KlH 
1529 Ifl~) 1~j0'1~c3 
152,j CALL HtA'IY 

1 53v ~E.TuMN 

END 

TI!.J) • T!t,JI ... ALFoP 
[lTlllldl.J) III DTOW(ltJ) ... ALFonP ... pOOALF 
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10446 
847 
Iua 
849 
850 
851 
A52 
~53 
85. 
~5~ 

857 
sse; 
859 
860 
1161 
8b2 
~63 
86. 
865 
866 

861 
868 
8119 
1'470 
871 

873 
~74 

875 
87b 

~71.i 

A79 
880 
88J. 
882 
883 
884 
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UlO 
iIU 
nIt! 

2730 

nsu 
;lI75!) 
~75t) 

SuBHl"lJTl",;f n!:.uCT 
COMMUN/ONf/Pf M(101,PFW(10).dETA(10).OTnwc 4 0.2S,tPF1 

I/TwO/IC40.2Slt12.J2 
~/THktE/W~S(40t2~)tKLktK 
J/FOUH/~VA(10)tQ(lO)tALFnC10)tR(10),AYCIO),POR(40.25)t 
.~U~VI~Ot25).wV(40.2S)tGA~tALF.P.OP.OALF.MYtHy.pN(10) 

J = I~ 
.1 = J2 
L = KIIRV(1.JJ 

J.F (1 (t.JI )t:!flv.2705,270::l 
~vCl,JI = Wv~(I.J) 
nTowtI,J) I: 1.0 
PFl = 0.0 

l.J;.l T! t?1~l' 

UU T'l C2fJ.J.~711)"L'i 
1F C 1\ I 271.::' .?713 

CALL rtfl4'/Y 
TE = - TIl.J)*c2.S4) • AIF*P*,2.S4) 

l::v r) l!. ( 1 '+ 

1E = - rll,J)*(2.S4) 
~Fl = AI n~luCTE) 

If C o-1F 1 ) 2 ( 1:' ,~ 120 .27, 0 
p~l = 0.1') 
T(l.Jj = -1.0/(2.~41 
~Y{l.J) = wv~(l,J) 

1)H,l'Itl,J) = 1.n 
~u T'l t.7':l.' 
11- ( .:;Ifl - ~fMIU) ?724,2124'27n 

pFl = P~~(Ll 
T(I,~J = 1-110.0)**PF11/,.S4 
wVIltJ) = 0.0 
OTO*I!,JI. 1.oE+10 

(,0 T·) ~1:,' 
iJF = jJf:'~H Ll - PF 1 
R • HFTAIL) 
~~ = 1.n + ~ETAIL) 
C = 2.10~~~~ 
n » PF~ILI - PFRIL) 
TAT • IPFR(L)·100.0)/IDF~tL) 
.M = Ppt(L) I I IIIYSIT •. J)*(l.O • eETAIl.))) 

IF IPF - ?FR (L) )2121:\,2725.2730 
AT = TAT*lpF/PFRIl)) •• RP 
TE = -T(I.J) 
IHll\ldltJI = T~ocox,f"I*lpFRIUII!)F)·*B 

Go T,) 27J" 
AT » 1nli.O - 1100.0 - TAT)*(Prl/D)**~~ 
rE = -T(l.J) 
DTQw(I,J). Tr.C.~M·ID/PFl) •• q 
wV(l.J) • AToWVSII'J)/(lon.OI 
FACT • 1.U I II 1.0 - cnQlltJ).?70 
OTo~tl,JI • OTnw(l.J) • FACT 

uU To l27ol.l.~755) KLi04 
It'I'') 27ev,21:,6 

C~Ll. HE.AVY 
T(T.JI = T(Y,JI • ALF.P 

885 
886 
A87 
888 
889 
890 
891 
892 
~93 
A9~ 

'89~ 

'l9b 
R91 
RQS 
q99 
<:JOO 
901 
902 
QoJ 
90lt 
~OS 
90b 
QO 7 
908 
QOIi 

qll 
q12 
91l 
91lt 
Q1~ 

91b 
911 
Q1t; 
919 
920 
921 
CJ22 
923 
924 
Q2~ 

920 
927 
928 
929 
930 
CJJI 
93c 
933 

934 
935 
936 
q)1 



?7bU RETUkN 
END 
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q38 
939 
Q40 
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S~~~O~TINE H~~VY 941 
COMMON/lwU/T(~O,~~I,I2.J2 942 

l/FOUtoc I. V A ( 101 , (,/ ( 10) • A LF n ( 10) • R ( 101 • AV c1 0) • POR (40.25) • 943 
~KURV(-D,?5),WV(40,25).GAM.ALF.P.DP,DAIF.MY,HY'PN(101 94_ 

T II It' 94:' 
J • J? 946 
I • KIJRV ( 1 • J I <a 7 

c OET~tocMINF ovt~bu~~EN PRFSSU~E ~EAO 948 
P II (MY + 3 -n*OAMtHolY / (0.0361) 949 
rEIolM II (1.0 .. po~UltJ» * ?7n 
TN II (IIIVn.JIII1on.o») * T~RM 
ENf\ • P("IIHI.J) 959 
Fl II .~(L)*( 1.0 - F.N ) 
Fl II (1.0 - TM ) 961 

H ( oIlJtltJ) .. W\lA(U) 1540,1550.1';50 950 
1:'4\1 fi,",(, II to< (Ll 951 

I)M1 = li(U - 1.0 952 
)Ml = QrLl - 2.0 953 
A.U· = ALFO(L) + <1.0 AVO(LI)*t,/(l.J)/IIIIVA(L» 9:''' 

l **oM1 95~ 
~AT :: (rl-l/ (PQt<(J,J») ** ~PO 956 
F3 :: SAT i.f51 
np • p / ( f 1 * F2 * F J) + MY 9E:1J 
dALF- :: QOAl*Cl.O - ALFO(U)*(~IJ(T.J)/I;iV~\{L))**QM2 q(oj4 
I1ALI' = (OAtF* J.OO.O)I(WV~(U • rEpM) 

\.lU f·') l')ol> 966 
l~SV AL~ II 1.n qb1 

IJAU" ;: 0 • n 96t:1 
OJ' .. Hv + P 1 ( fl .. Fl I 969 
nTH :: ((W\I(!tJI - WVA(L)lI(lOO.O)l .. rEwI'1 970 
POIol(l'J) II (PN(L.l + DrHl/t1.n + DTwl 971 

l~~V ~ErJ"N 972 
~NU 913 



5Jt:jtHJuTl~E ;-;U,.r,luY CTE,Hl1 
COMMUN/1~O/TC~o,25).I2,J2 

I • 12 
J • J2 
R • 8.314E+01 
G • 9~1.0 
E~ • lA.02 
AN • ALOGCnll 
YM • eYE - 32.0).S.0/(9. 0 ) + 213. 0 
TCl,J) • R.TM·A~/CG.EM.?S4) 
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'111+ 
915 
91tl 
971 
cn~ 

919 
9S0 
981 
98e 
983 
981+ 
QB!) 
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DECAY OF PORE PRESSURE COMPUTATIONS ON A SQUARE REGION 

PP 1 POSITIVE PORE PRESSURE DECAY IN A TlIJO-D I MENS I ONAL Rt:.GION 

3 1 1 1 4 3 1 1 

10 10 10 500 10.0 10.0 100000.0 0·001 

2 8 4 7 5 5 6 2 

1 

0 0 11 11 1.000E-06 1.000E-06 0.0 0.0 1.0 1.0 

1 

0 0 10 10 1 

0 1 10 9 2 210.0 1.0 0.0 

0 0 10 0 2 200.0 

0 10 10 10 2 100.0 

0 1 0 9 2 -100.0 

10 1 10 9 2 -100.0 

2 2 

.0001 .Oul 

.0001 .001 

3 0 

1 10 

1 20 40 80 160 240 320 400 480 500 



210 

ACCUMULATION OF MOISTURE AROUND A BURIED CASING DUE TO DISTURBANCE OF SOIL 

SC 1 TWO SQUARE FT DISTURBED AREA - CE.NTER CASING AT 7 FT Bt.LO\t/ SUI::lGkADE 

3 1 2 1 4 3 1 1 

32 lU 10 50 12.0 12.0 604800.0 0.001 

16 3 8 4 28 6 16 8 

1 

0 0 33 11 1.000E-07 .5000E-07 0.0 2.54 1.6 E+08 3.0 

4 7.0 3.U 1.0 34.6 2.0 0.0 0.365 0.08 0.9 .0695 45.0 

1 7.0 4.U 1.5 34.6 2.0 0.0 0.365 0.08 0.9 .0695 48.0 

0 0 32 1 1 

0 2 14 4 1 

0 5 32 10 1 

18 2 32 4 1 

15 2 17 4 2 

0 0 32 10 1 42.6 -0.0417 0.0 

0 0 32 0 2 0.0 

0 1 0 9 2 0.0 

32 1 32 9 2 0.0 

0 10 32 10 4 0.0 

2 2 

0.0001 O.UOI 

0.0001 0.001 

3 0 

1 4 

4 16 40 50 
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MOISTURE REDISTRibUTION UNDER A HOUSE FO' ~DATiON 

PROSI CLAY REGION WiTH 1 NCLl NED 51 LT LEN;:' - CLAY INITIALLY DRY 4 Io/K JUMP 

3 12 2 1 6 3 1 1 
~ 

18 16 10 100 12.0 12.0 2419200.0 0.01 

3 4 8 8 14 10 17 14 

1 

0 0 19 17 1.000E-08 0.500E-08 0.0 2.54 1.6 E+I0 3.5 

2 14 9 14 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 1.~ 

3 13 10 13 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 1.5 

4 12 11 12 9.9 E-01 9.5 E-08 45.0 0.0 -15999£+09 -1.5 

5 11 12 11 9.9 E-01 9.5 [-08 45.0 0.0 -15999E+09 1.5 

6 10 13 10 9.9 E-07 9.5 E-08 45.0 0.0 -15999E+09 1.5 

7 9 14 9 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 -1.5 

8 8 15 8 9.9 E-01 9.5 E-08 45.0 0·0 -15999E+09 -1.5 

9 1 16 1 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 -1.5 

10 6 16 6 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 -1.5 

11 5 16 5 9.9 E-01 9.5 E-08 45.0 0.0 -159'i9E+09 -1.5 

12 4 16 4 9.9 E-01 9.5 E-08 45.0 0.0 -15999E+09 -1.5 

1 1.0 4.0 1.5 34.0 2.0 0.0 0.350 0.08 0.9 .0695 45.0 

11 1.0 2.5 4.0 30.0 1.5 0.0 0.310 0.04 0.8 .0695 35.0 

0 0 18 16 1 

2 14 9 14 2 

3 13 10 13 2 

4 12 11 12 2 

5 11 12 11 2 

6 10 13 10 2 

7 9 14 9 2 

8 8 15 8 2 
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9 7 16 7 2 

10 6 16 6 2 

11 5 16 5 2 

12 4 16 4 2 

0 0 18 16 2 -167.3 0·61 

0 0 18 0 2 0.0 

0 16 8 16 5 .9999 80.0 

0 1 0 15 3 0.0 

18 1 18 15 3 0.0 

9 16 17 16 4 0.0 

18 16 18 16 2 0.0 

2 2 

0.0001 0.001 

0.0001 0.001 

1 3 

6 14 25 

1 8 

1 4 8 24 48 72 96 100 

6 1 

18 16 18 16 1 36.25 

14 1 

18 16 18 16 1 36.50 

25 1 

18 16 18 16 1 36.75 
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MOISTURE REDISTRIBUTION UNDER A HOUSE FOUNDATION 

PROB2 CLAY REGIUN WITH INCLINED SI LT lE.NS - CLAY iNITIAllY ORY 1+ WK JUMP 

3 12 2 1 6 3 1 1 

18 16 10 100 12.0 12.0 2419200.0 0.01 

3 4 8 8 14 10 17 14 

1 

0 0 19 17 1.000E-08 0.500E-08 0.0 2.54 1.6 [+10 3.5 

.. 2 14 9 14 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

3 13 10 13 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

4 12 11 12 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

5 11 12 11 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E.+09 -1.5 

6 10 13 10 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

7 9 14 9 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

8 8 15 a 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

9 7 16 7 9.9 E-07 9.5 E-Oa -45.0 0.0 -15999E+09 -1.5 

10 6 16 6 9.9 E-07 9.5 E-08 -45.0 0.0 -15999E+09 -1.5 

11 5 16 5 9.9 E-07 9.5 E-Oa -45.0 0.0 -!5999E+09 -1.5 

12 4 16 4 9.9 E-07 9.5 E-Oa -45.0 0.0 -15999E+09 -1.5 

1 7.0 4.0 1.5 34.0 2.0 0.0 0.350 o.oa 0.9 .0695 45.0 

11 7.0 2.5 4.0 30.0 1.5 0.0 0.310 0.04 o.a .0695 35.0 

0 0 la 16 1 

2 14 9 14 2 

3 13 10 13 2 

4 12 11 12 2 

5 11 12 11 2 

6 10 13 10 2 

7 9 14 9 2 

a 8 15 8 2 
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9 7 16 7 2 

10 6 16 6 2 

11 5 16 5 2 

12 4 16 4 2 

0 0 18 16 2 -167.3 0.61 

0 0 18 0 2 0.0 

0 16 8 16 5 .9999 80.0 

0 1 0 15 3 0.0 .. 
18 1 18 15 3 0.0 

9 16 17 16 4 0.0 

18 16 18 16 2 0.0 

2 2 

0.0001 0.001 

0.0001 0.001 

1 3 

6 14 25 

1 8 

1 4 8 24 48 72 96 100 

6 1 

18 16 18 16 1 36.25 

14 1 

18 16 18 16 1 36.50 

25 1 

18 16 18 16 1 36.75 
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DEPTH OF WATER PENETRATION FOR PONDING - DIFFERING ANTEClDt~T MO.SI. G1ND. 

POND1 ALL SOIL IS INITIALLY AT THE PLASTIC L HlI T YOLO liGHT (LAY PERM. 

3 3 1 1 4 3 1 

10 40 10 50 6.0 b.O 604800-0 0.001 

5 35 5 30 5 25 5 15 

1 

0 0 11 37 .6550E-07 .4775E-07 0.0 2.54 1-575E+08 3.00 

0 36 11 39 .4775E-07 .2380E-07 0.0 2.54 1.575E+08 3.00 

0 40 11 41 .6550E-06 .4775E-06 0.0 2.54 1.575E+08 3.00 

1 7.0 4.0 2.0 34.6 2.0 0.0 .365 0.08 .9 ·0695 45.0 

0 0 10 40 1 

0 0 10 39 1 37.8 

0 a 10 0 1 0.0 

a 1 0 39 3 0.0 

10 1 10 39 3 0.0 

a 40 10 40 2 0.0 

2 2 

0.0001 0.001 

0.0001 0.001 

3 0 

1 6 

1 4 6 24 48 50 
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DEPTH OF WATER PENETRATION FUR PONDING - DIFFERING ANTECEDENT MUIST. CONDo 

POND2 SOIL IS WETTER THAN THE PLAST 1 C LIMI T BY 4 PCT. AT THE T()P 

3 3 1 1 4 3 1 1 

10 40 10 50 6.0 6.0 604800.0 0.001 

5 35 5 30 5 25 5 15 

1 

0 0 11 37 .8550E-07 .4775E-07 0.0 2.54 1.575E+08 3.00 

0 38 11 39 .4775E-07 .2380E-07 0.0 2.54 1.575E+08 3.00 

0 40 11 41 .8550E-06 .4775E-06 0.0 2.54 1·575E+08 3.00 

1 7.0 4.0 2.0 34.6 2.0 0.0 .365 0.08 .9 .0695 45.0 

0 0 10 40 1 

0 0 10 39 1 42.0 -0.017 0.0 

0 0 10 0 1 0.0 

0 1 0 39 3 0.0 

10 1 10 39 3 0·0 

0 40 10 40 2 0.0 

2 2 

0.0001 0.001 

0.0001 0.001 

3 0 

1 6 

1 4 8 24 48 50 
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DEPTH OF WATtR PENETRATION FOR peNDING DIFFERING ANTECEDENT MOI~I. CONDo 

POND3 SOIL IS INITIALLY AT P.L. - (OMPR£SSl~ILITY EFFECTS INCLUDt..D 

3 3 1 1 4 3 2 

10 10 10 50 6.0 6.0 604800.0 0.001 

5 8 5 6 5 4 5 2 

1 

0 0 11 7 .8550E-07 .4775E-07 0.0 2.54 1.575£+00 3.00 

0 8 11 9 .4775E-07 .2360E-07 0.0 2-54 1.575[+08 3.00 

0 10 11 11 .6550E-06 .4775E-06 0.0 2.54 1.575£+08 3.00 

1 7.0 4.0 2.0 34.6 2.0 0.0 .365 0.08 .9 -0695 45.0 

0 0 10 10 1 

0 0 10 9 1 37.8 

0 0 10 0 1 0.0 

0 1 0 9 3 0·0 

10 1 10 9 3 0·0 

0 10 10 10 2 0.0 

2 2 

0.0001 0.001 

(J.0001 0.001 

3 0 

1 6 

1 4 8 24 48 50 
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EFFECT OF WATER INJECTION WELLS IN CLAY - 12 IN. DIAMETER 

PW 1 12 I N DUM WELL 10 FT DEEP IN SOIL AT THE PLASTIC LIMIT 

3 3 1 2 5 3 2 1 

10 40 10 50 6.0 6.0 6.0 604BOO.0 0.001 

5 38 5 35 5 30 5 24 

1 

0 0 11 37 .a550E-07 .4775E-07 0.0 2.54 1.575E+OB 3.00 

0 3B 11 39 .4775E-07 .23BOE-07 0.0 2.54 1.575E+OB 3.00 

0 40 11 41 .8550E-06 .4775E-06 0.0 2.54 1.575E+08 3.00 

1 7.0 4.0 2.0 34.6 2.0 0.0 .365 O.OB .9 .0695 45.0 

0 0 10 40 1 

1 1 9 39 1 37.8 

0 20 0 40 2 0.0 1.0 

10 1 10 39 3 u.o 

0 1 0 19 3 0.0 

a 0 10 a 1 37.8 

a 20 0 40 2 0.0 

0 40 10 40 2 0.0 

2 2 

.0001 .001 

.0001 .001 

3 0 

1 6 

1 4 8 24 48 50 



EFFECT OF wATER INJECTION WELLS IN CLAY - 12 IN. DIAMETER 

PW 2 

10 

5 

0 

0 

0 

10 

8 

0 

8 

10 

1 7.0 

0 I) 

1 

0 0 

0 10 

0 0 

0 0 

10 

2 2 

.0001 

.0001 

3 0 

1 6 

1 4 

12 IN DrAM wELL 

10 

5 

11 

11 

11 

4.0 

10 

9 

0 

10 

0 

10 

10 

.001 

.001 

8 

50 

6 

7 

9 

11 

2.0 

10 

9 

10 

10 

10 

0 

9 

24 

6.0 

5 4 

.8550E-07 

.4775E-07 

.8550E-06 

34.6 2.0 

1 

2 

2 

2 

1 

3 

48 50 

10 FT DEEP - SOIL AT P.L. COMPREssIBILITY INCL. 

3 

6.0 

5 

3 

2 

.4775E-07 

.2380E-07 

.4775E-06 

0.0 

37.8 

37.8 

2 

6.0 

0.0 

0.0 

0.0 

.365 

0.0 

0.0 

O.U 

4 3 

604800·0 

2.54 

2.54 

2.54 

0.08 

-2.84 

0.0 

2 

0.001 

? 

1.575E+08 

1.575E+U8 

1.575E+08 

.9 .0695 

3.00 

3.00 

3.00 

45.0 

219 
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EFFECT OF WATER 1 NJEC 1 ION WELLS IN CLAY - 12 IN. D 1 AME"TER 

PW 3 12 IN DIAM WELL - 10 FT DEEP - SOIL WETTER THAN P.L. tiy 4 PCT • AT TOP 

3 3 1 2 5 3 2 1 

10 40 10 5U 6.0 6.0 6.0 604800.0 0.001 

5 38 5 35 5 30 5 24 

1 

0 0 11 37 .8550E-07 .4775£-07 0.0 2.54 1.575E+08 3.00 

0 38 11 39 .4775£-07 .2380£-07 0.0 2.54 1.575E+08 3.00 

0 40 11 41 .8550£-06 .4175E-06 0.0 2.54 1.575E+08 3.00 

1 7.0 4.0 2.0 34.6 2.0 0.0 .365 0.08 .9 .0695 45.0 

0 0 10 40 1 

1 1 9 39 1 42.0 -0.011 0.0 

0 20 0 40 2 0.0 1.0 

a 0 10 0 1 37.8 

0 40 10 40 2 0.0 

0 1 0 19 3 0.0 

10 1 10 39 3 0.0 

0 20 0 40 2 0.0 

2 2 

.0001 .001 

.0001 .UOI 

3 0 

1 6 

1 4 8 24 48 50 



APPENDIX 5 

SAMPLE OUTPUT FOR PROGRAM GCHPIPI 
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PRO(lRAM BCHPIPI R.L.LYTTO~ REVISION DATE JUNE 1969 

DEPTH OF WATER PENETRATION FOR PONDING .. DIFFERING ANTECEDENT MOIST. CONO. 

PRO'1 
POND3 SOIL IS INITIALLY AT P.l. - COMPRESSIBILITY EFFECTS INCLUDED 

TABLE 1. PROGRAM CONTROL SwiTCHES. 

PRIOR OATA OPTIO~S (1 • HOLD) 
NUM8EH CARDS INPUT THIS PR08LE~ 

GRID. 1, CYLINDER. 2 SwITCH 

lIGHT. 1, HEAVy. c SwITCH 

TABLE 2. INCREMENT LENGTHS, ITERATION cONTROL 

NUN OF X·I~CREMENTS • 10 
X-INCREMENT LENGTH • 6.000E.00 IN. 
NUM OF y-lf'4CREME~ T S • 10 
Y-INCREMENT LENGTH • 6.000E.00 IN. 
NUM OF TIME INCAE~E~TS • 50 
TIME INCRE~ENT LE~GTH • 6·048E·05 SECS 
ITERATIONS I TIME STEP. 10 
INSIDE RADIUS 
ToLERA"CE 

MONITOR STATIONS I'~ 

TRANSIENT FLOW 

TABLE 3. PERMEABILITy 

FROM 
o 
o 
o 

o 
8 

10 

TO 
11 
11 
11 

PI 
7 8.550E-08 
9 4. 775E-08 

11 8_550 E-01 

• .. 0. IN 
• 1.000E .. 03 

5 8 

P2 ALF A (DEG.) 
•• 775E"08 0_ 
2·380E-08 0-
•• n5E-07 0-

TARLES NUMBER 
2 J 

-0 .0 
3 

1 

2 

5 6 

AK 
2_540E·00 
2-540E·oo 
2-540E·OO 

3 

4A 5 6 7 

-0 "0 -0 -0 
1 1 4 

!5 4 !5 2 

BK EXPONENT 
1.575E.08 3.000E.00 
1_575E.08 3-000E.00 
1_575E.08 l-OOOE.Oo 

3 
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TA!;LE 

,..0. 
1 

4. SUC1ION - \IIATE~ CONTENT 
CII~\lE. NUMIit.~ 
~IJM LOCATIUNS • 
MAXIMUM I"f • 
PI' AT INfLECTIOt-l • 
Fl(PONt.NT !-UR PF • 
AIR ENT~Y .ATE~ CUNT • 
D~YINij CU~VE EXPO~ENT • 
ALFA AT 0 wATER CONT • 
INITlAL PUHQStTY • 
RHE~ENCE AV • 
SATUHATION EX~O~ENT • 
snIL UNIT itT PCI • 
SATU~ATED wATER CONTi • 

"ROM TO 
o u 10 10 

TABLE ~. INITIAL CONDITtO~S 

CUHVES 
1 
1 

1.00 
•• 00 
2.00 

31t.1:I0 
2.00 

O. 
3.6';OE-01 
B.OOOE-1l2 

.90 
6.91:\OE-1)2 
1t.5noE+1l1 

FROM TO CASE 
I 

VOL. w. PO ME PAl SLnPE Y SLOPE X 
3.780E+0\-0. -0. -0. o 0 10 t; 

TASLE b. .,OUNOARY AND INTEfoINAL CONDIT TONS 

FROII' C;TA TU STA CASE: WV 
0 0 Iv () 1 o. 
0 1 Ii '1 3 -0. 

10 1 10 9 3 -0. 
0 10 10 10 2 -0. 

TABLE 7. CLOSU~E ACCELERATION OAT1 

FIcTITIOUS CLOSURE VALV~ SETTINGS 

NO. 
1 
2 

VSA 
1.0UOE-04 
1.000E-03 

VSY 
1.000E-04 
1.000E-03 

-0. 
-0. 
-0. 

O. 

T OTIOX OT/Oy 
-0. -0. 

O. -0. 
o. -0. 

-0. -0. 

H TEMP 
*.000 -0.0 
*.000 _0.0 
*.000 -0.0 
*.000 -0.0 



TABLE 8A. TIME STEPS FOR B.C. CHANGE 

NONE 

TABLE RB. TIME STEPS FOR OUTPUT. 
1 4 8 24 48 50 

TIME STEP • 

1 J T C ItJI 
0 0 -4.742E·01 
0 1 -5.898E·01 
0 2 -7.053E·01 
0 3 -8.208E·01 
(I 4 .. 9.363E·01 
(I 5 .. 1.052E·02 
0 6 .. 1.161£.02 
0 7 .. 1.283E.02 
0 8 -1.398E·02 
0 9 "1.51 4E·02 
0 10 o. 
0 11 o. 

TIME STEP s 

I J TCY.J) 
1 0 .. 4.742E.01 
1 1 -5.898E·01 
1 2 .1.053E·01 
1 3 -8.208E·01 
1 4 -9.363E·01 
1 5 -].052E·02 
1 6 -1.167E.02 
1 7 .1.283E.02 
1 8 -1.398E·02 
1 9 -1·5 14E·02 
1 10 o· 
1 11 o· 

TIME STEP s 1 

r 
2 

J TCI.J) 
o _4.742E.01 

WVCI • ..I1 
3.780E·01 
3.780E·01 
3.780£·01 
3.780E·01 
3.780E·01 
3.780E·01 
3.780E.01 
3.780E.01 
3.780E·01 
3.780E·01 
4.500E·01 
O. 

IIV(J • ..I) 
3.780E.01 
3. 78 0E·01 
3.780E·01 
3.780E·01 
3. 78 0E·01 
3.780E·0\ 
3.780E.01 
3.780E.01 
3.780E·01 
3. 78 0E·01 
4.500E·Ol 
o. 

WVCl • ..I) 
3.780E.Ol 

DTOWCI.J) 
6.254E·03 
1.009E·01 
1.207£·01 
1.405E·01 
1.603E·01 
1.800£·01 
1. 998£.01 
2.1 96E.01 
2.394E·01 
2.591E·01 
7.000E·00 

-7.174£·57 

OTOWCI'J) 
6.254E.03 
5.848E·03 
5.202E·03 
4.555E·03 
3.9 09E·03 
3.263E·03 
2.617£·03 
1.971E.03 
1.325E·03 
6.786E·02 
7.000£·00 

"7.174E·57 

DTDW CJtJ) 
6.254E.03 

PllCI'J) 
8.456E-08 
8.371E-08 
8.249E·08 
8.085E-08 
7.877E-08 
1.627E.08 
7.3 36E .08 
7.010E_08 
3.717E-08 
3.509E .. 08 
8.550E·07 
8.550E-07 

PllCI'J) 
8.456E.08 
R.3 71E·OB 
8.249E ·0 8 
8.085E-08 
7.877 E-08 
7.627E-08 
1.336E_0 8 
7.010E_08 
3.717E-08 
3.509E -08 
8.550E-07 
8.550E-07 

P11CI'J) 
8.456E _0 8 

P12CT,J) 
o· 
O. 
o. 
o· 
O. 
O. 
o. 
o. 
o. 
O· 
o. 
O. 

P12!ItJ) 
o. 
o· 
o· 
o· 
O· 
O. 
O. 
o. 
o· 
o· 
o· 
n· 

piZ".J) 
O. 
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P22CI,J) 
4.123E .. 08 
4.675E-08 
4.607E-08 
4.515E"08 
4.3991:"01'1 
4.259£ .. 08 
4.097[ .. OA 
3.915E .. 08 
1.1353£"08 
1.749E-08 
't.715E-07 
4.715E"07 

P22Q.JI 
4.723E_OR 
4.675E-OS 
4.607E"08 
4.515E-08 
4.399£-08 
4·259E .. 08 
4.097E-08 
3.915E_08 
1.853E-08 
1.749E-08 
4.715E"07 
4.715£-07 

PZ2CI.J) 
4.723E.08 
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2 1 .5.89~E+01 
2 2 • 7.053E+01 
? 3 _t!.20~E+01 
2 4 -9.363E+Ol 
2 5 ·1.05ZE+02 
2 6 -1.167£+02 
2 7 -1.28JE+02 
2 B -1.398E'02 
? 9 -1.SptE+02 
2 10 O. 
2 11 o. 

TIME STEP III 

t J T (y,J) 
3 !l .. 4.742E+Ol 
3 1 -S.898E+Ol 
3 2 -1.053E'01 
3 3 -8.20~E+Ol 
.J 4 .. .;;.363E+01 
3 5 -1.05i::!E+02 
3 6 -1.161E+02 
3 

• +02 
9 10 O. 
9 11 O. 

TIME STEP III 

I J 
10 0 
In 1 
10 C 
10 3 
10 1+ 
III 5 
111 6 
In 7 
1,· 8 
1,· 9 
11'1 10 
10 11 

TI~E 

r 
1 1 

J 
o 

TlI.J) 
-'+.74 i:!E+OI 
_5.89~E+01 

-1.05J[+01 
-th 20t!E+ 01 
-1,j.36JE+01 
-1'052E+02 
-It 16'{E+ 02 
-1.28JE+02 
-1.39t:it:+02 
- 1 • 514t: + 0 l 

O. 
n. 

STEP :; 

TlI.J) 
O. 

3.780E+Ol 
3.780E+Ol 
3.780E+Ol 
3.780E+Ol 
3.780E+Ol 
3.780E+Ol 
3.780E+Ol 
3.780E+01 
3.780E+Ol 
4.500E+Ol 
0. 

WV (1 .. 11 
3.780E,01 
3.180E'01 
3.180E+Ol 
3.780E+Ol 
3.780E+Ol 
3.180E+01 
3 7 

3.780£+01 
'+.50uE,01 
O. 

If/IIII •• ,I) 
3.780E+01 
3.780E+OI 
3.78 0E'01 
3. 780E' 01 
3.181lE.+Ul 
3.78 0t.'01 
3.1801::'01 
3.78 0E+ ul 
3. 7t:10E· 0 1 
3.78 01:::+01 
4.5001:.+01 
o. 

5.848E+03 
S.202E+03 
4.5551=:+03 
3.909E+03 
3.263E+01 
2.617£+01 
1.971£+03 
1.32SE'03 
6.786£+02 
7.000F"00 

"7.174E+51 

DTUIII(JtJ) 
6.254£'03 
5.848E+03 
S.202E+03 
4.555£+n3 
3.909E+03 
3.263E+ 

• 5F.+nJ 
6.78bF+Oc 
7.000F+OO 

-7. 17'+E+c:;7 

U J U~ IT. J) 
~.i:!54F+03 
I.QO'fF+Ol 
1·20n+Ol 
1·~O!:lf+ol 
1. b03!'= + 0 1 
1.1:l0uF+ 0 I 
1.<.l9HF+Ol 
2ti90F+ n 1 
2.J94F+ol 
2.!::I91t::+Ol 
7.000F+Oll 

-7. 17I+E+Cj( 

DTUW(T.J) 
2.:;9:'-G?O 

8.371E.08 
8.249E.08 
8.085E.08 
7,877E .. 08 
7.627E·08 
7.336E.08 
7.010E.OB 
3.717E·08 
3.509E.08 
8.550E-07 
8.550E .. 07 

Pll<I'J' 
8.456E.08 
8.311E-OB 
8.249E-08 
8.085E-08 
7.e17E-08 

• -0 
3.717E_08 
3.50<;£._08 
8.550£_07 
8.550E-07 

Pl11I.J) 
e.4!:>oE-n/i 
8.371E_08 
e.;;»4QE-08 
8'0eSE·Oe 
1.871e-Otl 
1.f>27E-OB 
(. 33hl::- 08 
7.01ot:.-o8 
J.717E-08 
J.C:;09E-08 
B.c;50t.-07 
b.55I)E-07 

PlllltJI 
8.550E-01'I 

O • 
O. 
O. 
O. 
o. 
0, 
O. 
O. 
O. 
0. 
O· 

P12 (ttJ) 
O. 
O· 
O· 
o· 
• 

0 • 
0 • 
O • 
O. 
O. 

P12fT,J) 
0. 
o· 
o· 
o· 
o· 
o· 
o· 
U· 
O· 
O. 
O· 
o. 

P12(TtJ) 
O. 

4.675F.Oa 
4.607E.0~ 
4.51SE.08 
4.399E-OA 
4.2S9e:·o~ 
4.097£-08 
3.915e:.08 
1.853£·08 
1.749E-08 
4.775f-07 
oCt.77SE-07 

P22 (ItJ) 
4.723E'_OR 
4.615E-OA 
oCt.607E-0~ 
4.515E-Of:l 

4.097F_OI< 
3.'HSF-Of.l 
I.A53F.:-O~ 
1.749f_O~ 

1+ .7151=" _07 
1+. 775F-0 7 

P22II,J) 
1+ • .. ,23F'-OA 
4.67SF.:_OH 
4.607F-OA 
4·~15E-OR 
1+.]99F-01ol 
1+.2SqF-0~ 

l+.n9 7F:-OH 
J.41SE'-OH 
I. H5JE-OH 
1. 74QF-UA 
1+.775r-07 
4.77c;r-01 

P22II,JI 
4.71c;e:-OH 
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11 1 o. o. 2.218E"62 8.550£ .. 08 O. 4.775E-0j:\ 
11 2 o. o. -7.174E·57 8.550E-08 o· 4.775£-08 
11 3 o· o. -7.174E·57 8.550£-08 o· 4.775E"OH 
11 4 O· o. -7.174E·c,7 8.550E-08 O· 4.775E-OH 
11 5 o· O· -4.503·115 I:I.S50E-08 O· 4.77S£-OA 
11 6 o· o· 3. 903E-32 8.55 0£"08 o· 4.775E-08 
11 7 o· o. -7.17,.E·57 8.550E-08 O· 4.715E-OM 
11 8 O. O. -5.550F·24 4.775E_08 o. 2.380E-OA 
11 9 O. O. -7.230E.S7 4.775E_08 O. 2.380E_0~ 
11 10 o. o. _7.230E.C;7 8.550E_07 O. 4.715E_07 
11 11 o. o. -7.230E·57 8.550E-07 o. 4.715E-07 

ITERATION PTS.NOT CLOSED fo10NITOR STATIONS 

5 8 5 6 5 4 5 2 
88 T'I( -1.397E.02 _1.163E.02 -9.~21E.01 -7.1119E.Ol 

TV -1.073E·02 -1.13(,E.02 .. 9.276E·Ol -7.uI5E.Ol 

2 52 TX -1.076E" .• 02 -1.138F.02 -9.2,,7E·01 -7.001E·Ol 
Ty -1.075E.02 _1.137E.02 _9.271E.Ol -7.007E.Ol 

3 23 Tx -1.o73F.:.02 -1.137E.02 -9.272E.Ol -7.006E.01 
TY -1.0HE·02 -}.137E·02 -9.272E·Ol -7.007E·Ol 

4 17 TX -1.0HE.02 -1.137E.02 -9.273E·Ol -7.007E.Ol 
TY -1·074£·02 -1·137E·02 -9.273E·01 -7.007E·Ol 

5 17 TX -1.074E·02 -1.137E·02 -9.273E·Ol -7.001E.Ol 
TY -1.014E·02 -1.137E·02 -9 • .:!73E·Ol -7.U07E·Ol 

b 17 TX -1.074f·02 -1.137E.02 -Q.273E·01 -7. 0 07E·Ol 
Tv -1.0·f4E .02 _1.137E.02 _9.273E.01 -7.007E.Ol , 17 TX -1.u7,+£.01. -1.137E.02 -Q.273E.Ol -7.007E.Ol 
Tv' -le07'+E·02 -1.137f.02 -9.'-73E·Ol -7.001£·01 

8 17 TX -le074E·02 -1.137f.02 -9.273E·Ol -7.007E.Ol 
TY -1.074E·02 -1.137E.02 -9.273E.Ol -7.u07E.Ol 

9 17 TIt -1.074£·02 -1.137E.02 -9.273E.nl -7.007E.Ol 
TV -1.074E·02 -1.137E.02 -9.273E·Ol -7.(l07E.Ol 

10 17 TX -1·074E.02 -1.137E.02 -9.273E·Ol -7.007E.Ol 
TY -1.074e:.02 -1.137E·02 -Q.273E·111 -7.007E·Ol 

---CLOSURE---

TI~E STEP • 

STATION PF II, J) VSXII,J) VSY (I ,.J! 
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0 0 
0 1 
0 2 
Q 3 
(~ 4 
0 5 
0 6 
0 7 
0 B 
() 9 
() 10 

TI04£ STEP 

STA HON 
1 0 
1 1 
1 2 
1 3 

4 
5 
6 
1 
8 
9 

111 

n ... E STEp 

s rATION 

" 0 2 1 
2 2 

-4.742£·01 
-5.856E·Ol 
-6.994£·01 
-8.129£·01 
-9.Z63£·01 
-1.040E·02 
-Ie 153E· 02 
-1.266E·02 
-1.387E·02 
-1.20e[·02 
o. 

• 

Tcl,J) 
-4.142E·Ol 
-5.713E·ol 
-6.430[.ul 
-6.840E.+O] 
-7.019E+ol 
-7.305E·'J} 
-e.o57E+Ol 
-9·1051':+01 
-Q·l"2E+Ul 

1·3161::+02 
o· 

• 

TlI,JI 
-4.7tt2E+ol 
-5.1506£::+01 
-1.001 + 

o. 

TI"'E STEP =: 

STATION T Il,J) 
9 -4.742E·Ol 
9 1 -5.152E·ol 
9 2 -6.541E+or 
9 3 _7 .Ii4 7E +01 
q 4 -9.258E+Ol 
9 5 -9.91lE+Ol 
if 6 -1.o29E+02 
if 7 -1.013E+OZ 
9 8 -8.359E+Ol 

3.11:10£·01 
3.1dle·ol 
3.1i:!lf·ol 
3.182£·01 
3.1'121=:·01 
3.1!:!3e·Ol 
3.7d3e·ol 
3.7~4E·Ol 
3.1d3E·O 1 
3."~2e:.()1 
4.500F..Ol 

\11\1 (l,J) 
3.1dOe·ul 
3.7d<itF.:.Ol 
3.1~4E+Ol 
3.tli1r:+01 
3.8.34c·Ol 
3.dSElE·OI 
3.dtlElE·Ql 
3.d~9F+\l1 
3·".,Q£·01 
4.5',10£·01 
... 5)O~+ol 

,,1/(I.JI 
J.l"I}>'+ul 
J.f!i1,,+ul 

Jjl/(I.J) 
3. 7d OE+ol 
3.7eUE·!)l 
3.H1F.+Ol 
3.8I)EI£ +0 1 
3. 7clE.O 1 
3.7"4£+01 
J.dlle+Ol 
3.Sl+3E·Ol 
3.9ilE+Ol 

2.~l1E·OO 
2.1,16E·OO 
2.1,15£·00 
2.1115£·00 
2."14E·OO 
2.1,14E·OO 
2.,,13E·OO 
2.61ZE·OO 
Z.r.14E.·OO 
2.<;2F,E.1)0 
O. 

PF(I,.J) 
2.-.11£·00 
2.612E.OO 
2.1,00£.00 
2.S7qE·00 
2.':;49E.+OO 
2.521£+00 
2.<;08£·00 
Z.C;04E+oO 
2.464E+1\0 
o. 
o· 

PF(ItJ) 
2.I,J1r.+oO 
2 

PFCl.J) 
Z.ld 7[+ 00 
2.~13E·1)0 
2."03E.oO 
2.s8sE+no 
2.614E+OO 
2.600E+oO 
2.5 7eE+Oo 
2.SJRE+no 
2.4J3E+oO 

o. 
o. 
o. 
o. 
O. 
O. 
o. 
o. 
O. 
O. 
1.000F--04 

IISX II ,J) 
O. 
II. 
o. 
O. 
O. 
6.b19~-1'4 
9.847E-')3 
3.408E-,/? 
7.2 nE-'12 
3.069E-'11 
1·onoE-04 

U. 
5.4154E_fJl 
1.000E-04 

V5 Xu,J) 
o. 
o. 
O. 
o. 
o. 
o. 
S·027E-03 
3.206E-OZ 
7.1RoE-02 

o. 
o. 
1.64SE:-05 
z.oI8E-u5 
2.37Z£-05 
2.701F.-05 
3. 179E-05 
3.178E-04 
7.79 1E-04 
1.034E-Ol 
1.000E-04 

V<:'Y(I.J) 
11. 
Q.137f-03 
174.1)71£-03 
1.098E-u2 
1.'+75F-02 
2.112E-02 
3.38Z[-1I2 
-..S62E-uZ 
2. 958£-1.11 
i".'HOE+oO 
1.000E-{J4 

vc;VII.JI 

• -02 
, .~9"'E_ul 
2.998E+UO 
1.000E-v4 

VSYCI,J) 
!'I. 
Q.027E-03 
~.485E-U3 
1.083E_02 
1.468E-02 
Z.117E-v2 
3.398E-1)2 
6.589E-02 
2.954£-01 



9 9 
9 1 n 

TI~E STEP· 1 

STATION H {tJ) 
10 0 .. It.142E+ol 
It/ 1 -5.8SSE+IH 
11) 2 -o.991t::+Ol 
10 3 -1:S.lc~E+Ol 

III 4 -'li.25SE+Ul 
10 5 -1.038E+02 
10 6 -1.1S1E+02 
10 1 -1.2&2~+02 

10 8 -1.384t:,+112 
10 9 -1.204f,+u2 
10 10 o. 

4.S uO E+IH 
4.$001::+01 

wVIl,J) 
3.7t!I.II";+ul 
3.101E+Ol 
3.1tHE+1)1 
3.11:12E+Ol 
3.7tj2E.+Ol 
3.183E+01 
3.1~4E+01 
3.11:)~E+Ol 
3.7b3E+Ol 
3.t;!::IJt:.+Ol 
1t.5uo€+01 

ITERIT ION pTS.NOT CU)SfD 

5 

***CLOSURE·*· 

ITERATI0~ PTS.NOT CLOSED 

8 

O. 
O. 

PF (!tJ) 
2.61 7E+00 
2.616E+00 
2.615E+00 
2.fHS(+OO 
2.614E+00 
2.613E+OO 
2.612E+OO 
2.II11E+OU 
2."13(+00 
2.52SE+00 
O. 

MONITOR 

5 

MONITOR 

VSJ( (T,JI 
o. 
O. 
O. 
8.1411iF.-11 
O. 
o. 
O. 
O. 
O. 
O. 
1.onllF.-uit 

!H AT TONS 

6 5 

S 8 S 6 

TIME STEp = 

I J T (1 .J) wV(l,J) OT!)W CIt J) Pll II ,." 
0 0 _4.742E+01 3.1l:iOE.+O! ti.llqE+Ov 8.4156E_n8 
0 1 -'!I.71ZE+Ol J.1BJt:.+U1 9.910E+OO A.382E-nA 
0 Z -#l.86~E+Ol 3.78t.E+Ol 1.181E+Ol A.271F.:_ne 
I) 3 _7.95ZE+Ol J.786E.+Ol 1.36~E+Ol liI.l:?5E_IIA 
0 4 -<l.OZZE+Ol 3.188(+01 1.557E+01 7.943E-il8 
0 5 -1.OOYE·02 3.790[+01 1.744E·01 1.725E-~8 
0 6 -1.1l6E'OZ 3.791E·01 1.93,E' 01 7.470£-n~ 
0 7 -1.223E·02 l.793E+Ol 2.123E+Ol 7.lRZE·lle 
0 8 _1.3S0E.Oi! 3.791E+Ol 2.336E.01 3.80ZE_n8 
0 9 _8.048£.01 3.966£.01 1. 71C;E'O 1 4.529£ .. ile 
0 10 o. 4.S00E+Ol 1.000f·Ou ~.550£-n7 

it 

~.910f+I.IU 
I.OOOE-O. 

vSYII,JI 
II. 

tI. 
1.719E-\l~ 
2.119E-O::' 
,.S04E-O~ 
2.A62E-U~ 
3.356F-O!) 
~.098E .. 04 
7.AIt6r:-u lt 

1.o34E-Ul 
I.OOOE-v" 

~ 

P12CI.J) 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
o. 
o. 
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:::a 

P22g.J) 
4.1 E-OR 
4.681E-08 
•• 619£-08 
4.538E-08 
•• 436E"08 
4.314[-08 
4.172£-08 
4.011£-08 
1.895[-08 
2.258£-08 
4.715£-07 
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o 11 v. 8.S50E'.n7 O. 4.775E'-07 

TIME STE~ I: 

I J TlltJ) vIII t 1 , .. .II [HOW ( T' JI pll (J t.H PI2ITtJ) P221t,J) 
1 II ..... 7 .. ~E::'Ol J.7t:lfll:,·Ol l.i.llQE·OO e.456E-'\A O. 4.723E-0l'! 
) 1 .~. 713E'Ol J.7ij4t.'Vl 9.824£'00 D.387f_nA O • 4.684E-Oli 
1 2 • ".44~E'01 J.793t.·Ol 1.12nf'Ol 8.318E_~A O. 4.645F.-0'1 
1 3 _".a1t1E-'Ol. J • ~ 1 Ot., 01 1.2171:·0l. D.270F_nR O. 4.&IQE-08 

1 4 _,.Q'I1E'OI J.SleE'l)l 1.28~E.Ol D.243F.:_nA O. 4.&04E-08 
1 5 _7. 42_E..Ol J.~53E::'Ol 1.37QE'0l. 11.201E-nA O. 4.S80E-Oe 
1 & -~.l'l"f,ul J.fl631:.'U1 1.~4nE·01 fl. M7E_r\R O. 4.S16E'-0" 

1 7 - .... 220E·OJ J.HbEll·,)) 1.74nE·0l. 7.90SF.-I)A O. 4.41c:;r::-OH 

1 iI -H.I.:$~~I:·Ol J.QOt'lE·01 1.76oE·Ol. 4.451E-"Q O. 2.21AE-OI'4 

1 If 1.J!)~t'O.2 4.S0nt.'1)1 1.OOnf!:'Ou 4.775F!."A O. 2.380£-01'1 

1 10 . , . 'to.500t-·Ol 1.CJOOF.Ou R.S50E-,,7 O • 4.77SE-01 
1 11 • 1. J. -7.174F.:.5f P.SC:;OE'-,,7 O • 4.r7Sf-07 

TIME STE~ I: 4 

I J TlltJI ~v(l.J) IJl OW ( T, J) PIIIT, I) P12(ltJ) P22Ct.J) 

2 0 - ... H~t::' 0 1 J.7tH:t'IH 8. llCif. 00 8.4'56E-"Q O. 4. 723E-0lo1 
2 t -~.t;OjE·01 ).7Hlt'Ol 1.004C::'Ol R.374!::;_"A O. 4.~77F.:-OIo! 

2 2 -t-..9'1Ut·u1 J.7811:.·01 1. 191C1C::'Ol ~.2S7F-"R O. 4.b1 F-

e 3 ->1.112E'Ol J.1d2t:.·Ul I.J9;:>E·Ol B.I00E'-"q 
2 4 _"".22JI:.'01 J.7831:.+01 1.58 
2 S _1.0J~t.'Ot:: • SE-OB 

-n~ O. 4.775£-08 
A.s-;nE_nA O. _.175E-OR 

I,. O. 8.550E-nA O. 4.775E-OR 
11 7 fl. O. A.550E_"A O. _.71SE-OA 

11 H ,I. IJ. 4. 77SE-"~ O. 2.380E-OH 

11 q II. O. 4,775E_n8 O. 2.380E-OR 

11 1il OI. O. 8.S-;OE-,,7 0, 4.775E-07 

11 11 'I. O. 'I.550E-1'I1 O. 4.775E-07 

IT El.< AT ION P f:i.·~OT CLUSED MO'HTlJR 5T AT tO~IS 

5 I:! !) 

*' S 4 !) 2 
Jo Tl -t.il35E·U, -1.136E.t)2 _~ • .al E. n 1 -7.ou7F..Ol 

TV -le03C;E'Oi' -J..136F.:'1'I2 _q.271E.nl -1.1)1)7E·Ol 

? 113 h -1.0J~E+O? -J..136E.02 _Q.t71E'nl -7.1.11.17£.01 

TV -1.OJ5E·0? -J..136f'02 _Q.l!llE·1'1l -1.01.17F..01 

3 Ii:! h -1.035£.0, -1.136E'1'I2 .. 9.c71E.,,1 -1.UI.I1E·Ol 

TV -1·o35t;:·0? -1.136E·1'I2 _9,~llE.nl -7.uI.I7£'01 

1" h -1.035E·O? -J,.I J 6E·n2 .. 9.lllE·nl -1,1.11.17£.01 
Ty -1.1J35E·Ol -1.1 36E.02 _Q,211E'n1 -1,U07E·01 
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5 lti Tx -1-035E.02 -1.136E.02 _Q.271E.ol -7.0 u7£.01-
Tv -1.u3SE.0;;t -1.136E.02 _Q.271E.nl -7.0U7E.Ol 

b 1d TlC -1.035E·0;;t -1el36E·02 _9.271E. n 1 -7.1I07E·01 
TY' -1.0351:..02 -1.136E.02 _9.271£.01 -7.U U7E·Ol 

7 1t:! h -1.035E·0;;t -1.1 36E.02 _9.c71E·II1 -7.0117E.01 
TV -10 035E.. 0;> -1.136E.1l2 _9.l71E.,,1 -7.u u7E.01 

11::1 TA -1.03SE·0;;t -1.136£·02 -9.271E.01 -7.\107£.01 
TY -1.035E.02 -1.136E.02 _9.271E.ol -7.0u7E·Ol 

~ 10 TX -1.03SE·0;;t -1.136E.n2 .9 .271E. II 1 -7.007E·01 
TV -1.035E·0:;» -1.136E·02 _9.7.71E.1'1 -7.007£.01 

10 1-1 rlC -1.u351::.0, -1.136[.02 _Q.c71E.ol -7.007E·Ol 
Ty -1.03SE·0;;t -1.136E·02 _Q.c7lE. 1\ 1 -7.007F.01 

S Til ry nN r ( ltJ) \IIVI1,JI PF IltJ) VSlClf,JI vSYll,,J) 
I) tJ -".14~t·lJl 3. "lhuE.Ol 2.I'IPt:.00 o. II. 

V 1 -~.732t:..ld 3. "(H"'t.01 2.612t..00 ~.1QQr::_17 t'l. 

il 2 -O.l:4l1<,lt;.·.J1 3.-'d~F.:.o1 2.61UC:.O O O. ;;t.490[-05 
U 3 -7.~b8c:.·Ul 3.-' d dE·01 2."08£.00 1.1"'::£-16 ;;t.761r::-OS 
() 4 _tl. ':lOtil:::. '11 3.7<,10E.01 2.60SE..00 o. ;>.?92E-0~ 

" 5 -~.~"'1t:.·IH 3.7'113r:·01 2.#>01t·00 O. ,.S20f'-O~ 
i, 6 -1.\lYIH:'.lJ2 3.7'1~I:..Ol 2.5981:::.0 0 O. ;;t .:H2F-II~ 
\' 7 -1.203t:..v2 3.1'l1t:4E·Ol 2.5951:::.00 O. ?672E-u<t 
~ , 8 -1.3291:.·02 3.1'15e:·Ol 2.S9AE·OO O. ;;t.521F-U~ 
u Q -o.7ti7t:·u1 It.oOl:iE·Ol 2.3U!:it·00 O. ,..568£-02 
(1 10 O. It.~/lOE·OI O. 1.00"1='-1.'1t 1.000£-04 

T I,-Af STEp ;; .. 

S r A TIO~ I II, J) wVtl,J) PFll,J) VS)((T,JI \/SYlt.J) 
1 I) -It.7<t2E·ol 3.7t10E·ol 2.61n·00 O. tI. 

I 1 -:S. 7l1t!;. U 1 3.7t:l<tE·01 2.612E·00 O. i.tlJ06F.:-U~ 
1 2 -b.ltSJE·u1 3.7'13£·01 2.601E·00 O. ;;t.027E·0~ 
1 3 -o.t:!-i7E·U1 3.tUOE·Ol 2.580E.00 O. '.ItOItE-O~ 
1 4 -1.1351:::.U1 3.8.J1p01 2.553E.00 O. n. 
1 IS -1'''~H.·u1 3.I:IS1E·iJl 2.527t:·oo O. I). 
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~ 

1 1 
1 S; 
I 9 
1 111 

SfA' JON 
2 i\ 

C 1 
2 2 
2 J 
i! 4 
2 5 
2 ..., 

2 1 
2 iol 
? 9 

" 1'1 

ll"'f S TF": 

S T It nON 
3 11 
] 1 
3 2 
3 .~ 

3 4 
J S 
3 " 3 1 
3 i:I 
3 9 

3 I.' 

I I "'E STF~ 

SlATlON 
4 11 ,. 1 
4 2. 

(j 10 

ITERATION 

-d.-i6ot,+Ul 
.. 9.21 jE:+ 01 
-tl,1'57t::+\l1 

J., 34!t. + 02 
\/, 

1 ([tJ) 

-"t.74tlt:+ol 
-~.d611:::+\Jl 
-o • .,;tt .. t::+ I) 1 _d. f.';tll:. + tJ 1 
-~.1':!l";E+v1 

-1.ocdE+02 
-!.13lt::+v2 
-1.i12E+02 
-1.luOt,+02 

b.28t>t::+Ol 
II, 

= ,. 

It hJ) 
_ .... 1"lt:+~.11 
-~.t;b~E+lIl 

-1.loIl4t:.+Ol 
-1:1.1401:.+01 
-'II •• dot.+1J1 
-1.03BC;+u2 
-1.IJ9i:.+v2 
-!.2071:.+02 
-J..o4t.f/:'+1I2 
7.16~i:.+ul 
v. 

= .. 

1 « It J) 
-".7,.,,1:,+1.11 
-:;'."11 U:'+O 1 

• tI +111 
IJ. 

-~OlE+ol 
j.&o!ilE+Ol 
3.911.1£·01 
4,~()OE+Ol 
4.5vOE·1.I1 

.lIll, .. O 
3.7110E+Ol 
3.71;1£+01 
3.7';2£+01 
3.7t1lE+Ol 
3.71:$4E+Ol 
3.1d::tt::.+o1 
3.7!:1ijf+Ol 
3,1'1oE+Ol 
3.1;::'0(+01 
4.~OO£+Ol 
"t.~tlOE.+o1 

IiIIV(1.J) 
3.1t1lJf..01 
3.1tslE+Ol 
3.7 8 1(+u1 
3.7!:11t+Ol 
l.7!:12E+Ol 
3.783E+01 
3.7HoE+Ol 
3.1':17f.+01 
3.abJE·Ol 
4.!:iIJO(+O 1 
4.bIlOE+Ol 

4.010E+Ol 
4.!lIIOE+1l1 

P 'S.I~oT CLOSED 

2.515E+OO 
2~5foE+ 00 
2.449£+00 
O. 
O. 

PF ( I' J) 
2."17E+OO 
l.~16E+OO 
2.615E+OO 
2.614E+OO 
2."121£+00 
2."llE+OO 
2.Il107(+00 
2.5981:':+00 
2.529[+00 
O. 
0. 

PFlltJ) 
2.'.!l7t:.+OO 
2.616E+00 
2.1)161:.+00 
2.'!l!:lE+OO 
2.614E+OO 
2.6131:.+00 
2.M19E+00 
2.'i'\l61:.+00 
2.S1ZE+()U 
O. 
O. 

2.S;Y5E+OU 
2.1021::+0 0 
O. 

MONHOR 

O. 
O. 
1.0lt;E-'13 
7.7i'~E-(i4 
l.o0n~-u4 

IISX«" J) 
O. 
1.44,E-\.I4 
1.R4QE-O. 
2.21111::-,14 
2.5n"E-IJ4 
2.771101::-1.14 
2.A771::- •. 4 
1.40AE-04 
O. 
7,7A;E-u4 
1.n(ln,::-u. 

VSlI'T,Jl 
O. 
fI.J~!iE-,,6 
2.10C;E-l,5 
4.6J1F.:-!I!:' 
e.Oi'~E-1j5 
1.ft74E-1'4 
Q.97I1f- t S 
1.7 InE--'5 
I). 

4.64QE-i,5 
1.00nf/:-iJ4 

liS)! IT ,J) 

• 
O. 
~ .6lU-11 
1.00n[-04 

STaTIONS 

Ih 
~.R38t;.-O~ 
Ih704E-vJ 
4.~4ZE'-ul 
l.oOOF.-u4 

vSVCI,J) 
n. 
7.n33E-OCt 
:;ot.035F.-U~ 
:;ot.~49E-U~ 
l.n.2E-u!) 
4.q93E-V~ 
,.59lF-u" 
R.I08E-u4 
".089f-oJ 
4.561£-v.$ 
;.I'IOO£-U4 

"SVll.JJ 
n. 
... t;llF:-Ub 
1.JUE-V:' 
:;ot.~l9E-u~ 
J.693E-v~ 
7.S39f-O!:l 
-,.n96(-u"t 
A.91t2E-U4 
6.tS5E-V.:! 
4.504E-IIJ 
t.nOOF-v4 

:;ot,318F-O~ 
~.5061::-uJ 
fII.C;46E-Uc! 
t.OOO~-o4 



233 

5 6 5 4 

ShrtOf'iS 

'l 8 5 6 5 4. 

***ClOSU~E*** 

5 6 ~ . 2 

TJ~E ~TF~ a " 

j TIl,J) .,fVII • .)) IJ TUW t I • J) puu, II PI2tI.J) ~22(J,J) 

Ii 0 -4.7"cf+01 3.780t.+Ol !i.llQ£+oO 8.4151,E'-nA O. 4.1l3E-08 
I! 1 .. ">.0111;:.1)1 .:I,786t.+Ol 9.68nF+Ou fl.395E-nB O • 4.b89E-08 

c' 2 -fII.6.:1/1:+01 3.789E+Ol 1.147£+01 ~.298E-!\~ O. 4.~34E-0~ 

,.1 3 -7.f)~/E+Ol .:I.793t:.+Ol 1.32.1::.01 q.173E .. n~ O • 4.564E-08 
Ii .. _1'i.5ts~E:.+Ol 3.797f+Ol 1.497F.+Ol 8.022f .. l\F! O. 4,480E-OA 

II S _~.S3J~+Ol 3.802t:.+Ol l.b7IE+01 1.843E-nA 0, 4,380E"0~ 

(I 6 -1.0~U£+Oil! .:1,806£+01 1,849F.+U1 7.6JIE .. nA 0, 4,262E-08 

0 1 -J.lI+/E+Ol 3.811t:.+Ol 2.030f+Ol 7.3qOE'-i)~ O. 4. 127[-Ofol 
V I; _1.2t1~E+Oc 3.AI0t,+Ol 2.237[+01 3.944F.:_nR O. 1.~66E .. O!i 

Ii 9 _ .... 4c1f. +0 1 4.1001:.+01 1.16AF.+01 4.7"U?E .. 1\8 O. 2.3S9E .. 08 
0 10 II • ".SOOt.+Ol 1.000E+OII A.550E .. n7 O. 4.715E-07 
:J 11 H. O. -7.174£+51 ~.550E .. ~7 O. 4.175E,,07 

TIME STEP :II 

1 J TfltJ) oIVCI,J) DT UW « I ,J) I'11U.,,, P1211tJ) P22 cr, J) 
1 II -4.74i:!E+Ol J.7801::+01 8.11QE+OO 8.456E_n~ 0, 4.123E-08 
1 1 .. S.7'4E+Ol J.784E+(11 9.821:;[+00 R.3E!7E_"'A 0, 4,684[-08 
1 2 "". 41 uE+Ol J,793E'Ol 1·123E·Ol A.31 6E-,e O. 4.644[-08 
1 3 -".9~uE+Ol 3.808E+Ol 1.227F.+Ol 8.26tE"IIA O. 4.614[-08 
1 4 -7.Z4.:1t:,.OI J.829E+01 1.30Qf+O 1 A.225E-n~ O. 4.59]E-08 
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APPENDIX 6 

FLOW CHART FOR PROGRAM FLOPIP2 
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Commentary 

Although FLOPIP2 is a one-dimensional program, the input arrangement is 

identical in most respects with that of GCHPIPI. In addition, computations 

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 FLOPIP2 is not 

presented here. Instead, a general flow diagram is included. 

Flowcharts of the subroutines are not shown because of their similarity 

with those of GCHPIPI. 
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PROGRAM FLOPIP2 

INPUT 

Table 1. Table Controls 

Table 2. Increments 

Table 3. Permeability 

Table 4. Suction-Moisture 
Compress ibility 

Table 5. Initial Conditions 

Table 6. Boundary Conditions 

Table SA. Time Steps for Boundary 
Condition Change 

Table SB. Time Steps for Output 

Table 9. Subsequent Boundary 
Conditions 

-------.... / DO 9000 K == 1, ITIME ) L-__________ .-__________ ~ 

COMPUTATIONS WITHIN EACH TIME STEP 

Compute permeability 

Compute new suction, water content values 

Print out results if required 



239 

19000 CONTINUE ) 

Check whether another problem is to be 
Norked. If not, end computations 
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APPENDIX 7 

GUIDE FOR DATA INPUT FOR PROGRAM FLOPIP2 
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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. :3 6 

o .00 I :3 

7 2. 

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 42 E - 061 

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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FLOPIP2 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 DESCRIPTION OF PROBLEM (alphanumeric) 

5 II 

TABIE 1. TABIE CONTROLS, HOLD OPTIONS 

ENTER 1 TO HOLD PRIOR TABLE 

~ 2 3 4 5 

n 0 O- n 
5 10 15 20 25 

1 Grid Coordinates 

IF KGRCL IS 
2 Cylindrical Coordinates 

SWITC H SWITC H 
NUM CARDS AnDE D FOR TABLE J KGRCL"I KLH"I 

SWITCH 
KVERT 

2 3 

n n 
'0 " 

IF KVERT IS 

4 5 

o o 
40 45 

IF KLH IS 

n 1 orO 1 or n 1 or 2 

n 
50 55 10 

1 Light - overburden pressure and soil 
compressibility not considered 

2 Heavy - overburden pressure and soil 
compressibility considered 

1 Vertical Flow 

2 Horizontal Flow 

Note: KLH SWITCH should be set to 2 only if data includes the soil compressibility effect on suction. 

10 

10 

10 
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TABlE 2. INCREMENTS 

NUM 
NUM TIME INCREMENT INSIDE TIME 

INCRS. STEPS lENGTH RADIUS STEP 

0 CJ E E E 
5 15 21 30 40 50 

TABlE 3. PERMEABILITY 

SATURATED 
FROM TO PERMEABILITY UNSATURATED PERMEABILITY COEFFICIE-NTS 

I I P Ax BK EN 

I I E E E E 
5 10 21 30 40 50 60 

TABlE 4. SUCTION-MOISTURE-CO~PRESSIBILITY 

PF- AIR ALFA AT UNIT FINAL 
NUMBER w ENTRY ALFA ZERO POROSITY E-LOG P WEIGHT SATURATION 
lOCA- MAX INFL EXPO- WATER EXPO- WATER AT COMPRESSIBILITY X OF WATER 
TIONS PF PF NENT CONTENT NENT CONTENT AIR ENTRY COEFFICIENT EXPONENT SOIL CONTENT 

I I F I F I F I F I F I E E E I F I F E 
5 10 15 20 25 30 40 50 60 U TO .0 

FROM TO CURVE 
I I NUM 

I I 
5 10 15 

TABIE 5. INITIAL CONDITIONS 

FROM TO KAS WATER SLOPE 
I I 1 or 2 CONTENT SUCTION C2 

I I n E E E 
5 10 15 21 30 40 50 

KAS = 1 KAS == 2 N 
.po 
-...I 
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I 

TABlE 6. BOUNDARY CONDITIONS 

FROM TO KASE WATER 
I I 1 to 4 CONTENT 

I 0 I E 
5 10 15 21 30 

KASE = 1 

TABlE SA. TIME STEPS FOR BOUNDARY CONDITION 

KEY NSTEP Do 
5 • 10 

SUCTION 
E 

40 

KASE = 2 

CHANGE 

SUCTION 
GRADIENT 

E 

KASE = 3 

SOIL 
MOISTURE 
HUMIDITY 
I F I 

TEMP 
F I 

50 55 62 6!1 

KASE = 4 

1 Read in a list of ttme 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 

LIST OF TIME STEPS (if KEY = 1 maximum is 50) 

I I I I 
5 10 15 20 25 30 35 40 45 50 55 60 6!1 10 

I '\. . 
5 10 15 20 25 30 

TABlE SB. LIST OF TIME STEPS FOR OUTPUT 
1 Read in a list of output time steps 

IF KEYB IS NOUT is the number of these time steps 
REYB NOUT 2 Continuous output 

n- CJ 
5 • 10 

LIST OF TIME STEPS (if KEYB = 1 maximum is 50) 

I I I 
5 10 15 20 25 30 35 40 45 50 55 60 6!1 10 

) 

I I I ~ . 
5 10 15 20 

'" ~ 
\0 
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TABLE 9. SUBSEQUENT BOUNDARY CONDITIONS (if KEY = 1 or 2) 

TIME NUMBER 
STEP CARDS 

I 
, 10 

FROM TO 
I I 

, 10 

KASE WATER 
1 to 4 CO~TENT 

n 
I' 21 

KASE = 

ISTOP CARD (one blank card to end run) 

SUCTION 

30 40 
1 KASE. = 2 

SOIL 
SUCTION MOISTURE 
GRADIENT HUMIDITY TEMP 

I I I 
50 55 62 65 

KASE = 3 KASE = 4 

10 
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APPENDIX 8 

LISTING FOR PROGRAM FLOPIP2 



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

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



RA~~SH •• r17.U700nU.060.CEl16001.LYTTON. 
~UN I C;""" 1f)l)nrn) 
LGO. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PR OGR A"1 FLOPIP2 
NOTATION 
T SUCTION 

INPUT. OUTPUT ) 

TX TRIAL SUCTION IN X - PIPES 
PI PRINCIPAL PERMEABILITY IN X-DIRECTION 
a SUCTION COFFFICIENT OF TIl-I) 
C SUCTION COEFFICIENT OF TIl) 
D SUCTION COFFFICIENT OF TII+1) 
F GRAVITY POTENTIAL CO"1PONENT OF 
DTD~ RATE O~ CHANGE OF SUCTION WITH 
AL TUBE FLOW MATRIX COEFFICIENT OF 
BL TUBE FLOW "1ATRIX COFFFICIENT OF 
CL TUBE FLOW MATRIX COEFFICIENT OF 
DL TUBE FLOW CONSTANT 

PERMEABILITY 
WATER CONTENT 
TX AT 1-1 
TX AT I 
TX AT 1+1 

HX INCRU'1ENT LENGTH IN THE X-lJIRECTION 
HT INCREMENT LENGTH IN THE TIME- DIRECTION 
AA CONTINUITy COEFFICIENT - A CONSTANT 
Rd CONTINUITy COEFFICIENT - B CONSTANT 
CC CONTINUiTY COEFFICIENT - C CONSTANT 
DD CONTINUITY COFFFICIENT - A DENOMINATOR 
ALP~A ANGLF RETWEEN PI AND THE X- DIRECTION 
~V VOLUMETRIC WATER CONTENT 
~vc; SATURATED WATER CONTENT 
JI'~f"NSI0N 01(40). P2140" AK(40). BK(40). EN140" WV(40). T(40). 

1 I)Tn.'!14:1). 8(40). (XI40). D(40). F(40). AL140" RL140" CLl40" 
2 DL(40). AA(40). BB(40). CC140" TX(40). KURV(40). KLOCIIOOO). 
'1 AN1(16). AN2(7). WVS(40). DTDX(40). KA;,(40). PFM(10). PFR(10). 
4 BETAI10" vIVAl1u). Q(10). ALFO(10). R(10). AVI10" PN(10). 
5 POR(40). KT(50). '...J~~(10). KPUf(1000). KLOS(40). D1X(5) 

C0\1f10N I ON E II'F M. P FR. BET A • D T D~. PF 1 
11 T ',In IT .J 2 
2/THREE/~VS.KLH.K 
l/FOUR/WVA.Q.ALFO,R.AV.POR.KURV.WV.GAM.ALF.p.nP.DALF.MX.HX.PN 

1 FORMAT (/1 50H PROGRAM FLOPIP2 R.L.LYTTON REVISION nATE 
1 15H nFC 02. 196BRK.II) 

11 FOR~ATI 5H1 .BOX .10HI-----TRIM ) 
12 FORMAT I PAlO) 
14 FORMAT I A5.5X.7A10) 
15 FORMAT IIIIIOH PROB • 15X. A5. 5X. 7A10) 
2'1 FOR,MAT 116[5) 
21 FORMAT I 15. 5X. 15. lFlO.l ) 
22 FORMAT 12[5 • lOX. 4E10.3) 
23 FORMAT 115. 5F5.2. 3E10.3. 2F5.1. EIO.3 ) 
24 f"ORMAT 13T5. 'iX. 3E10.3) 
25 FORMAT 1315. 5X. 3E10.3. F5.0. 6X. F4.1) 
28 FORMAT 114. 2X. 4IE1J.3. 2X)) 
29 FOR"1AT (/1 4')H I TIT) 'tJVII) DT[)WII) 

1 15H PIlI) I) 

100 FORMAT 111140H TARLE 1. PROGRA~ CONTROL SWITCHES. 
1 I SOX. 25H TAclLES NIJ~1t.lER 

255 

000 
001 
00':: 
003 
004 
005 
006 
007 
OQB 
00') 
010 
011 
012 
013 
014 
01'::> 
016 
017 
01B 
01'.! 
')20 
021 
on 
1)23 
n24 
025 
026 
027 
028 
02'1 
n30 
031 
032 
033 
034 
n35 
036 
037 
038 
039 
040 
041 
042 
043 
044 
045 
046 
047 
048 
049 



256 

2 I 50X. 35H 
"j II 40H 
4 I 41H 
'i II 4lH 
6 II 4lH 
7 II 4lH 

20n FOR~AT (1115nH 
2~1 FOR'~AT III 35H 

1 I 3'iH 
4 I 35H 
5 I 35H 
6 I 35H 

202 FOR~A r (II 3UH 
2')", FOR ~~ A T (I I 2 5 H 
204 FORMAT (II 35H 
).)) FORt/AT (11130>; 
j.Jl FOI~r",AT (II 50H 

1 10H 
4",; FOR.'.\AT (11145H 
4 ) ~ F CJ R r .. A T 

1 I • 
2 I, 

4 
5 
6 
7 
I:l 

.' . 
/ . 
I. 
I, 
I , 
I , 

~ I • 

+.)2 FOR,'~A T 
I • 

,: I • 

III 3'iH 
35H 
3'iH 

3SH 
)SH 
35H 
3SH 
35rl 
3Srl 
351-' 
35>-
3SH 

4), f-'()R~/'AT III l5H 
5;1' FClR'",A T (1113 H 
5)1 FaR~AT (II ~nH 

6J,; FOf~i/,A T 1II145H 
601 FOR~,~AT (II 5nH 

ISH 
8)( f-'OH·'AT (1114"'" 

J4 FOR~AT III 4'H 
oJ5 FOR'I:AT (14, 'iX. 
8~~ FOR~AT III 10~ 

8. 7 F:)R'~AT III 10H 
eu8 FORMA T 11114:)>; 
8·9 FOR~t\T (II l'iH 
9,;:' FORMAT (II 5 H 
901 FORMAT 111130H 
9')') FORMAT (/1 40H 
9S6 FOR~AT (II 45H 
?u7 F1RMAT III 25>; 

TrEST 

2 3 4A 5 6 
PRIOR DATA OPTIONS (1 = HOLD) • 11X. SIS. 
NUMBER CARDS INPUT THIS PROBLEM. lOX. S15. 
GRID = 1. CYLINDER = 2 SWITCH • 10X.I5. 
LIGHT = I. HEAVY = 2 SWITCH ,lOX. IS. 
VERT = I. HORIZ = 2 SwITCH • lOX. IS 

TABLE 2. INCREMENT L~NGTHS, ITERATION CONTROL 
NU~ OF INCREMENTS = • 5X,IS. 
INCRE~ENT LFNGTH = EIO.3,SH IN 
NU~ OF TIME INCQEMENTS = 5X, 15. 
TIME INCREMENT LENGTH = ElO.3,5H ~ECS, 
INSIDE RADIUS = ElO.3, 3H IN I 
MONITOR ~TATIONS 5X. 417 ) 

TRANSIENT FLOw ) 
PSEUDO-STEADY STATE FLOW 

TABLE ). PfRMEABILITY 
FRO/-': TO PI AK dK 

FXPQ\lENT , 
TABLE 4. ~JCTION - WATtR CONTENT CURVE~ 

CURVE NJMBER 
NUi-1 LOCATIONS 
~AAX T "1lJM Pt= 
PF AT INFLECTION 
EXPONENT FOR PF 
AIR ENTRY WATER CONT ::: 

• 17 • 
• 17, 
,5x.F5.2. 
.5X,F5.2. 
,SX.F5.2. 
.5x.F5.2. 

DRYING CURVE EXPONENT::: ,5x.F5.2. 
ALFA AT 0 WATER CONT ::: "X.Elu.3, 
INITIAL POROSITY 
REfERENCE AV 
~ATURATION EXPONENT 
SOIL UNIT ~T PCI 
SATURATED ~AT[R (ONT. 

NO. FRO~ TO I 
TARLE 5. INITIAL CONDITIONS 

.'JX.Elv.3 I 

= 

FROV TO CASE VOL.~. P0RE PR. ~LOPE X 
TARLE 6. ROUNDARy AND INTERNAL CONDITIONS ) 
FROM TO CAS[ WV T OT/OX 

H T E/~P ) 
TAclLE 8A. TIME STEPS FOR R.C. CrlANGE 

I T(II INri) PF(I) 
3IEl(,.3.2XI ) 

ALL ) 
NONE ) 

TARLE 88. TI~F STEPS FOR OUTPUT 
TIME STFP • IS.lll 

TA8LE ~. SUHSEQJFNT BOuNDARY CONnITION~ 

TABLE 10. OUTPUT OF RFSULTS ) 
USING DATA FRO~ PREVIOUS PRORLE~ 
USING DATA FRa r", PREVIOUS PROBLE:~ PL!JS 

ERROR IN DATA ) 
'" 5H 

I ) 

L . J [< ;~ t A;) 1 L , ( AN 1 U~" N = 1 d 6 ) 
1 .. !lO REAr) 14. NPROB. ( AI''l2IN). N =1.7) 

IF (NPR08 - ITEST) 102U. 9999. 102", 

050 
051 
052 
053 
054 
055 
056 
057 
OS8 
oS9 
060 
062 
063 
064 
06, 
0(;)0 
067 
068 
069 
070 
"71 
"72 
on 
074 
07S 
076 
077 
Olb 
Of9 
080 
Obi 
082 
083 
004 
08 ? 
066 
087 
085 
08';/ 
090 
O'd 
092 
093 
094 
09'; 

097 
09b 
099 
1('0 
101 
102 
In 
104 
10:;' 



Il' 2 r, PR IN T 11 
PRINT 1 
PRINT 12. CANICN). ~ = 1.16) 
PRINT 15. NPROB. CAN2IN). N =1.7) 

C INPUT OF TABLE 1 • TABLE CONTROLS. HOLD OPTIONS. 
1110 READ 20. KEEP2. ~EEP3. KEEP4. KEEP5. KEEP6. NCD2. NCD3. NCD4. 

1 NCD5. NCD6, KGRCL. KLH, KVERT 
PRINT 1)0. KEEP2. KEEP3. KfEP4. KEEP5. KEEP6, NCD2. NCD3. NCD4. 

1 NCD5, NCD6. KGRCL. KLH, KVERT 
C INPUT OF TABLE 2A INCRE~ENTS, ITERATION CONTROL 

12 PRINT 200 

123U 
C 

124" 

IFIKEEP2)9980. 1210. 1300 
RFAD 21, MX. ITIMF. HX. RD. HT 
PRTI\IT 2,'1. MX. HX, nn-1F. HT. RO 

GO TO 124() 
PRIIIlT 905 
(OMPUTE CONSTANTS TO BE USED IN THE PROGRAM 

~~xp 5 MX + 5 
MXP4 ,~X + 4 
MXr3 MX + 3 

,\1XP 2 MX + 2 
HXE2 HX * HX 
A4 1.0 

CiO 
126"' PRINT 

TO 
2 

1300 
4 

A4 
C II\IPlJT TA8LE 3. 

0.0 
PFRi~EAB I L I TY 

13 :r' PRINT ,)() 
IFCKFE P 3) 998(),1310,1317 

1310 DO 1315 1. MXP5 
P2(1) 0.0 
AK ( I ) J.O 
SKIll 0.0 
ENII) 0.0 
WVS(T) 0.0 

1:>15 CONTINUE 
GO TO 1319 

1317 IF (N(D3)9980.1310.1318 
lilR PRINT 9()A 
1319 PRII\IT 'lUI 

DO 1320 K 1. NCD3 
READ 22. 11\11. IN2. P~. AKl, dKl. ENI 
PRINT 22. INI. IN2, PH, AKI. BKl, ENI 

IN1 1.'11 + 3 
IN2 IN2 + 3 

DO 1320 I INl,IN2 
P2(ll := P21Il + PH $ PICI) P2CI) 
AK ( I ) AI( I I) + AK 1 
BK(I) BK(I) + dKl 
EN(I) =EN(I)+ENI 

132" cnNTINllF 
(;n TIJ 14(10 

131r) PRINT 905 
C INPUT OF TABLE 4. SUCTION - ~ATE~ CONTENT CURVE 

257 

1/"16 
107 
108 
109 
110 
III 
112 
113 
114 
115 
116 
117 
118 
11 9 

120 
121 
12", 
123 
124 
125 
126 
127 
TO 
140 
141 
142 
14j 

144 
145 
146 
147 
14b 
149 
150 
151 
152 
153 
154 
155 
156 
157 
15ti 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
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C 
C 
C 

,.. 
"-

141).-' 

141C 

141 ~ 

141n 

15 ')" 

1 <; .~ '1 

1 5 : f) 

1517 

1':> 1 ~: 

151 ') 
152(; 

1522 

AT PRESENT. THI~ IS AN EXPONENTIAL SINGLE - VALUED CURVE. IT 
I~HOULD BE REPLACED BY NUMERICAL CURVES FOR WETTING. DRYING. AND 
2SCANNING oETwEEN THE TWO. 

PRINT 4·')(1 
IF (KEFP4J 9980.1410.143(1 

NLOC = 0 
no 1415 M ::: I.NCD4 

Rf':AD 2'1.LO(.PFi-1(~I. PFI .BfTA(~'" .viVA(M) .QIM).ALFOIM) .PNUJi) .AVIM). 
IRUJ 1.GA,\.1.W"l(Ml 

PRINT 401.M.LOC.PFM(Ml. PFI .BETAIM1.viVA(MI.QIMI.ALFOIMI. 
1 P N I '·1 I • A V ( tA I 

PRlrH 4')2.RIv.I.GAr~.\I/NI~1) 

PFR(MI = PFMIM) - PFI 
NLOC NLOC + LOC 

CONTINUE 
PRINT 403 

DO 1420 ~ I.NLOC 
READ 20. I"!l. IN2. KAT 
PRrNT 20. ~AT. INI. IN2 

pJl INl + "" 
IN2 IN2 + 'I 

00 1420 I INI.IN2 
KURVI I) ::: KAT 
POR ( I) ::: PN I KA T ) 
,vV S I I ) :iN ( KA TJ 

CONTIN~)E 

GO TO 1 5 ~J 8 
PRINT 905 
INP'iT OF TAi3LF 5. INITIAL CON01TIONS 
PI'{INT 5(10 

IFIKEEP5)9980.1510.1505 
IF(NCD5) 9980.15J6.1507 

PR PH 9 5 
GO TO 1600 

P;~INT 9')6 
GO Tu b20 
DO 151':> I ::: 1.MXP5 

WVIIJ ::: D.C 
TIll O.l 

CONTINIJF 
PQINT 501 

f)() 1526 M 
;( 

I.NCD'S 
o 

R~An 24. INl. IN2. KAT. WVl. Tl. (2 
P~I~T 24.1~1. IN2. KAT. WVl. TI. C2 

l~n :::INl+3 
1:'12 = IN2 + 3 

GO TO I 1522.1 523). KA T 
DO 152~ I ::: INl.IN2 

(1 IN2 - I 
Wv ( I) '" 
<,\S ( I ) 
12 = 

CALL SUCTION 

liJV ( I) + :,..jV 1 + C I * C 2 * HX 
1 

I 

171 
17<:' 
173 
174 
175 
176 
177 
178 
179 
180 
181 
I i3 2 
un 
184 
Hi5 
186 
187 
188 
189 
19'1 
191 
192 
1\13 
TO 
194 
195 
196 
197 
198 
199 
2 0 
201 
202 
20-' 
284 
LO':> 
206 
217 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
2<'3 



1525 

1523 

1527 

1528 

1524 
1526 

C 
16(]0 

CON TI NUE 
GO TO 1526 

DO 1524 I " INl,IN2 
Cl "IN2 -
KAS C I I = 1 
Tfll = Cl * C2 * HX + Tl + T(II 

IF (A41 1528.1527 
'""VCI) WVSCII 
DTDWfl) 1.0 
PFl 0.0 

GO TO 1524 
12 

CAll DS~CT 
CONTINUE 

(ONTl"llJE 
INPUT OF TI\BLF 6. ROUNDARY AND INTERNAL CONDITIONS 
PRTNT 6.J0 

IF(KEED6) 9980.1610,1605 
IFCNCDA) o9RO,1606.]607 

PI~INT 9 5 
GO TO 1700 

1601 PRINT 906 
GO TO 1612 

1610 PRI"lT 6Ul 
DO 1611 I 1. MXP5 

KI\S C I ) "1 
D T DX ( I) " 0.0 

1 61 1 CON TI I\J! I F. 
1612 ~o 1645 M I.NCD6 

>( " 0 
REAO 25. INI. IN2. KASE. WVl. TI. DTxl. HI. TE 
PRINT 25. INI. IN2. KASE. wVl. Tl. DfXl. HI. TF. 

PH Ii'll + 3 
If\J2 IN2 + 3 

[)O 1645 I IN1.IN2 
12 I 
KAS( I) = KASE 

GO TO (1615.1620.1625.1630.1635) KASE 
161~ WV(I) WVl 

CAll SUCTION 
KI\ S ( I ) 2 

GO TO 1645 
162 ': T r f) ': Tl 

CI\LL OSGCT 
GO TO ]645 

1625 DTDX ( r ) DTX 1 
L "1XP3 

GO TO 1645 
1630 CONTINUE 
16"1':' CALL '1ur<1 I DY (TE.Hl) 

CALL DSllCT 
KAS( I) 2 

1645 CONTINUE 
K 1 
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224 
225 
226 
227 
228 
229 
230 
231 
232 
233 

234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
25b 
259 
260 
261 
262 
263 
264 
265 
265 
267 

268 
268 
.no 
271 
272 
273 
274 
275 
276 
277 



C 
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1650 

16'35 
1660 

1670 
1700 
1800 

180') 

ItllS 

1820 
1830 

C 
184{) 

C 

1 fl t; () 

1860 

1870 
1871 

1872 

1873 

1874 
1875 

C 
1882 

188" 

IF ( 3 - KAS(3) ) 1655. 1650. 1655 
T(3) = T(4) - HX * DTDX (3) 
Ii' '" 3 

CALL DSUCT 
IF ( 3 - KAS(MXP31 ) 1670. 1660. 1670 

T(~XP3) = TILl + HX * DTDXIMxP3) 
12 = MXP3 

CALL DSUCT 
CONTINuE 
CONTINUE 

PRINT 800 
READ 20. KEY • NSTEP 

GO TO (1805.1840.18601 KEY 
LIST OF TIME-STEPS WHERE B.G. CHANGE 
REAO 20. IKTIN). N = 1.NSTEPI 
PR IN T 2 'J. (K T ( N" N 1 • NS TE P ) 

N 1 
DO 1830 K = 1. ITIME 
IF I K - KTIN)) 1820.1815 

KLOC I K) 1 
N 

GO TO 1830 
KLOC(K) 

CONTINUE 
GO TO 1871 

CO"lTINUOUS r5.C. 
DO 1850 K 

KLOCIK) 
CO~I T T ~II JF 

PRINT Belf, 
GO TO 1871 

PRINT 8{J7 

2 

CHANGE (READ IN NEW d.C. FOR EACH TIME STEP) 
10 IT IME 
1 

,)0 Hno K = 1. I T I,.1E 
KLOC (K) = 2 

CONTINUE 
PRINT 808 
READ 2~),KEyi3,NOlJT 

GO TO I 187?lBB2) KEYB 
LIST OF TI~E STEPS FOR OUTPUT READ IN 
READ 20.IKTIN).N = 1.NOUT ) 
P~INT 20.(KT{N). N = I.NOUT) 

N 1 
DO 1875 K 1. TTTI-IE 
IFI K - I(T(N)JI874.I873 

KPUT(K) 1 
N N + 1 

GO TO 1875 
KPUT (K 1 2 

CONTINUE 
GO TO 2000 

CONTINUOUS OUTPUT 
DO Itl83 K = 1.ITTME 

(PUTrK) 1 
CONTI NilE 

278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
2'11 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
1')6 
3':17 
308 
309 
310 
31 1 
312 
313 
31,+ 
315 
316 
,17 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
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PRINT 806 332 
2000 PRINT 11 333 

PRINT 901 334 
C ZERO-OUT OF ALL TEMPORARY CONSTANTS 335 

DO 2005 I = I.MXP5 336 
B ( I) = 0.0 337 
CX I I ) = 0.0 338 
D( I) ::: 0.0 339 
F ( I ) ::: 0.0 340 
TX ( I) = 0.0 341 

2;)05 CONTINUE 342 
2v08 DO 2009 I = 1. MXP5 343 

ALI I ) ::: 0.0 344 
BL I I ) ::: 0.0 345 
CL ( I ) = 0.0 346 
DL ( I ) ::: 0.0 347 

2009 CONTINUE 348 
C START OF TIME STEP 349 

DO 9000 K ::: 1 • ITIME 350 
KOUT :: KPUTIK) 351 

IF IK - 1 ) 9980. 1980. 1900 352 
1900 KAT :: KLOC(K) 353 

GO TO (1910.1980 I KAT 354 
1910 READ 20. KTIME. NCD6 355 

PRINT 900 356 
PRINT 906 357 
PRINT 601 358 

DO 1945 M ::: 1. NCD6 359 
READ 25. INI. IN2. KASE. WVlo T 1. DTDXl. HI. TE 360 
PRINT 25. I Nl. IN2. KASE. WVlt Tl. DTDXl. HI. TE 361 

INI :: INI + 3 362 
IN2 I N2 + 3 363 

DO 1945 I ::: INloIN2 364 
12 ::: I 365 
KASI I I = KASE 366 

GO TO (1915.1920.1925.1930.1935) KASE 367 
1915 WV( I) ::: WVl 368 

CALL SUCTION 369 
KAS( I ) :: 2 370 

GO TO 1945 371 
1920 T ( I ) ::: Tl 372 

CALL DSUCT 373 
GO TO 1945 374 

1925 DTDX ( I ) DTXl 375 
GO TO 1945 376 

1930 CONTINUE 377 
1935 CALL HUMIDY ITE.Hl) 378 

CALL DSUCT 379 
KAS( I ) ::: 2 380 

1945 CONTINUE 381 
IF ( 3 - KAS(3) ) 1955. 1950. 1955 382 

1950 T I 3) = T(4) - HX * DTDX(3) 383 
12 3 384 

CALL DSUCT 385 
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19<;5 
1960 

1970 
1.980 
1°82 

1983 
C 

2<':15 

2J20 
2025 

2120 

21;;>1 

2122 
213' 

214'J 

2181 
219') 
221" 

IF ( 3 - KASIMXP31 I 1970. 1960.1970 
1 L MXP3 

TIMXP3) = TILl + HX 
12 = MXP3 

CALL DSUCT 
CONTINUE 
GO TO C 1982d983) KOUT 

PRPH 809.K 
PRINT 29 

CONTINUE 

* DTDXIMxP31 

ROTATION.COMPtJTATION OF UNSATURATED PERMEABILITY 
DO 2010 I = 3. MXP4 
IF r WVC I) - WV51 I) ) 2015. 2020. 2020 

TE = ABS!TCIlI 
BE ENII! 
Al ::: AKIII 
CI 13KII) 
(2 1.0 + {(TE*All**BEI/CI 
UNSAT 1.0 / C2 
PI(II P2(I) * UNSAT 

GO TO (2025.2010IKOUT 
I I I - 3 

PRINT 28. 11. T{ II. WVII1. OTOWI!). PIIII 
rnNTIl\J!lF 
GO TO (2120.21401 KGRCL 
DO 2130 I =: 3. MXP3 

CONST::: HT • DTDWIl) • 0.5 
B r I I " ( PI I I I I HXE21 * CONS T 
(XII) ::: I I PUI) + PIII+l) ) I HXE21 * cONST 
') r I I " I PI I 1+1) / H X E 2 ) * CON S T 

GO TO r 2121. 2122 I KVERT 
Frl)=-( I PHI) PlII+l))1 HX/* CaNST 

GO TO 213" 
FII) n.o 

CONTINdE 
GO To ;>15') 
0,) 2150 I 

A 1 
R 
HXR 
CONST 
B I I ) 
CX ( I J 

D I I I 
F I I ) 

CO"lTINUE 

::: 3.f>lXP3 
:::: I - 3 
=: R0 + AI*HX 

HX * R 
::: HT * DTD\~( I I * n.5 

I - PIlI) I HXR + PIlI) I 
I - PilI) I HXR + I PlII) 

(Pll1+11 I HXE2)* CONST 

DO ::'1 0 C, I ::: 1. Iil XP" 
TXII) TIl) 

IF IA4)21'"l').2181 
Till ::: 0.0 

CO"lTPl')F 
DO 22 I::: 3. MX P 3 

ALII) RIll 
5L ( r I '" C x I I) + A4 

HXE2 I * CONST 
+ PllI+lII/HXE21*CONST 

386 
387 
388 
389 
390 
391 
392 
393 
394 
395 
396 
396 
398 
399 
400 

402 
403 
404 
405 
406 
407 
408 
41'19 
410 
411 
412 
413 
414 
415 
416 
417 
419 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
4:50 
431 
412 
43:5 
414 
435 
436 
437 
4';d 
439 



1 
2200 

( 

23J4 
23J5 

( 

232J 

2322 

23.(4 
2326 

( 

23 F' 
2332 

dH 
2336 
2338 

(L ( I 1 = - D( I) 
DL ( r ) B ( r ) * T ( I -1 I - (X ( I I 

+ D( I I * T ( 1+1 I + 2.0 * 
(ONTINUE 

(OMPUTE (ONTINUITY (OEFFI(IENTS 
DO 2300 I 3. MXP3 
IF ( 3 - KAS(31 I 2305. 2304 
IF ( I - 4 I 2305.2300 

KAT = KAS ( I I 
GO TO ( 2350.2320.2330.23501 KAT 

SII(TION SET 

IF ( 

GO To 
IF ( I 

GO TO 
SLOPF SET 

IF ( 

GO TO 
IF ( 

IF 

(( (I I 1.0 
6.9 ( I ) 0.0 
AA ( I ) T ( I ) 
I - 3) 2324.2322 
B8(2) 1.0 
AA(2) 0.0 

2300 
- MXP31 2'100.2326 

btl ( 1+1 ) 0.0 
AI\ ( 1+1 I = T ( I ) 
non 

2 - KAS(I-l1 ) 2334. 23'12 
(( (I) 1.0 
5R ( I ) 0.0 
AA (I) T ( 1-] ) + 

2'100 
I - 3 ) 2336.2338 
I - ~1XP3 I 2340.2338 
!\A(I-l) 
B9 ( 1-1) 
BR ( I ) 
I\A ( I 1 

- DTDX ( I ) 
1.0 
0.0 

TX ( I ) 
C((I+l1 1.0 
68(1+1) 0.0 

uTDX(I) 

* HX 

~ HX 

- A4 I * 
F ( I I 

AA(I+1) AA(I) * R'3(1-1) + HX * DTDX(I) 
GO TO 2y)n 

T ( I 1 

( PIPE: IN(RE'1E~n SLOP!=" SET 
234:; (((I) 13L(I) + AUI)*tl8(I-l) 

eS(I) -(UI) I ((((I)) 

AA(II (DUI) - AUII*AA(I-ll)/((((I)1 
(TEi.1P 1.0 + (((1-1)*(1.0 - 08(1-1))/((((1)) 
3TF~P BB(l)/(TEMP 
ATEMP (A.A(I) + (((I-l)*(AA(I-l) + HX*ilTDX(I) 

1 1((((I)))/CTff'JP 
AA(I-l1 -uTDX(1 ) *HX 
t3O'II-l) 1.0 
AI'-(I) ATEMP 
BR ( I ) STE·\1P 
(r(I) CTf~P 

GO TO 230() 
23.,J (((I) SUI) + AUI)* tJd(I-l) 

BR(I) -(UIII (((I) 
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440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
470 
471 
472 
473 
474 
475 
476 
477 
478 
479 
480 
48] 
482 
483 
484 
48 'i 
486 
487 
488 
489 
490 
491 
492 
493 
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2300 
AA ( I ) 

CONTINuE 
DO 2360 

I = 
TX ( I ) 

236:" rONTTl\jltF 

= (DL!II - AL!I)* AAII-l)ll CCIII 

IR = 2. MXP4 
"-1XP4 + 2 - I R 
= AAIII + tH~II) it TXII+l) 

C UUTPUr OF TI~E STEP RESULTS 
GO TO 12625.2630)KOUT 

262~ PrtI~T 809. K 
PRTNT 804 

26'10 CONTIN!JE 
DO 2700 I 3.~XP3 

TIl) lXIII 
12 I 

2665 CALL uSIJCT 
GO TO (2670.2700) KOUT 

267~ II I - 3 
?RJ'JT 8DS. II. TIJI ... iV(!h DFl 

27.'~ rnNTINtlF 
9 .. ',,) C () 'J TIN ' IE 

fjO TO lCl" 
9';8" PRI"lT 9J7 
99 qC (ONTI'JUE 

l! 

494 
495 
496 
497 
498 
499 
500 
51') 1 
502 
5(13 
504 
505 
'J()6 
507 
50B 
509 
510 
511 
512 
513 
51.:. 
315 
516 
') 1 7 



SUBROUTINE SUCTION 
COM~ON lONE! f'F M ( 1 J ) • PF R ( 10) • BETA ( 10 ) .0 T OW ( 40) • P F 1 

1 I T ',~O I T ( 40 ) • I 2 
2/THREE/WVS(40).KLH.K 
"31 FOUR I \~V A ( 1 0) • i~ ( 18) • A L FO ( 10 ) • R ( 10) • AV ( 10 ) • POR ( 40 ) • 
4KURV(4J).WV(40).GAM.ALF.P.OP.DALF.MX.HX.PNII0) 

I 12 
L = KURVII) 

IF I WVII) - WVS(I) ) 1525. 1524. 1524 
1~~4 DTDWII) 1.0 

PFI n.o 
T I I ) 0.0 

GO TO 15311 
1')2" AT 100.0 * >'IV I I) I WVSI I) 

TAT 1100.0*PFRIL))/IPF,'-1IL)) 
B BETAIL) 
RECB 1.0/11.0 + B ) 
C 2.3025e5 
u PFMIL) - PFRIL) 
XM PFMIL) I I WVS(i) * 1.0 + BETAIl) ) 
FACT WV(J) * I 1.0 - PORIJ) * 2.70 I 100.0 

IFITAT - AT) 1527.1526.1526 
1526 PF PFRIL)*IAT/TAT)**RECB 

PFI PFMIL) - DF 
TIl) 10.0 ** PFI I 2.54 
TE ABS I T I I) ) 
DTD~JIJ) =ITE * xr>1 * C * PFRIL) I PF ) ** B) * FACT 

GO TO 1528 
1"27 PFI D*III00.0 - AT)/II00.0 - TAT))**RECB 

TIl) - 10.0 ** PFI I 2.54 
T F ABS I T I I) ) 
DTDWII) =IXM * TE * C * D I PFI ) ** B ) * FACT 

152P GO TO (1530.152 0 ) KLH 
152'1 IFIK) 15,1.1523 
1 :J.n CALL HEAVY 

TIl) TIl) + ALF * P 

1531 RETUR,\J 
END 

DTf)W(J) nTDW(I) + ALF * OP + P * DALF 
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518 
519 
520 
521 
522 
523 
524 
525 
526 
'>26 
528 
529 
5,0 
531 
532 
533 
534 
535 
':)36 
537 
TO 
538 
539 
540 
541 
542 
542 
544 
545 
546 
547 
548 
549 
5511 
551 
5:) L 
553 
554 
555 



266 

27J5 

271" 
2711 
271? 

271' 
2714 

271<; 

2720 
272 2 

2724 

27Vl 

27'35 

SUBROIIT I NE DSUCT 
C J M"10 N ION E I P F.., I 1 0 ) ,p F R I 10 ) ,B ET A I 10 ) ,D T D \~ I 40 ) , P F 1 

1 IT 'dOlT 140 I, 12 
2/THREE/WVS(40),KLH,K 
3 I F OU R I \'1 V A ( 1 J ) ,Q ( 10 ) ,A L F 0 I 1 0 ) , R I 1 0 ) ,A V ( 10 ) ,p 0 R J 40 ) , 
4KJRV(40),WVI40),GAM,ALF,P,DP,DALF,MX,HX,PNII0) 

I 12 
L = KURVII) 

IFITII ))2710,2701),2705 
WV I I ) = WV S I I ) 
DTD\~II) -1.0 
PFI 0.0 

GO TO 2750 
GO TO 1271,,2711)KLH 
IFIK) 27l?,2713 

CALL HEAVY 
TE TIl) * 2.54 + ALF * P * 2.54 

GO TO 2714 
TE - TIl) * 2.54 
PF1 ALOGI0ITE) 

IF(PFl)2715,2720,~720 

PFI 0.0 
TIl) - 1.0 I 2.54 
WVII) iliVSll) 
DTDWII) 1.0 

GD TO 275([ 
IF I PFI - PFMIL)) 2724,2724,2722 

PFI PFMIL) 
TII) - 10.0 ** PF1 12.54 
WVI I ) 
l)TD,~ I I ) 

Cin TO ;>758 
PF 
a 
BP 
C 

j.O 
1.JE+1G 

PFMIL) - PF1 
t3ETAIl) 
1.0 + BETAIL) 
2.302585 
PFMIL) - PFRIL) 
IPFRIL)*10().0)/IPF~IL)) 

D 
TAT 
X\1 

IF (PF -
AT 

PFMIL) I ( WVS( I) * ( 1.0 + BETAIL) ) ) 
PFR (L)) 2725 ,2725,27,0 

TF 
OTD'.-J I I ) 

GO TO 7735 

TAT*IPF/PFRILJ )**t.lP 
- T I I ) 
TE * C * XM * ( D I PF1 ) ** B 

AT 100.0 - 1100.0 - TAT)*(PF1/D)**BP 
T F' T I I ) 
DTDW(I TF*C*X..,*(O/PF1)**B 
WV I 1 ) AT * 'IN S I I) I 100.0 
FACT = ~VII) * ( 1.0 - PORI I) * 2.70 1100.0 
DTDWIl) = DTO'1/II) * FACT 

GO TO 12760,2755) KLH 
lFIK) 276'1,2756 

CALL HEAVY 
TIl) = TIl) + ALF * P 

556 
557 
558 
559 
560 
561 
562 
563 
564 
565 
566 
567 
568 
569 
570 
571 
)7.: 
573 
574 
575 
576 
577 
')78 
57? 
579 
581 
582 
583 
564 
58) 
586 
587 
585 
589 
590 
591 
592 
593 
594 
5'15 
5':16 
597 
598 
')99 
600 
601 
602 
603 
TO 
TO 
604 
6'11) 
606 
607 



DTD~J( I) 
27(-'" RF:TURN 

:=:"JD 

~TDW(I) + ALF * DP + P * DALF 

267 

60B 
609 
610 
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c 

1540 

$I1RROUTINE HEAVY 
COMMON/TWOITI401.12 

"IiFOUR/WVA (10) .QI 101 .ALFO( 10) .R( 10) .AV( 10 I ,POR 140 I. 
4KURV(40).WV(401~GAM.ALF.P.DP.DALF.MX.HX,PNII0~ 

I = 12 
L ::: KURV(IJ 

uETcRMINE OV~R~URDEN PReSSURE HEAD 
P '" I MX + 3 - I I * GAM * HX I 0.0361 
TFR~::: ( 1.0 - PORII) } .. 2.70 
TH =( WVIIJ 11100.0) ) .. TERM 
ENN ::: PORII) 
FJ ::: AVILl*IENN - 1.0) 
F2 I 2.0*TH - ENN*ITH + 1.01) 

IF ( WV( I) - WVA(L) } 1540. 1550. 1~50 

RP RIL) 
Q~l OIL) - 1.0 
O~2 OILI - 2.0 
ALF = ALFOIL) + (1.0 - ALFO(LI).(~V(I )/~VK(LI) 

**0,-41 
SAT TH I PORII) •• RPO 
F1 SAT 
uP P • ENN I Fl * F2 * F3 ) + rlX 
DALF QMl * ( 1.0 - ALFOIl) ) * I flVI I) I 'INAIL) ) 

O!\LF 
GO TO 156'1 

ALF 

** OM2 
= IDALF*lQO.C)/(WVAILI * TERM) 

1.0 

JO HX + P * ENN I ( Fl * F2 I 
DTH :::(1 I,~VIII - ~JVA(LI I 1100.0) * TER\' 
PORII) = ( PNIL) + DTH I I ( 1.0 + 0Trl I 

1;)60 RETURN 
ENO 

611 
612 
613 
614 
615 
616 
617 
61d 
TO 
625 
628 
629 
630 
619 
620 
621 
622 
623 
624 
TO 
630 
632 
633 
634 
TO 
636 
637 
638 
638 
TO 
641 
64" 
643 



SUBROUTINE HU~IDY (TE,H11 
~OMMON/TwO/T(401,I2 

QETURN 
!="ND 

I = 12 
R 
G 
E'~ 
AN 
TM 
T I II 

8.314E+07 
= 981.0 
= 18.02 

ALOG(HII 
= (TE - 32.01*5.0/19.0) + 273.0 

= R * T~ * AN 1 ( G * EM * 2.54 I 

269 

644 
645 
646 
647 
648 
649 
65n 
651 
652 
653 
654 
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APPENDIX 9 

SAMPLE DATA FOR PROGRAM FLOPIP2 
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MOISTURE DISTRIeUTION VERIFICATION OE WEST LARA~IE TEST SITE 
wYoMr~~ HIGHWAY DEPART~ENT RAMESH KHER 

111 A SA~PLE PROdLE~ FOR MOISTURE DISTRIRUTION AETER BO DAYS 
n n 0 0 0 1 1 1 26 2 1 1 1 

;>7 

n 

1 
') 

1 
2 ., 
4 
"; 

t 
7 

R 
i 

II" 
1 1 
12 
p 
I t.. 

1 c; 

16 
17 
18 
19 
20 
71 
n 
2' 
2.4 
2') 
?6 

(, 

2? ., 

6.'0'1 
28 

2 
"', 

h 
c; 

6 
7 
R 
q 

U., 
} 1 
12 
1 ., 
14 
1 '0 
16 
17 
18 
1q 
20 
21 
22 
/'1 
21~ 

2') 
?f-, 

" 

27 
n 

10+~.OQJE+00 +6.912E+0S 
+1.~50E-'16+2.540E+')O+1.OOOE+'19+3.0nOE+OQ 

~.(lQ ~.Q"'2~.'ir ;J.')') '. 0,)f)E +"') 4. n:)f)F- n 1 8. Q')n E -()2 Q.9(~.0580 

1 
1 1.450E+Ol 
1 1.330E+Ol 
1 1.285E+01 
1 1.31:,OE+01 
1 1.420E+n1 
1 1.415E+Ol 

1.4\.)OE+01 
1 1.355 +01 
1 1.310E+01 
1 1."',SUE+Ol 
1 1.390E+n1 
1 1.35:>[+01 
1 1.315E+nl 
1 10'33UE+Ol 
1 10'350E+01 

1.365E+01 
1 10'375E+01 
1 10385[+01 
1 1.39UE+01 
1 10'35?E+()1 
1 1.".175E+81 
1 1.21~OE+f)1 

1 1.260E+01 
1 10'310E+O] 

1.1~7()E+01 

1 J.']90E+Ol 
1 1.520[+01 
1 4.0I)UE+1)1 

273 

4."'1OE+01 



274 

Ill) SA~PLE STU~Y OF MOISTURF DISTRIBUTION ALONG A VERTICAL. CONT. OUTPUT 

" n n ~ 0 1 1 1 26 2 1 1 
27 10+I).nnOE+~n +6.912£+05 

n ?~ +1.000E-06+2.54'')E+':''+1. M )f''IF+09+3·.000E+OO , A.S" ,.nn ,."1"2,.0,') ;;>."" 11. f"I ~'1F + n, 4."('1'1F-'11 8.'100f-02 0.9 n .f"I58() 4.n()()E+('11 
28 1 

1 1 1 ].442EtOl 
2 ? 1 1.390E+Ol , '3 1 ] .35'E+Ol 
4 4 1 1.'45E+Ol 
0, " 1 1.340E+Ol 
I) 

'" 
1 ] • 34,E+0 1 

7 7 1 ] .345E+0] 
p 8 1 1.'I30E+01 
D ') 1 ]0300E+Ol 

1 r, 1 n 1 10320E+()1 
11 1 1 1 10340E+0] 
1 ? ~ 2 1 10315E+:I] 
1 ' ] , 1 1.290E+01 
1'+ 14 1 10300E+()1 
1 'i 15 1 ] 0320E+01 
16 16 1 1.340E+Ol 
17 17 1 103551::+01 
Ie ] 8 1 1.32:'>E+Ol 
1 C\ 19 1 1.260E+01 
? ." ,? r 1 ].210E+01 
21 ?l ] 1.1'10E+01 
?? ? ? 1 1.140E+01 
2' ?, 1 1. ','I)OE+0 1 
24 ?4 1 1.:.14UE+Ol 
2r:.. 2'1 1 1.'8JE+Ol 
26 26 1 1.42UE+Ol 

I" (', 1 1.5()OE+Ol 
27 27 1 4.000E+01 , u 

2 



APPENDIX 10 

SAMPLE OUTPUT FOR PROGRAM FLOPIP2 
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REVISIO~ DATE DFC 02. 19f18RK 

MOISTU~E U1STHi~UTION V~HiFlCATlO~ OF wEST LARA~IE TEST SITE 
.YO~INr. HiGHwAY UEPAAT~E~T RAME~~ KMER 

PijOti 
111 A SAM~LE p~OaL~M FOR MOI~TURE DlsTRlaUTtON AFTED eo OAY~ 

TA~LE 1. PROuHAM CUNTHOL srLTCHES. 
lAALE'S NUMtSER 

2 3 4A 5 6 

P~IO~ UATA vprtONS (1 • MOLD) 
N' I Mt3i::H CAHU~ 1 NPUT 11"11 S P~08l.FM 

G~ID = l. CYLiNDER • Z SwITCH 

LIGHT. 1. HEAuY • ~ SwITCH 

TAMLE 2. TNCHtMENT LENGTHS. ITtHATION CONTHOl. 

Nil'" of INCHt.MfIlJTS • i1 
INCR~MENT LENGT~ • 6.000E.~O IN 
NIl"l Of' Tl"'lt:. INCREMt.HS • 10 
TIME lNCHE~ENT l.E~GTH • b.91ZE.u5 SECS 
INSIut:. ~AulUS • -0. IN 

TABLE ~. PEHMEABILITY 

n 
1 

FRO", TO 
o Z8 

~l AK 8K ExpnNENT 
l.oSaE-ob 2.S40E.on 1.000£.09 l.nnoE.OO 

TA8l.E 4. SUC1ION - WATER CONTENT CU~VES 

CIIRV/:: NUMot:.H 1 
"HIM LOCATIONS • 1 
MAxIMUM PF • 6.50 
PF Af l·ifLECTION • 3.00 
E)(PO~tNT fOR Pf ., 3.00 
.'R ENT~Y WATER CONr • 23.50 
nRYING CURVE EXPO~E~T • 2.00 
AI FA AT 0 WATE~ CONT • O. 

o 
1 

o 
1 

o 
2 

277 



278 

NO. 
1 

I~ItlAL ~O"OSITY • 
R~FEHENCE AV • 
SATURATION £XPO~ENT • 
SOIL UNIT -T PCI • 
SATURATED -AT£R CONT. • 

~RO" TO 
0 2tt 

TABLE 5. I~ITIAL CONDITIONS 

FRO'" TO CASE VOL. w. pORE 
1 1 1 1.450E-01-0. 
Z 2 1 1.J30E-Ol-0. 
3 3 1 1.285E-OI-0. 
4 4 1 1.360E-Ol-0. 
S S 1 1 •• 20£-01-0. 
EI 6 1 1.415£-01-0. 
7 7 1 1.400E-Ol-0. 
8 8 1 1.355E-0&-0. 
9 9 1 1.31aE-Ol-0· 

10 10 1 1.350£-01-0. 
11 11 1 1.390E-Ol-0. 
12 12 1 1.355E-Ol-0. 
13 13 1 1.31SE-Ol-0. 
Ilt 14 1 1.330E-Ol-0. 
15 15 1 1.350E-Ol-0. 
16 16 1 1.365E_Ol .. 0. 
17 17 1 1.375E-Ol-0. 
18 111 1 1.3ASE-01-0. 
19 19 1 1.390E-Ol-0. 
20 20 1 1.355E-Ol"0. 
21 Zl 1 I.J7SEeOl-0. 
22 2Z 1 I.Z40E-Ol-0. 
23 23 1 1.260[-01-0. 
24 24 1 1.31OE-OI-0. 
2S 2S 1 1.4 70E.01-0 • 
26 26 1 1.590E-Ol-0. 

PRo 

4.000£.01 
a.OOoE.02 

.'10 
5.100[·02 
4.0001.01 

SLUPE X 
.0. 
-0. .0. 
.0. .0. 
.0. .0. 
-0. -0. 
-0. 
-0. .0. _0. 
-D. 
_0. 
... 0. 
-0. 
-0. 
-0. -0. 
-0. -0. -0. 
-0. 
-0. 
-0. 

TAttLE 6. ... OU""UA~Y AND INTERNAL CO~DnTO~S 

FROM TO CaSE flV 

0 0 1 1.520E-01-0' 
27 27 1 4.000E-OI-0. 

NONE 

TABLE 88. TIMt STEPS FOA OUTPUT 
10 

T DTIDX 
-0. .0. 

,.. T,MP 
.~ -0·0 
_n -n.O 
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T~~LE In. OurpUT OF HESULTS 

TTME STE~ = lu 

I T ( J) 111\1 (11 IHDW (I) PilI) 

J -7.71 'E+u2 1.~20F.+Ol 1.344tE.+Ol 1.232E-n7 
1 -8.4~"E+iJ2 1.446E+01 1.352E+Ol Ii.6 30E-n8-
2 -Q.oHI'4E+ui:! 1 0341F.+0 1 10.363E+01 0.604£-08 
.3 -t.02oE+liJ 10303E+Ol 10361E+01 ~.108E'-OR 

4 -9.4S AF.+u2 1.359E+01 1.361E+01 7.063E-OR 
5 -Fi.rl7"E+o2 1.401F,+01 1 • .356E+01 tI. 42 1E-08 
6 -8.83;E+",2 1.4t12F.+01 1.J56E+01 1j.5 43E-OR 
7 -~.O?fI~_+U2 1.395E+01 1.351E+01 1j.062E-OA 

!3 _9.4<.j"'t:+u2 1.350E+01 1.361E+Ol 6.9 85E-OR ., -Q.936E+U2 1 • .322E+01 1. 365E+01 6.150E-08 
1 'J -~.5f,f>E+1.I2 1.350[+01 1. 36 2E+01 6. 84 2E-09 
11 -9.2C?ME+u2 10318E+Ol 1·359E+01 1.566E-OA 
12 -'1.51~E+1.I2 1 oJ54f.+ 0 1 1.362E+01 6.93qE-08 
13 -~.91?'1E+U2 1.323£+01 1.365[+01 0.161E-08 
14 -9.AI1E+02 1.331E+01 1 • .364E+01 6.313F:-nR 
15 -Y.57~E+(Ji 1.349E+01 1.362E.+Ol b.811E"08 
1~ -9.393[+1.12 1.36I+E+Ol 1.361E+Ol -'.201F-OA 
11 -9.262E+Uc! 1.31~E+01 1.359E+01 7.48qE-OB 
l~ -<,l.lS 7[+u2 10381+1:+01 1. 359E+01 1. 130F-nR 
1" -9.1'5lE+u2 1038I+E+01 1·359E+0\ 1. 14SE-08 
2;) _Q.4?~E+(J2 1 • .361E+01 1. 36 1E+Ol 7.128E-08 
21 -9.47"E+1./2 1.358E+01 1.361E+01 7.028E-OR 
22 -I. Of WE +03 1.255E+01 1. 312E+01 1+.134E-08 
23 -1.066E+u3 1.211[+01 1.310E+Ol !).042E-OR 
24 -8.78~E+U2 1.1+16E+01 1.J55E+0] d.61SE-08 
25 -4.9A~E+02 1.913E+01 1.J06E.+01 3.46qE-07 
26 -2.437E+u2 2.616E+01 1.1'lqE.+Ol tI. 48 7E-I)7 
27 !1 • 4.000E+01 1.000£+00 1.050E-06 
28 o. u. -1.tl33-21" 1.050F.-06 

TTME sn ... = 11) 

TIl) Will I) pF (I I 

G -7.11Jt:.+u2 1.520E+d 3.~92F:+00 

1 -A.I+~1E:.+(j2 1.446E+v1 3.332F'+OO 
2 -9.611+t:.+u2 1.342E+111 3.390f+00 
3 -1.Ol bt+u3 1.304E+u1 3.413~+OO 

4 -q.45"'t:.+02 1·359E+1.I1 3.38}1:'+00 
5 -8.89ll !:.+02 1.406£+01 3.354F'+00 
6 -B.~37e.+1l2 1.411E+u1 3.351F+OO 
7 -q.021+E,+02 1.395E+u1 3.360F'+00 

~ -9.495£+1.12 1.356~+1I1 3.382E+00 
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9 ·9.92':t.+v2 1.323E+01 3.401F.'+OO 
10 -9.56bE+o2 1.3S0E+Ol 3.386F'+OO 
11 ·9.24ut.+()l 1.377E+1I1 3.371F.+OO 
12 .9.Slllt,.+u2 1.354E+ol 3.3~3E+OO 
13 -9.9211:.+vl 1.323f+u1 3.40lF'+OO 
14 -9.609e::+1)2 l.33lE+vl 3.396F+OO 
15 -9.!:i8ui:.+OZ 1.349E+01 3.386F'+OO 
16 -9.394(+ol l.364E+Jl 3.318r+OO 
)1 ·9.263t:,.+Oi! 1.31SE+Ol 3.312,:-+00 
1 a -9.l5>1I:.+i)2 l.383E+vl 3.367F+OO 
19 -9.15bt,.+02 1.384E+1I1 3.361,+00 
2<) -9.42'+t.+u2 l.362Et fJ l 3.319F+OO 
21 -9.4Q.r::f,+0c 1.356f.+ IJl 3.3BlF+OO 
22 -1.Ol:dt.t03 1.2S1E+ul 3.'+'+1':-+00 
23 -l.oolt.+"J 1.214E +l' 1 3.431F+OO 
24 -8.4!;~t+ 1)2 l'44 3E+vl :J.333~+00 
25 -4. 77 i=::E + 02 1.9SSE+ul 3.084':-+QO 
26 -?3'+Jt.+;)~ 2.649E+ill 2.17SF+OO 
?7 fl. 4. OOOE+ t;l O. 
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Il~ SAMPL~ STUDY O~ MOISTURE nISTRIBUTION ALONG A V~~TICAL. caNT. OUT~ur 

TA~LE 1. PHU~HAM CONTHOL swlTCH~S. 

P"llvH i)AT~ IJPfIONS I! • ~lJLU) 
N,,~r!t.H CAHUS INPUT T~IS PROBLF"-1 

A~IU = 1. ~YLl~DEQ ~ i S~ITC~ 

L'G~I = 1. ~EAVY • i S~ITC~ 

v~RT = \. hURll • l SW1ICH 

lAHLE ~. 'NC~E~ENT LENGTHS. ITEHATION cONTROL 

N'J"4 Vr I"4CIoIEMENTS a ~7 

rtlJcMi;.MEIH LENGTH a fl.OnoE+OO I,.. 
11111 '1 Uf r I 'It. IO'jCRE"'E'~ r 5 = 10 
TI"'[ lNCHt.MENT LEN!;Ir; • b.91~f.+\J5 SEeS 
I,>/SIUt. HAUIUS = -0. IN 

TA~LE 1. PEHME~~lLITY 

1 

FI10M Tu 
i) 20 

~l A~ ~K FXg~NENT 

1.oooE-Ob c.~ItOE+Oo 1.000E+09 3.000E+00 

TAHLE 4. S0C1ION - WATER CONT~NT CUHVES 

C,JHvE Nur1';t.~ 

NI JM LOCA f I UNS 
MA)(I,"IUM IoIF 
PF Ar l~~LECTIO~ 
F)(PON~NT FOR PF 

a 
a 
a 

• 

1 
6.:,U 
3.00 
3.00 

T ARLFS NUMI:H!R 
3 itA 5 " 

o 
1 

o 
1 

U 
~b 

o 
2 
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A'~ ~NT~Y .ATE~ CONT • 23.!;)0 
n~YINij CU~vE EXPONtNT • 2.1.10 
AlFA AT 0 WATER CONf • o. 
If'H flAl. POROSITY • 4.000E-Ol 
RfFEI'tt.NCE AV • 8.QOOE-02 
SATvHATION ~XpONENT • .~O 
Silil. uNIT wT PCI • 5.000E-02 
S.TURATE~ WATER CONT. • 4.000E.01 

1';0. f~O~ TU 
1 I) 2tS 

TA~I.E ". INITIAL CONOlTIO~S 

F~O" TO eloiSE YOI,.. ;t. 1oI0~E Pto:I. Sl.UPE l( 

1 i ! 1.lt42E-U1-\i. -0. 
2 2 ! 1.390E+;)1-u. -0. 
3 3 l 1.3S5E-01-11. .0. .. It ! lo345E+01-II. -0. 
S '5 1 1.340E+01-0. _0. 
0 0 l 1.3lt5E-01-0. _0. 

7 7 1 1.J4SE-OI-I.I. -0. 
ti 11 1 1.330E-01-0. -0. 
~ '1 1 1.300E-U1-0. -I) • 

10 1 ~) 1 1.320E-Oi-O. -0. 
11 11 1 1.J40E-01-1I. _0. 
12 12 J. 1.315E+O.l.-o. -0. 
l3 13 1 1.290E+Ol-u. -u. 
14 lit 1 1.300E+u1-0. -0. 
1" 15 1 1.320E+U l-.}. -0. 
I'" 1-, 1 1.3ltnE+() J _I). -0. 
17 17 1 1.355E+01-1). -0. 
lH it! 1 1.325E+U1-1}. -0. 
19 l~ J. 1.2"0(+01-0. -0. 
20 cO J. l.210E+tiJ.-(J. -0. 
21 2\ 1 1.190£+01-0. _0. 
22 22 1 1.i40£+ul-:I. -0. 
23 23 1 1.060E+ul-.). _0. 
24 24 ! 1.040£+01-(1. -0. 
25 c:i ! 1.380E+01-0. -0. 
26 cb 1 1.420E+01-o. -0. 

TABLE 6. ~OU~UA~Y AND INTERNAL CONDITrONS 

FROM To 
I) fl 

c7 27 

eloisE 
1 
l 

wV T 
1.500£.01-0. 
4.000E.01-0. 

TA~LE 8A. TIMt. STEPS fOR B.C. CHAN6E 

OTIOA 
-0. 
-0. 

-1'1 
-1'1 

T,.MP 
-1'1.1'1 
-1'1.0 

.. -
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NON~ 

TA~LE H~. TI~t ST~PS FO~ ouTPUT 

ALL 
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TAHLE 10. OulPuT Of HESUL1S 

I lfo'E ST£1o> 111 

Tin .V(!) urowl (I) PI (ll 

U -7.90"'E+u2 1.~00E+ol 2.JS1E+01 1.100E-07 
1 _8.49~E+u4:? 1.442E+Ol 2.508E+01 ".o51E-flA 
i! -9.0R1E+uC: 1·J90E+Ol c· 651E+01 1.S3SE-OR 
3 -9.50~E+02 1.3S!)E+Ol 2.16.E+01 6.6 i 9E-OA 
It .. 9.635E+02 1.J45E+Ol 2.196E+01 6.J87E-OR 
'5 -~.t:l9"~+uc 1.J40£+01 (!.tl12Ec+Ol 0.269E-08 
6 -9.03;;E+II2 1.34;'E+Ol ?.19bE+01 o.l81E-n~ 
7 _9.b3.,E+\,/(! 1.J4SE:+Ol Co 196~+01 6.3ij7E-nR 
H -Q.1i3(,E+u, 1.';30E+Ol ~.d44E+Ol 0.037E-08 
Y -l.[J~"E+Oj 1 • .3001::+01 2dltSE+Ol ~.381F.-nl! 

H -9. 96~E + ue 1. J2uE" +0 1 2.817E+Ol ~.flllE-OB 
11 -~."9QE+V~ 1.j4UE+Ol 2.IH2E+O) 1).269E-08 
12 -1.00 jE+OJ 1.J15f:+Ol 2.1:i94E+Ol 5.701E-OR 
13 -1.03I'1E+uJ 1.290E+Ol t!.980t:+Ol ~.11(,E-n8 
1'+ -1.024E+i.iJ 1.JOOF+Ol :i!.94SE+Ol :l.l81E-nR 
15 -9.l,Ib~E+lJ2 1.J20f+{)1 2.d17E+Ol ,::>.811E-OR 
16 -'h69~E+Ui:! 1.340E+01 c.tl12f.+Ol 6.269';:-OR 
17 -9.'=>0"I!+uc 1 • .35S€+OI Z.164E+Ol o.629E-OR 
18 -9.tJ9~E+u2 1.32SE+Ol 2. tl61E.+01 ::;.923E-n8 
19 -1.0~;;>E+IiJ 1.i60E+Ol 3.<188£+01 ... S97F'-na 
2u -1.16;;»E+(.I3 1.210E+Ol 3.2H2E.+Ol .3. Jll.8E-rll~ 
2! -1.1QIooE+lJJ 1.190f+Ol J.J6SE+Ol J.H6E-OR 
22 -1.2A~E+Uj 1.140F."+01 :~ .:;.;51: +01 c.1hE-f'!8 
23 _1.45kE.+IIJ 1.U60E+Ol J."H3!:)~+Ol !.93;E-n~ 
24 -1.50":)E+I)J 1.1l40E+Ol • .. il95E.+Ol 1.758E-1)8 
25 -9.20oE,+{Jt! i.J80E+!)1 2. oa7E+0\ 1.261E-nR 
26 -8.13 7E +\I~ 1 .lt21)E +0 1 2 .::.70E. +1)] 1S.383E-nA 
21 ") . ~.OOOE+Ol 1.OOOE.+Oo 1.000F-Of, 
2e I; • v. -1.d33-c111 1.OOOf-06 

Tt~E STEP = 

I T ( 11 Wv ( I) PF (I I 

IJ -7. __ ultt.+J2 1.SOOE+d 3.303F"+00 
1 -8.49t!t.+lIc 1.442E+lll 3.3J4~+00 

2 -9.013E+oZ 1.391E+ol 3.363~+OO 
3 -9 •• 91E,+u2 1.356E+ul 3.382F.00 
4 -9.633E+.Jc 1.345E+vl 3.389F+00 
5 -9.69~E+J2 1.340E.ul 3.391F.00 
6 -9.637t.+02 1.345E+\)! 3.3891='+Ou 
7 -9.641E+.)2 1.345E+ul 3.31:19£+00 
8 -9.83:11:.+ U2 le330E+ul 3.3981='+00 
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'Y _1.OZ.::t.+v3 1.301E+Ol 3.414F+OO 
1,' -9.~bJt.+"2 I.J20E,+1)1 3.403F+00 
11 -9.71oi:.+<l2 I.339E+ul J.J92F+00 
Ie -1.00JE+ol l.J1SE+'Jl 3.406F+00 
13 -1.0loE+<)3 1.291EHl 3.420F+00 
14 -1.02Jt.+uJ I.JOOE+u1 J.415F+00 
15 -9.96Jt:.+v2 1.l20f+ol 3.40JF+00 
16 _Q.10CE.+J2 1.J40E+l1l J.J92F+OO 
11 -9.521t:+,)2 1.354E+ol J.J84F+OO 
I@ -9.90/E.+o2 1.J24E+t:1 3.1+01F+OO ,. 
19 -1.08!~+,)J 1.260E+"1 J.4J9F+OO 
2; -1.16111:.+03 1. 21lE + 'J 1 3.469,:+00 
21 -1.1 97 t:,+:U 1.1R9E+-Jl 3.483F+OO 
2C -1. 28dt:,+ ,)J 1.140f+Gl 3.515F+00 
23 -1.450t:,+!).j lo('l61~+'d 3.568F:+00 
24 -1.47Ct:,+I}J 1.054£+\.1 3.513F+OO 
25 -Q.31:'t:,+J2 1 .371 E + Ii 1 J.J14F+OO 
26 -5. 3J 1 I:. +'iC 1 • !:I48E +.' 1 3.132':+lJIJ 
21 It. 4.0 OOE +,11 O. 

T ( 1 ) III V ( I ) LlTOw(l) PIlI I 

'J -1.904E+O': 1.~OOF:"+01 1.l47~+01 1.100E-07 
1 -~.4q2E+O~ 1.442E+u1 I.JS2E..+01 'l.oalE-oe 
2 -9.n7~E+v~ 1.3911::+01 1.J51:1E,+01 ,.S52E-OFI 
3 -9 ... CHE+O': 1.J5bE+Ol I.Jblf+Ol 0 .. --i.b3iE+vc 1.J4':)E 
S 

- • 06E-07 
• _+ul 1.2131:.+01 ::>.78F!E'-07 

'.' . 4.IlOOF+Ol 1.0001:.+00 1.000E-06 
213 fl. lI. -1.d3J-C11l 1.000E-01l 

TIME SIF'" • 

t TIll wv ( 11 PF (I) 

Q -7.9041:.+.12 1.500E+iil J.30JF+00 
1 -8.483t:.+o2 1.443E+ ij 1 J.33JF+00 
e -9.05t1E+02 1.J92E+v1 3.J62F.'+OO 
3 -9.47t1l:.+lJ2 1.357F.+:Jl 3.J82F+OO 
4 -9.621E+02 1.34aE+!)1 3.388F+00 
5 -9.6tHE+u2 1.341E+ul 3.391r:+00 
6 -9.b41t;:+02 1.345E+vl 3.389F+00 
1 -9.6~3E+I)2 1.344E+ul 3.389~+OO 

8 -9.8441::+IJ2 1.J29E+,n 3.398F+UO 
9 -l.OltlE+OJ l.304E+ll J.413~+OO 

10 -9.96~E+()2 1.320E.+d 3.403r:+oO 
11 -9.751E+o2 1.336E+l·l 3.J94F+OO 
12 -1.003t,+OJ 1.315E+I.I1 3.406F+OO 
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}J -}.03 ... t;..u3 1.29.3E •. 11 3 .... 19F.OO 
l'" -1.022E..OJ 1.301E·Ol 3.4141:'.00 
15 -9.9bc!t:.,)2 1.3?0£·.)1 3.403F.OO 
16 -9.7aH,·oc 1.33'1£·\) 1 J.392F·UO 
}7 -9.56 ... f:.·n2 1·351 E·ul 30385F·OO 
18 -9 • .,24;t.. III 1.3,,3E·I)1 3.402F.UO 
19 -1.080t..u3 1.261E·lj1 3.43 
20 -1.15'1t.+.)J 1.21 E·'" 
21 -1.19~t:.\1.~ 

RE-oe 22 • 
.0, 6.496E-08 

1 1.J6SE.O} :;,.eS3E'-OA 
1.262E.Ol 1.371E·01 ,+.62SE.-OB -.IS~E·uJ 1.t:!1t!F'·ol 1. J 76f·01 J.1 82F.-nj:! 

21 -1. 19QE·\J..:I 1.181:1F:.Ol 1.J79E·Ol J.422E-Oj:! 
22 -1.2F14E·vJ 1.1391'.01 1.JS'+E.·Ol ,.7b7F-08 
23 -1.45 0 E·UJ 1.06JF:.Ol 1.Jo;1t..Ol 1.9bJE-"A 
24 -1.3731:: .... J 1.\J9dF:+\J1 1.Jl:lI:!E.Ol c.30SE-08 
25 -6.172E·U&' 1.b30F+Ol 1.333E.Ol 1.642E-07 
26 -J.03f1E·\I&:: G .... 18E.o1 1.&'47£.01 l).e6BE-1'\7 
27 v. .... 000E.01 1.OOOE·On 1.000F.-06 
28 ',. II' -1·1:!33-27n }oOOOE-Oll 

TTl-IE STEP ;: I'! 

I r (11 III" ( I I PI" III 

U -7.O;u'+I:..U 1."OOF..·J 1 3.3uJF.OO 
1 -R.4 nt.· 1)2 1.44'+E·1J1 3.333F·OO 
2 -9.1)4 til:.. \)2 1.393f··!l 3.3blr.OO 
.3 -9.4631:.+(12 1 • 359f.;1 3.381r.OO 
It -9.02(1::.02 1 .341:1E .') 1 3.388F.OO 
5 -9."Sc.E..o2 1..141E •• } 1 3.391F'.OO 
6 -9.64'+1:, •. )2 1 .3441:.' 1 3.389F.OO 
7 -9.66lt,.02 1.343E.,,1 3.3901l'.OO 
e -9.849t:.\12 1.329f·vl 3.39Bro.OO 
9 -1.Olbl:. v3 l.l0oE·!1 J.412F+OO 

1(,; -~.96Zt..U2 1.320E·td J.403ro.OO 
11 -9.71';1:.·02 1.3 3 'H. • li 1 3.39Sr.oo 
12 -l.oolt:,·OJ 1.31SE+,!1 3.4061".00 
13 -1.o3ZI:..o3 1 • ?Q4E.. ,; 1 3.419r.oO 
14 _1.0cct:.\l3 1.3n2E.'Jl J .... lltF'.OO 
15 -9.9bll:.·o2 1 .J20E.·u 1 3.'+o3F·OO 
16 -Q.71ct:..;)2 1.339E • .I1 3.392f.UU 
17 -9.58:;'t..u~ 1.349E.\)1 3.386F.OO 
18 _Q.94jl:..i)2 I03Z1E··!l 3.4021'".00 
19 -1.07'.l1I:..U3 1.?,,2E.'t1 3.4JSF'+OO 
20 -1.15'1:.+03 1.21iE·,,1 3.4"SF+OO 
21 -1.199£+,)3 1.1At!E·ul 3.'+1.:I4F.OO 
22 -1.291.1t:.·o3 1.139E·".1 3.~ISF.OO 
23 -1.44t:!E.+03 1 • nfl4 E • \J 1 3.56&Il'+OO 
2· -1.342t:.+J3 lol13£·'d 3.5331='.00 
25 -f .. 1t2ut.+ 02 1.677E·ul J.2\2F+00 
26 -2.9111:.+ Q2 2.456£··11 2.f46~ro·OO 

27 O. 4.o00E..vl o. 
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Tlfo1E STE"P & 

T(TI • V ( 1) UTUiilII P 1 ( 1) 

0 -7.904E+\l2 1.!:l0I1E+Ol 1. 347E+Ol 1.100E-07 
1 -8.477E+02 1.444f+Ol 1.352E+01 ~.106E-08 
2 -9.04f1E+02 1.393£+01 1.358E+01 7.61"E-08 
3 -9.46lE+0~ 1.350;1£+Ul 1.3b1E+Ol b.717E-OR 

• -Q.622E+0~ 1.340~.+O1 1.362E+01 b.410E-OR 
S -9.682E+02 1.3411':+01 1.363£+01 0.299E-08 
6 -9.644E+02 I·J44E+u1 10363£+01 0.3 7 0E-08 
7 -9.661E+02 loJ4JE+01 10363E+01 b.338f-oR 
e -9.84QE+Oc l.J2~E+Ol 1. 364l+01 6.003E-08 
9 -1·01--E+03 103061=:+01 10367E+Ol !l.502E'-08 

10 -9.962t::+U~ 1032'>1:+01 1. 365£+01 ~.814E-08 

11 -9. 77~E+U2 1.334£+01 1.364E+01 6.137E-08 
12 -1.003E+03 1.31!:lr::+01 1.366£+01 ~.701E'-08 
13 -1.03;»E+03 1.294£+01 1.368E+Ol ~.25I,E-OR 
14 -1.02iE+03 1.302r::+Ol 1.367E+0) ~ ... 14E-OR 
15 -9.96IE+02 lo32UF.+01 1.365E+01 ~.815E-08 
16 -9. 712E+O~ 1.33-1E+01 1.363E+Ol 6.245E-0~ 

17 -9.':I8<;E+02 1.34~F"+ol 1.362E +01 0.481E-OR 
18 -9.943E+02 10321£+01 1. 365£+01 5.845E-08 
19 -1.07Q!::.+UJ 1.~62F.:+Ol 1. 3 71£+01 ,+.62eE-08 
20 -1.157E+03 1.212F.:+U1 10376£+01 3.781,E-08 
21 -1.1 cNE+uJ 1.188F:+Ol 10379E+01 3. 42 0E-oe 
22 -1.29"E+03 1.13<JE+01 1.3H4E+Ol 2.766E-08 
23 -1.44~E+03 loU61t€+OI 10391E+01 1.96qE-Oe 
24 -1.34,;>E+03 1.113F+Ol 1.3d6E+01 2.,+60E-08 
2S -6.420E+02 1.6771:+01 10329E+Ol 1.8 74E-0 7 
26 -2.911E+02 c.ItSbF:+01 1.239£+0) 7.122E-07 
27 n. It.OOOF+01 1.UOOE+00 1.000E-06 
28 n. .) . -1.d33-27~ 1.000f-06 

TIME 5 TEp • 'oj 

Till w" III PF It) 

0 -7.90 .. t.+a2 1 • ">0 0 E +) 1 3.303F+00 
1 -8.475E.+02 1.444(+01 3.333F+00 
2 -9.o 42E+a2 10393E+,,1 3.3611='+00 
3 -9.45~E+02 1.359£+",1 3.381,:+00 
4 -9.6211::+1)2 l.346E +'j 1 3.388F+00 
5 -9.681E.+u2 lO341E+,.I1 3.3911='+00 
6 _9.645E+.>2 1. ,44E+vl 3.389F+00 
7 _9 664E+02 1. ,4JE+,,1 3.390F+00 
8 -9:851E+02 1.328E+,.1 3.398E'+00 
9 -1.01 5E+03 1.J06E+u1 3.411F+00 

10 -9.962E+02 1.:'3l'OE+u1 3.4031='+00 
11 -9.78UE+02 1.J3'+E+u1 3.395E+00 
12 -1.003 E+03 1.315E+o1 3.406F+00 
13 -1.032E+03 1.29'+E+o1 3.418f:+OO 
14 -1.021t.+03 1.J02l+')1 3.414F+00 
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