INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photogrqjhs, print bleedthrough, substandard margins
and improper alignment can adversely affect reproduction. "=

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, begiiming at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

UMI

University Microfilms international
A Bell & Howell Information Company
300 North Zeeb Road. Ann Arbor. MI 48106-1346 USA
313'761-4700 800/521-0600



Order Number 9432881

A finite-dlifference modeél of three-dimensional granular
displacement .

——

Burbey, Thomas J., Ph.D.
University of Nevada, Reno, 1994

“UMI

300 N. ZeebRd
Ann Arbor, M1 48106




University of Nevada
Reno

A Finitte-Diffterence. I\<Iode| of
Tiwee-Dimensional Granular Difpfrement

A dissatiation sutbmiitted in partial fulfiliment of the
requirements for the degreee of Doctor of Phillosaphy

in Hydirsllogy/Hydrogeology
by
Thomas J. Burtbey
Doneld C. Helm, Disssritation Advisor

May 1994




The Dissertation of Thomas ]. Burbey is approved:

Dol 0 #—

Dissertation Advmor

=

MD< /

partipent Chair

/Q—w?.ﬂ ct. é[pz_.wo/

Dean, Graduate School

University of Nevada

Reno

May 1994




ACKNOWLEDGEMENTS

I would like to express sincere thanks to the U.S. Geological Survey, my
employer, for allowing me to pursue this degree and for their confidence in me and their
commitment to the work ofthis project. The US. Geological Survey, the Nevada Division
of Water Resources and the Las Vegas Valley Water District have funded this research
and without their support through this long process, this product would never have
come to fiiiition. Many thanks go to Bill Carswell and Jon Nowlin for believing in me and
allowing me to remain here at UNR during the piusuit of this degree.

In addition I would like to thank my committee members, Steve Wheatcraft, Gene
LeMay, Bob Watters, Jim Carr, and particularly Don Helm who served as my advisor and
mentor. Don has been most gracious during this endeavor, often allowing me to interrupt
his work to problems as we filled many-a-blackboard with ideas and
developments. His continued leadership and faith in me gave me the push I often needed
when simulations and boundary<ondition problems left me frazzled. Above all, Don has
been a true friend.

I want to thank my family; my wife Ingrid who is my very best friend,
companion, and prayer partner, who encouraged me continually through the good and
hard times; and my children Rena, Ariel, and Ryan whose cheerful faces and coi”tant
exuberance allowed me to forget the troubles and problems and to remember what is
really important in life.

Above all I must thank my Lord God who is my constant source of strength and
hope who has taught me much about myself and His gradousness to me though this

whole process. Thanks also go to all those who prayed for me over these years.



ABSTRAa

Recent advances in aquifer mechanics have shown that the hydrodynamic
processes associated with land subsidence and earth Assuring due to fluid withdrawal in
unconsolidated aquifers are three dimensiontd in scope. Previous mathematical and
numerical models that use hydraulic head or volume strain as the principal unknown
variable have traditionally been one dimensional with respect to changes in storage and
strain because they assume no horizontal strain. These one-dimensional models can
accurately simulate the total vertical compaction of interbeds in a confined aquifer, but
they have no way of predicting horizontal changes in strain or granular movement,,and
hence can not estimate where damaging fissures may occur over time. This report
describes a new three-dimensional firute-difference numerical model that has been
developed and integrated into the U.S. Geological Survey's modular ground-water flow
model. The displacement field of solids is the principal urrknown variable within the new
model. Because the displacement field of solids is a vector quantity, granular
displacement resulting from imposed stresses on an imconsolidated aquifer can be
simulated in three dimensions. The new model is not limited to confined or
homogeneous aquifers, but can be readily applied to unconfined and heterogeneous .~
aquifers with complex boundaries. /

The three-dimensidnal governing equation is decoupled and each componerU
direction is solved for, first independently, then corporately with the other principal
directions. Each of the three decoupled equations is expressed numerically using a
Crank-Nicolson scheme. Solution of the set of equations is accomplished with a dual-
loop successive overrelaxation technique, while taking advantage of Chebyshev
acceleration. Simulation of horizontal displacements compare accurately with analytic
solutions for a homogeneous, isotropic confined aquifer. Simulation of vertical
displacements of fine-grained interbeds within a confined aquifer compare favorably
with results obtained using the one-dimensional interbed storage model. The inclusion of

an overlying horizontal barrier to vertical flow results iii aQ increase in calculated
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subsidence along the edges of the barrier and a decrease in subsiderwre directly above the
pumped welL A vertical barrier to horizontal flowr tends to increase subsidence above the
pumped well. The horizontal location of the wellbore tends to be drawn toward the
barrier resulting in compressional strain between the barrier and the pumped well.

Displacement is significant on the side of the barrier opposite the pumped well.
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INTRODUCTION

inereasing awareness of the connection between horizontal aquifer movement
and earth fissures in pumped unconsolidated aquifers has triggered concern over the
effeetiveness of available hydrologic models to predict such phenomena, While vertical
eempaetion or subsidence models have been successhilly developed and applied to field
settings (Cambolati and Freeze, 1973; Gambolati and others, 1974; Helm, 1972,1975, 1976;
Narasimhan and Witherspoon, 1977: Lewis and Schrefler, 1978; Leake and Prudic, 1988;
Leake, 1990), available horizontal or three-dimensional displacement models have been
intraetable o require significant physical limitations for pratiical applicétion under field
eonditions (Biot, 1941, 1955; Safti and Pinder, 1979, 1980: Bear and Corapdoglu, 1981).
Helm (1979),1982,1984, 1987) has developed a fundamental theory of granular movement
baised on an exterision of Darcy’s law that has the displacement-field of solids as the lone
dependent variable. Helny's approach makes calculating the displacement field more
tractable beeause it does not require the prior calculation of transient values of hydraulic
head, effective stress, or pressure.

Beth fieid and analytical studies have shown that horizontal movement can be of
the same order of magnitude as vertical compaction (Poland and Davis, 1969; Yerkes and
Castle, 1969; Bear and Corapcioglu, 1981). In fact, field evidence suggests that horizontal
tnevement of the gramilar matrix may occur where no vertical compaction is measured
(Welff, 1970). Aithough geologic influences such as differential movement along buried
fauits (Bell and others, 1992) and shallow bedrock knobs (Carpenter, 1991) may influence
the leeation of fissure development, hydanlic mechanisms, specifically horizontal
fevement, influence the magnitude and severity of fissure development (Helm, 1993).

The purpose of this dissertation is to develop a model that is capable of
simulating ime-dependent granular movement in three space dimensions and that is
tractable at the field scale. Such a model would greatly expand the state-of-the-art and
ailew for greater understanding in evaluating displacements in complex geologic settings

(anisotropie and heterogeneous aquifer properties and application of multiple pumping




and reeharge wills) and in cases where stresses, such as those caused by pumping, are
ehanging in time. From the resulting displacement field one may be able to predict where
earth fissures would most likely occur. Hence, such a tool would benefit not only
seientists but water managers who are interested in minimizing potential risks of
structural damage from fissure developmmemnit

This dissertation incorporates Helm's general theory of three-dimensional
granular movement into the U.S. Geological Survey's modular finite-difference ground-
water flow model (McDonald and Harbaugh, 1988). The result is a fully three-
dimensional granular displacement model that is semi-independent from the ground-
water flow equations used in MODFLOW. That is, transient values offiydiaulic head
(MODFLOW output) are not required to obtain the directional components of
displacement, but they are used in the specification ofthe water-table boiindary. The
displaeements are calculated independently from MODFLOW's numerical algorithms
approximating the ground-water flow equation.

A detailed discussion of the theoretical and numerical developments are
presented. Following these developments the model is compared with existing analytic
solitions in two space dimensions. Additional three-dimensional simulations are
presented and include a discussion of the development of the water-table boundary.
Model Hgﬁta&om and assumptions are also discussed. Finally, the detailed model
deeumentation is provided ix;.the appendix for the three modules developed for this
study: (Pa module to calculate the initial and ultimate bulk flux, (2) a module to
esleulate displacement and volume strain in each space dimension, and finally (3) a
medule to plot vectors of either displacement or bulk flux in order to analyze and review
the large amount of data that is produced.
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THEORETICAL DEVELOPMENT

Darcv-Seisevanov-Helm Low

Ground-water hydrologists typically ignore the movement of the granular matrix
of the aquifer in their analysis of ground-water flow. Helm (1979,1984,1987) has shown
that such limitations in the evaluation of matrix compression preclude the determination
of directional components of the displacement field of solids. The approach taken in this
report involves developing governing equatioi”s of granular movement in three
dimensions and begins with Darcy's Law, which is expressed in vector form by the
relation:

q = -KVh <>

q is th”pecific discharge, ~ is the hydraulic conductivity tensor, and A is the
hydraulic head. Geisevanov (1934) deduced that Darcy's law describes the flow of
groimd water relative to the skeletal matrix and should be written more completely as:

$ = «(Vw-v,) =-AVA @
where n is the porosity, is the velocity of water, and v, is the velocity of solids (solid
phase of the aquifer). Biot (1941,1955) independently deduced eq. 2 as being the correct
expression of Darcy's law. On the basis of volume fraction. Helm (1984,1987) defined the
bulk flux for a saturated medivun as:
" gb = nv™n-ii-n)v". <3

Using Gersevanov's generalization (eq. 2) vdth Helm's equation for the bulk flux
(eq. 3) yields a new Dardan expression in terms of the velocity of solids and the bulk
flux, referred to here as the Darcy-Gersevanov-Helm Law, namely:

=v,+"N =V, -T™M, @
or

, v -KVh = qb. <5



Equation 5 is a simple yet powerful expression of Darcy's law describing both the
motion of solids and interstitial fluid in an unconsolidated saturated aquifer. For a bulk
volume ¥ where no mass is produced or destroyed. Helm (1987,1994) showed that the
divergence of the bulk flux for a two-phase saturated porous media is expressed as

& L-n 3P, +V* [nv™+ (1-«)v,] =0

.dt P.
where and is the density of water and the density of the individual solids,
respectively. The last bracketed term on the left side of eq. 6 is the definition of the bulk
flux. If we assume that the individual solid grains are incompressible, that is'

p" = constant, and that the fluid is also incompressible, that is p,* = constant, then
mass conservation for incompressible bulk flow yields

= 0. <>
Equation 7 states that if the bulk flux is known along the boundary (such as at a well) itis
known at all points within the aquifer. Note that  canbe a function of time. In addition,
eq. 7 implicitly states that if the divergence of the velocity of solids is nonzero, then the
compressibility of the solid particles and interstitial water are much smaller than the
compressibility of the skeletal matrix. This is a valid assumption for unconsolidated
aquifers. Matrix compressibility for shallow sand-dominated aquifers is one to three
orders of magnitude greater than the compressibility of water and is two to four orders of
rrragnitude greater for clay-rich aquitards (Scott, 1963).

Bulk Flux

When a stress such as that caused by pumping is applied to an aquifer system the
stress iiiunediately responds as a body force on the incompressible constituent materials
throughout the aquifer. At this initial instant of applied stress, r = (f, both fluids and
solids move as a single incompressible mass toward the pumping well at the same
velocity. This velocity is equal to  (defined by eq. 3) and is dependent upon the

pumping rate and the distance to the point of interest from the pumping well The initial



bulk flux may also be affected by the ratio of vertical to horizontal hydraulic
eonduetivity. That is, anisotropy may affect the magnitude of the bulk flux for a given
radial distanee from the pumping well. The change in bulk flux due to anisotropies can
be easily derived and is discussed in the following paragraphs:

Heterogeneities such as confining beds also affiect the distribution of bulk flux.
Femn eq. 5 ene ean deduce that once a stréssed aquifer system reaches a new steady-state
conditien, that is after the solid matrix has come to rest, the final values of bulk flux are
identieal to the new steady-state distribution of specific discharge. These final or ultimate
values of bulk flux will reflect any boimdary and initial conditions that influence the final
flow field of water and may therefore be different from the initial values of bulk flux.
Empirieal evidence suggests that the transition from the initial to ultimate bulk flux is
rapid (Feands Riey, US. Geological Survey, oral commun., 1993) and occurs while the
agquifer matrix remains physically in motion. This evidence originates from field
easurements of water-level reversals in observation wells separated fiom a pumping
well by an impermeable fault. The rise in head in the observation well occurs almost
instantaneously from the inception of pumping. No ultimate hydraulic gradient exists in
the part of the aquifer separated from the pumping well by the impermeable boundary:
What dees exist in this part of the aquifer is an initial strain field within the solid matrix
resulting from the initial bulk flux. The transition from the initial to ultimate bulk flux is
refileedd in the head fluetation observed in the observation well. Further research is
needed to define the time dependency of this transient change in bulk flux from initial te
ultimate values. The transient nature of bulk flux is beyond the scope of this study but
niumerieal situlations suggest that the change may be dependent not only on time but
alse o hydraulie diffusivity. Only the initial and final bulk flux values are used in this
study and, based on empirical evidence, the transition is considered to be nearly
instantaneous. Figure 1 shows the relative magnitude and direction ofinitial and

ultimate values of bulk flux in a heterogeneous system being pumped from a single well.
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Figure 1. Schematic diagram illustrating how the iiutial and
ultimate values of bulk flux may change for a heterogeneous
aquifer system. Arrow lengths mdicate relative magnitude of
bulk flux. The shaded unit to low hydraulic conductivity
relative to the units above and below it.

The ultimate bulk flux can be evaluated by determining the steady-state
hydraulic head values that are produced from MODFLOW for a steady-state simulation
ofthe aquifer being simulated. From these heads, the ultimate specific discharge or bulk
flux values can be evaluated. The ultimate bulk flux is substituted for the initial bulk flux
after approximately one minute (this is an arbitrary time that is used to establish an initial
field of maximum velocity of solids). These ultimate values of bulk flux are then used
throughout the remainder of the simulation.

In a contiguous three dimensioiul homogeneous, isotropic incompressible and
imdifferentiated media with a single pumping well defined as a point sink, mass balance
requires that initially

0 = <S>
where Q is the pumping rate and r is the radial distance from the well to a point of

interest. For spherically symmetric flow



Because the bulk flux is known at the pumping well, the bulk flux can be
determined at any location within the aquifer according to eq. 7. [f we assume ~ » K,
where the subscripts r and z refer to the radial and vertical space dimensions,
respectively, then the hydraulic gradient migrates outward from the pumping well

elliptically. The permeability ellipse is expressed as

<10>

where o is the length of the major axis and f: is the length of the minor axis (fig. 2).
Whether the aquifer is confined or imconfined does not matteratr = 0* .At the initial
instant when the well is turned on, the aquifer will behave as a confined aquifer until the
first pressure transient reaches the water table. After this time the aquifer will behave as
an unconfined aquifer. However, the initial bulk flux is evaluated at the moment the well
is turned on. Because an expression for the bulk flux has been defined at the well it can
now be evaluated directly for any point in the aquifer system.

e
<
I

7/\

Rgure 2. Schematic diagram illustrating a permeability ellipse with
major axis a and minor axis b. The aquifer is being pumped at a
constant rate Q.

The US. Geological Survey's modular groimd-water flow model makes use ofa
rectangular finite-difference grid network. Hence, radial or spherical coordinates of
initial bulk flux must be transformed to cartesian coordinates. The eccentricity of an

ellipse is expressed as:



Neither a nor b are known explicitly; however, the ratio of a/b (orb/a) is known from eq.

10. Ecjuation 11 can be expressed in terms of this ratio,
1

b_2-2

o .

When the ellipse is aligned such that its rotation is about the major axis (aligned

X="1-¢( <
in the radial or horizontcil direction) the ellipse is said to be oblate. The formula for an

oblate spheroid is given by:

(x-X.)2  (y-y )2 (z-z")

This equation assumes that the aquifer system is transversely isotropic. That is
= Kyy. Now there are two ecprations and two unknowns so thata and b can be

determined explicitly as follows:

ix-xy—+ (y-yj2+ Lx2

and.

b =
where x, y, and z are the spatial locations of a point of interest in the acpiifer system
(equivalent to the column, row, and layer at a cell center within a finite-difference grid
network). The variables x*, y*, and z,, represent the spatial locations of the pumping

well The surhice area of'an oblate spheroid is given by ,

5= 2jtfl2+ /.. ( )- <16>

Equation 9 written in vector form in cartesian coordinates is

Ob-



where e represents a unit vector. An expression for the bulk flux can be written for each

component direction as:

= A Q- 7 <18
_QOL)S'_yO) > «19>

4
. 2 v

where r represents the radial distance from the well (the cell containing the well) to the

cell of concern in cartesian coordinate space, which is defined as

r= [(x-xj+ vy Qb
The bulk flux initial condition is now established for a point source or sink. These

expressions can be applied for any number of point sources or sinks because in general.

"bi- I 5;.
1=1
where m is the number of pumping wellsand  represents the location of the sink or
source in the coordinate direction of concern, /"- is the current location within the grid
system for the coordinate direction of concern, and i represents the current source or sink.
Equation 22 is valid except at the wellbore where the bulk flux approaches

infinity when = Oandy—y”", = 0. The randy components of bulk flux are
automatically set to zero at the wellbore. At the wellbore where no horizontal component
ofbulk flux exists (and where 1 is set to unity), unusually large values of bulk flux in the z
direction occur when z,- - z*, ~ 0 (where and "Nare zero). To mitigate these
problematic values of bulk flux, a five point average of the z component of bulk flux is

used by calculating its value at each edge of the cell and at the cells center at ther and y

cell location containing the well. This averaging of the zcomponent of bulk flux along the
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wellbore (for -z~ * 0) smooths the ultimate displacement values obtained by making
the z component of displacement an average over the entire surface area of the cell
instead of at a point.

Equations 16 through 22 are valid for any three dimensional setting. A
modification to this general expression occurs when only a one-dimensional case is
assumed with axial symmetry. In this case the resulting surface area is no longer a
spheroid but is modeled rather as a cylinder with one layer. The cylindrical surface area
allows no vertical component of bulk flux. That is, only horizontal components of flow
and bulk flux are calculated and used in the calculation of horizontal displacement. This
situation occurs when simulating a single confined aquifer (a single layer within afinite-
difference model) with impermeable top and bottom. For this scenario, mass balance
requires that the bulk flux be expressed for axially symmetric flow as follows,

O = ﬁ?b_ 23.
where b is the thickness of the aquifer in question. In cartesian coordinates the bulk flux

for each component direction can be defined as follows:

Ojx-x,, and ™
iKi"™b
_ Ql}/-yOl/\ <25>
Inr™b 1

For this one-dimensional case with axial symmetry bulk flux does not vary with time.
Both the initial and final values are given by eqs. 23 and 24. The directional components
of bulk flux are used in the governing equation for the displacement field of solids

developed in the next section. X



The governing equation for granular displacement can be developed from

equations of motien without invoking mass balance. As seen in the proceeding section,
inass balance is used essentially for evaluating g,

We begin with the expression for Darcy’s law in terms of bulk flux (eq. 5). The
ensuing diseussion describes primarily the transformation of dependent variables from
the hydraulic head to the displacement field of solids.

in a fixed coordinate system, Hubbert (1940) separated the total hydraulic head,

h, ifite a pressire head and elevation head assuming irrotational flow as:

=P 4, = 26

where p is pressuire, p , is the density of the interstitial water, g is the gravity constant,

and 7 is the elevation from some known datum. Taking the gradient of each side of this

expression and assuming that the density of water is a constant, eq. 26 can be written as
Vh = Pl @

Pu8

S

whete jt is a unit normal vector in the vertical direction, Substituting this expression into
eq. 5 yields
. o ,- E[f'ﬂ + 12} = Gy 28
' Pug
Pressure is also related to the total and effective stress according to Terzaghi
(1960, p. 45), namely
@ =6"+Ip, 2%
whete G and o' represent the total and effective stress tensors, respectively, and | ia the
identity matrix. The mean normal values for total and effective stress, and pressure, can
be obtained from the first invarient (trace) of these tensors to yield
6, =0, %p, 30>

’ | - - - ) .
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where o and o', are the sealar quantities of the mean total and mean effective stresses,
respeetively. Taking the gradient of eq. 30 and, rearranging and substituting this
expression into eq. 28 yields

V(c_-0¢')
_m___mjl = ab . 31

h-K| [k o
The tetal and effeetive stress tensors can be decomposed into an initial hydrostatic
stress eondition and an incremental stress event, namely
¢, = to,+0,, 32>
and -
= §0',+0'%, 33
where o aidi @" > r@MMMMMW@MWﬁW
eonditien, respeetively; whereas 50/ and 5a'/) are the cumulative stress increments of
interest.

if we assume an elastie or Hookian stress-strain constitutive relation for the stress

increment of interest, then

Vdo',, =

1 9€. 1 Oe. laek
[a axHa ay’ a, az]

whete ¢ is the velume strain, a,. o and o, arethe bulk compressibilities of the
skeletal matrix in thex, y, and z principal stress directions, Because transverse isotropy Is
assuimed with respeet to matrix compressibility, ., = o, # &, The minus sign is
inehuded beesause ¢ is positive for expansion and 8a' is positive for compression:
Substituting these relations into eci 31 results in the following expression:

oo T L 2 A B,

P8 Puk %0

Total velume strain, ¢, is related to the displacement field of solids, i, as
'Y = Vedj. 3




By rearranging terms, rewriting the velocity of solids as the time derivative of the
displacement field, assuming homogeneous isotropic skeletal compressibility, and

incorporating eq. 36, the governing equation now assumes the form:

dus K Vo =< mo
dt p’ga. Pwi

where

<38.
" X+2C

and X and G are Lame's constants. \

Recognizing that the bracketed term in the right hand side of eqT3” is simply the
initial hydrostatic gradient of hydraulic head (which equals zero), the fully three-
dimensional governing equation for the displacement of solids can be written more

simply as
<39.

The last term on the right hand side of eq. 38 can be neglected if we assume that the
change in the gradient of mean total stress is small. Jacob (1950) assumes 60" itselfis
negligibly sipall. Equation 37 is essentially the same expression as given in Helm (1987,

eq. 16) and can now be written in simplified form as

dUs

o K_vvs) =g

In place of assuming
V(80.) =0 <41,

as was done to go from eq. 38 to eq. 39, we now assume stress equilibrium (Biot, 1941,

1955), namely



0.
BX;
The resulting equation of motion for an isotropic homogeneous aquifer matrix (Helm,

written commim., 1994) is

S V (V. =
dr PAgctI[ (Vo) ]

where

1

& 3x+2G

In other words, for an isotropic homogeneous poro-elastic aquifer, assuming eq. 41 >yields
eq. 38 as a physical interpretation of specific storage per unit weight of water, vfifereas
assvuning eq. 42 yields eq. 44.

Equation 38 is similar in form to the groimd-water flow equation. Both are
parabolic differential equations. The primary difference is that the principle unknown
quantity u,, the displacement field of solids, is a vector. The principal unknown in the
ground-water flow equation is hydraulic head, a scalar quantity. One way to simplify eq.
39 so that the dependent variable can be treated as a scalar variable is to decouple the

governing equation into three equations, one expression for each component direction.

By decoupling eq. 40, the three expressions are written as

ay K ] B\ \'B\' 1 B\

dt p,g B A
du? [ B\ B\' | B\ s
dt P 7 B™a'y ay2™ a,, ByB:
and
du, K, <

dt p/\ LE“XX BZ”

Lsiy,



The left-hand side of equations 45-47 can be further simplified if the

compressibility of the aquifer is transversely isotropic, that is, (X" = <x* = . The
specific storage in the horizontal direction can now be written as and the
specific storage in the vertical direction can likewise be written as where

we have assumed incompressible bulk constituents. Typically, hydrologists assume a
compressible interstitial fluid. However, because the matrix compressibility is generally
at least two orders of magnitude greater than fluid compressibility, the specific storage is
not significantly affected by the omission of fluid compressibility within the expression

for bulk flvix. The set of equations is now stated simply as:

dr S, dxdz
, aMj, Ky 2\ Ky & | 9>
J dt S, 32 'dydx 3y3z

and

du, K, ’<\
dt S, dziy 3z3x_ L322 J

The 1”-hand side of each “tiation (egs. 48-50) contains three dependent
variables. The right-hand side contains the directional components of bulk flux which are
known. Each component direction contains cross-product derivatives of the remaining
space dimensions. The x, y, and z component directions of displacement are required for
each expression. The temptation is to assutrie the cross-product derivative terms in each
expression are negligible. This would yield three second order diffusion equations in one
space dimension that would be easy to solve directly. However, the cross-product
derivatives can not be ignored as the following discussion will show. For the purposes of
example, only two dimensions (x and y) are considered in the following discussion.

Total volume strain is an invariant and can be written for axially symmetric

displacement in two dimensions as
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where the normal strains are
au,
8" = 5; 52>
and
ur
8y = v- 53

Figure 3 illustrates these normal components of strain, The tail length of the
arrows sehematically represents the distance the aquifer matrix displaces horizontally
during a unit time interval. The radial strain occurs along a flow line and results when, at
a speeified time of interest, a front grain has moved either a greater or lesser cumulative
distance toward the pumping well than the neighboring grain behind it If the front grain
has moved farther extension or extensional strain has occurred, if it has not moved as far
as the baek grain compression or compressional strain has occurred, In fig. 3 radial
eompression oceirs inside the circle, while radial extension occurs outside the circle. The
ditle itseif represents a circumference of zero radial strain, That is, the front grain and the
neighbering back grain move the same distance along the flow path during the specified
time interval, In addition to radial strain, tangential strain also occurs as a result of grains
moving eloser together along two converging flow lines. Tangential strain is everywhere
compressive in response to pumping,

in eartesian eoordinates the relation within brackets expressed in eq. 48

3V azu, )
_ 4
ad oy
ean be written in terms of normal strains followviing eq. 36 as
d 9
3z & 55 (E)))

where .




Pumping Well

Figiire 3. Schematic dia illustrating the components of radial
and tangential strains. The arrows indicate direction of movement,
their tails indicate relative magnitude of strain displacement.

Compressional radial strain occurs inside the circle, extensional radial
strain occurs outside the circle.

a e=g,+e, 54>
and where E[d e represent the cartesian coordinate equivalent of the radial and
tangential strain components, respectively. Thus, because the coordinate directions do
not necessarily coincide with the flow lines, the cross-product derivatives of eqs, 48-50

ean not be neglected. Equati'orfs 48-50 represent the governing equations used to simulate
displacement in the granular displacement model developed in the next section.




form in the same manner; hence, the numerical approximation to only one space
dimension (eq. 50) is given below. The other two dimensions can be easily written on the
basis of the space dimension provided. The central difference approximation to eq. 50 for

all interior cells (cells not at the boimdary) in the 2 direction is:

[

At AzZNAzZ*N-fAZ4) Azt(Az* j+ AZi) i 5, [PVC{DCCDCF)
5 _J J

V.i+Li-1
DVC{DCF,-DCB) DVC(DCC,DCB) DVC (DCC, DCF) DVC\-DCF, DCB)

DVC(DCC,DCB) 'DVC (DRC,DRF) 'DVC (DRF,-DRB) DVC{DRC,DRB)

Ntk-1
DVC{DRC,DRF) DVC (-DRF.DRB) DVC(DRC,DRB)

= ~Abzjrik +

where,
ux, uy, and uz are the displacement in the x, y, and z directions, respectively;

qbz is the component of bulk flux in the z direction;
J, i, and k represent the .grid spacing in thex, y, and 2 directions, respectively;
m is the time-step indicator;
At is the length of the current time step;
DRC=Axy-f0.5 (Axy+1 + Axy_ 1);
I' DCF=Ay,.+ 0.5 (Ay,-", + Ay,-);
DCC=Ay,. + 0.5(Ay;",-1-Ay. 1);
DCB=Ayi + 0.5 (Ay, + Ay, j);
DVF=Azjt+0.5 (4z* j-- Az");
DVC=AZjt-t- 0.5 (Az""M - Az j);
DVB=Az"+0.5 (Azjt+ Az" j).
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The eomma delimiter in the denominator is synonymous to the word “or”. Only
ene of the two terms in the parentheses is used in the numerical approximation. The term
used depends upon whether a boimdary has been encountered in they or x directions.
Bowndary conditions are discussed in the following section.

Equation 55 is second-order correct in 2 but is only first-order correct with respect
te time. To make the time derivative second order correct and unconditionally stable the
Erank-Nieolson scheme (Remson and others, 1971) is applied to eq. 50 (and synonymous
expressions for the y and x space dimensions). This technique divides the time step into
¢we parts so that the finite-difference equations are essentially evaluated at the m+1/2 and
the m+1 time intervals. This is accomplished by averaging the secamatiorder space
derivatives at the m and m+1 time steps. Increased accuracy is obtained by such an
approximation. Equation 50 written with the Crank-Nicolson scheme results in the

expression:

K
3E([,«uuz;":,} V= [Bluzlf )+ [Chuzlt) + [Auzl o = [Bluz] ,+

K,
[Cluzlikir) +—( (D] ‘%«)1 E‘iiF[f]—Wj/I{dl+l¢ (Fluy]” SWIRT:
m+ 1 m+1 m+1

+[(Gluy; iy, k-1~ [HIWY; e =uy; iy k-1— [D]“)’Zli+1,k+1‘[E]“>’7'.'i.k+1"’

(Rt e LAY e T H ] W= [P et Lk

‘ﬁqm}fa* ZLYMV@E"E!* [M]‘u}“l;.k 1~ [N]M;+ 1‘[0]‘“'"111: 1
=[xy ka1 [K]“fn;,nl*[““}"u.kn + MUy ey

. i
-[N] u-lf,',g-.’]-'lm uljn_ly,'.k_l ) = %‘:#_qsz.i.k 56>

where,




A=1/(Azt(Azt_i+AZfc));
C=l/(AZi(Az*MN + Az*));
B=A+C;
T>=\V{1DVC{DCC,DCF))-,
E=1/ (2D VC {DCF, -DCB));
F=1/(2DVC(DCC,DCB));
G=1/(2DVC (DCC, DCF));
H=1/(2DVC (-DCF, DCB));
I=1/2DVC(DCC.DCB));
J=1/(2DVC(DFC,D/?F));
K=1/(2DVC (DFC,-DFB));
L=1/(2DVC(DFC,DFB));
M=1/(2DVC(DFC,DFF)); —
N=1/ (2DVC {-DRF, DRB));
0=1/ (2DVC {DRC, DRB)).
The equations for the x and y space dimensions (eqs. 48 and 49) are written in similar
“~hion.
Boundary Conditions

After the general expressioits of the finite-difference equations have been
developed, boundary conditions need to be applied. For the granular displacement
model two types of boimdary conditions have been implemented in terms of
displacement; (1) a zerxHdisplacement (or zero solid velocity) boundary, and (2) a water
table boimdary which is used forall quasi and fully three-dimensional simulatior«. Other
boundaries such as constant or general head are inherently included in the ultimate bulk
flux terms.

The zero-displacement boundary is used at the bottom (base of model grid) and
sides (lateral extent) of model grid. Because of the type of settings (namely, sedimentary

basins) in which the model would most likely be applied, this boundary is a logical



choice. A zero-displacement boundary refers to a cell edge (for one space dimension)
where there is no granular displacement in a direction orthogontil to the boundary. Such
a condition would likely occur at a bedrock contact. Most basin models are designed to
extend to the basin fill-bedrock contact; hence the zero-displacement boundary is a
natural choice for the perimeter of the modeled area. However, the program allows the
user to specify zero-displacement cells if bedrock zones are to be included in the model.
Orthogonal moving lateral or bottom boundaries have not yet been coded into the
program.

Zero-displacement boundaries are implemented perpendicular to the cell edge
representing the outer perimeter of the grid. This is accomplished by using-a'central-
difference scheme with image theory in order to specify the zero displacement at the cell
boimdary and not at the cell center. For example, ifa zero<iisplacement boimdary is
encountered in the x direction, the dependent variable of the image cell become the
negative value of the x displacement in the active cell adjacent to the boimdary as
follows:.

UXn = -UX,

ANCOL+\ ~ ANCOL'
where NCOL i* the total number of columns in the grid. Because the nodes are block

centered, this approach is needed to establish a zero-displacement boundary at the/=1/2
andj=NCOL+I/2 grid locations (/ represents the column number). Thus eq. 56 is
rewritten in the program to include these boundary conditions whenj=/ orj=NCOL (or
for the boundary grid cell in the x direction). Similar expressions are used for the
numerical expression of the governing equation in the y and z directions.

The fact that a boundary has zero displacement in the x direction does not mean
that they or z component of displacement is zero. In fact, the tangential components of

strain (y and z) are not zero at the boundaries when evaluating displacement in the x
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direetion, willess a similar zero-displacement boumdary is encountered in they or 2
prineipal direetiois. Thus, it is common for granular movement to occar paraliel to a
nonmoving boundary.

in erder for the zero displacement boimdary to also be an impermeable boundary
(that is, 4=0), the bulk flux would also have to be zero at the boundary according to eg. 5.
This type of beiindary as well as any heterogeneity is inherently included in the ultimate
bulk fAux values that supersede the initial values of bulk flux, Because these ultimate
values are identieal to the values of steady-state specific discharge, they contain all
beiindary eonditions used within MODFLOW. Hence the ultimate bulk flux values also
eontain all the hydraulic-type boundaries of MODFLOW.

The seeond type of displacement boundary condition included in the model is a
water table or free water surface. To adequately approximate this boundary twe

asstfptions must be made. The first assumption is that the observed change of
hyédraulie head at the water table is a measure of the vertical velocity of a particle of water
that lies on the water table and moves relative to the local skeletal frame, namely

3—? =V, -V " 5B
whete z refers to the water table. The second assumption is that based on the standard
definition of specific discharge as a relative velocity term (see eq, 2). In the vertical
direction the expression is

P, = MW, 5V, 38
where ini this water-table case n is the specific yield representing the fraction of water that
is drained from the oyerlying aquifer. Equations 57 and 58 can be substituted into eq: 4 to

yield the final expression for the water table in the 2 direction

du,  dh
Zt - am = qbz (59>
Equation 59 can be expressed numerically as follows:
uzz‘.tkl = gbz;; [Attn (h}f’:kl =B ) Uz 60>
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where drawdown is positive because displacement is positive downward and n is the
speeifie yield. This expression is used only for the z direction in the topmost active layer
at the water table. Because block-centered nodes are used the displacement is typically
ealeulated at the center of the cell of question. In order to simulate the total displacement
aeeurately along the water table and to apply the boundary condition given in eq. 60
appropriately, the finite-difference expression needs to be evaluated at the water table
To aeeomplish this, the cell center for the topmost active layer of cells is calculated at the
water table. In effect, the cell center is moved up by one half the thickness of the topmost

active layer.

Solution Tectinique

Onee the numerical expressions for all interior and boundary cells have been
written, a suitable solution algorithm must be used to solve the set of equations that is
established for each cell in the finite-difference network. Numerous methods have been
developed for soiving parabolic finite-difference equations in two and three dimensions.
Hewever, virtually all the literature in the physical sciences describes solving for a scalar
dependent variable. Vector dependent variables, such as displacement, create complex
situations in which standard techniques become invalid or essentially intractable
Ausesiallly. Equation 56 (and corresponding equations for thex and y directions)
eeontain flree dependent variables and three equations and where both the initial and
ultimate values of bulk flux are known. With the included boimdary conditions this
beeomes a well posed problem but typical solution techniques using banded matrices
become so large for this type of problem that it becomes imwieldy.

The approach taken here is to solve each directional component of displacement
independently from the other two directions. In this way, the component directions not
being solved for are held constant. A successive relaxation (SOR) solution scheme with
Chisyihev acceleration is used to solve the directiomal components of displacement at
eaech model cell location. Afier each displacement within each component direction has
been solved for a;i_d‘convergence met, the three indepmdent equations are solved




collectively as a whole. If convergence is not met for this outward iteration loop, each
directional component equation is solved independently again. This process is repeated
imtil outer convergence is met. The procedime is referred to here as a dual-loop SOR
technique.

In the z direction the SOR algorithm can be written as:

where «is the iteration number, to is the relaxation parameter, " istheresidual ata
given cell of concern, and <P is the coefficient of the dependent variable of concern; that
is, uzj'l\. The equations of the SOR algorithm are identical for the dependent variablein
the X and y directions.

The residual can be easily obtained from eq. 56 by rearranging the expression as

follows:
K, At

S,

icl] uzi-"D)+ " (-rr *+1 —“y;.ut+l —#—“yy.i-1.%+|

[F] «y”i_11+1+ uy Ni+i, k-1¢ “yl1¥*.1 < “rvi-1.17 b o RS o |

The coefficient, 4>, then becomes

K, At
O0=1 + [B].
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To hasten convergence, Chebyshev acceleration is implemented as outlined by Press
and others (1992 p. 860). In this technique odd-even ordering is used, This process
invelves dividing the grid into odd and even cells. At each halfiteration, n=1/2, the odd
eelis are updated. Then during the next half iteration sweep the even cells are updated
with the newly caleulated odd values. At each half sweep the relaxation parameter is
updated according to the following prescription:

0l =1
ml/2 =1/(1- piacobi/z)

o172 = 1K14P2ﬁ3azw.@’wj 64>
[ Y Dyptimal
where PJacoj/ 3 the spectral radius of the Jacobi iteration, The spectzal raditis is a
number ranging from zero to one. A formal discussion of the approximation of this value
for a given problem is given by Press and others (1992) and Remson and others (1971).
S'Fﬁf most examples illustrated in this study the optimum spectral radius is determined to
be approximately 0.998 for all component directions,
The SOR iterative method was tested on a one dimensional problem with a direct
solution technique. The SOR method produced nearly identical values of displacement as
" thedirect method.-One drawback to the SOR method as opposed to other possible




iterative methods is that it is not very efficient for large problems. However, because of
the vector dependent variable, it is possible that all iterative solution techniques would
be slow to converge.

A generalized flow chart is outlined in fig. 4 showing the formulation and solution
scheme used in the computer program for calculation of directioiral components of

displacement.
SIMULATION OF GRANULAR MOVEMENT IN TWO DIMENSIONS

Model Evaluation

The numerical model must be analyzed to determine whether it produces
accurate results for a given set of initial conditions and aquifer properties. This is
accomplished by comparing the simulation results with analytic solutions of
displacement developed for the Theis aquifer. The Theis-type aquifer is a one-
dimensional radial or two dimensional cartesian coordinate system where vertical flow is
ignored and the aquifer top and bottom is completely impermeable. Analytic solutions
have been developed by Helm (1994) for granular displacement in a Theis-type aquifer
that is pumped at a constant rate. In a contiguous unconsolidated media where the
aquifer is confined and of infinite radial extent, mass balance requires that the bulk flux
of incompressible constituent materials responds to a volume rate of discharge as

0 = Inrbqi, <65>
where Q is the pumping rate, b is the aquifer thickness and r is the radial distance from
the well. For axially symmetric radial flow

" sy e
where is the radial component of ¢i,. For the purposes of this report, horizontal flow is

assumed, and the aquifer is isotropic and homogeneous. However, the numerical model

as written does not require these limiting assumptions.
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Figuf@ Generalized flow chart of ?anular displacement model. Includes inner-
d Y inner loops are synonymous to Z.

le6p flow chart of Z direction only.
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The US. Geological Survey's modular ground-water flow model, MODFLOW
(McIDonald and Harbaugh, 1988), makes use of a rectangular finite-difference grid
network in cartesian coordinates. Thus, the bulk flux must be transformed from polar to
cartesian coordinates. The horizontal component of bulk flux in cartesian coordinates is

given by the relations:

QU-xJ >
by = !
and
Qiy-yo) 68>
where z — and y-y,, represent the distance along the principal coordinate direction

from the pumping well to any point of concern within the aquifer, namely, to each grid
cell center S represents the surface area of equal values of bulk flux that emanate
outward radially from the pumping well. For an idealized Theis aquifer (one that is
homogeneous, isotropic, and of constant thickness) pressure transients migrate outward
over time in a circular fashion. Therefore, the surface area is expressed as 2nrb. The
radial distance r fi-om the pumping well to the point of interest is expressed in cartesian

coordinates as

[(x-Xj2+(y_vyij2]2 <69>
The bulk flux initial condition is now established for a point source or sink and remains
constant over time as long as Q remains constant. A new biilk flux would need to be
calculated if the pumping rate is changed.

Helm (1994) uses the integral form of the Theis solution (Lohman, 1972, p. 8) to
develop equations for displacement. By taking the divergence of the Theis solution and
using eqgs. 5 and 66 he obtains a Theis-Thiem expression for a confined aquifer. The
displacement field of solids can be determined by integrating the velocity of solids with

respect to time. Helm's resulting expression for the displacement field of solids is



oS, I-e-\ £-(O

<70>
iukb 1 1

where u — rNS/ {4Kt). Helm (1994) develops expressions of dimensionless
displacement from equation 71 both for a fixed radial distance where time is variable,
and for a fixed point in time where the radial distance from the well is allowed to change.
For a fixed radial distance from the pumping well the dimensionless displacement,

and the dimensionless time, r*, are

&nKbu”
>d = ~ON'

and

Likewise, for a fixed time, the dimensionless displacement,M,.”, and dimensionless

distemce, , are calculated by Helm to be:

2%biK ",

r,= ">, <14
To compare the numerical results to these analytic solutions developed by Helm,
a finite-difference grid network is first constructed. To take advantage of radial \
symmetry, only one-fourth of a radial flow field is simulated to optimize computational
time. A 30x30 finite-difference cartesian<oordinate grid is used for the simulations in this
report. The grid increases in size geometrically outward from the pumping well The

pumping well is located at grid location x=I and y=I with grid dimensions of 0.328 m.
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The geemetrie relations that determine the dimensions of the adjacent cell (outward from
the pumping well) are x+0.5x and y+0.5y where x and y represent the current cell
dimensions, The geometrically increasing cell dimensions are used to approximate an
infitute radial aquifer (assumed for the Theis solution) and to assure that the zero-
displaeement boundary does not affect simulation results near the pumping well.

For purpeses of eompatison to the analytic solutions, arbitrary but realistic initial
eonditions and aquifer parameters are chosen. Table 1 lists the initial conditions and
aguifer parameters used for the simulation. Helm's dimensionless expressions are
eenverted to real time and real distance with the data used for the numerical simulation.

N

Parameter | Value(s)
——

Pumping | 2450 m/day |
rate, Q
Hydraulic l.sﬁﬁMday
diffusivity, | 1.85ax00W0/day
K/S, 1.86§ 107t /day
Aquifer 30m

thickness, b

Table 1: Initial conditions and aquifer parameters used for
model evaluation

Figiire § compares the ahalytic solution displacements to the simulated
displacements as a function of distance from the Fjumping well for the three hydraulic
diffusivities listed in table 1 after 10 days of pumping. The results indicate that the
numerical model accurately approximates the governing equations for granular
movement (egs. 51 and 52 without the z cross-product terms). The results are not
significantly affected by time-step size. Only minor differences are noticeable when the
10 day pumping period is divided into two time steps or 50 time steps. The illustration




Figure 5. Plot showing displacement as a function ofradial distance
from pumping well for analytic solution and simulation with granular
~  displacement model using aquifer properties listed in table 1.



reveals that the displacement field produces a wave form with respect to distance from
the pumping well. This is a wave-like phenomenon because all iiwterials (water and
skeletal frame) are moving radially inward. In plan view, the maximum amplitude of this
wave represents a circumference centered on the pumping well. This circumference of
maximum displacement moves outward as a function of time cis pumping continues. The
shape and amplitude of the wave is dependent upon the hydraulic diffusivity, pumping
rate, and pumping time. For a specified time the Vcilue of maximum displacement
decreases with an increase in hydraulic diffusivity. Similarly, the point of maximum
displacement migrates outward from the well with an increase in hydraulic diffusivity
(fig. 5). The slope at any point on the displacement curve represents the radial strain at
that point r for a given instant in time. The point of maximum displacement represents a
dicumference of zero radial strain. From the pumping well to the point of zero radial
strain the aquifer is experiencing radial compression. That is, porosity and hydraulic
conductivity decrease as the grains are rearranged to a more closely packed
configuration. Beyond the region of zero radial strain the aquifer is experiencing radial
extension. For a given point at distance r from the pumping well, however, there will be
initially a period of radial extension followed by an instant of zero radial strain, followed
by a period of radial compression as the wave of maximum displacement moves
outward. The total length of time for the episodes of extension and compression depends
upon the pumping rﬂate and the hydraulic diffusivity.

Strictly speaking, for an idealized Theis aquifer no drawdowm (and no change in
volume strain) occurs only at an mfmite distance from the well. According to Helm (1994)
ataradial distance of = 3.1jK¢7T:S" the change in volume strain, 5E, can be considered
negligibly small. In other words, outward from the boundary identified by is a region
where porosity volume does not change significantly even though the shape of the pore
spaces is changing. This occurs because radial extensional strain in this region is equal to
(or nearly so) tangential compressional strain. Beyond  water does not flow relative to
the solid matrix and hence specific discharge, q, remains zero. Consequently, there is no

drawdown; thatis, » = -KV'h = 0.
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From Helm's analytical solution and resulting curve relating dimensionless distance to
dimensionless cumulative displacement, the product 4, , - r; is approximdtely equal to
unity within this outer region. Thus, from egs. 73 and 74 a displacement can be calculated
for the radius at this outer circumference. That is,

- O
% = 2ubr, >

From equation 75 analytically derived values of displacement can be easily calculated for
the three hydraulic diffusivities listed in table Ifor this outermost region where r2 r .

Table 2 gives radii, 7, to the outer boundary representing zero change in volume
strain and zero drawdown. These radii are accompanied byt analytically derived (eq.
75), and simulated (egs. 61-64), displacements at this outermost boundary for the three
values of hydraulic diffusivity listed in table 1 after 10 days of pumping. The last column
in table 2 lists the simulated distance from the pumping well where the drawdown
becomes nearly zero (less than 0.15 m) for the three hydraulic diffusivity values after 10
days of pumping. These radii of zero drawdown were simulated from the modular
ground-water flow model, which is independent of the displacement model.

Several important observations can be made from the results shown in table Z
First, the aquifer is in motion and displacement does occur in the region of the aquifer
beyond what has tradmonally been defined as the "radius of influence” of the pumping
well (based on hydraullc head alone). Helm (1994) refers to this outer boundary as the
transient radius of influence because this boundary moves outward from the pumping
well with the square root of time. It also represents the circumference of maximum radial
strain in tension. Field data verify that displacement must occur beyond the “radius of
influence” of the well because e;rth fissures are often known to form beyond where there
is any significant drawdown (Anderson, 1989). The simulation results aocuratefy reflect
the values obtained from the analytic solutions. Second, the point at which drawdowns
were simulated to return to their prepumping state (zero drawdown) closely corresponds

to this outer region of zero change in volume strain (at r)). Hence, not only is the




displacement model able to duplicate the analytic results, but the analytic solutions and
displacement model predict where the simulated "radius of influence" will reach in

accordance with the ground-water flow model.

Analytically Ground-water
Analytically Model’s
Hydraulic derived model’s calculated
derived calculated . .
Diffusivity  distance from . radius of influence
displacement  displacement
in?/day)  pumping well (<0.15 m drawdown)
(m) (m)
(m)
1.861:10" 455 0.99 0.97 426
1.86;t10" 1,438 0.31 0.30 1,345
1.86x10" 4,547 0.01 0.10 4,264

Table 2: Analytic and simulated values for displacement and "radius of influence "at the
boxmdary representing negligibly small change in volume strain after 10 days of pumping.

It is worth emphasizing that this outward moving "radius of influence" corresponds
not only to where there is negligible drawdown but also to where there is maximum
extensional radial strain which corresponds to the inflection point on the curve in fig. 5. The
standard ground-water model can not predict such a correlation, whereas the equation of
motion of a™ifer material (eq. i"Tdoes.

Figure 6 shows the analytic and simulation results for displacement at a fixed radial
distance of approximately 490 m from the pumping well for the three hydraulic diffusivities
listed in table 2. Again, the simulation resths indicate that the numerical model is capable
of accurately approximating the analytic solutions developed by Helm (1994) for |
displacement versus time. Therefore, the model represents a good numerical
approximation to the partial differential equations that define gramﬁar movement. The plot
indicates that the grains initially begin from rest and would eventually reach an asymptotic
value (ultimate displacement) after a long period of pumping. That is, as total pumping

time increases, the velocity of solids decreases. The displacements shown are cumulative.



37

125 T T T Al l T T T t l Ll T L T l T T T 1 ‘ L] L) 1 ¥ | Ll L T ¥
D
1.00 b Analytic Solution
o Simulation Results
_—
[ - B
K
©
E 075 |- ]
e
€ I ]
o
E
Y oso _
E -
=8 —
0 L i
° 4
1.86x10
0.25 /Ss= & -
K/Ss=1.86x10°
0.00 T AT R 3
(o] 10 20 30 40 50 60
7/ Time (days)

Figure 6. Plot showing displacement as a function of time since the
enset of pu,m%ng for analytic solution and simulation with the

an cement model using aquifer properties listed in
table 1.




Nonconstant Pumping. Relaxation, and Injection

The analytic solutions of displacement for the Theis-type aquifer (Helm, 1994) are
limited to a constant rate of pumping. The numerical displacement model, however, is
capable of simulating displacement fields for any Q (pumping, relaxation, or injection)
one chooses. Simulation results are presented for three scenarios in which Q is allowed to
change. The first scenario uses the evaluation simulation (10 days of pumping) with a
hydraulic diffusivity of 1.86x10* m”/day followed by a 50 day relaxation period (no
pumping). The second scenario (presented here) uses a combination of pumping and
relaxation periods in order to evaluate how turning the well on and off will affect
granular movement. The third scenario uses a combination of pumping and inj”tion
periods where the injection rate is equal to the pumping rate. Because injection of potable
water is becoming more common in arid-zone cities during seasons of low water use, this
scenario will evaluate how such management practices may affect granular movement.
The results of these three scenarios are presented below.

Simulation results of the first scenario are shown in figures 7a and 7b. The
maximum displacement for the set of initial conditions after 10 days of pumping occms at
a distance of 541m from the pumping well. Figure 7b graphically shows the drawdown
curve corresponding to the displacement curve in figure 7a after 10 days of pumping.
After 10 days of pumping the well is shutpff but the grains do not become stationary.
Rather, they begin to return to their prepumping state (fig. 7a). Simulation results indicate
that the grains in the aquifer will eventually reach their prepumping state after nearly 2
years of relaxation. The relaxation of the granular matrix reflects the elastic stress-strain
constitutive relation used in the theoretical development (eq. 34). Water levels return to
their prepumping levels much more rapidly than the grains do (compare figs. 7a and 7b).

In the second scenario, the aquifer is subjected to a series of pumping stresses
followed by episodes of relaxation. Figures 8a and 8b illustrate how this pumping and
relaxation pattern influences the displacement field of solids and drawdown,
respectively. The maximum displacement after 2.5 days of pumping at 5.0 n?/day

(stress period 1) is essentially the same as the maximum displacement after 10 days of
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Figure 7. Simulation results showing A. displacement as a function of
radial distance from pumping well %or one period of pumping followed by
a prolonged period of relaxation; and B. drawdowns as calculated using
NtoDFLOW.
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pumping at 2.5 m?/day (fig. 7a). The different pumping rate is reflected in the radial

distimce at which the maximum displacement occurs. In this scenario the radial distance
where this maximum displacement occurs is at 271 m, or one half the distance that oocirs
in the first scenario. Of interest is the fact that the displacement at which the drawdown is

"zero” is 0.10 m., the same amoimt as observed in the first pumping scenario.

Furthermore, the radius representing zero volume strain, r, is almost identical as in the
first pumping scenario after 10 days.

The maximum displacement following the second pumping period (stress period
3) increases to 0.19 m (fig. 8a). The total volume of water pumped after 7.5 days is
identical to the volume of water pumped after 10.0 days in}e'first scenario (fig. 7a), yet
there is 20 percent more displacement. The radial distance at which this maximum
displacement occurs is approximately 360 m from the pumping well, or nearly 100 m
farther than after the first pumping period (stress period 1), but 180 m closer to the
pumping well than the radius of maximum displacement in the first scenario (fig. 8a).
Note, in figure 9a, that after the second and fourth stress periods (2.5 day relaxation
periods) the radius of maximum displacement moves outward to more than twice the
distance from the pumping well than that which is simulated after the corresponding
pumping period (stress periods 1 and 2). Although the maximum displacement is farther
from the pumping well, its maximum displacement is greatly reduced. After 20 days R
zadditional 10 days of i‘éléxation) the displacement curve is nearly the same as that of fig.
8a for the same simulation time. After 60 days (50 days relaxation), the curves in figs. 7a
and 8a are identical, suggesting that regardless of the pumping patterns, the displacement
curves during relaxation will eventually look the same for an equal volume of pumped
water. a

Figure 8a shows that the practice of turning the well on and off (second scenario)
is potentially more damaging to the aquifer (may lead toAa higher incidence of fissure
development and shearing of well casings) than leaving the pump on at a lower pumping

rate (first scenario). Not only is the maximum displacement increased in the second

scenario, but the granular mattix'is more dynamically active, experiencing greater strain




and movement both toward and subsequently away from the pumping well. This
scenario has significance because intermittent pumping is practiced in Las Vegas and
other arid and semi-arid regions where water use varies significantly from season to
seasoa After many years of implementing this practice, the total displacements may be
significantly greater than if a constant but lower pumping rate was used. To what effect
this practice may have on fissure development is beyond the scope of this report. What is
clear however, is that both displacements and strains induced by this practice are greater,
«md greater strains and displacements can be expected to ultimately have adverse effects
on the aquifer itselfand on any structures located on or within the aquifer.

The third scenario is similar to the second one discussed above/The difference is
that the 2.5 day relaxation intervals are replaced by injection at the same rate as pumping
and the 50 day relaxation period is omitted (table 3). Figure 9 is designed to reveal the
rapid influence injection has on granular movement and strain. The top curve is identical
to the curve shown in fig. 8a after 2.5 days (stress period 1). Injection is immediately
implemented after the initial 2.5 days of pumping. The remaining curves in fig. 9 show
the displacements that occur radially outward from the well as injection proceeds
through time. The time slices are small to illustrate how quickly the grains respond to this
2.5 day period of injection (stress period 2). In the immediate vicinity of the well,
displacements become negative; that is, they move farther from the well than their initial
location (prior to pumping). Within about a hundred meters of the well the grains move
dramatically (up to 0.2 meter in less than 2.0 days) and from compressional streiin to
extensional strain. Figure 10a shows the displacement curves for 2 cycles of pumping and
injection (after 4 stress periods). This illustration reveals the tremendous amount of lateral
movement that occurs within 300 m of the pumping well within a short period of time
(2.5 days). Combined with the large strains and changes in strain from compressional to
extensional and back again, the overaU impact on the aquifer can be expected to be great.
Figure 10b shows the resulting drawdowns from the ground-water flow model after each

of'the four stress periods.



Rgure 9. Plot showing di“lacement as a function of distance from
the pumping well after 2.5 days of Rumpin% immediately followed
by ZI.)S days of injection. Increment” time plots are shown during
injection to indicate how quickly the aquifer responds to stress
reversals.
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F igure 10. Simulation results showing A. displacement as a function of
radial distance from pumping well for cycles of pumping and
injection; and B. drawdowns as calculated using MODFLOW.
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Total

Pumping rate Length of . .
Stress simulation
d stress period
er10 time
n?/day P (days)
(days)
2.0 (pumping) | 25 2.5
2.0 (injection) 2 2.5 5.0
2.0 (pumping) 3 2.5 7.5
2.0 (injection) 4 25 10.0 \

Table 3: Stress period information used for the third scenario.

Such severe granular movements resulting from cycles of pumping and injection,
may have long-term consequences. As injection (artihcial recharge) becomes a more
popular mechanism to store water during seasons of low water demand, increased strain
on the granular matrix in the vicinity of the well or wells may not only weaken the soil
structure, but may weaken or rupture nearby well casings and other structures. In Las
Vegas, for instance, artificial recharge commenced in 1989 and has increased aimually to
a volume 0f20,000 acre-ft. in water-year 1993 (Oct.-May), or approximately one third of
the total aimual volume pumped. Evidence of buckled and sheared well casings in the
vicinity of the main well field in the valley point to horizontal movement or
displacement as the potential cause. Although it is not known at this time whether
horizontal granular movement is responsible for such failures, more field data and
further well casing failures in the future may very well point to this overlooked

phenomenon.



SIMULATION OF THREE-DIMENSIONAL GRANULAR MOVEMENT

Model Evalui-1iwi

Displacement in a two-dimensional Theis-type aquifer has been accurately simulated
using the granular displacement model. The approximation of the differential equations
and numerical scheme used is adequate for approximating the analytic solutions
developed by Helm (1994) for an areally iidinite aquifer. The same approach is used to
extend the model to three dimensions. The numerical approximations are the same as
those used for two dimensions. The major difference arises due to the water table
boundary condition and the use ofultimate values ofbulk flux for the water table and'aU"'
heterogeneities present in the aquifer system being evaluated.

No known models exist that use displacement as the principal imknown to
evaluate granular movement resulting from imposed stresses in a fully three dimensional
setting. Existing models such as COMPAC (Helm, 1975,1976), the interbed storage model
(Leake and Pmdic, 1988) only evaluate vertical compaction or strain on the basis of
effective stress changes within “e-grained interbeds. These vertical strain models
convert effective stress changes to an equivalent change in thickness of a compressible
interbed as follows:

Sa
Ab = —S,%o

where Ah is the change in thickness of the interbed, is the skeletal specific storage,
and is the original thickness of the interbed. The skeletal specific storage may be
oiacHr or inelastic (virgin) depending upon the previous maximum effective stress
imposed on the aquifer. Ifthe stress (measured as drawdown) exceeds its previous
maximum value then the skeletal specific storage is in the virgin range, otherwise it is

elastic.
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These vertical strain models take each compressible interbed as a sepeirate entity
and then sums the results (eq. 76 is summed for all interbeds). For example, if a series of
doubly draining elay lenses lies within a single aquifer (see layers 4 and 5 of fig, 11), the
midplane of each lens (interbed) is represented as impermeable due to vertical symmetry
of water flow relative to this midplane. Vertical compression of the interbed (relative to
the mudplane) is opposite and equal to the rate of incompressible water that is squeezed
et from interbed storage. In other words, for an interbed storage model, the implicit
equation for velocity of solids (relative to the interbed midplane) is

vV, =—q, = Kzzg—lzl . A ‘ TP
Note that eq, 77 differs from eq. 5 by the bulk flux term, g}, That s, if g, was inchaded
in this interbed storage model (as it should be) it would specify the rate at which the
midplane moves vertically relative to a regionally specified point that is fixed in space
(usualiy the bedrock bottom beneath the aquifer being sirmulated, as is done with the
granular displacement model). .

For the granular displacement model mass balance is eiisured by the bulk flux
term g, satisfying eq. 6 and strain compatibility is inherently ensured because the
dependent variable is the displacement field ii;. For the interbed storage model,
hewever, although vertical mass balance is ensured within each individual interbed, it is
ngt neeessarily ensured for the system as a whole. In order to approximate strain
eompatibility, the inta'béd storage model sums the vertical strain of all material (namely,
for a vertieal stack of N interbeds) that is modeled to be compressible within each vertical
eolunin from the water table downwards. In other words, the interbed storage model
seleets each i*” interbed and N tgtal interbeds within a column of interest where

N N
Yrtotal = 2 Uy = §j£2ﬂdz\ as

i=1 i=1
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This sum of strains (or "floating" interbeds) is assumed to accumulate at the top of the
column and, by implication, to represent the vertical subsidence of the land surface. The
vertical deformation of any material that lies between basement rock and the water table
that is not modeled as a compressible interbed will escape being included in the interbed
storage calculation of subsidence.

The vertical velocity of solids for the granular displacement model is expressed as

K ™\

and is expressed relative to a fixed regional boimdary. Therefore, not onlyxMi a net
change in strain within a byer be calcubted, but the total change rebtive to other byers
(from a fixed reference) can be calcubted so that both extensional and compressional
strains are simubted and are manifested in the distribution of the dispbcement field.
Vaibtions in the strain field rebtive to a fixed point in space (namely, strain
comyjjatibility requirements) are included in eq. 79 but not with eqs. 77 or 78. The cross-
product terms in x and y are inherently absent in eq. 77 but are included in eq. 79. The
influence of these terms becomes brge enough near the pumping well that they can not
be ignored and result in calcubted vertical dispbcements that differ fi-om the compaction
calcubted from the interbed storage model. The granular dispbcement model would
tend to have lower measured dispbcements within clay interbeds in a confined aquifer
near the pumping well because the strain field (squeezed water volume) is not entirely
contained in the vertical component as it is for the interbed storage model. Both
horizontal components contain part of the volume strain field, particularly near the
pumping well.

In order to use the interbed storage model to evaluate the accuracy of the vertical
dispbcements of the granular dispbcement model, a suitable simubtion must be set up
that is not impacted by the limitations, assumptions, and differences between the two
models. One possible approach is to evaluate the compaction or displacement within one

set of interbeds within a confined aquifer. The elastic and inelastic components of skeletal
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speeifie storage must be equal in order to avoid the differences in methods in which
inelastie storage is invoked in the two models. Figure 11 outlines the conceptual model
used to evaluate the vertical displacements calculated using the granular displacement
edel. Table 4 lists the aquifer properties used for the evaluation. Layer 3 serves as the
eonfining unit with a horizontal hydraulic conductivity four orders of magnitude less
than the layers either above or below the confining bed. A constant pumping rate of
455 @2i*/d for a 10 day period was used in the evaluation. A longer time period
was not used because no recharge was implemented to offset the large pumping rate.
This was done so that all the water would come from storage of the interbeds.

Pumping well

Unconfined aquifer

Lz  Confined aquifer

1§)i11)

R 11. Cor model used to evalimate accuracy of vertical displacements
eagies(@d using the granular displacement model. The displacements were

eompared with compaction within a single layer containing interbeds in a confined
Qqul?grf using the interbed storage package (Leake and Prudic, 1988).

Property Layer 1 | Layer2 | Layer3 | Layer4 | Layer5
e
Horizontal K (m/d) 60. 60. 0.006 6.0 6.0
Vertical K (m/d) 60. 60. 0.0006 | 6.0 6.0
Specific Storage (1/m) 13289 |3.28e9 |6.5¢6 6.5¢-6 6.5e-7
Initial layer thickness (m) | 15.2 15.2 15.2 15.2 15.2
Vertical conductance (14) | 4.0 0.00004 | 0.00004 |04  |=—=

Table 4: Aquifer properties used for each layer in evaluating the granular displacement
model bﬁcomraﬂ.ng vertical displacements of layer 4 with compaction calculated in
yer 4 using the interbed storage package (Leake and Prudic, 1991).




ﬁ

-

50

The results of the evaluation are shown qualitatively using the vector plotting
paekage in fig. 12 where the plot represents a cross section along the y direction at row
26. The aetual measured displacements within the region of concern in layer 4 are listed

in table 5.

DISP. VECTORS

Y CromeSadtilon, x = 26
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Figiire 1Z Vector plot showing relative magpitude (Btrow length) and direction of
displacement (arrow head) for the conceptual model described in fig. 11 and table
4, ‘The boxes indicate where comparisons where made between the mterbed storage

medel and the granular displacement model as listed in table 5.

V4
Packase | €O | Col | Col | Col | Col | Cal | Col | Col
ackag 19 | 20 | 21 2 | 23| 24| 25 | 26
———————— —
IBS 0120 | .0137 | 0152 | 0215 | .0275 | 0350 | .0488 | .0823
. Layer4
GDM 0117 | .0135 | 0148 | .0185 | .0256 | 0311 | .0381 | .0540
Layer 4
IBS 0186 | .0228 | 0277 | .0344 | 0433 | 0554 | .0792 | .1280
Subsidence
GDM 0280 | .0353 | 0430 | .0542 | .0642 | .0794 | .0929 | .1042
Subsidence

~ Table 5: Dewnvwatd (2) displacements in centinetiers calculated with the gramiolar
displacement model (GDM) and the interbed storage model (IBS) for model layer 4 and at
the land surface representing total subsidence. Cell spacing is 15Z4 m. The pumping well
is located in row and column 26.




Net displacements were compared with compaction of layer 4 by subtracting the
calculated displacements of layer 5 from those of layer 4. Net differences had to be used
for comparison to compaction values calculated with the interbed storage model. Using
the net difference eliminated the influence of the location of a fixed boundary at depth.
SmaU differences in the total displacement versus compaction (total strain over a
thickness interval of interest) should be expected because of the differences in which the
two values are calculated. In addition, MODFLOW uses the leakage between layers to
determine vertical hydraulic conductivity ofa layer. That is to say the harmonic mean of
adjoining layers is used to estimate vertical hydraulic conductivity. The granular
displacement model uses the vertical hydraulic conductivity of each layer.wilhout regard
of the aquifer properties of adjoining layers. Consequently, low leakage values had to be
specified for both layers 2 and 3 to assure that the proper confinement of layer 3 was
simulated. This difference alone could accoimt for the differences in the two models
reported in table 5.

raln”la”"pH vertical compaction within layer 4 is nearly identical for the two
models (table 5) except near the wellbore where the interbed storage model has larger
ralmlaypH values of compaction. These larger values are expected due to the volume
strain field contained completely within the vertical space dimension for the interbed
storage model (egs. 77 and 78). The inclusion of the cross product derivatives used for the
granular displacement model (eq. 79) distributes the volume strain so that the horizontal
components accoimt for some of the overall displacement.

At points away from the well, larger total differences in subsidence or
displacement cire calculated with the granular displacement model. This is in part due to
the fixed reference frame (the aquifer bottom) which is used and tends to pull the aquifer

toward this underlying fixed plane. A



The granular displacement model provides mformation that can not be obtained
with the interbed storage model. Displacement data indicate that vertical compressional
strain exists from the confining imit downward while vertical extensional strain exists
within the imconfined aquifer after the 10 day simulation period. As time increases the
unconfined aquifer also becomes dominated by vertical compressional strain.

This numerical experiment indicates that imder controlled conditions where net
changes in displacement (compaction) obtained with the granular displacement model
are compared with results of the interbed storage model, nearly identical results are
achieved. Both horizontal and vertical simub.ted displacements using the newly
developed granular displacement model have been evaluated agaijishexisting analytic
and niunerical models. In the following section, various scermrios are developed to
analyze how displacement fields are influenced by various boimdary conditions and
heterogeneities.

Flow Barriers. Hetero”*eneitv. and Multiple Wells

Coimtless variations in aquifer properties and wells can be used to simulate
granular movement in three dimensions. Only several will be discussed. In the model
evaluation we have already discussed how the granular matrix responds to a confined
aquifer beneath an unconfined aquifer separated by a relatively thick confining unit. In
the following discussion, granular matrix response to other confined and imconfined
settings will be analyzed. The impact of heterogeneity and multiple pumping and
injection wells on granular movement will also be discussed briefly. Results will be
presented qualitatively as opposed to quantitatively. That is, actual displacement values
will not be discussed but rather relative displacements (differences between one
simulation and another).

Rgures 13 and 14 are vector plots of an unconfined homogeneous aquifer
pumped from layer 4. Figure 13 is a plan view of layer 4 showing the radial symmetry of
displacement vectors toward the pumping well. The greatest magnitude of the horizontal

displacement occurs in layer 4. Radially, the greatest radial displacement within layer 4
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Figure 13. Planimetric vector plot showing simulated granular displacements

of model layer 4 for a homogeneous aqimer pumped from the center of the model
grid.



occurs about 2™ m from the pumped welL This reflects the length of the pumping
period and the value of the hydraulic diffusivity (see discussion on two-dimensional
evaluation for explanation for the displacement field shown in fig. 13). Figure 14 shows a
cross section through the pumping well and indicates that much of the vertical

displacement occurs in the viciitity of the pumped well.

DISP. VECTORS
X CroM-Ssotlon, x - 26

Figure 14. Cross-sectional vector plot along column 26 (pumping well is located at
row 26 and colunm 26) showing granular glsplacernent ina Eomogeneous aquifer
pumped from layer 4.

These two illustrations will serve as reference plots for the four test simulatioits
that will follow. The reader should be aware that the vector lengths, representing relative
magnitude of displacement, between planimetric and cross sectional plots (as well as
from simulation to simulation) can not be compared. The magnitude and subsequent
vector length is calculated for each plot and is independent of other plots. This can be
readily seen in viewing the vector lengths of layer 4 in fig. 14. The lengths are
considerably less than those of fig. 13. This is due to the fact that vertical displacement
near the pumping well is much greater than the horizontal displacement of layer 4.
IDisplacement directions can be readily compared between different plots. The author
will point out instances where displacement magnitude is noticeably increased or
decreased due to a heterogeneity or implemented barrier.

The first test simulation (figs. 15 and 16) evaluates granular movement with a
vertical flow barrier (zero permeability) through layers 2,3, and 4 along columns 32 and
33. Simulated displacements along layer 3 (fig. 15) show how greatly the displacement

vectors are altered by the impermeable barrier (compare with fig. 13). Displacements
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tend to meve toward the pumped well. However within about 2,000 m of the pumped
well displacements appear to move toward the flow barrier. In fact the location of the
wellbere itself actually moves toward the flow barrier causing compressional strain
between the wellbore and the barrier. Upon initial inspection this may seem a
eontradiction. The wellbore, however, is not fixed. The fixed boundaries are at the
margins of the grid or basin. The wellbore is actually moving, or being displaced, toward
the flow bartier. On the side of the barrier opposite the well, displacements tend to be
radially toward the pumped well. This is largely due to the initial values of bulk flux
whieh form a radial pattern toward the well. Maximum displacement in this area is not
neaf the batrrier but at a distance 0f2,300 m from the pumped welkBeyond this distance,
the aquifer is experiencing radial extension, ‘

Figure 16 is the exvss-sectional vector plot along row 26 and is perpendicular to
the flow barrier. Because of the large vertical displacements near the wellbore the vector
twile in the horizontal direction are subdued, but vertical displacement or subsidence is
enhaneed between the well and the flow barrier (not readily seen distinguished on fig.
16). Subsidence is increased by over 100 percent in columns 30 and 31 (directly adjacent
to the flow barrier). To the right of the flow barrier (opposite the pumped well)
displacements tend to move downward and beneath the barrier, However, directly
adjagent to the barrier granular movement is vertically upwards parallel to the barrier

and over its top.
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Figure 16. Cross-sectional vector plot showing relative granular movement with the
inalsion of an impermeable flow barrier extending along the length of colummns 32
and 33. The box indicates the location of the barrier.
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The seeend test simulation involves implementing a horizontal flow barrier along
iayer 2 within the central part of the model grid of a homogeneous aquifer. In other
werds the barrier does not extend to the perimeter of the grid but only occupies the
middle 27 cells in the row and column directions. Twelve model cells extending inward
from the perimeter do not contain the impermeable horizontal barrier, The aquifer is
pumped from the grid center in layer 4. Figure 17 shows simulated granular movement
after pumping for a 30 day period. The lateral extent of the barrier is also showin.

Resiits show that the greatest downward vertical displacements or subsidence

eeeiif at the edge of the barrier (fig. 17) even though pumping does not occur in the
vieinity of greatest subsidence. This is a classic example'of strain compatibility. Above the
flew barrier granular movement is upwards. These seemingly anomalous displacements
tnay simply result from mass balance because the initial bulk flux values above the
barrier are much greater than the ultimate bulk flux values. The specific discharge aftera
short period of time is downward, thus requiring the vecocity of solids (and
displaeement) to be upwards. Another explanation might be that the boundary condition
uses hydraulic heads from MODFLOW which are assumed to be correct for the granular
displacement model. If pumping were to continue for a longer period of time and a
greater specific storage value was assigned to the lowest three layers, the displacements
above the barrier would ultimately tend downwards.
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Fi%@ 17. Cross-sectional vector plot showing location of horizontal flow barrier
(shaded horizontal rectangle) and pumping well (hachured box in layer 4) and

resulting displacement vectors.




This simulation is a generalized depiction of what may be occurring in Las Vegas
Valley. The near-surface aquifer is separated from the principal aquifer by a thick
confining unit (represented by the barrier in fig. 17). This confining unit covers much of
the eastern two-thirds of the valley but is largely absent or less significant in the western
part of the valley. According to Bell (1981) a significant amount of subsidence has
occurred west of the thick highly-compressible confining unit. Figure 17 indicates that
such observations are not anomalous or due to over generalization, but represent real
physical phenomena.

The third test scenario evaluates the effect of multiple wells. In one simulation
two pumping wells are placed in a homogeneous isotropic aquifer to evahiate granular
movement when more than one well is involved in stressing the aquifer. In a second
simulation, a pumping well and an injection weU (equal but opposite rates) are used in
the same aquifer. Figures 18 and 19 show the displacement vectors for layer 4 (layer from
which pumping or injection occurs) for the two-pumping and one-pumping-one-
injection well simulations, respectively.

Results for the first simulation (two pumped wells) indicate that much of the
horizontal movement occurs toward the nudpoint of the line coimecting the two wells as
opposed to the actual well locations (fig. 18). Little horizontal movement occurs along the
line cormecting the two pumped weUs. This occurs because of the bulk flux established
for each individual well tending to cause movement toward each individual well. The
sum of the bulk flux for both wells tends to move the center of mass toward the midpoint
of the line connecting the two pump>ed wells and not towards a single well.

Results for the second simulation (one pumped and one injection well) reveal that
large horizontal displacements occur along the line connecting the two wells (fig. 19).
Based on the locations of the injection and pumped wells one may conclude that the
vectors (or the wells) do not line up correctly with the magnitude and direction of
displacement. To imderstand that these horizontal movements are correct, it is best to
analyze the effect of each individual well on granular movement and then sum the

results. The pumping well tends to pull the grains toweird it from aU locations vdthin the
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aquifer, so immediately the grains in the vicinity of the injection well have already been
displaced toward the pumping well without considering injection. Now when coupling
injection with the effects of pumping, movement away from the injection well is
exacerbated making it appear as though the well should be located farther to the right
edge of the boundary. In a similar way, the injection well tends to push the grains and
wellbere farther from the pumped well. Hence, the final result is the correct displacement
configuration for a pumped- and injection-well setting.

The fourth and final test simulation involves using a similar pumping pattern and
loeation of the first simulation of test simulation three; that is, two pumping wells located
along row 26. However, the hydraulic conductivity and véffical leakage of the right half
of the aquifer is two orders of magnitude less than the left half, and pumping is from
layer 3. Each half of the aquifer is homogeneous and anisotropic (vertical hydraulic
eonduetivity is one order of maghitude less than the horizontal hydraulic conductivity),

yet the system as a whole is heterogeneous because of the sharp hydraulic conductivity
contrast of the two halves. This test is done to inquire as to how granular movement may
respond to abrupt facies changes in alluvial basims.
Simulation results (fig. 20) indicate that horizontal granular movement is largely
influenced by the pumped well within the half of the aquifer with the lower hydraulic
“eonductivity (skeletal specific storage has been kept uniform for both halves of the ’
aquifer). In the left half of fig. 20, note that the simulated vectors tend toward the
pumped well on the left side but then are pulled toward the pumped well on the right
side forming a type of rounded-step pattern. Displacement vectors tend to be nearly

orthogonal to the bounary (fagies change). By way of contrast, vertical displacements are
larger on the side of the aquifer with the larger hydraulic conductivity (20-80 percent
greater depeendiing on location relative to the pumped well). This may be due to the
gradient of hydraulic head calculated by way of MODFLOW.

From a practical standpoint, these results suggest that pumped wells from
aquifers of lower hydraulic conductivity (or in aquifers with lithologies that inhibit
herizontal groimd-water ﬂou’r)- will tend to exacerbate horizontal displacement leading to
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a potentially higher likelihood of fissure development in the vicinity of the well pumped
from low-transmissivity half of the aquifer. Although vertical displacements were greater
in the mete highly transmissive part of the aquifer, had skeletal specific storage values
been inereased for the half of the aquifer with lower transmissivity, vertical
displaeements would probably be greater on the side of the aquifer with lower
transpiasivity as well. Eliminating the dependency of the gradient of hydraulic head
from MODFLOW may also influence the vertical displacements.

MODEL LIMITATIONS

Due to the eomplex nature of the mathematfical and numerical models developed
te simulate three-dimensional gramialar movement, several limitations and caveats are
inherent in the mathematical model and computer programt Understanding the basis of
these limitations will help the user avoid certain pitfalls arid erroneous assumptions in
develeping a conceptual model designed for evaluating granular movement.

As with any numerical model, the quality of the data that goes into the model
refleets the data that is produced by the model. Great care should be taken in properly
develeping the eonceptual model for granular displacement. Unlike MODFLOW which
is eommonly used as a quasi three-dimensional model, the granular displacement model
produees more accurate results when a more detailed fully three-dimensional model is
used. That 1§, eonfining beds and other low permeable units are best treated as individual
layers as opposed to employing only a leakage term for estimating vertical hydraulic
eonduetivity. Thus, it is better to simulate the upper layer as a water table regardless of
the nature of the topmost hydrogeologic unit being simulated, One drawback to this
approach is that more data is needed for the simulation. When specifying a LAYCON=0,
the user orily needs to know the transmissivity of the unit but does not explicitly need to
know the hydraulic conductivity or the thickness of the unit being simulated. When
speeifying this layer type (completely confined) for the granular displacement model,
hewevet, the user must enter the top and bottom elevations of the unit as well as the
hyelraulic eonductivity of the unit. The granular displacement model is based on a fixed




coordinate system and therefore requires the exact volume extent of each cell for all
layers. This may be problematic in poorly defined systems where only estimates of
transmissivities are known. In addition, information on the thickness and horizontal and
vertical hydraulic conductivities are rarely known because aquifer-test data, when
available, does not usually provide information about these low permeable units unless
they were specifically designed for this purpose. The granular displacement model
requires more detailed data about the system; and a fully three-dimensional model with
these more detailed data provide more accurate displacements within all units of the
system.

A second limitation with the granular displacement model is that it requires the
user to simulate at least two layers to obtain vertical displacements or subsidence. Many
two-dimensional groimd-water models have been developed for specific aquifer systems
and are properly calibrated to field data. To extend these existing models by applying the
granular displacement program would require the user to either add another layer to the
system which would take considerable time for conceptual reevalioation and
implementation, or to simply use the granular displacement model to calculate only
horizontal displacements while using the interbed storage package (Leake and Prudic,
1991) to simulate subsidence (vertical displacements). This latter approach is the
recommended method for two-dimensional planimetric models.

The water-table boundary condition developed for the granular displacement
model presently requires newly updated values of hydraulic head to calculate vertical
displacements. In regions where thick units of highly compressible clay interbeds occur
the standard MODFLOW program would estimate erroneous values of hydraulic head.
Poland and others (1975, p. H38) report that an average of one third of the total water
pumped from wells in the San Joaquin Valley of California comes from the compaction of
these clay interbeds. The standard MODFLOW program does not consider subsidence
and would therefore produce greater drawdowns than would be measured in the field.
To overcome this problem, the user is recommended to use the interbed storage package

and implement the necessary specific storage values to simulate the improved values of
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hydraulic head. These boundary heads at the water table are presently used in the
granular displacement model. The advantage of this approach is that subsidence and
eompaction data are available to compare with displacements. The disadvantages are
that (1) the heads calculated with the interbed storage package are likely to be somewhat
different than heads calculated with a granular displacement mathematical model
beeause of the three-dimensional nature of the model. In particular, (2) reversal in water
levels that are observed in the field can not be simulated by the standiard version of
MODFLOW or the interbed storage model. Hence, under in situ conditions when the
water table would physically rise initially (when a pump is turned on), the water table
boundary condition will be in error. @¥Auiditional data are needed due to the
implementation of an additional package (or set of subroutines). Not only does this add

development time, but also computer processing time is increased. In the future, a wate-
table boundary condition will be developed that is contained intirely within the granular
displacement model and permits initial water-table reversals to occur.

The granular displacement model requires that steady-state hydraulic heads be
calculated for a given stress period and used to calculate the ultimate specific discharge
or bulk flux values. For complex settings this may prove to be quite cumbersome as a
new set of steady-state heads are required for each stress period being simulated.
Depending on the nature of the pumping patterns invoked, the set of steady-state
l;i'araulic heads calculated during one stress period may be able to be used with another
stress period if cyclic stress periods are used. This would eliminate the need for
additional steady-state simulations. However, once these ultimate values are calculated
and the input data set is developed, the granulas displacement becomes a powerful tool
for evaluating three-dimerisional displacements, strains, and head reversals in a complex
aquifer system. One powerfiil aspect of the use of ultimate bulk flux is that these values
contain all boimdary conditions and heterogeneities present in the conceptual and

numerical model.




During the lengthy testing process for the granular displacement model, it was
discovered that the z cross-product terms in the x and y directions (last term on left-hand
side ofegs. 48 and 49) cause symmetry problems with the calcvdated displacements in the
X andy directions. In addition, the inclusion of these z cross-product terms increases
simulation time by as much as 15 times. Therefore, they have been omitted from the
simulations presented in this dissertation but they have been retained in the program
documentation. These z cross-product terms can be easily removed or added as the user
desires simply by adding or removing the +ZCON term from the expression for RESID in
calculations for displacement in the x and y directions. Although this problem was
evaluated extensively, the reasons for the non-symmetry and increased computer—"
processing time is not completely imderstood. The problem may reside not in the
mathematical model but rather in the numerical model and may be related to the
implementation of the Crank-Nicolson scheme used. The &ank-Nicolson scheme is
known to produce accurate and stable results for two dimensional problems, but it is
uncertain if this same approach is completely valid for three-dimensional problems. The
weighting factor of 0.5 iised for two dimensional problems may need to be reduced to

one third or some other weight for three-dimensional problans.



CONCLUSIONS

Granular movement in unconsolidated aquifers is typically associated with
vertical compaction of fine-grained interbeds. The significance of granular horizontal
movement is often overlooked or ignored. The occurrence and location of earth fissures
resulting from overdraft of imconsolidated aquifer systems in many arid and semiarid
regions can not be explained or predicted with currently available hydrologic or
subsidence models. These models are one-dunensional in scope with respect to strain
(vertical only) and are not capable of calculating the total strain or displacement based on
a fixed point in space because they use hydraulic head as the pmdpal unknown and do
not incorporate the bulk flux. Earth fissures are known to be controlled by horizontal
granular movement. Thus, to accurately describe the strain and displacement fields due
to applied stresses within an aquifer system of interest, a unified model is needed that
accounts for changes in volume strain based on a fixed point or plane such as the bedrock
basin-fill contact at the base of the aquifer system.

This study presents the development and documentation ofa fully three-
dimensional granular displacement model that has the displacement field of solids as the
dependent variable and incorporates the initial and ultimate bulk flux values to account
for boimdaries and heterogeneities within the aquifer system of interest.

Y Evaluation of the model is accomplished by first comparing horizontal granular
movement in a homogeneous isotropic coidined aquifer with available analytic solutions,
secondly, a test simulation is developed to compare net change in vertical strain
(displacement within a model layer) within fine-grained interbeds using the already
published interbed storage model and the granular displacement model. Simulation
results from the granular displacement model compare favorably with those of the
interbed storage model for the test simulation.

Simulation results of horizontal granular movement within a confined aquifer
have shown that large displacements can occur in the vicinity of the pumping well. These

displacements are exacerbated by cydically turning the well on and off. When a well is
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pumped and then followed by an episode of injection, the aquifer experiences a rapid
change from compressional strain to extensional strain. In addition, large displacements
ran occuT within a short period of time. The change in the rate of pumping or injection
places immense strain on the aquifer matrix which over time may weaken the granular
structure making it susceptible to failure, particularly along planes of weakness such as
preexisting lineaments, faults, or other subvertical heterogeneities.

In distal regions from the main pumping center, where drawdowns are minimal
or nonexistent, extensional radial strains are at their maximum during pumping and
horizontal displacements may be surprisingly large. However, the driving mechanism
remains the same as in regions near the pumping center; namely, the bulk force that
operates on both the interstitial fluid and granular matrix. Horizontal granular
movement beyond the radius of influence (determined by hydraulic head) is likely to be
responsible for most fissure development along the perimeter of heavily pumped
aquifers. In this outer area the change from extensiorud to compressional strain may not
be the controlling factor for fissure development. The main factor may be the increasing
magnitude ofradial displacement itself coupled with geologic influences such as shallow
bedrock knobs and subvertical range-front faults that create potential plains of
discontinuity where the front grain (closest to pumping well) freely moves while the rear
grain remains stationary. The important concept to remember is that the granular matrix
beyond where drawdowns occur in heavily pumped aquifers is vary much in motion.

Vertical and horizontal flow barriers were incorporated into a homogeneous
unconfined aquifer system to evaluate how these impermeable barriers may influence
granular movement. The vertical linear barrier tends to irurrease vertical and horizontal
movement in the viciruty of the pumped well. The net displacement of the well is toward
the barrier (compressional strain) yet some radially convergent horizontal displacement
occurs oh the side of the barrier avray from the pumped well. The simulated
displacement field indicates that pumped wells near hydrologic barriers tend to increase
subsidence between the well and the flow barrier. Potential fissuring is most likely to

occur away from the barrier in the region of zero racUal strain.
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A horizontal flow barrier within the interior cells of the model in layer two
resulted in large vertical displacements at the edge of the barrier even though pumping
was at the eenter of the grid network far from the edge of the barrier. This finding tends
to eenifirm what is oceuirring in Las Vegas Valley where a large amount of subsidence has
been meastired in the region where a thick confining units transition into coarser grained
aterials in the western part of the valley. Typical subsidence models would not predict

subsidence to oocur in this region,

Simulation resudts from multiple pumping or injection wells reveals clearly that
the leeations of greatest displacements do not occur at intuitively obvious locations, The
displacement field from each individual well are additive. The result is a displacement
field that does not tend to move directly toward or away from any single well.

This werk points to the need to focus data collection efforts on both horizontal
and vertical displacements within a complex hydrogeologic setting, These data will help
to further evaluate the effectiveness of the granular displacement model in calculating
the displacement field of solids and potential for fissure development in heavily pumped
arid-zone aquifers. Although fissure development is typically an arid-zone phenomenon,
herizental mevements in unconsolidated aquifers are a consequence of Darcy’s law
regardless of climatic conditions.
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APPENDIX A:

MQDEL DOCUMENTATION

The deeumentation of the granular displacement model includes a complete
diseussion of each of the three modules written. The order of each module discussion is
as fellows; (1) bulk flux module, (2) displacement module, and (3) vector plotting
module. Each module includes an in depth description of subroutines used, design, all
variables and parameters, and flow paths outlining each routine, Also included are input
instruetions for using the modules. Finally, the main program of MODFLOW is included
beeause modifications were made to this seg“t“rfeht of the code, All sections of the main
program written in small letters are additions required by the granular displacement
model. The portions of the main program in capital letters are part of the standard code
and published modules already available. No documentation for the main code is
ineluded. The user is referred to the MODFLOW instruction manuel (McDonald and
Harbaugh, 1988) for further discussion of the main program.
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Bulk Flux Package Input
input for Bulk Flux Package (QBK)is read from the unit specified in [UNIT(1615).

FOR EACH SIMULATION
QBKIAL

{.Data: IQBKOC IQBTYP IQBSS
Format; 110 110 110

QBKIRP

2.Data: IQBKFM IQBKUN
Format: 110 1o
The following arrays (items 3-5) describe eaclilsyer. Whether an array is read depends

on the layer type code (LAYCON)
FOR ALL LAYER TYPE CODES

3.Data: RATIO
Module: U2DREL
IF THE LAYER TYPE CODE IS ZERO OR TWO

4 Data: BASE
o Module: U2DREL
5.Data: QSURF
Module: U2DREL
FOR EACH STRESS PERIOD
QBKIST
Read data set 6 once for every layer
~ -~ 6. Data: HSS
Module: U2DREL
QBKI1OT
7. Data:  IQBKFR [QEKSV
Formmtt 110 1110
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Explanation of Fields Used in Input Instructions

is a flag for printing or saving displacement values

IfIQBKOC > 0 Bulk flux data wdll be read and printed or saved.,

{f IQBKOC==0 Buik flux data will not be calculated, printed, or saved.
10B8S-is the flag for reading and using ultimate specific dischaige or bulk flux values

if IQBSS = 0 Ultimate values of bulk flux are not read or used.

If IQBSS 50 Ultimate values of bulk flux are read and used.
{OBTRYR-is a flag for the part of an aquifer simulated when only one pumping well
loeation is used. This flag adjusts the bulk flux values according to adjusted pumping
rates for simulations using one half or one quarter of the areal extent of the aquifer.

IfIQBTYP—O the entire aquifer is simulated. This type is used when

multiple pumping well locations are used,

If IOBTYP=1 one half o* the aquifer is simulated and the pumping

location '

is centered along one boundary .-

If IQBTYP=2 one quarter of the aquifer is simulated and the pumping

location is centered at the comer of two converging boundaries,
IOBKFM-iis the print format code for the bulk flux values in all three component
direetions. The print codes are listed in the modular model documentation p. 14-3,
1OBKURN-is the unit number where bulk flux values will be saved

If IQBKUN=0 bulk flux values will not be saved

If IQBKUN>0 bulk flux values will be saved on the unit number specified

according to the time step flag IQBKSV described below.
RATHi®-is the ratio of vertical to horizontal hydraulic conductivity of the layer being
simulated. RATIO can not be greater than 1.0. For a single layer simulation use 1.0.
BASH:-is the elevation of the bottom of the layer, It is synonymous to BOT but is used
with layer types zero and two.
OSUIRE:-is the elevation of the top of the layer. It is synonymous to TOP but is

used with layer types zero and two.
HS$S-are the ultimate steady-state hydraulic head values obtained by simulating steady-
ptate conditions with the current aquifer properties while assuming either a constant
Head or constant recharge rate to the topmost active layer. If a rate is used it must be 4
equal to the total discharge from the modeled area,
iOBKPR~is the output flag for printing bulk flux values

If BQBKPR>0 bulk flux values for each layer will be printed

If IQBKPR<=0 bulk flux values will not be printed
10BKS$W.-is the output flag for saving bulk flux values.

If 1IQBKSV<=0 bulk flux values are not saved for all layers

If IQBKSV>0 bulk flux values are saved for all layers
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The bulk flux package (QBK) has four primary modules and three submodules.

Module Documentation for the Bulk Flux Packaae

All the primary modules are called by the MAIN program.

QBKIAL

QBKIRP

QBKIFM

QBKIST
QBKIOT

SQBKIL

SQBKIE
Y

SQBKIW
SQBKIU

0

Primary Modules.
Allocates space for data arrays. Reads bulk flux calculation
flag and type of simulation invoked.
Reads print and save flags. Sets active cells for
displacement. Initializes bulk flux arrays to zero. Reads
information needed to calculate eccentricity and cell
thickness. Calls submodule SQBKIL.
Calculates cell centers where pumping and injection-."
occurs. Calls SQBKIE. Calculates the bulk flux for each cell
where recharge is specified.

Reads ultimate steady-state heads and calls submodule SQBKIU.

Reads print and save flags for bulk flux. Prints or saves
bulk flux values for all three component directions after
each stress period when print or save flags are set.

Submodules

Calculates initial thickness ofall cells in the grid, even those
where transmissivity has been specified.

Calculates eccentricity, major and minor ellipsoid axes.

surface area of ellipsoid and finally bulk flux for each well
Adds component contribution of bulk flux for all pumping

or injection wells specified for a given stress period.

Calculates adjustment to bulk flux in z direction at the wellbore.
Calculates the ultimate specific discharge which is equivalent to
the ultimate bulk flux.”
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Narrative for M BKI1AL

This medule allocates space for data arrays for the bulk flux package. It also
reads flag for ealeilating bulk flux terms and whether a single well quadrant or half
spaee is simulated, or whether a full aquifer simulation is to be simulated.
1. Idenﬁg package.
3. Read flags for calculation of bulk flux terms, and type of simulation.
3. Print the type of simulation.
4, Caleulate total number of cells in the model grid.
5. Allocate storage for the following arrays:
QBX Bulk flux in the X direction for each cell in the grid.
QBY Bulk flux in the Y direction for each cell in the grid.
QBZ Bulk flux in the Z direction for each cell in the grid.
SPX Specific discharge in the X direction for each cell in the grid.
S§PY Specific discharge in the Y direction for each cell in the grid.
SPZ Specifie discharge in the Z direction for each cell in the grid,
QX Vollume fluid flux in the X direction for each cell in the grid.
QY Velume fluid flux in the Y direction for each cell in the grid.
QZ Velume fluid flux in the Z direction for each cell in the grid.
HSS Ultimate steady-state heads for each cell in the grid.
RATIO Ratio of vertical to horizontal hydraulic conductivity for
all cells.
BASE The bottom altitude of the cell where transmissivities are
specified.
(SURE The top altitude of the cell where transmissivities are
specified.
DELL Cell thickness.
IACT Bourwdary array for displacement.

6. Print amoimt of storage used by the birlk flux package.

7. RETURN.

~




Flow Chart for Module USLIAL

QBKIOC is the bulk flux calculation flag.
If QBKIOC >0 Bulk flux calculations
will be made.
If QBKIOC <=0 Bulk flux calculations
will not be made.

IQBTYP is the flag identifying the type of

simulation.
IfIQBTYP=0 A full aquifer for single
or multiple wells is simulated.
IfIQBTYP=1 The aquifer is
represented as a half circle with the
well at the center of the half circle.
This is a single well simulation only.
IfIQBTYP=2 The aquifer is
represented as a quarter drde with
the well at the center of the wedge.
This is a single well simulation only.
This approach is used to save space
for symmetric single well simulations.

IQBSS is the flag indicating whether ultimate
steady-state heads are read.
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SUBROUTINE QBKIAL(ISUM,LENX,LCQBX,LCQBY,LCQBALCRAXLCBASE,
ILCQSURF,LCDELL;SfCOLI*OW,NLAXIN,IOUTJQBKOC,LCIACT,IQBTYP,
2LCSPX,LCSPY,LCSPZ,LCQX,LCQY,LCQZ,LCHSS,IQBSS
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SPECmCATIONS:

OO0 0060

Cl- -IDENTIFY PACKAGE
WRITEaOUT,)IN
I FORMAT(/1X/QBKI - QBULK PACKAGE SETS UP INTHAL CONDITIONS
| FOR GRANULAR FLOW MODEL, INPUT READ FROM'43)
C
C2-

READ FLAG FOR CALCULATING BULK FLUX TERMS TYPE OF
| SIMULATION, AND WHETHER ULTIMATE HEADS ARE NEEDED.
REAp(IN,2) IQBKOC,IQBTYP,IQBSS
2 FORMATOIIO)
IFaQBKOC.GT.0) WRITEaOUT, 10)
10 FORMAT(IX,'OUTPUT CONTROL RECORDS FOR QBKI PACKAGE WILL
| BEREAD EACH TIME STEP.)
fi*aQBSS.EQ.0) WRITE(I0UT,8)
8 FORMAT(IX,'ULTIMATE HEADS ARE NOT REAIX)
IF(IQBSS.NE.O) WRITEaOUT,9)
9 FORMAT(1X, ULTIMATE HEADS ARE READ FOR EACH STRESS PERIOIX)
c
C3- -PRINT TYPE OF SIMULATION
IF(IQBTYP.GT.2) IQBTYP=0
IFIQBTYP.EQ.0) WRITEaOUT, 12)
12 FORMAT(1X,'FULL CIRCLE SIMULATION")
IFdQBTYP.EQ.l) WRITEaOUT, 14)
14 FORMAT(IX,HALF CIRCLE SIMULATION")
IF(IQBTYP.EQ.2) WRITEaOUT, 16)
16 FORMAT(IX,QUARTER CIRCIT SIMULATION')
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C
C4——=CPACTUILATE TOTAL NUMBER OF CELLS
NRCL=NROW*NCOIL*NLAY
Cc
C5—MIIQCATE STORAGE FOR ARRAYS
1QBLK=ISUM
LCOBX=ISUM
ISUM=ISUM+NRCL
LCQBY=ISUM
ISUM=BUM+NRCL
LCQBZ=ISUM
ISUM=ISUM+NRCL
LCRAT=ISUM
ISUM=ISUM+NRCL
LCBASE=ISUM
ISUM=ISUM+NRCL
LCQSURF=ISUM
7 [SUM=ISUM+NRCL
LCDELL=ISUM
ISUM=ISUM+NRCL
LCIACT=ISUM
ISUM=ISUM+NRCL
LCHSS=ISUM
ISUM=BUM+NRCL
LCQX=ISUM
=ISUM+NRCL
LCQY=ISUM
ISUM=ISUM+NRCL
LCQZ=ISUM
ISUM=ISUM+NRCL
LCSPX=ISUM
ISUM=ISUM+NRCL
LCSPY=ISUM
ISUM=ISUM+NRCL
LCSPZ=ISUM
ISUM=ISUM+NRCL




.LH

C6__ PRINT AMOUNT OF STORAGE USED BY THE BULK FLUX PACKAGE
ISP=ISUM-IQBLK
WRrTEaOUT 4)ISP
4 FORMAT(IX,I8/ELEMENTS USED IN QBULK PACKAGE')
ISUMI=ISUM:-1
WRITEaOUX5)ISUMI,LENX
5 FORMAT(IX,I$/ELEMENTS IN X ARRAY USED OUT OF'J8)
C___ IFTHERE ISN'T ENOUGH SPACE IN THE X ARRAY THEN PRINT
C-------A WARNING MESSAGE.
IFdSUML.GTLENX) WRITEaOUT,6)
6 FORMATAX/ **X ARRAY MUST BE DIMENSIONED LARGER***)

-RETURN
RETURN
END



ilm:

Variable = Range
IN Package

10UT Qobal
IQBKOC  Package

IQBLK Module

IQBTYP  Package

BP Module
BUM Global

BUMI Module
LCBASE Package
LCDELL Global
LCHSS Package
LCIACT  Global
LCSPX Global
LCSPY Global
LCSPZ Qobal
LCQBX  Qobal
LCQBY  Qobal
LCQBZ  Qobal
LCQSURF Package
LCQX Package
LCQY Package
LCQzZ Package
LCRAT  Qobal
LENX Qobal

NCOL Qobal
NLAY Qobal
NRCL Module
NROW  Qobal

List of Variables for Module OBKIAL

Definition

Primary imit number from which input for this package will be
read
Primary unit number for all printed output. IOUT = 6.
Eag for calculating bulk flux terms.
>0 calculate bulk flux terms.
<=0 do not calculate bulk flux terms.
Before this module allocates space, IQBLK is set equal to BUM.
After allocation, IQBLK is subtracted from BUM to get BP, the
amount of space in the X array allocated by this module.
Flag indicating type of simulation.
=0 Full aquifer is simulated
=1 One halfaquifer is simulated with well at center of
circle.
=2 One quarter of aquifer is simulated with well at center
of aquifer wedge.
Number of worxls in the X array allocated by this module
Index number of the lowest element in the X array which has not
yet been allocated. When space is allocated for an array, the size
ofthe array is added to BUM.
BUM-1
Location in the X array of the first element of array BASE.
Location in the X array of the first element of array DELL.
Location of the first element of array HSS.
Location in the X array of the first element of array IACT.
Location in the X array of the first element of array SPX.
Location in the Y array of the first element of array SPY.
Location in the Z array of the first element of array SPZ
Location in the X array of the first element of array QBX.
Location in the Y array of the first element of array QBY.
Location in the Z array of the first element of array QBZ.
Location of the first element of array QSURF.
Location in the X array of the first element of array QX.
Location in the Y array of the first element of array QY.
Location in the Z array of the firstelement of array QZ.
Location of the first element of array RATIO.
Length of the X array in words. This should always be equal to
the dimension of X specified in the MAIN program.
Number of columns in the grid.
Number of layers in the grid.
Number of ¢ in the grid.
Niunber of rows in the grid.

)
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Narrarive for Module OBKIRP

This module reads the format and unit numbers for printing and saving the bulk
flux terms at the end of each stress period. It also sets the boimdary array for
displacement, initializes bulk flux arrays, reads the ratio of vertical to horizontal
hydraulic corrductivity and altitudes of the top and bottom of cells when transmissivity
is used. These altitudes are used along with those specified in the BCF package to
calculate cell thickness.

Module QBKIRP calls submodule SQBKIL and performs its tasks in the
following order

1. Read format and unit numbers for printing or saving bulk flux values,

respectively.

2. Set active boundary cells for displacement.

3. Irutialize bulk flux vedues to zero.

4. Read the ratio of vertical to horizontal hydraulic conductivity for all cells in

the grid. Read the top emd bottom cell elevations when LAVQQN =0 or

LAYCON=Z
5. Calculate the initial thickness of all cells in the grid.
6. RETURN.



Flow Chart for Module OBKIRP

IQBKFM is the flag identifying the format
type for printing bulk flux values. The flag
number is identified in McDonald and
Harbaugh (1988, pg. 14-5).

IQBKUN is a flag and unit number to which
the bulk flux terms will be written.
If IQBKUN<=0 the bulk flux terms
are not saved.
IfIQBKUN>0 the bulk flux terms are
saved on the unit number specified.

LAYCON is a layer-type code (one for each
layer).
0 - confined
| - unconfined
2 - confined/unconfined but
transmissivity is constant
3 - confined/imconfined

RATIO is the ratio of vertical to horizontal
hydraulic conductivity. It must not exceed
1.0.

BASE is the elevation of the bottom of the
celL It is read only when the LAYCON is
OorZ

(2SUREF is the-altitude of the top ofthe cell.
It is read only when the LAYCON is 0 or Z

84



SUBROUTINEQBKIRP(QBX,QBY,QBZ*mBASE,QSURF,NODES,NCOL,
INROW,NLAXIN,IOUTMCT,IBOUND,IQBKOC,IQBKFM,IQBKUN,DELC,
2 DELRDELL, TORBOXHNEW)

B et D L g

INITIALIZE QBULK ARRAYS AND READ KV/KH RATIO, BASE AND
SLFRFACE ELEVATIONS

Cl-

SPECmCATIONS:

5

DOUBLE PRECISION KNEW
CHARACTERS ANAME

DIMENSIONANAME(6,3)TIATIO(NODES),BASE(NODES),QSURF(NODES),
IQBX(NCOL,NROW,NLAY),QBY(NCOL,NROW,NLAY),QBZ(NCOL,
2NROW,NLAY),IBOUND{NODES),IACT(NODES), TOP(NCOL,NROW,
3NLAY),BOT(NCOL,NROW,NLAY),HNEW(NCOL,NROW,NLAY),

4 DELC(NROW), DELR(NCOL),DELL(NCOL,NROW,NLAY)

DATA ANAME(1,1),ANAME(2,1),ANAME(3,1),ANAME(4,1 ), ANAME(5, 1),
I ANAME(6,1)/ V', ERTVTOH',ORIZ''CON',DUCT7
DATAANAIV4E(L,2), ANAME(2,2), ANAME(3,2), ANAME(4,2), ANAME(S,2),
I ANAME(6,2) /' VCELL! BA,'SE E'/LEVA',TION7
6ATAANAME(1,3),AN'AME(2,3),ANAME(3,3), ANAME(4,3), ANAME(5,3),
I ANAME(6,3)/" CE',LLS7URFA',CEE',LEVA7TION7

COMMON /FLWCOM/LAYCON(80)

-READ FORMAT AND UNIT NUMBER FOR PRINTING OR SAVING QBULK
| TERMS.

IFaQBKOC.LE.O) GO TO 500
READ(IN,5) IQBKFM,IQBKUN
FORMAT(2110)
WRITEaOUT.,6) IQBKFM

6 FORMATdX, QBULK PRINT FORMAT IS NUMBER',14)
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[FaQBKUNGTO) WRITEGOUT,7) IQBKUN
7 FORMATAX/WNIT FOR SAVING QBULK VALUES IS',14)

500 NRC=NCOL*NROW
C
62— —SSHT AT =IO TSI T WHHARRE| TS HOIIDEE RN TIVE.
DO 251=1,NOIDES

IACT(D)=-IBOUNIDA)
€— I IBOUND=9 SET ACTIWVE (THLIL TO ZERO IDISFL ACEMENT

IFABOUNDA).EQ.9) IACTE)=0
25 CONTINUE

c

C3—IMTTIALIZE QB(X,Y.Z) ARRAYS TOSZERO
DORESKTNNILAY :
DO2611=1,NROW
DO 26J=1 NCOL
QBX@,140=0.
QBY(,LK)=0.
QBZGjIK)=0.

26 CONTINUE

c

C4—FOR EACH LAYER IN THE GRID;

C4A———READ IN KZZ/KHH RATIO DATA FOR EACH CELL
KR=0

N " DO 50 K=1,NLAY
RILAYCON(K)EQO .OR. LAYCON(K).EQ.2) KR=KR+1
KK=K
LOC=1+(K-1)*NRC
LOCR=1+(KR-1)*NRC
- EALILEHRE HRAGICBOLANAME 1) CROWNC OIS KK SNIIOUT)

IFILAYCON(K).BQ.1 .OR. LAYCONGQ.EQ. 3) GOTO 50

c LAYCONISOOR 2.
EALL U2DRELEMSEEOORRANANIE(U XINHROWINCUILIKK, IN JOUT)
EALL URDREL(QSURFILOGR) AN {]3), NROW,NCOIL KK, IN,IOUT)
50 CONTINUE

C




(C5-—- DETERMINE CELL THICKNESS (DELL) FOR ALL CELLS IN THE GRID.
KB=0
KT=0
KR=0
DO150K=1,NLAY
KK=K
IF(LAYCON{K).EQ.3 .OR. LAYCON(K).EQ.2) KT=KT+1
IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ.I) KB=KB+1
IF(LAYCON(K).EQ.0 .OR. LAYCON(K).EQ.2) KE=KR+1
C___ CALLSUBMODULE TO CALCULATE THE VEKHCAL DIMENSIONS OF
C  GRID
CALLSQBKIL(KK,KT4CB,KRJOP,BOTBASE,QSURF,DELL,NCOL,I"W,
I NLAYANEW)
150 CONTINUE
C
C6- —RETURN
RETURN
END



Variable
BASE

BOT
DELC
DELL
DELR
HNEW

I
IACT

IBOUND

IN
10UT

IQBKFM
IQBKCX:

IQBKUN

KR
KT

LAYCON

Range
Package
Global
Global
Global
Global
Global

Module
Global

Global

Package
Global

Package
Package
Package
Module
Module
Module

Module

Module
Module

Global
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List of Variables for Module OBKIRP

Definition

DIMENSION (NCOL,NROW,NLAY), Elevation of ceU bottom of
each cell in layers where LAYCON is 0 or 2.
DIMENSION (NCOL,NROW>fLAY), Elevation of the bottom of
each cell in layers where LAYCON is 1 or 3.
DIMENSION (NROW), Cell dimension in the column direction.
DELC(D contains width of row L
DIMENSION (NCOL,NROW,NLAY), CeU dimension in the layer
direction.
DIMENSION (NCOL), CeU dimension in the row direction.
DELR(P contains width of column J.
DIMENSION (NCOLJvfROW,NLAY), Initial estimate of head in
each ceU in order to determine thickness for topmost layer,
Index for nodes and rows
DIMENSION (NCOL>IROW,NLAY), Boundary array
identifying active cells in which displacement is calculated.
DIMENSION (NCOLJsJROWNLAY), Status of each ceU.

<0 constant-head cell

=0 inactive ceU

>( variable-head ceU
Primary unit number from which input for this package will be
read.
Primary unit number for aU printed output. IOUT = 6.
Flag for identifying what format to use to print bulk flux values
Flag for calculating bulk flux terms.

>( calculate bulk flux terms.

<=0 do not calculate bulk flux terms.
Flag identifying unit number to which bulk flux terms will be
saved.
Index for columns
Index for layers
Counter for the number of layers for which the bottom elevation
is needed (LAYCON =1 or 3).
Temporary variable set equal to K. KK is used as an actual
argument in subroutine ¢~ to avoid using the DO loop
variable K as an alignment, which causes problems for some
compilers.
Coimter for the number of layers for which BASE and QSURF
arrays need to be read (LAYCON = 0 or 2).
Counter for the number of layers for which the top elevation is
needed (LAYCON = lor 3).
DIMENSION (80), Layer-type code:

0 - Layer strictly confined.

1 - Layer strictly unconfined.



Variable

LOC
LCXZR

NCOL
NLAY
NODES
NRC
NROW
QSURF

QBX
QBY
QBZ
RATIO

TOP

List of Variables for Module OBKIRP (Continued)

fiangg

Module
Module

Global
Global
Module
Module
Global
Package

Global
Global
Global
Global

Global

Definition

2 - Layer confined/unconfined (transmissivity is
constant).
3 - Layer confined/imconfined (transmissivity is
variable).

Pointer to parts of the RATIO arrays corresponding to particular
layers.
Pointer to parts of the elevation arrays corresponding to
particular layers.
Number of columns in the grid.
Number of layers in the grid.
Number of cells in the grid.
Number of'cells in a layer.
Number of rows in the grid.
DIMENSION (NCOL,NROW,NLAY), Elevation of cell top of
each cell in layers where LAYCON is 0 or 2.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the X direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Y direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Z direction.
DIMENSION (NCOL,NROW,NLAY), Ratio of vertical to
horizontal hydraulic conductivity specified for all LAYCON
types.
]%/FMENSION (NCOL,NROW ,NLAY), Elevation of the top of
each cell in layers where LAYCON is 2 or 3.
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Narrative for Module OBKIST

This module reads the ultimate steady-state heads if [QBSS is set. These heads
are ultimately used to calculate the steady-state specific discharge or ultimate bulk flux
values which is done in submodule SQBKIU which is called by this module.

This module performs its tasks in the following order

1. Check IQBSS flag

2. Read steady-state heads if [QBSS is set.

3. Call SQBKIU if IQBSS is set.

4, RETURN



Flow Chart for Module OBKIST

IQBSS is a flag indicating whether
ultimate steady-state heads are read and
ultimate bulk fluxes are calculated.
=0 HSS not read and ultimate bulk
fluxes not calculated
*( HSS read and ultimate bulk
fluxes are calculated
HSS is the ultimate steady-state head
array. One array is read for each
layer
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SUBROUTINE QBKMWW,BOT DELL,DELR,

1 DELCNC
Cc
C ..
C THIS SUBROUTINE READS THE STEADY STATE HYDRAULIC HEAD
C VALUES FOR THE IMPOSED STRESSES ON THE SYSTEM. THIS
C ROUTINE ALSO CALLS THE ROUTINE TO CALCULATE ULTIMATE
C BULK FLUX VALUES.
C BSOS e et ereeee
C
C SPECIRICATIONS:
C .
CHARACTERY ANAME -
C

DIMENSION HSS(NODES)IHERIRINICODNROVNNIALK), TRAN(NCOL,
1 NROWNILAY)) HNECOL NEOWNA XY XCOMINCIDLNRROWNNLAY),
2 TORMNCLFRROWNILAY),BOT(NCOL, NIROW,NILAY), DELL(NCOL,
6NIROWNILAY), DELR(NCOL), DELC(NROW) SPX(NCOILNIROW/NILAY),

7 7 SPY(NCOILNROWNLAY )/ SHZ INODNROMBAT)@X(NCDLROTHWANLAY),
8 QY(NCOL NROWMLAY),QZ(NCALNRDWNLAY), ANAME(6,1)

C
DATA ANAME(L1)/ANDNIER, 1 ) ANVIE(B(3, 1A AMAREE 4,1 ), ANAME(S, 1),
1 ANAMEG@6,1) /' '/ '/ ULLTIMAY/TE H/EADS7
C
. COMMON /HLWCOM/ILAYCON(30)
C

C1—CHECK TO SEE IF ULTIMATE HEADS ARE READ AND ULTIMATE QBULK
C  VALUES CALCULATED
[FIQBSESB)))GOTO 70
C2—READ ULTIMATE STEADY STATE HEAD VALUES FOR THIS STRESS PERIOD
NCR=NCOL*NROW
DO 15 K=1,NLAY 2
KK=K ‘
LOC=1+®<1WCR

CALL U2DREL(HESS20C), ANAME({,1), NROW,NCOL KK, IN,IOUT)
15 CONTINUE °* -




C3—CALL ROUTINE TO CALCULATE ULTIMATE BULK FLUX VALUES
CALLSQBK1U(HSS,IBOUND,TRAN,HY,CV,TOP,BOT,DELL,DELR.DELC,
I NCOL,NROW,NLAXSPX"PY"PZ,QX,QY,QZ)
C
C4—RETURN
70 RETURN
END
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List of Variables for Module OBK1ST

Variable ~ Range Definition

ANAME Module Label for printout of input array.

BOX Global DIMENSION (NCOL,NROW NBOT), Elevation of the bottom of
each layer. (NBOT is fte number of layers for which LAYCON =
lor3)

[\ Global DIMENSION O"COL,NROW ,NLAY), Conductance in the layer
direction. CV(J,LK) contains conductance between nodes (J,LK)
and ai,K+1).

DELC Global DIMENSION (NROW), Cell dimension in the column direction.
DELC(I) contains width of row L

DELL Global DIMENSION (NCOL,NROW,NLAY), CeU dimension in the
layer direction.

DELR Global DIMENSION (NCOL), Cell dimension in the row directitsh.
DELR(P contains width of coluirm J.

HSS Package DIMENSION (NCOL,NROW,NLAY), Ultimate steady-state
heads used to calculate the ultimate bulk flux values.

HY Global DIMENSION(NCOL,NROW ,NLAY), Hydraulic conductivity in
layers specified as LAYCON = | or 3.

IN Package Primary unit number from which input for this package will be

' read.

10UT Global Primary xmit number for all printed output. IOUT=6.

IQBSS Package Flag indicating whether ultimate steady-state heads are read
.and ultimate bulk fluxes are calculated and used.

K Module Index for layers

KK Module Temporary variable set equal to K.

LAYCON Global DIMENSION (80) Layer type code:
0 - Layer strictly coirfined
| - Layer strictly imconfined.

« y 2 - Layer confined/unconfined (transmissivity constant).
r 3 - Layer confined/unconfined (transmissivity variable).
k-'. LOG Module Pointer to parts of the HSS arrays corresponding to particular
ot layers.
r. NCOL Global ~ Number of columns in the grid.
' NCR Module  Number ofcells in a layer.
s NLAY Global ~ Number oflayers in the grid.
NROW Global ~ Number of rows in the grid.
SPX Global DIMENSION (NCOL,NROW ,NLAY), Ultimate specific
e discharge or ultimate bulk flux in the X direction.
I J SPY Global DIMENSION (NCOL,NROW,NLAY), Ultimate spedfic
discharge or ultimate bulk flux in the Y direction.
SPZ Global DIMENSION (NCOLJMROW,NLAY), Ultimate specific

discharge or ultimate bulk flux in the Z direction.
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List of Variables for Module OBKIST fContinuedl

Variable  Ranee Definition
QX Package DIMENSION(NCOL,NROW,NLAY), Volume fluid flux across the
right cell face in the X direction
QY Package DIMENSION(NCOL,NROW,NLAY), Volume fluid flux across the
front cell face in the Y direction
QZ Package DIMENSION (NCOL,NROW,NLAY), Volume fluid flux across

the bottom cell face in the Z direction.
TRAN Global ~ DIMENSION(NCOL,NROW ,NLAY), Transmissivity specified
whenLAYCON = Oor2.

I! !;



Narrative for Module OBKIFM

This module performs the calculations for the bulk flux terms that are needed at
the start of each stress period. The initial stresses that pnxluce a bulk flux within the
aquifer are pumping, injection, or recharge. For pumping, a bulk flux is determined on
the basis of the pumping rate and the eccentricity at each well location. The calculated
bulk flux for each well is sununed to produce a final bulk flux value that is used in the
displacement model. For recharge, only the z component of bulk flux is affected because
it is assumed that recharge occurs from the top of the cell. If rechaige is desired along a
different face then the Well Package should be used to simulate recharge.

Module QBKIFM calls submodule SQBKIE and performs its tasks in the
following order

1. Reset bulk flux values to zero at the start of each new stress period.

2. Check to see if initial stress conditions exist.

3. Loop through each well and calculate a bulk flux term for each component

direction for each well.

. Make correction in pumping rate for the type of simulation

. Calculate the actual well location in model units

. Calculate the total bulk flux for each component direction due to pumping.

. Check to see ifrecharge is present. If recharge exists add bulk flux components
resulting from recharge.

8. RETURN.

~ O\ D B



Flow Chart for Module OBKIFM

NWELLS is the number of wells specified
in the Well Package for the current stress
period.

NRCHOP is the recharge option code
specified in the Rech”e Package.
=1 Recharge is only to the top grid
layer.
=2 Vertical distribution of recharge is
specified in array IRCH.
=3 Recharge is applied to the highest
active cell in each vertical column.
: A constant-head node intercepts
A recharge and prevents deeper
iirfiltration.

ENTER A
QBKIFM )

?

|
RESET BULK

FLUX VALUES
TO ZERO

MAKE CPQ&I{{ECTION
TYPE OF SIMULATION

1

CALCULATE WELL
LOCATION
IN MODEL UNITS

\

CALCULATE
BULK FLUX FOR
ALL COMPONENT
DIRECTIONS



Flow Chart for Module OBKIFM (Continued)

CALC. CALC.
RECH. RECH.

CALC.
RECH.
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SUBROUTINE QBKIFM(NWELLS,DELR,DELC,DELL,WELL,QBX,QBY,QBZ,
| RATIO,IBOUND,NROW,NCOL.NLAY,NRCHOP,IRCH,RECH,IACT,TOTIM,
2 KPERJQBTYP)

C

C CALCULATE DIRECTIONAL COMPONENTS OF QBULK AS INFLUENCED
C BY PUMPING AND RECHARGE

C
C SPECmCATIONS:

C
DOUBLE PRECISION HNEW
DIMENSION WELL(4,NWELLS),QBX(NCOL,NROW,NLAYLQBY(NCOL,
| NROW,NLAY),QBZ(NCOL,NROW,NLAY),RATIO(NCOL,NROW,NLAY),
2 IBOUND(NCOL,NROW,NLAY),DELR(NCOL),DELC(NROW),DELL(NCOL,
3 NROW,NLAY),RECH(NCOL,NROW),IRCH(NCOL,NROW),
4 JACT(NCOL,NROW,NLAY)
C
COMMON /FLWCOM/LAY CON(80)

-RESET QBULK VALUES TO ZERO EACH TIME STEP
DO 23K=1,NLAY
IX)231=], MROW
EX)23J=I,NCOL
QBXO0,LK)=0.
QBYa,LK)=0.
QBZa,LK)=0.
23 CONTINUE

-CHECK TO SEE IF INITIAL STRESS CONDITIONS EXIST
It IF(NWELLS.LE.0 .AND. NRCHOP.LE.0) RETURNO
-LOOP THROUGH NWELLS AND CALCULATE BULK FLUX TERMS

IFINWELLS.LE.O) GOTO 1000
DO 50 LL=1,NWELLS



Co-

50

C7-

m=WELL(2,LL)
IC=WELL(3,LL)
IL=WELL(1,LU
Q=WELL(4,LL)

-MAKE CORRECTION FOR TYPE OF SIMULATION
IF(IQBTYP.EQ.l) Q=Q*Z
IF(IQBTYP.EQ.2)Q=Q*4.

-CALCULATE ACTUAL WELL LOCATION IN MODEL UNITS
DC=0.

DR =0.
DL=0.

DO20I=LIR
DC=DC+DELC(I)
CONTINUE
D025J=1,IC
DR=DR+DEIJ10)
CONTINUE
DO30K=LIL A
DL=DL+DELLaC,IR,K)
CONTINUE

YOI=DC-DELC(IR)
Y02=DC
X01=DR-DELRaC)
X01=DR

Z01=DL - DELL(IC,IR,IL)
Z02=DL

CALL SUBROUTINE TO CALCULATE QBULK FOR AN ELLIPSOID
CALLSQBKIE(QBX,QBY,QB4IACXYOLY02"01102"01;Z02.CINCOL,
INRAWNLAYRATIODELR,DELC,DELL,IL,IR,IC)

CONTINUE

-NOW ADD EFFECTS OF RECHARGE TO QBULK DEPENDING ON
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C NRCHOF.
1000 IF(NRCHOPGT.3 .OR. NRCHOPLT.1) GOTO 2000
DO2Z R 1NROW
DO 2IC=ILNCOL

IF(NmmNED GOTO 100

IF(IBOUNIDYICIR 1) BQ©) GOTO 2

IF(RECHACIR)EQO.) GOTO 2

QBZ(IC,IR 1)=QBZ(IC,IR,1)-RECHACIR)(IIEIR{IO)DELC(IR))
GOTO?2 ,

€ .
C7B-—— O ICTIAATE [LOCTIION ANNID R QFF FRECHARROE IROR WRCHOP=2

100 IF(NRCHOPNE.2) GOTO 200
IL=IRCHIIC,IR)
IFIBOUNDACIRRII)LIE®) GOTO 2
[FRECH(ICJR)EQO.) GOTO 2
/ QBZEIRNEBEZIC R TDHRBCHHIC RY)(VBERRIG PRI {R))

200 DO 4m,n,mm
IF(IBOUNINICIRJI)IITO) GOTO 2
IF(IBOUND(ICIRIL)IBQO) GOTO 4
y IFRECHTC,IR):EQ.0))GOTO2
QBZ(IC,IR,IL)=QBZ(IC, IR, [IL) RECHIC,IR) /(DELRAC DELC(IR))
GOTO 2

4 CONTINUE
2 CONTINUE .
€ .
C8-——RETURN '
2000 RETURN ‘
END
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Variable

DC
DELC

DELL
DELR

DL
DR

I
IACT

IBOUND

IC
IL
IQBTYP

K

J

K ,
KPER
NCOL
NLAY

NRCHOP

NROW
NWELLS

Q

QBX
QBY
QBZ
RATIO

fiansg

Module
Global

Global
Global

Module
Module
Module
Global

Global

Module
Module
Package

Module
Module
Module
Global
Global
Global
Global

Global
Global
Global

Global
Global
Global
Qobal

List of Variables for Module OBKIFM

Definition

Location of the well in model units in the column direction
DIMENSION (NROW), Cell dimension in the column direction.
DELCCD contains width of row 1.
DIMENSION (NCOL,NROW,NLAY), CeU dimension in the layer
direction.
DIMENSION (NCOL), Cell dimension in the row direction.
DELRQi) contains width of column J.
Location of the well in model units in the layer direction.
Location of the well in model units in the row direction.
Index for rows.
DIMENSION (NCOL,NROW,NLAY), Bounda” array identifying
active cells in which displacement is calculated:
DIMENSION (NCOL,NROW,NLAY), Status of each ceU.
<0 constant-head cell
=0 inactive cell
>() variable-head cell
Index for column location of pumping or discharging well.
Index for layer location of pumping or discharging well.
Flag indicating type of simulation.
=0 Full aquifer is simulated
=] One h aquifer is simulated with well at center of
circle.
=2 One quarter of aquifer is simulated with well at center
ofaquifer wedge.
Index for row location of pumping or discharging well.
Index for colunms.
Index for layers.
Stress paiiod counter.
Number of colutrms in the grid.
Number of layers in the grid.
Recharge option:
=1 Recharge is to the top grid layer.
=2 Recharge is to the grid layer specified in array IRCH.
=3 Recharge is to the highest variable-head cell which is
not below a constant-head ceU.
Number of rows in the grid.
Number of wells active during the current sfress period.
Rate at which the well adds water to the aquifer (negative for'
discharging wells).
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the X-direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Y-direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Z-direction.
DIMENSION (NCOUNROW,NLAY), Ratio of vertical to
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Varibi
RECH

TOTIM
WELL

X0i

YOl
YO2
Z01
202

List of Variables for Module QBKIFM (Contin

Range

Global
Global
Global
Module
Module
Module
Module
Module
Module

Definii

horizontal hydraulic conductiwity.

DIMENSION (NCOL, NROW), Recharge flow rate. Recharge flux
is read into RECH and then multiplied by cell area to obtain
recharge flow rate.

Total simulation time.

DIMENSION (4, MXWELL), For each well: layer, row, column,
and recharge rate of the well.

Distance in the X direction to the left edge of the cell containing
the well. :

Distance in theJX direction to the right edge of the cell containing
the well '

Distance in the Y direction to the front edge of the cell containing
the well.

Distance in the Y direction to the back edge of the cell containing
the well.

Distance in the Z direction to the top edge of the cell containing
the well

Distance in the Z direction to the bottom edge of the cell
containing the welll
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Narrarive for Module OBKIOT

This module prints or saves bulk flux terms in all three component directions
according to flags set by the user for each stress period. If flag IQBKPR is set for a stress
period, then bulk flux values will be printed according to the format set by flag
IQBKIA. First the X component values of bulk flux will be printed, followed by the Y
and then Z component values, respectively. Similarly, if flag IQBKSYV is set fora stress
period, then unformated bulk flux values will be saved to disk.

Module QBKIOT is called each stress period and performs its functions in the
following order

1. Read flags for printing and saving bulk flux terms

2. Print bulk flux terms if flag IQBKPR is set.

3. Save bulk flux terms if flag IQBKSV is set.

4. RETURN.
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Flow Chart for Module OBKIOT

IQBKPR is the print flag for the current
stress period.
>( print bulk flux terms
<=0 do not print bulk flux terms.

IQBKSYV is the save flag for the current stress
period.
>( save bulk flux terms
<=0 do not save bulk flux terms
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SUBROUTINE QBKIOT(QBX,QBXQBZ;*COL,NROW,NLAYJQBKOC,]
| QBKFM,IQBKUN,IN,IOUT,KPER,KSTP,PERTIM,TOTIM)

PRINTS DIRECTIONAL COMPONENTS OF QBULK

PERE 2 e SR SOl Sl R AR SR 22 2 2 R S Atk 25X SRiattR SRR SR 2 At 2 Saf SRRt 4

SPECinCATIONS:

OO0 00

CHARACTERMTEXT
DIMENSION QBX(NCOL,NROW,NLAY),QBY(NCOL.NROW,NLAYX
| QBZ(NCOL,NROW, NLAY),TEXT(4") x
DATA TEXT(L1),TEXT{2,1),TEXT(3,1),TEXT(4,1) /* '/ -~
| ' X-QY/BULK7,TEXT(1,2),TEXT(2,2),TEXT(3,2),TEXT(4.2) /'
2 ' VY-Q/BULK7,TEXT(1,3),TEXT(2,3),TEXT(3,3),TEXT(4,3) /
3' V '/Z-Q/BULK7
C
C
Cl-  -READ FLAGS FOR PRINTING AND SAVING
IFIQBKOC.LE.0) GOTO 500
READON") IQBKPRIQBKSV
5 FORMAT(2110)
WRITEaOUT,6) IQBKPRTQBKSV
6 FORMAT(/,IX/FLAGS FOR PRINTING AND STORING QBULK VALUES:7
A 1" IQBKPR IQBKSV 7

3 16,110)
c
C2- -----PRINT QBULK VALUES IF IQBKPR IS SET
IF(IQBKPR.LE.0) GOTO 20 -
DO 10 K=1,NLAY
IF(IQBKFM.LT.0) THEN
CALL ULAPRS(QBX(1,1,K), TEXT(1,1),KSTP,KPER,NCOL.NROW,K,-IQBKFM,
I 10UT)
CALL ULAPRS(QBY(1,140,TEXT(1,2),KSTP,KPER,NCOL.NROW,K,-IQBKFM,
I 10UT)
CALLULAPRS(QBZ(L,1,K), TEXT(1,3),KSTP,KPER,NCOL,NROW,K,-IQBKFM,



10

20

I 10UT)

ENDIF

IFAQBKFM.GE.O) THEN

CALL ULAPRW(QBX(L1 K),TEXT(1,1),KSTP,KPER,NCOL,NROW,K,IQBKFM,
| 10UT)
CALLULAPRW(QBY/(LLK),TEXT(U).KSTP,KPER,NCOL,NROW,K,IQBKFM,
| 10UT)

CALL ULAPRW(QBZ(1,1 K),TEXT(U).KSTP,KPER,NCOL.NROW,K,IQBKFM,
| 10LTD

ENDIF

CONTINUE

-SAVE QBULK VALUES IF IQBKSV IS SET

IF(IQBKSV.LE.O) GOTO 500

DO 15 K=1,NLAY

CALL ULASAV(QBX(1,1,K),TEXT(1,1),KSTP,KPER,PERTIM, TOTIM,NCOL,
I NROW,K,IQBKUN)
CALLULASAV(QBY(L,LK),TEXT(U),KSTRKPER,PERTIM, TOTIM,NCOL,
I NROW,K,IQBKUN)
CALLULASAV(QBZ(1,LK),TEXT(U),KSTP,KPER,PERTIM, TOTIM,NCOL,
I NROW,K,IQBKUN)

CONTINUE
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Variable
IN

I0UT
IQBKFM
IQBKOC

IQBKPR

IQBKSV

IQBKUN

K
KPER
KSTP
NCOL
NLAY
NROW
PERTIM
QBX
QBY
QBZ
TEXT
TOTIM

Range
Package

Global
Package
Package

Module

Module

Package

Module
Global
Global
Global
Global
Global
Global
Global
Global
Global
Module
Global
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List of Variables for Module OBKIOT

Definition

Primary unit number from which input for this package will be
read.
Primary unit number for all printed output. IOUT = 6.
Flag for identifying what format to use to print bulk flux values
Flag for calculating bulk flux terms.
>0 calculate bulk flux terms.
<=0 do not calculate bulk flux terms.
Flag for printing after current stress period.
>0 print bulk flux values.
<=0 do not print bulk flux values.
Flag for saving after current stress period.
>0 save bulk flux values.
<=0 do not save bulk flux values.
Flag identifying unit number to which bulk flux terms will be
saved.
Counter for layers.
Stress period counter.
mRme step counter.
Number of columns in the grid.
Number of layers in the grid.
Number of rows in the grid.
Elapsed time during current stress period.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the X direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Y direction.
DIMENSION (NCOL,NROW,NLAY), Bulk flux in the Z direction.
Label for printout of input array.
Elapsed time in the simulation.
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Narrative for Module SOBKIL

This submodule is called by QBKIRP once for each layer in the grid to calculate
the thickness of all the cells in the active grid. Modflow only cedculates cell thickness
when the LAYCON type is | or 3. This module assigns thickness to cells where the
LAYCON type is 0 and 2 because the displacement model requires that cell thickness be
known. The initial thickness for the water table layer (when LAYCON = 1) is set to be
the difference between the steady-state water level in the cell minus the base elevation
ofthat cell. Hence, it is assumed that the steady-state water levels have already been
established before the displacement model is used. It should also be noted that if the
water level rises above this initial thickness, tlie adjustment is made in the displacement

ackage.
P ¢ The Module SQBKIL performs its tasks in the following order
1. Calculate cell thickness based on LAYCON type for the given layer.
2. RETLIRN.



Flow Chart for Module SQBKIL

LAYCON is a layer-type code (one for each

layer). ENTER
0 - confined SQBKIL

1 - unconfined
2 - confined/unconfined but
transmissivity is constant

3 - confined/unconfined |

CALCULATE
CELLTHK3CNESS
FOR EACH CELL
IN THE LAYER
ONTHE BASIS
OFITSXAYCON
VALUE

7 c RETURN

no



SUBROUTINE SQBKIL(KK,KT,KB,KR,TOP,BOT,BASE,QSURF,DELL,NCOL,
1 NROW,NLAY ,HNEW)

Q FHGTT Ay FH NP F T eT Wy 0N e N oW @ ))00))5,0),040)) 7 1 00))0)))04 7507 ) F 5T KK GG T )T ey W g Kok KKK g PN 00y @

C COMPUTE VERTICAL GRID SPACING AT ROW AND COLUMN LOCATIONS

[@!

C SPECmCADONS:

DOUBLE PRECISION HNEW

DIMENSION TOP(NCOL,NROW;"Y),BOT(NCOL>IROW,NLAY),

| BASE(NCOLNROWNLAY),QSURF(NCOL,NROW,NLAY),DELL(NGOL,
2 NROW,NLAY),HNEW(NCOUNROW,NLAY)

COMMON /FLWCOM/LAYCON(80)

Cl-

40

100
25

-CALCULATE THICKNESS OF EACH CELL IN THE LAYER.

D0251=1,NROW

D025J=1,NCOL

IF(LAYCON(KK).EQ.O .OR. LAYCON(KK).EQ. 2) GOTO 100

IF(LAYCON(KK).EQ.l) GOTO 40

IF(KK.EQ.1)THEN
DELLai,KK)=HNEWaLKK)-BOT(J,LKB)

ELSE " '

DELLaLKK)=TOPa,LKT)-BOTaLKB)

ENDIF

GOTO 25

DELLa,l,KK)=HNEWaiKK)-BOT(J4,KB)

GOTO 25

DELLa,]KK)=QSURF0,LKR)-BASE0,LKR)
CONTINUE

-RETURN
RETURN
END



VariaMs ~ Range
BASE Package

BOX Global
DELL Global

HNEW  Global

I Module
J Module
KB Module
KK Module
KR Module
KT Module

LAYCON Global

\%
NCOL Global
NLAY Global
NROW  Global
QSURF  Package

TOP Global
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List of Variables for Module SOBKIL

Definition

DIMENSION (NCOL,NROW ,NLAY), Elevation of the bottom of
cells in layers where LAYCON is 0 or 2.
DIMENSION (NCOL,NROW,NLAY), Elevation of the bottom of
cells in layers where LAYCON is | or3.
DIMENSION (NCOL,NROW,NLAY), CeU dimension in the layer
direction.
DIMENSION (NCOL,NROW,NLAY), Initial steady-state head
value initially assigned in the Basic Package.
Index for rows.
Index for columns.
Counter for layers where BOX is needed (vyhen LAYCON is | or 3).
Index for layers
Counter for layers whete BASE and QSURF are needed (when
LAYCONis 0 or?2).
Counter for layers where TOP is needed (when LAYCON is 2 or 3).
DIMENSION (80), Layer type code:

0 - Layer is strictly confined.

| - Layer is strictly unconfined.

2 - Layer is confined/unconfined (transmissivity is

constant
3 - Layer is confined/unconfined (transmissivity is
variable).

Number of columns in the grid.
Number of layers in the grid.
Number of rows in the grid.
DIMENSION (NCOL,NROW,NLAY), Elevation of the top of cells
in layers where LAYCON is 0 or 2.
DIMENSION (NCOL,NROW,NLAY), Elevation of the top of cells
in layers where LAYCON is 2 or 3

P



Flow Chart for Module SQBKIE
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ENTER
SOBKIE
QBX is the component of bulk flux in the 1
X direction.
direction INITIALIZE SPACING TO ZERO

QBY is the component of bulk flux in the FOR EACH CELL
Y direction.

QBZ is the component of bulk flux in the
Z direction.

4

CALCULATE
ECCENTRICITY

|

CALCULATE
LOCATION
OF CELL CENTER

Y

6

TO WELL

CALCULATE DISTANCE
FROM CELL CENTER

Y

CALCULATE

AXIS LENGTHS

MAJOR AND MINOR

Y

8

CALCULATE
SURFACE AREA OF
SPHEROID AND
RADIAL DISTANCE

FROM WELL TO
- CELL CENTER

LB

CALCULA

QBX, QBY, AND QBZ

((remomy )




SUBROUTINE SQBXJ E{@BXXQBEIBRBY I Y 0L, X02,X02/ 4010
1 NCOL,NROR NILAYRATIO,DELR,DELC DELL,ILIR,IC)

CALCULATE QBULK IN THREE DIMENSIONS ASSUMING A PROLATE
SPHEROID AT THE CENTER OF EACH CELL. EXCEPTION IS AT THE WATER
TABLE WHERE QBULK IS CALCULATED AT THE BOUNDARY

C

C
C

SPECIRICATIONS: x,

DIMENSION QBX(NCOL,NROW,NLAY),QBY(NCOL,NROW,NILAY),
1 QBZ(NCOL,NROW/,NILAY),IACT(NCOL,NROW,NLAY),RATIO(NCOL,
2 NROW,NLAY)DELR(NCOL) DELCNROW),DELLENCOL NROWNILAY)

Pl=4.*ATAN(1.0)

C1———SET INITIAL SPACING TO ZERO

e-

DC=0.
DR =0.
DL =0.

C2-—-11OOP THROUGH ENTIRE ACTIVE GRID AND CALCULATE QBULK

c

DO 60 KK=1,NLAY
DO 60 =+ NROW
DO60JJ=LLNCOL

-

C3-——CHECK TO SEE IF THE CELL IS ACTIVE

C

FIACT(], ALKK)BQ©O) GOTO 60

C4-—-CAAKAUIATE THE ECCENTRICITY AT EACH CELL

ECC=SQRT(1.0-(RATIO(JJIKK)))
ESQR=1.0-ECC*ECC
DO3SIL=18
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DC=DC+DELC(L)
35 CONTINUE
DO 45 M=1]]
DR=DR+DELR(M)
45 CONTINUE
DO 55 N=1,KK
DL=DL+DELL(JJLi,N)
55 CONTINUE
c
C5——COMPUTE CELL-CENTER LOCATIONS
Y=DC-DEIAHYZ
X=DR-DELR(I)y2. NI
F(KK.BQ.1 .OR. (KK.GT.1 .AND. maq;ﬂﬁmmmm» THEN
2=DL-DELL(JJ,ELKK)
ELSE
=DL-DELLQJH,KK)/2.
ENDIF
[F(NLAY.EQ1) Z=DL-DELLQJ,ILKK)/2.
7 DC=0.
DR=0.
DL=0.

€
C6-——CALCULATE THE DISTRANCE FROM THE WELL TO THE CELL OF
C  INTEREST AND CALCULATE ITS SQUARE
- IFQHITIO THEN
XXO=X-XO1
ELSER()OFIT) THEN
XXO=X-XD2
ELSE
XX0=0. -
ENDIF
[FLLIIR)THEN 2
YYO=Y-YO! '
ELSEIRILGTTR)THEN
YYO=Y-Y02
ELSE
YYO=0.




C7-

C8-

C9-

a0

ENDIF
IF(KK.LT.1)THEN
770Z-701
ELSEIF(KK.GT.1)THEN
720=2-702

ELSE

770=0.

ENDIF

XSQR=XXO»XXO
YSQR=YYO‘YYO
ZSQR=Z7Z0*770

-CALCULATE THE AXES LENGTHS OF THE OBLATE SPHERIOD
RAD=SQRT(XSQR+YSQR+ZSQR)
IF(RAD.LT.0.01) RAD=1.0
IF(NLAY.EQ.))GOT07
IF(ZZO.LT.DELL(IJ,n,IL) .AND. DELL(JJ,n,IL).GT.RAD) RAD=DELL(JJ,n,IL)
GOTO 8
7 RAD=DELLOIJIKK)
8 "AMAJ=SQRT(XSQR+YSQR+(ZSQR/ESQR))
IF(AMAJ.LT.0.0l) AMAJ=1.0
BMIN=AMAJ»SQRT(ESQR)

— DETERMINE THE SURFACE AREA OF THE OBLATE SPHERIOD
IF(ECC.LT.0.0001) THEN
SA=4*PI*AMAJ*AMA]J
ELSE
XECC=ALOG((1+ECC)/(1-ECO)
SA=(2*PI* AMAJ*AMAJ)+(PI*BMIN»BMIN/ECC*XECC)
ENDIF
IF(NLAY.EQ.I) SA=2»PI*AMAJ*AMAJ

—CALCULATE BULK FLUX FOR THIS WELL IN EACH COMPONENT
DIRECTION. THEN ADD THE VALUE TO ANY PREVIOUS BULK FLUX

FROM OTHER WELLS.
QBX0J,U,KK)=QBX0J,n,KK): HQ»XXO/(SA*RAD)



QBYaj,n,KK)=QBY(U,n,KK)+Q*YYO/(SA*RAD)
IF(ZZ0.EQ.0) GOTO 100

IFCXX0.EQ.0 .AND. YY0.EQ.0) THEN
CALLSQBKIW(ZZ0,Q,ESQR,DELR(JJ),DELC(n),ECC*QBZ)

QBZ(11,n,KK)=QBZ(J],n,KK)+0.80*ZQBZ+0.20*(Q*ZZO/(SA*RAD))
GOTO 60

ENDIF

100 QBZ(D,n,KK)=QBZ(JJ,n,KK)+Q*ZZO/(SA*RAD)
60 CONTINUE

CIO------ RETURN



Varigble Rahgs
AMA] Module
BMIN Module
DC Module
DELC Global
DELL Global
DELR Global
DL Module
DR Module
ECC Module
ESQR Module
IACT Global
i Module
IC Package
IL Package
IR Package
n Module
KK Module
L Module
M Module
N Module
NCOL  Global
NLAY Global
NROW  Global
PI Module
Q Global
QBX Global
QBY Global
QBZ Global
RAD Module
RATIO Global
SA Module
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List of Variables for Modul BKIE

Definition

of the major axis of the oblate spheroid. The major axis is
aligned in the X and Y directions. Thus it is assumed that there is no
horizontal anisotropy.

of the minor axis of the oblate spheroid. The minor axis is
aligned in the Z direction.
Distance to cell of interest along a column.
DIMENSION (NROW), Cell dimension in the column direction.
DELCQ) contains the width of row [.
DIMENSION (NCOL,NIROW/NILAY), Cell dimension in the layer
direction. -
DIMENSION (NCOL), Cell dimefision in the row direction.
DELR(J) contains the width of cofumn J.
Distance to cell of interest along a layer.
Distance to cell of interest along a row.
Eccentricity of the cell.
1-ECCx2.
DIMENSION (NCOL,NROW,NILAY), Boundary array for
displacement.

>0 cell is active

<=0 cell is inactive
Index for rows.
Column identifying location of pumping well.
Layer identifying location of pumping well
Row identifying location of pumping well.
Index for columns.
Index for layers.
Index for current row number. 0
Index for current column nixmiber.
Index for current layer number.
Nuomber of columns in the grid.
Number of layers in the grid.
Number of rows in the grid.
Equivalent to it.
Pumping or injection rate.
DIMENSION (NCOL,NROW,NILAY), Bulk flux in the X-directon.
DIMENSION (NCOL,NROW,NILAY), Bulk flux in the Y-dfirection.
DIMENSION (NCOL,NIROW,NILAY), Bulk flux in the Z-direction.
Radial distance from the center of the cell containing the well to the
center of the cell of interest.
DIMENSION (NCOL,NIROW/,NILAY), Ratio of vertical to horizontal
hydraulic conductiwiity.
Surface area of the oblate spheroid.




List of Variables for Modul BKIE n

Varigble Range

X Module

XECC  Module

XO1 Package

X02 Package

XX0 Module

XSQR  Module

Y Module

YO1 Package

YO2 Package

YYO Module

yd YSQR Module
V4 Module

ZO1 Package

Z02 Package

ZZ0 Module

v ZSQR  Module
ZQBW  Module

Definiti

Distance in the X direction to the center of the cell of interest
Termporay variable to combine log-transformed eccentricity values
for computing the surface area

Distance in the X directionto the left edge of the cell containing the
well.

Distance in the X direction to the right edge of the cell containing
the well

Distance in the X direction between edge of cell containing the well
to the center of the currentcell '

XXO*XXO. W

Distance in the Y direction to the center of the cell of interest
Distance in the Y direction to the front edge of the cell containing
the well.

Distance in the Y direction to the back edge of the cell containing
the well

Distance in the Y direction between edge of cell containing the well
to the center of the current cell.

YYO*YYO

Distance in the Z direction to the center of the cell of interest
Distance in the Z direction to the top edge of the cell containing the
well.

Distance in the Z direction to the bottom edge of the cell containing
the well.

Distance in the Z direction between edge of the cell containing the
well to the center of the current cell.

ZZ0*ZZ0

Correction term for bulk flux in the Z direction
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N. ive for M BK1

Module SQBK1W is called by module SQBKIE if a correction to the bulk flux in
the z direction needs to be made at the wellbore. An adjustment is made at the row and
column location containing the well so that the bulk flux is not calculated for simply a
point, but rather is adjusted taking into accoumt the area of the cell containing the
pumping well. This correction keeps the calculated displacements from becoming
unrealiistically large at the wellbore,

This submodule performs its tasks in the following ordiex:

1. Determine distance from wellbore center to cell edge containing the pumping

well.

Z. Calculate directional component of radius from wellbore to cell edge.

3. Calculate radial distance to cell edge and spheroid axes lengths,

4. Determine surface area of prolate spheroid.

5. Determine adjusted bulk flux in z direction

6. RETURN
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Flow Chan for Module SOBKIW

ZQBW is the adjusted value of bulk flux in the
Z direction at the wellbore.



List of Variables for Module SQBKIW

VariaMg  Esossl Definition

AMAJ  Module Length of the major axis of the oblate spheroid. The major axis is
aligned in the X and Y directions. Thus it is assumed that there is
no horizontal anisotropy.

BMIN Module Length of the minor axis of the oblate spheroid. The minor axis is
aligned in the Z direction.

DCWELL Module Width of the column containing the pumping well

DRWELL Module Width of the row containing the pumping well.

ECC Package Eccentricity of the cell.

ESQR  Package 1-ECC*»2.

PI Module Equivalent to 7i.

Q Global Pumping or injection rate.

RAD Module  Radial distance from the center of the cell containing the well to
the edge of the cell containing the well.

SA Module = Syrface area of the spheroid.

XECC ~ Module Temporary variable to combine log-transformed eccentricity values
for computing the sm face area

XSQR  Module XX07*XX0Z

XXOZ  Module Radius of cell contaiiung well in the X direction.

YSQR  Module YYOZ*YYOZ

YYOZ  Module Radius of cell containing well in the Y direction.

ZQBW  Module Adjusted value ofbulk flux in the z direction at the wellbore.

ZSQR Package 770'770
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Narrative for Module SOBKIU

This module calculates the ultimate steady-state specific discharge for a given set
of stresses applied to the aquifer system. This ultimate specific discharge field is
identical to the ultimate bulk flux field according to the Dcury-Gersevanov-Helm law.
That is, at the new steady-state the velocity of solids is equal to zero. These new
ultimate bulk flux values are substituted into the governing equation for the bulk flux
after approximately 5 minutes of simulation time. The true distribution between the
mitial and ultimate bulk flux values needs to be determined empirically and is beyond
the scope of this study.

This module is cailled by QBKIST and performs its tasks in the following order

1. Calculate volume flux through right face of cell

2. Calculate volume flux through front face of cell

3. Calculate volume flux through lower face of cell.

4. Calculate cell thickness

5. Calculate ultimate values of specific discharge in the X direction

6. Calculate ultimate values of specific discharge in the Y direction.

7. Calculate ultimate values of specific discharge in the Z direction.

8. RETURN



Flow Chart for Module SOBKIU
QX is the volume fluid flux through the
right cell face in the X direction.

QY is the volume fluid flux through the
front cell face in the Y direction.

QZ is the volume fluid flux through the
lower cell face in the Z direction.

SPX is the ultimate steady-state specific
storage values in the X direction

SPY is the ultimate steady-state specific
storage values in the Y direction.

SPZ is the ultimate steady-state specific
storage values in the Z direction.



yh

(@)

C

C

OOO OO

SUBROUTINE SQBKIU(HSS,IBOUND,TRAN,HY,CV,TOP,BOT,DELL,DELR,
IDELC,NCOL,NROW,NLAXSPX3PXSPZ,QX,QY,QZ)

THIS SUBROUTINE CALCULATES THE UUTMATE VALUE OF BULK FLUX
FROM STEADY-STATE HYDRAUUC HEAD VALUES FOR THE IMPOSED
STRESSES ON THE SYSTEM BEING ANALYZED.
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SPECmCATIONS:

DIMENSION HSS(NCOL,NROW,NLAY),IBOUND(NCpL,NROW,NLAY), TRAN(
INCOUNROW,NLAY),HY(NCOL,NROW,NLAY),CV(NCOL,NROW,NLAY),
2TCP(NCOL,NROW,NLAY),BOT(NCOL.NROW,NLAY),DELL(NCOL,

3 NROW,NLAY),DELR(NCOL),DELC(NROW)3PX(NCOL,NROW,NLAY),'
4SPY(NCOL,NROW,NLAY)3PZ(NCOL.NROW,NLAY),QX(NCOL,NROW,NLAY),
5QX(NCOL,NROW,NLAY),QY(NCOL,NROW,NLAY),QZ(NCOL,NROW,NLAY)

COMMON /FLWCOM/LAYCON(80)

DO 11 K=1,NLAY
DO 11 J=I,NCOL
DO 11 [=ELNROW
QXa,LK)=0. r-'
QYaiK)=0.
QZa,LK)=0.
CONTINUE

NCMI=NCOL-1
[F(NCMI.LT.l) GOTO 105

Cl- -FOR EACH CELL CALCULATE FLOW THROUGH RIGHT FACE AND STORE

c

INQX
KB=0
KT=0

126



KR=0
D0100K=1,NLAY
EF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ. 1) KB=KB+1
IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ.2) KT=KT+1
IF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) KR=KR+1
DO 100 I=LNROW
D0100J=1,NCM1
IF((IBOUNDa,LK).LE.O).AND.(IBOUNDG+1,IK).LE.O)) GOTO 100
HDIFF=HSSO,W-HSSa+1,IK)
IF(LAYCON(K).EQ.3 .OR. LAYCONOO.EQ.l) THEN
HD=HSSaiK)
IF(LAYCON(K).EQ.l) GOTO 51
IF(HD.GT.TOPaU<T)) HD=TOPa,UCT)

51 TI=HY0,L,KB)*(HD-BOTal,KB))
T2=HY0+1,I, KB)*(HD-BOTa,LKB))
ELSEIF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) THEN
TI=TRANa, KR)
T2=TRANG+U.,KR)
ENDIF
IFfn.EQ.O. .OR. T2.EQ.0.) GOTO 100
CR=2TIT2*DELC(I)/(TrDELRa-+1)+T2‘DELRa))
QXO0,LK)=HDIFPCR

100 CONTINUE

105 NRMI=NROW-1
IF(NRMLLT.l) GOTO 205

C
C2- -FOR EACH CELL CALCULATE FLOW THROUGH FRONT FACE AND STORE
C INQY

KB=0 —

KT=0

KR=0 2

DO200K=,NLAY
IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ. 1) KB=KB+1
IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ.2) KT=KT+1
IF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) KR=KR+1
DO200I=L.NROW
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DO0200J=I,NCOL
IF((IBOUNDa,LK).LE.O).AND.(IBOUNDai+LK).LE.O)) GOTO 200
HDIFF=HSSai,K)-HSSO,I+1,K)

IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ.l) THEN
HD=HSSai,K)

IF(LAYCON(K).EQ.l) GOTO 52

IF(HD.GT.TOPO,LKT)) HD=TOP0,UCT)

52 TI=HYai,KB)*(HD-BOTa,LKB))
T2=HYai+],KB)*(HD-BOTO0,IKB))
ELSEIF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) THEN
TI1=TRANG4,KR)

T2=TRAN(JJ+1,KR)
ENDIF
IFCTL.EQ.0. .OR T2.EQ.0.) GOTO 100
CC=2*T1T2»DELR(P/(T1 *DELCa+1 }+*T2»DELC(D)
QY(J,LK)=HDIFF*CC

200 CONTINUE

205 NLM1=NLAY-1
IFCNLMLLT.l) GOTO 500

C
(C3-—FOR EACH CELL CALCULATE FLOW THROUGH LOWER FACE AND STORE
C INQz

KT=0
vDO300K=1,NLMI

IF(LAYCON(K).EQ.3 .OR. LAYCON(K).EQ.2) KT=KT+1
DO300I=,NROW
DO0300J=L,NCOL
IF(IBOUNIXU").LE.O).AND.(IBOUNDO,LK+1).LE.O)) GOTO 300
HD=HSS0,LK+1)
IF(LAYCON(K+1).NE.3 .AND. LAYCON(K+1).NE.2) GOTO 350
TMP=HD A
[F(TMP.LT.TOPO,LKT+1)) HD=TOPaiK T+1)

350 HDIFF=HSSg,LK)-HD
QZaLK)=HDIFF*CVa,L,K)

300 CONTINUE

C4--—- CALCULATE CELL THICKNESS



500 KB=0
KT=0
DO20K=I,NLAY
IF(LAYCON(K).EQ.2 .OR. LAYCON(K).EQ.3) KT=KT+1
IF(LAYCON(K).EQ.I .OR. LAYCON(K).EQ.3) KB=KB+1
DO201=|,NROW
DO20J=I,NCOL
IF(IBOUNDa,LK).LE.O) GOTO 20
IF(LAYCON(K).NE.O .AND. LAYCON(K).NE.2) GOTO 30
THCK=DELLO,LK)
GOTO 25
30 HD=HSSa,LK)
EFCLAYCONOQ.EQ.I) GOTO 28
IFOiD.GT.TOPaiKT)) HD=TOPaiKT)
28 THCK=HD-BOT(J,IKB)
C5-—CALCULATE ULTIMATE SPECIHC DISCHARGE IN X
25 IF(NCOL.EQ.1)GOT026
QX1=0.
QX2=0.
IFa.NE.l .AND. a-LNE.0.AND.J-LNE.-1)) QXI=QXa-UK)
[Fa.NE.NCOL)QX2=QXai,K)
XAREA=DELC(I)THCK
SPXa,],K)=0.5*(QX2/XAREA+QXI/XAREA)
C6—CALCULATE ULTIMATE SPECIHC DISCHARGE IN Y
V26 IF(NROW.EQ.IKIOTO 27
QY!1=0.
QY2=0.
IFa.NE.l .AND. a-.NE.O.AND.I-LNE.-1))QY1=QYai-1K)
[Fa.NE.NROW) QY2=QYa,LK)
YAREA=DELRO0)*™CK
SPYa,L,K)=0.5*(QY2/YAREA+QY1/YAREA)
C7----CALCULATE ULTIMATE SPEOHC DISCHARGE IN z
27 IF(NLAY.EQ.1)GOT020
QZ1=0.
QZ2=0.
IFOC.NE.l .AND. (K-LNE.O.AND.J-LNE.-D) QZI=QZa,LK-])
IF(K.NENLAY) QZ2°QZ0,L,K)
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ZAREA=DELR(J)*DELCH)
SPZ(J 1 K)=0.5% Q2 ZAREA+QZ1 /ZAREA)
20 CONTINUE
C
C8—RETURN
RETURN
END




Yariabls

BOT

CC
CR
Ccv

DELC
DELL
DELR
HD

HDIFF
HSS

IBOUND

LAYCON

NCMI
NCOL
NLAY
NLMI
NRMI

Range
Global

Module
Module
Global

Global
Global
Global
Module
Module
Package

Module
Global

Module
Module
Module

Module"
Module

Global

Module
Qobal
Global
Module
Module
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List of Variables for Module SOBKIU

Definition

DIMENSION (NCOL,NROW NBOT), Elevation of the bottom of
each layer. G'UBOT is the number of layers for which LAYCON =
lor3.)
Temporary variable for conductance in the column direction.
Temporary variable for conductance in the row direction.
DIMENSION (NCOL,NROW,NLAY), Conductance in the layer
direction. CVO/IK) contains conductance between nodes G,[,K)
and aiK+1).
DIMENSION (NROW), Cell dimension in the column direction.
DELC(D contains width of row I.
DIMENSION (NCOL,NROW,NLAY), CeU dimension in the layer
direction.
DIMENSION (NCOL), CeU dimension in the row direction.
DELRQ() contains width of column J.
Temporary variable for HSS.
Head difference between adjacent rows, columns, or layers.
DIMENSION (NCOL,NROW,NLAY), LUtimate steady-state
heads used to calculate the ultimate bulk flux values.
Index for rows.
DIMENSION (NCOL,NROW,NLAY), Status of each cell

<0, constant-head ceU

\ =0, inactive ceU

>(), variable-head ceU.
Index for columns.
Index for layers
Counter for the number of layers for which the bottom elevation
is needed (LAYCON =1 or 3).
Counter for the riilihber of layers for which the top elevation is
needed (LAYCON =2 or3).
Coimter for the number of layers for which the transmissivity is
needed (LAYCON =0 or2).
DIMENSION (80) Layer type code:
0 - Layer strictly confined
| - Layer strictly unconfined.
2 - Layer confined/unconfined (transmissivity constant).
3 - Layer confined/unconfined (transmissivity variable). ,
NCOL-1.
Number of columns in the grid.
Number of layers in the grid.
NLAY-1.
NROW-1.
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List of Variables for Module SOBKIU Continue

Variabl R Definiti

NROW  Global = Number of rows in the grid.

QX Package DIMENSION(NCOLNROWMNILAY), Volimme fluid flux across
the right cell face in the X direction

Qxi Module Volume fluid flux at lowest active column with variable head.

QX2 Module Volume fluid flux at highest active column with variable head.

QY Package DIMENSION(NCOILNROWNILAY), Voliume fluid flux across
the front cell face in the Y direction

QYi Module Volume fluid flux at lowest active row with variable head.

QY2 Module Valume fluid flux at highest active row with variable head.

Qz Package DIMENSION-INCOL ,NROW,NLAY), Volume fluid flux across
the bottom cell face in the Z direction.

Qzi Module Vallmme fluid flux at lowest active layer with variable head.

Qz2 Module Velume fluid flux at highest active layer with variable head.

SPX Global  DIMENSION (NCOL,NROW/,NILAY), Ultimate specific discharge
or ultimate bulk flux in the X direction.

SPY Qlobal DIMENSION (NCOL,NROW,NILAY), Ultimate specific discharge
or ultimate bulk flux in the Y direction.

SPZ Global DIMENSION (NCOL,NROW,NILAY), Ultimate specific discharge
or ultimate bulk flux in the Z direction.

Ti Module Temporary variable for transmissivity at I or ] location

N T2 Module Temporary variable for transmissivity at I+1 or J+1 location.

THCK Module  Thickness of cell.
T™MP Module Temporary variable for HD.
XAREA Module Cross-sectional area of cell perpendicular to the X direction.
YAREA Module Cross-sectional area of cell perpendicular to the Y direction.
Module Cross-sectional area of cell perpendicular to the Z direction. ~
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Displacement Package Input
Input for Bispiiaeament Package (USL) is read from the unit spedlied in IUNIT(13).
FOR EACH SIMULATION

USLIAL

1.Data: IUSLOC KUNIT

Format: 1O no

2.Data: BTEP XCLOSE 10STP TCLOSE
Format: 1O Fi0.0 no RO

USLIRP

Data arrays (items 3 and 4) are readifor each layer.
3.Data: “"SSE

Module: U2DREL
4. Data: SSV
Module: U2DREL

Data array (item 5) is read for LAYCON type zero or two. Item 5 is read after all of items

3 and 4 have been read
5.Data: TRAN

Module: U2DREL

If TUSLOX>0 then read item 6
6. Dataa NMAGFMNUSXFM NUSYFM NUSZFM NVSTFM

NMAGUNNUSXUN NUSYUN NUSZUN NVSTUN
Format: 10I5

FOR EACH TIME STEP
USL1OT
7.Data:  NMAGPR NUSXPR NUSYPR NUSZPR NVSTPR

NMAGSVINIEXSV NUSYSV NUSZSV NVSTSV
Format: 1015
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Explanation of Fields Used in Input Instructions

TUSIGIC-is the output control flag for displacement
If IUSLOC>0 displacement values will be written or saved
according to
flags specified in item 6.
If IUSLOC<=0 displacement values will not be written or saved.
KUNIfF-is the length unit used in the simulation
If KUNIT=0 meters are used
IfKUNIT # O feetare used.
ISTHEP-is the maximum number of times through the inner iteration loop in one time
step in an attempt to solve the system of finite-difference equations. Two hundred
iterations is generally sufficient.
XCLOSE-iis the individual directional component of displacement change criterion for
convergence. When the maximum absolute value of resldual from all nodes during an
iteration is less than or equal to XCLOSE, iteration s
10S8TIP-is the maximum number of times through the outer iteration loop in one time
step in an attempt to solve the system of finite-difference equations. Fifty iterations is
generally sufficient
TCLOSH:-is the total directional component of displacement change criterion for
convergence. When the maximum absolute value of ctimulative displacement change
from all nodes during an iteration is less than or equal to TCLOSE, iteration stops.
S$if:-is the elastic specific storage value in the vertical direction
SSW.-is the inelastic or virgin specific storage value in the vertical direction.
TRAR-is the transmissivity specified in the BCF package for laycon types of zero or
two. It is repeated here because the TRAN read by the BCF package is immediately
changed to a harmonic mean so these values are never passed to another subroutine,
NMAGFM-iis the output format code for magnitude of displacement.
NUSXHNY-is the output format code for X-direction displacement.
NUSY#NI-is the output format code for Y-dimection displacement.
NUSZINf!-is the output format code for Z-direction dlsplacemt.
NVSTIRY-is the ou?ut format code for volume strain.
NMAGUN—is the unit number for savmg magnitude of displacement
NUSXURN-is the unit number for saving X-direction displacement
NUSSIRN-is the unit number for saving Y-direction displacement
NUSZIURN-is the unit number for saving Z-direction displacement
NVSTURN-is the unit number for saving volume strain.
NMAGPR-is the print flag for magnitude of displacement of solids.
If NMAGPR<=0 magnitude of displacement is not printed
If NMAGPR>0 magnitude of displacement is printed.
NUSXHN{H-is the print flag for X-direction displacement
If NUSXPR<=0 X-direction displacement is not printed
If NUSXPR>0 X-direction displacement is printed
NUSYFM-iis the print flag for Y-diirection displacement
If NUSXPR<=0 Y-diirection displzcement is not printed
IfNUSXPR>0 Y-diirection displacement is printed
NUSZEM-is the print flag for Z-direction displacement.
If NUSYPR<=0 Z-direction displacement is not printed




135

If NUSXPR>0 Z-direction displacement is printed
NVSTEM-is the print flag for volume strain

If NUSXPR<=0 volume strain is not printed

If NUSXPR>0 volume strain is
NMAGSW-is the save flag for magnitude of displacement

If NMAGSV<=0 magnitude of displacement is not saved.

If NMAGSV>0 magnitude of displacement is saved.
NUSKSW-is the save flag for magnitude of displacement

If NUSXSV<=0 X-direction displacement is not saved.

If NUSXSV>0 X-direction displacement is saved.
NUSYSW-is the save flag for magnitude of displacement

If NUSYSV<=0 Y-diirection displacement is not saved.

If NUSYSV>0 Y-diirection displacement is saved.
NUSZSW-is the save flag for magnitude of displacement

If NUSZSV<=0 Z-direction dlsplacement is not saved.

If NUSZSV>0 Z-directiomidisplacement is saved.
NVSTSW-is the save flag for magnitude of displacement

If NVSTSV<=0 volume strain is not saved.

If NVSTSV>0 volume strain is saved.
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Module Documentation for the Displacement Package

The displacement package (USL1) has four primary modules, three submodules,
and two utility modules. All the primary modules are called by the MAIN program.

Primary Modules

USLIAL Allocates space for data arrays. Reads output control flags,
iteration and convergence information, and length units flag.

USLIRP Initializes displacements, strains, and print flags. Reads specific
storage values, transmissivity if needed, and reads format
information for printing or saving displacements and volume
strains. '

USLIFM Formulates aridiédives numerical approximations to governing
equations describing the displacement of solids using a dual loop
successive overrelaxation technique with Chebyshev acceleration.
Applies all boundary conditions, and calculates volume strains.

USL1OT Reads print and save flags for displacement and volume strain.
Prints or saves displacement values in each component direction,
magnitude of displacement, or volume strains after each stress
period when the print or save flags are set.

Submodules
SUSL1X Calculates strain in the X direction.
SUSL1Y Calculates strain in the Y direction.
... SusLiz Cdlculates strain in the Z direction. P
Utility Modules
UBCUSL Calculates magnitude of displacement if print or save flag set.
U2USLR Reads transmissivity information if LAYCON=0 or 2.

=
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ive for Modul LI1AL

This module allocates space for data arrays for the displacement package. It also
reads the output control flag, iteration and convergence information, and length units
flag. This module performs its tasks in the following ordier:

1. Identify package

2. Read flags for calculation and printing or saving displanements, and length

units.

3. Print statements for output control, length units, and space allocation

4. Calculate number of cells and direction with maximum number of cells.

5. Allocate storage for the following arrays:

USLX Displacement in the X direction for each cell in the grid.
USLY Displacement in the Y direction for each cell in the grid.
USLZ Displacement in the Z direction for each cell in the grid.
TEMPX Temporary storage for displacement in X direction
TEMPY Temporary storage for displiacement in Y direction.
TEMPZ Temporary storage for displacement in Z direction.
UOLDX Old value of displacement in the X direction.
UOLDY Old value of displacement in the Y direction.
UOLDZ Ol1d value of displacement in the Z direction.
HC Hydraulic conductivity of each cell in the grid.
STRNX Strain in the X direction for each cell in the grid.
STRNY Strain in the Y direction for each cell in the grid.

V4 STRNZ Strain in the Z direction for each cell in the grid.

VSTRN Vallume strain for each cell in the grid.

PS Preconsolidation strain for each cell in the grid.

SSE Elastic specific storage for each cell in the grid.

SSV Virgin specific storage for each cell in the grid.

TRAN Transmissivity for cells where LAYCON=0 or 2.

SSK Horizontal specific storage for each cell in the grid.

MAG Magnitude of displacement for each cell in the grid.

UX single precision displacement in X direction for plotting.

UY single precision displacement in Y direction for plotting.

UZ single precision displacement in Z direction for plotting.

6. Print amount of storage used by the displacement package.

7. RETURN
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Riow Chart for Module USILIAL

[USLOC is the flag indicating whether
displacement is calculated and printed or
saved.

IUSLOC>1 Displacements are
calculated and printed or saved.
[USLOX <=0 Displacements are
not calculated, printed, or saved.

KUNIT is the length units flag.
KUNIT=0 Meters are the units for
length
KUNIT=1 Feet are the units for
length

IBTEP is the number of inner-loop iterations
used to obtain a solution.

XCLOSE is the inner-loop closure criterion.
This value should be at least one order of
magnitude smaller than the smallest
displacement value calculated.

IOSTP is the number of outer-loop iterations
used to obtain a solution

TCLOSE is the outer-loop closure criterion.
This value should small enough so that at
least 5 outer iterations are performed before
closure.

ENTER
USL1AL

IDENTIFY PACKAGE

'

PRINT OUTPUT CONTROL,
LENGTH UNITS,
ITERATION INFORMATION

CALC. TOTAL NUMBER OF CELLS

' .

ALLOCATE SPACE
FOR ARRAYS

' .

PRINT AMOUNT OF
STORAGE USED

V.

( e 3
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SUBROUTINE USLIAL(ISUM,LENX,LCUSLX,LCUSLY,LCUSLZ,LCSTRNZ,LCPS,
NCOL,NROW,NLAY ,NMAX,LCUMAG.,IN,IOUXIUSLOC,KUNIXLCSSE,LCSSV,

I
2 LCSTRNX,LCSTRNYLCVSTRN,LCTRAN,LCHC,LCSSK,LCUOLDX,LCUOLDY
3 LCUOLDZ,ISTEP,XCLOSE,IOSTP,LCtEMPX,LCTEMPYLCTEMPZ,

4 TCLOSE,LCUX,LCUYLCUZ)

N HEERRER R dg s o v ¥y ghggikggk Rk sy Iy kg dk g o kg g KKggq

C ALLOCATE ARRAY STORAGE FOR DISPLi».CEMENT PACKAGE
N I I I MM M E I MM EE MMM

SPECmCATIONS:

Cl--—-IDENTIFY PACKAGE
WRITEaOUT,])IN
FORMAT(IHO/USLI — DISR PACKAGE CALCULATES HORIZONTAL AND
| VERTICAL AND HORIZONTAL DISPLACEMENTS AND VELOCITIES OF
2 SOLIDS FROM UNIT NUMBERM4)
C
(C2------READ OUTPUT CONTROL FOR DISPLACEMENT, AND UNIT OF
C  MEASUREMENT AS WELL AS NUMBER OF ITERATIONS AND CLOSURE
C  CRITERION
READ(IN,5) IUSLOC,KUNir
5 FORMAT(2110)
READ(IN,9) ISTEP,XCLOSE,IOSTP,TCLOSE
9 FORMATai0,F10.0,110,n0.0)
(C3---—---PRINT STATEMENTS FOR OUTPUT CONTROL, UNITS, ITERATION INFO.
IFOUSLOC.GT.0) WRITEGOUXIS)-
15 FORMAT(IX,OUTPUT CONTROL RECORDS WILL BE READ EACH TIME
| STEF)
IF(IUSLOC.LE.O) WRITE(IOUT, 17)
17 FORMAT(1X,'DISPLACEMENT INFORMATION WILL NOT BE WRITTEN)
IFCKUNTT.EQ.0) WRITEaOUT, 19)
IFOOJINITNE.O) WRITEaOUT,21)
19 FORMAT(/,1X, METERS WILL BETJSED AS THE SPACE DIMENSION')

139



140

21 FORMAT(/,IX/FEET WILL BE USED AS THE SPACE DIMENSION')
WRITEGOUT,?) ISTERIOSTP
[F(NILAY.LT.2) WRITEAQUT,80)
80 FORMATIdX/MLAY MUST BE AT LEAST 2. USE IBS PACKAGE FOR FEWER
1 LAYERS THAN 2.*/JT%/@WNLY HORIZONTAL DISPLACEMENT WILL BE
2 SIMUILATIELX)
7 FORMATI(X;THE MAXIMUM NUMBER OF INNER ITERATIONS FOR
1 CLOSURE IS', I5,/,1X,"THE NUMBER OF OUTER ITERATIONS B',I5,)
WRITE(IOUT,8) XCLOSE,TCLOSE
8 FORMAT(1X,THE CLOSURE FOR INNER DISPLACEMENT IS',E15.8,/,
11X, THE CLOSURE FOR OUTER DISPLACEMENT IS’ E15.8)

C N
C4—CALCULATE TOTAL NUMBER OFCELLS AND DIRECTION WITH MAX
C CELLS

NRCL=NROW*NICOILNILAY

NRC=NROW*NCOL
NMAX=MAXO(NCOL,NROW,NILAY)
' Cc
C5-——ALLOCATE SPACE FOR STORAGE
IUSL=ISUM
LCUSLX=ISUM
ISUM=ISUM+NRCIL*2
LCUSLY=ISUM
ISUM=ISUM+NIRCIL»2
7 -~ LCUSLZ=ISUM
ISUM=ISUM+NRCIL32
LCTEMPX=ISUM
ISUM=ISUM+NRCIL*2
LCTEMPY=ISUM
ISUM=ISUM+NRCIL*2
LCTEMPZ=ISUM
ISUM=ISUM+NRCIL*2
LCUOLDX=ISUM
ISUM=ISUM+NRCIL¥2
LCUOLDY=ISUM
ISUM=ISUM+NRCIL32
LCUOLDZ=ISUM




ISUM=BUM+NRCL*2
LCHC=ISUM
ISUM=ISUM+NRCL
LCSTRNZ=ISUM
ISUM=ISUM+NRCL
LCSTRNX=ISUM
ISUM=ISUM+NRCL
LCSTRNY=ISUM
ISUM=ISUM+NRCL
LCVSTRN=ISUM
ISUM=ISUM+NRCL
LCPS=ISUM
ISUM=ISUM+NRCL
LC&SE=ISUM
ISUM=ISUM+NRCL
LCSSV=ISUM
ISUM=ISUM+NRCL
LCTRAN=ISUM
BUM=ISUM+NRCL
LCSSK=ISUM
ISUM=ISUM+NRCL
LCUX=ISUM
ISUM=ISUM+NRCL
LCUY=ISUM
ISUM=ISUM-FNRCL
LCUZ=ISUM
ISUM=ISUM+NRCL
IF(IUSLC)C.LE.O) GOTO 20
LCUMAG=ISUM
ISUM=ISUM+NRCL-- -
C
C6-  -PRINT NUMBER OF SPACES IN X ARRAY USED BY USL PACKAGE

20 ISP=ISUM-IUSL

WRITE(IOUT,4) ISP
4 FORMAT(1X,18/ ELEMENTS USED IN USL PACKAGE')
ISUM1=ISUM-1

WRITE(I0UT3)ISUMLLENX
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3 FORMAT(IX,I8/ ELEMENTS DM X ARRAY USED OUT OF,I8)

C
IFOSUMLGT.LENX) WRITEaOUX6)
6 FORMATAX/ »**X ARRAY MUST BE DIMENSIONED LARGER”>**)
C7---—--RETURN
RETURN
END



ISUM1
IUSL

IUSLOC

LCHC
LCPS
LCSSK
LCSSE
LCSSV
LCSTRNX
LCSTRNY
LCSTRNZ
LCTEMPX
LCTEMPY
LCTEMPZ
LCTRAN
LCUMAG
LCUOLDX
LCUOLDY
LCUOLDZ
LCUSLX
LCUSLY

Range
Package

Package

Global
Module
Package

Global

Module
Module

Package

Package

Package
Package
‘Package
Package
Package
Package
Package
Package
Package
Package ~
Package
Package
Package
Package
Package
Package
Package

Package
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Li i L

Definition

Primary unit number from which input for this package will be
read.
Maximum number of outer-loop iterations selected for
convergence.
Primary unit number for all printed output. IOUT = 6.
Number of wonds in the X array alllwaséd by this module.
Maximum number of inner-loop iterations selected for
convergence.
Index number of the lowest element in the X array which has not
yet been allocated. When space is allocated for an array, the size
of the array is added to ISUM.
ISUM-1 V!
Before this module allocates space, IUSL is set equal to ISUM.
After allocation, IUSL is subtracted from ISUM to get ISP, the
amount of space in the X array allocated by this module.
Flag indicating whether displacement and volume strain
information calculated and printed or saved.

>0 Displacements and volume strains are calculated and

printed or saved according to flags set in the output

subroutine.

<=0 Displacements and volume strains are not calculated.
Flag indicating whether english or metric units are used for
length.

=0 Meters are used as units of length.

=1 Feet are used as units of length.
Location in the X array of the first element of array HC.
Location in the X array of the first element of array PS.
Location in the X array of the first element of array SSK.
Location in the X array of the first element of array SSE.
Location in the X array of the first element of array SSV.
Location in the X array of the first element of array STRNX.
Location in the X array of the first element of array STRNIY.
Location in the X array of the first element of array STRNZ.
Location in the X array of the first element of array TEMPX.
Location in the X array of the first element of array TEMIPY.
Location in the X array of the first element of array TEMPZ.
Location in the X array of the first element of array TRAN.
Location in the X array of the first element of array UMAG.
Location in the X array of the first element of array UOLDX.
Location in the X array of the first element of array UOLIDY.
Location in the X array of the first element of array UOLDZ.
Location in the X array of the first element of array USLX.

_Location in the X array of the first element of array USLY.
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Li Variables for Module USL1A

LCUSLZ Package Location in the X array of the first element of anray USLZ.

LCUX Package Location in the X array of the first element of array UX.

LCUY Package Location in the X array of the first element of array UY.

LCuz Package Location in the X array of the first element of array UZ.

LCVSTRN Package Location in the X array of the first element of array VSTRN.

LENX Global Length of the X array in words. This should always be equal to
the dimension of X specified in the MAIN program.

NCOL Global Number of columns in the grid.

NLAY Global  Number of layers in the grid.

NMAX  Package Number ofcells in either the row, column or layer directiiim-
whichever is greatest. -

NRC Module Number of cells in a layefT

NRCL Module Number of cells in the grid..

NROW  Global Number of rows in the grid.

TCLOSE Package Qlosure criterion for outer-loop convergence.

XCLOSE Package Qlosure criterion for inner-loop convergence.

o




Narrative for Module USURP

This module sets the initial values of displacement and strain «md irutializes
flags for printing and saving displacements and heads. It also reads the elastic and
virgin specific storage values for each layer. Transmissivity is also read if LAYCON =0
or 2. Finally, the format for printing and saving displacements and strains is read if
IUSLOC is set.

Module USLIRP calls utility modules U2DREL and U2USLR and performs its
tasks in the following order

1. Initializes displacements and strains to zero.

2. Initializes flags for printing and saving displacements and strains to zero.

3. Reads elastic and virgin specific storage values for each layer.

4. IfLAYCON =0 or 2 read transmissivity values.

5. Read formats and unit numbers for printing or saving displacements and
volume strain

6. RETURN "W



Flow Chart for Module IJSLIRP

LAYCON is the laye>type code (one for
each layer).
0 - confined
| - unconfined
2 - confined/unconfined but
transmissivity is constant
3 - confined/unconfined
transmissivity varies

IUSLOC is the flag for printing or saving
displacement or volume strain
information.
>( - displacements or voliune
strains are printed or saved
according to specified flags
<=0 - no displacements or
volume strains are
calculated written or saved
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SUBROUTINEUSL1RP(USLX,USLY,USLZOTNXOTNXSTRNZ,PS3SE"V,

| NODES,NCOL,NROW NLAY,IN,IOUT,ILISLOC,NMAGFM,NUSXFM,NUSYFM,
2 NUSZFM,NMAGUN,NUSXUN,NUSYUN,NUSZUN,NVSTFM,NVSTUN,

3 VSTRN,TRAN,NMAX)

INmAUZES DISPLACEMENT AND STRAIN ARRAYS BY ASSUMING
UNSTRAINED CONDITIONS. ALSO READS IN TRANSMISSIVITY VALUES IF
NEEDED

SPECIFICATIONS:

CHARACTER*4 ANAME
DOUBLE PRECISION USLX,USLY,USLZ

DIMENSION USLX(NODES),USLY(NODES),USLZ(NODES)"V(NODES),
| SSE(NODES),ANAME(6,2)0TNX(NODES)3TRNY(NODES)3TRNZ(NODES),
2 PS(NODES),VSTRN(NODES),TRAN(NODES)

DATAANAME(1,1)ANAME(2,1),ANAME(3,1),ANAME(4,1)*"NAME(5, 1),
I ANAME(6,1) /ELASY/TIC /SPEC/IHC"/ STO/RAGE
DATAANAME(1,2)ANAME(2,2)"AME(3,2)"AME(4,2), ANAME(5,2),
| ANAME(6,2) /' INE/LAST/IC S/PEC./ STO/RAGE!

COMMON /FLWCOM/LAYCON(80)

— SET ARRAYS TO ZERO INITIAL DISPLACEMENT, VELOCITY OF SOLIDS,
STRAIN AND STRAIN RATE. ALSO ASSUME THAT
PRECONSOLIDATION STRAHV IS ZERO.

DO10K=1,NODES

USLX(K)=0.D0 2
ySLY(K)=0.DO

USLZ(K)=0.D0

STRNX(K)=0.

STRNY(K)=0.

STRNZ(K)=0.



VSTRN(K)=0.
PS(K)=0.
10 CONTINUE

c

C2- —INITIALIZE FLAGS FOR PRINTING AND SAVING DISPLACEMENTS AND

c STRAINS
NMAGFM=0
NUSXFM=0
NUSYFM=0
NUSZFM=0
NVSTFM=0
NMAGUN=0
NUSXUN=0
NUSYUI'=0
NUSZUN=0
NVSTUN=0

c
C3- — READ IN SPECmC STORAGE VALUES
NCR=NCOL»NROW
D0100K=LNLAY
LOC=1+(K-1)*NCR
CALLU2DREL(SSE(LOC),ANAME(1,)), NROW,NCOL,K,IN,IOUT)
CALLU2DREL(SSVaOC)"NAME(L2),NROW,NCOL,K,IN,IOUT)
100 CONTINUE
C A
C— "TEST TO SEE IF TRANSMISSIVITY NEEDS TO BE READ. IF IT DOES, READ IT
ITEST=0
IX)33K=1,NLAY
IF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.Z) ITEST=1
33 CONTINUE

IFaTEST.EQ.0) GOTO 200

C

C4- —READ TRANSMISSIVITY DATA IF LAYCON=0 OR 2
KR=0

DO 72K=1,NLAY
IF(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) KR=KR+1
LOCR=I+(KR-)*NCR
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IF(LAYCON(K).EQ.3 .OR. LAXCON(K) EQ1)GOTO 72
CALL U2USLR(TRAN(LOCR),NROW,NCOL K,IN)
72 CONTINUE

c DISPLACEMENT, AND MAGNITUDE OF DISPLACEMENT IF IUSLOC IS
C  GREATER THAN ZERO.
200 IF(IUSLOCILEQ) GOTO 300
READ(IN,25) NMAGFM,NUSXFM,NUSYFMNUSZFMNYSTENNMAGUN,
1 NUSXUN,NUSYUN,NUSZUN,NVSTUN
25 FORMAT(IOIS)
WRITEGOUT,30) NG RN NUSXENUNUSYFM, NUSZFMNVSTFM
30 FORMIANTY//MAGRITUDE OF DISP. PRINT FORMAT IS NUMBER', 4/
1 ' X-DISPLACEMENT PRINT FORMAT IS NUMBER', 14/
2 ' Y-DISPLACEMENT PRINT FORMAT IS NUMBER', 14/
3 ' Z-DBPLACEMENT PRINT FORMAT IS NUMBER', 14/
4 ' VOLUME STRAIN PRINT FORMAT IS NUNIBER’ 14)
[F(NMAGUN.GT.0) WRITE(IOUT,40) NMAGUN
40 FORMATK(,1X,"UNIT FOR SAVING MAGNITUDE OF DISPLACEMENT IS’ 14)
IF(NUSXUNI(GIT0) WRITEGOUT,45) NUSXUN
45 FORMIATX(,1X,’ UNIT FOR SAVING X-DIRECTION DISPLACEMENT IS',14)
[F(NUSYUNI(GT0) WRITEGOUT/30) NUSYUN
50 FORMIATY(/,1X,’ UNIT FOR SAVING Y-DIRECTION DISPLACEMENT IS',14)
BROVUSZUN.GI0) WRITEGOUT,S55) NUSZUN
55 FORMATR/,1X,’ UNIT FOR SAVING Z-DIRECTION DISPLACEMENT IS',14)
IF(NVSTUN/(@T0) WRITEGOUTT,60) NVSTUN
60 FORMATI(,1X,’ UNIT FOR SAVING VOLUME STRAIN IS',14)
c
C6-——RETURN
300 RETURN ;

END
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Variable
ANAME

I
IN

10UT
ITEST

IUSLOC

J
K

KR

LAYCON

LOC
LOCK
NCOL

NCR
NLAY

Ranee

Module
Module
Package

Global

Module
Package
Module
Module
Module

Qobal

Module
Module
Qobal

Module
Global

NMAGFM Package

NMAGUN Package

NODES
NROW
NUSXFM
NUSXUN

NUSYFM
NUSYUN

NUSZFM
NUSZUN

NVSTFM
NVSTUN

Module
Qobal

Package
Package

Package
Package

Package
Package

Package
Package
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List of Variables for Module USLIRP

PgfinitiQn

Label for printout of input array.
Index for rows
Primary unit number from which input for this package will be
read.
Primary unit niunber for all printed output. IOUT = 6.
Flag for indicating whether transmissivities are read or not.
=0 Transmissivities are not read
=] Transmissivities are read
Flag for calculating, printing or saving displacements and volume
strains.
Index for columns.
Index for layers
Counter for number of layers for which TRAN is read (LAYCON
=0or2).
DIMENSION (80), Layer-type code:
0 - Layer strictly confined.
| - Layer strictly unconfined.
2 - Layer confined/imconfined (transmissivity is constant).
3 - Layer confined/unconfined (transmissivity is variable).
Pointer to parts of the SSE and SSV arrays corresponding to
particular layers.
Pointer to parts of the TRAN array corresponding to particular
layers.
Number of columns in the grid.
Number of cells in a layer.
Number of layers in the grid.
Code for format in which magnitude of displacement should be
printed.
Unit number on which ah uirformated record containing
magnitude of displacement should be recorded.
Number of cells in the grid
Number of rows in the grid.
Code for format in which X-displacements should be printed.
Unit number on which an unformated record containing X-
displacements should be recorded.
Code for format in which Y-displacements should be printed.
Unit number on which an unformated record containing Y-
displacements should be recorded. \
Code for format in which Z-displacements should be printed.
Unit number on which an unformated record containing Z-
displacement should be recorded.
Code for format in which volume strains should be printed.
Unit number on which an unformated record containing volume
strains should be recorded. - -



iy

fe!

Enable

PS

SSE
SSv
STRNX
STRNY
STRNZ
USLX

USLY
USLZ

VSTRN
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List of Variables for Module USLIRP fcontinued”

Eanss

Package

Package
Package
Package
Package
Package
Package

Package
Package

Package

Definition

DIMENSION (NCOL,NROW,NLAY), PreconsoUdation volume
strain used to determine whether elastic or viigin specific storage
should be used.

DIMENSION (NCOL,NROW,NLAY), Elastic specific storage.
DIMENSION (NCOL,NROW,NLAY), Virgin specific storage.
DIMENSION (NCOL,NROW,NLAY), Strain in the X direction.
DIMENSION (NCOL,NROW,NLAY), Strain in the Y direction.
DIMENSION (NCOL,NROW,NLAY), Strain in the Z direction.
DIMENSION (NCOL,NROW,NLAY), Displacement in the X
direction.

DIMENSION (NCOL,NROW,NLAY), Displacement in the X"*
directioir.

DIMENSION (NCOL,NROW,NLAY), Displacement in the Z
direction.

DIMENSION (NCOL,NROW,NLAY), Volume strain.



Narrative for Module USLIFM

This module represents the major part of the granular dispbcement model. This
module assembles the numerical approximations to the governing equations and
calculates displacements and volume strains for each active cell in the model grid. In
addition, this module contains the solution algorithm using a dual-loop successive
overrelaxation iterative scheme with Chebyshev acceleration to solve the system of
equations. This module performs other tasks such as calculation of hydraulic
conductivity, and determines the correct value of specific storage for a given cell on the
basis of the past maximum volume strain.

This module is called by the MAIN program and calls the submodules SUSLIX,
SUSLIY and SUSLIZ. Module USLIFM performs it's tasks in the following order

1. Set constants.

2. Set estimate of'spectral radius.

3. Set current displacement equal to old values.

4. Determine hydraulic conductivity for each cell.

5. Begin outer iteration loop.

6. Set current displacement values to temporary values for error check.

7. Check if displacement for layers is necessary

If displacement is calculated perform tasks A-O (below).

8. Check if displacement for columns is necessary.

Ifdisplacement is calculated perform tasks A-O (below).

9. Check if displacement for rows is necessary.

If displacement is calculated perform tasks A-O (below).

10. Check if outer loop convergence is met. Lfnot return to step 5.

11. Print number of outer iterations necessary for convergence.

12. Move double precision displacements to single precision storage for plotting.

13. RETURN

A. Set initial omega.
B. Begin irmer iteration loop.
C. Set norm of residual to zero, use odd-even ordering.
D. Loop through cells in component directions not being cedculated.
E. Calculate strain in component direction of concern.
F. Loop through cells along component direction being evaluated.
G. Check for non-active cells.
H. Make correction to hydraulic conductivity (Z-direction only).
[. Calculate correct value of specific storage.
J. Set up coefficients for left-most or topmost active cells.
K. Set up coefficients for right-most or bottommost active cells.
L. Set up coefficients for interior cells.
M. Calculate norm of true error and new displacements. \
N. Calculate omega.
O. Check ifinner-loop convergence met. Ifnot, go to step B.
GO TO NEXT COMPONENT DIRECTION OR NEXT OUTER LOOP CHECK



Flow Qiart for Module USLIFM (first of 3 pages)
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Row Chart for Module USLIFM (second of 3 pages)
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Flow Chart for Module USLIFM fthird of 3 oaeesl

Steps | and 2 apply to the Z direction only.

C

STEPS FOR SETTING
UP COEFFICIENTS

APPLY
WATER TABLE
BOUNDARY

CALCULATE
COEFFICIENTS

PUT COEFFICIENTS
INTO NUMERICAL
APPROXIMATION

FOR REGIDUAL

.

CALCULATE
SOURCE TERMS
AND CONSTANTS

1

"GQTONEXTCELL"

>



SUBROUTINE USLIFM(QBX,QBXQBZMCT,DELR,DELC,DELL,NCOL,NROW,
I NLAXSCI,HY,USLX,USLY,USLZ,STRNZ,PS,IOUT,IUSLOC,DELT,

2 TOTIM,RATIO,KSTRSSE3SV4aJNIXSTRNX3TRNY,VSTRN,

3 TRANAHC3SK,UOLDX,UOLDY,UOLDZ,ISTEP*CLOSE,IOSTP,KPER,

4 TEMPX,TEMPY,TEMPZ,TCLOSE,UX,UYUZ,HNEW,BOT,IBOUND,HOLD,

5 SPX, SPY,SPZ,NBULK)

THIS SUBROUTINE CALCULATES THE DISPLACEMENT OF SOLIDS
THROUGH TIME FOR EACH COMPONENT DIRECTION USING A

DUAL HERATATIVE SOR SOLVER WITH A CRANK-NICOLSON
APPROXIMATION. CHEBYSHEV ACCELERATION IS ALSO USED TO SPEED
CONVERGENCE. THIS ALGORITHM ASSUMES FIXED BOUNDARY
CONDITIONS AND USES A WATER TABLE BOUNDARY.

SPECmCATIONS:

DOUBLE PRECISION USLX,USLY,USLZ,ANORM,ANORMF,UOLDX,UOLDY
ITUOLDZ,0OMEGA,RESID,COEF,TDIFF,ERR,TEMPX, TEMPYTEMP4
2 XCON,YCON4CON,HNEW

DIMENSION IACT(NCOL.NROW,NLAY),DELR(NCOL),HY(NCOL,NROW,
INLAY),USLX(NCOL.NROW,NLAY),QBX"COL,NROW,NLAY),USLY(NCOL,
2NROW,NLAY),QBY(NCOL,NROW,NLAY),USLZ(NCOL,NROW,NLAY),QBZ

3 (NCOLJ4ROW,NLAY),DELC(NROW),SCl (NCOL,NROW,NLAY),DELL(NCOL,
4ANROW,NLAY)OTNZ(NCOL,NROW,NLAY),PS(NCOL,NROW,NLAY),
6TEMPX(NCOL,NROW,NLAY),SSE(NCOLJ"OW,NLAY),SSV(NCOL,
7NROW,NLAY),RATIO(NCOL,NROW,NLAY),STRNY(NCOL,NROW,NLAY),
8STRNX(NCOL,NROW,NLAY),VSTRN(NCOL,NROW,NLAY),TEMPY(NCOL,

9 NROW,NLAY),IBOUND(NCOL.NROW,NLAY), TRAN(NCOL,
*NROW,NLAY)3C2(NCOL.NROW,NLAY), TEMPZ(NCOL,NROW,NLAY),
IHC(NCOL,NROW,NLAY),SSK(NCOL.NROW,NLAY),UOLDX(NCOL,
2NROW,NLAY),UOLDY(NCOL,NROW,NLAY),UOLDZ(NCOL,NROW,NLAY),
3UX(NCOL,NROW,NLAY),UY(NCOL.NROW,NLAY),UZ(NCOL,NROW,NLAY),
AHNEW(NCOL,NROW.,NLAY),BOT(NCOL,NROW;NLAY),HOLD(NCOL,



5 NROW,NLAY), SPX(NCOL,NROW,NLAY)"PY(NCOL.NROW,NLAY),
6 SPZ(NCOL,NROW,NLAY),NBULK

COMMON /FLWCOM/LAY CON(80)

C-
C
Cl- ~SET CONSTANTS
TDOLD=L.E8
C
C2- —SET INITIAL SPECTRAL RADIUS
RJACX=0.998
RJIACY=0.998
RJACZ=0.998
c

C3- -SET CURRENT DISPLACEMENT VALUES EQUAL TO OLD VALUES

DO 68 I=,NROW

DO 68J=1,NCOL

D068K=LNLAY

UOLDXa,],K)=USLXaXK)

UOLDYa,K)=USLYai,K)

UOLDZaiK)=USLZaLK)

68 CONTINUE

IF(NBULK.EQ.1)THEN
A DO0611=I,NROW-"
DO 61 J=1"COL
D061K=1,NLAY
QBX(J4,K)=SPX0,LK)
QBY0,140=SPY(J,LK)
QBZa,l40=SPZ0,LKX: — -
61 CONTINUE
ENDIF |
C4----DETERMINE HYDRAULIC CONDUCTIVITY IN LAYERS WHERE LAYCON IS
C  EITHERO0OR2, SO THAT K VALUES ARE KNOWN FOR EVERY LAYER. SET
C  KBTO THE PROPER LAYER. MAKE CORRECTION TO DELL IF UNCONRNED.
D02I=1,NROW
D02J=1,NCOL
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KB=0
KR=0
D04K=1,NLAY
[F(LAYCON(K).EQ.O .OR. LAYCON(K).EQ.2) KR=KR+1
IF(LAYCON(K).NE.I .AND. LAYCON(K).NE. 3) GOTO 3
KB=KB+1
IF(K.EQ.I .OR. (K.GT.l .AND. IBOUNDa,[,K-1).EQ.O) THEN
DELLa,I,K)=HNEWO,IK)-BOTaiKB)
IF(DELLai,K).LT.O) DELLO,L,K)=0.
ENDIF
HCaiK)=HYaiKB)
GOTO 4
3 HCO,LLK)=TRANai,KR)/DELLO,LK)
4 CONTINUE
2 CONTINUE
C
C5- -BEGIN OUTER ITERATION LOOP FOR ALL THREE DIMENSIONS
NUMOUT=0
100 TDIFF=0.D0
NUMOUT=NUMOUT+I
C
C6----"SET TEMP VALUES FOR OUTER ITERATION CONVERGENCE TEST
DOSOK=INLAY
DO8OI=L,NROW
DO80J*,NCOL
TEMPXaLK)=USLXa,LK)
TEMPYa,[LK)=USLYa,l")
TEMPZa,I.K)=USLZ(J,LK)
80 CONTINUE
C
C7- -CHECK IF LAYER DIRECTION ITERATION NECESSARY
[F(NLAY.LT.2) GOTO 1000

C7A—"SET INITTAL OMEGA
OMEGA=1.D0

C
C7B----ITERATE TO SOVE FOR DISPLACEMENT IN Z DIRECTION
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NUMIT=0
16 DIFFZ=0.
ANORNIF0 DO
NUMIT=NUMIT1
C
C7C—-SET NQRM FOR RESIDUAL TO ZERO AND BEGIN ODD-EVEN ORDERING
ANORNAEQ DO
JSW=i
DO TPSS=1,2
KSW=IJSW
C
C7D—ILOOP THROUGH ROWS ANIDCOLIUMNG
DO 90 =il )NIROW =
DO90J=1NICOL
KB=0
ZADJ=0.
C7E—CALCULATE STRAIN IN THE Z DIRECTION, UPDATE EACH INNER LOOP
C ITERATION
CALLSUSILIZZLBIZ] W), LNILAY, DELL STRNZ, JRROIUND NCOL,NROW)

C

C7F—INNER LOOP FOR LAYERS
DOIKKEKKSWINIAAY,2

C

C?G-—CHECK FOR NON-ACTIVE CELLS AND BOUNDARY
IF(K.EQr .AND. IACT(,LK+1).EQ.0) GOTO 92
IF(K.GT.1 .AND. (IBOUNDQLK-1)JEQO .AND. IACT{}IiH1).JBQQO))
1 GOTO 92
IF(K+1.GT.NLAY .AND. IBOUND(}I] K1) EQ)()\GOTO 92
[FIACTGIK)BQO .AND. IBOUND{,LK).EQ0) GOTO 92
IF(ZADJ.EQ.0)ZADf=USILZ{,1 K)
C
C7H—MAKE CORRECTION FOR VERTICAL HYDRAULIC CONDUCTIVITY

HV=HC(,LK)'RATTOQ:EK)

C

C71—DETERMINE WHETHER SPECIFIC YIELD, OR ELASTIC OR INELASTIC

C SPECIFIC STORAGE VALUES ARE TO BE USED
VSTRN(Q,LK)=STRNX(,1,K)+STRNY{ ]I} STRNZQ,],K)




IF(VSTRNai,K).LT.PSO,1,K)) THEN
SSZ=SSVa,lK)

PS0,IK)=VSTRNO.LK)

ELSE

SSZ=SSEa,LK)

ENDIF

SSKO0,L,K)=SSZ

IF(LAYCON(K).EQ.I) SS=SSE0,LK)
IF(LAYCON(K).NE.I)SS=SCia,],K)/(DELLaLK)»DELCa)‘DELR(J))
IF(KUNrr.EQ.O .AND. SS.LT.4.32E-6) SS=4.32E-6
IF(KUNIT.NE.O .AND. SS.LT.1.36E-6) SS=1.36E-6

C SET CONSTANT COEFFICIENTS
FAC=HV*DELT/(CON*SSKa,L,K))
FACH=HV*DELT/(CON»SS)

C

C7J]1—CHECK FOR TOPMOST ACTIVE CELL ALONG A LAYER
IF(K.EQ.l .OR. (K.GT.I .AND. IBOUNDO,LK-1).EQ.0)) THEN

C

C712---- APPLY WATER TABLE BOUNDARY AND GO TO NEXT CELL
IF(LAYCON(K).EQ.))CON=SCiaLK)/(DELC(D‘DELRa))
IF(LAYCON(K).EQ.2 .OR. LAYCON(K).EQ.3) THEN

KB=KB+1
CON=SC2aLKB)/(DELC(I)*DELRa))
ENDIF r m-"

IF(LAYCON(K).EQ.0) CON=.15

USLZaLK)=QBZ0,LK)*DELT+CON»(HOLDO,LK)-HNEWaLK))+
| UOLDZai,K)
GOTO 92

* ENDIF

C
C7K1  SET UP BOUNDARY COEFRCIENTS FOR BOTTOMMOST ACTIVE CELL
C ALONG A LAYER
IF(K.EQ.NLAY .OR. (K.LT.NLAY .AND. IACT0,L,K+1).EQ.0)) THEN
C
C DETERMINE THE VALUES OF THE COEFFICIENTS

160
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IF@1.EQ.1 .OR. (K-1.GT.1 .AND. IBOUNIXJ,LK-2)BQ©)) THEN
DVM=2*DELLGIK*DELLGLK-1)+DF*DELLQLK))
DVB=DEIL1,K-1)+0.5*DELL(,LK)

ELSE

DVM=DELLGIKDELLQ,|K-1)+DELLG,LK))
DVB=0.54(DELLE,I,K)y+DELLJ,LK-1))

ENDIF

ACOEF=1./DVM
BCOEF=1.((WHLLYIKYDELLQLK))+ACOEF
FACI=IHBENC*BCOEF

IFa.EQ.1 .OR. A GT.1 .AND. IACT4MIK)EQO)) THEN
DCF=DELC(D+0.5%DEIC(B-IHELEA))
PCOEF=L/{Z2{DWB*DCF)

QCOEF=PCOEF

RCOEF=0,

GCOEF=PCOEF

HCOEF=-PCOEF

OCOEF=0.

ELSEIFI.EQ.NROW OR. A LT.NROW .AND. IACT(,}+1,K).EQ.0)) THEN
DCB=DELCH)+0.5*DELQBHWDELCE-1)

PCOEF=0,

QCOIHF=4V/(XFDVEICB)

RCOEF=-QCOEF

GCOEF=0.

HCOEF=-QCOEF

OCOEF=-QCOEF

ELSE
DCC=DELC(I)+0.5*(DELC(+1)+DELCH-D)
PCOEF=1/(121DWBDCC)

QCOEF=0.
RCOEF=PCOEF
GCOEF=PCOEF
HCOEF=0. N

tt.




“

-

162

OCOEF=PCOEF
ENDIF

IFG.EQ.1 .OR. (.GT.1 .AND. IACT(-1,L,K)EQ®)THEN
DRF=DELRJ)+0.5*@BELR(PHDEURN1)
P2COEF=1/(12TDVEB*DRF)

Q2COEF=P2COEF

R2COEF=0.

G2COEF=P2COEF

H2COEF=-P2COEF

02COEF=0.

ELSEIFQEQNCOL OR. (J.LTNCOL .AND. IACTg+L/KR)ED®)) THEN
DRB=DELR()+0.54DELRg)+DELRG-1))

P2COEF=0.

Q2COEF=-1./Q*DVBYDRB)

R2COEF=-Q2COEF

G2COEF=0).

H2COEF=-Q2COEF

Q2COBF=-Q2COEF

ELSE

DRC=DELRG)+0.5*(DELRG+1)+DELR-1))

P2COEF=1./(2*DVBIDRC)

Q2COEF=b.

R2COEF=P2COEF

G2COEF=P2COEF

H2COEF=0.

Q2COEF=P2COEF

ENDIF -
C »
C7K4—NOW PUT COEFFICIENTS INTO NUMERICAL APPROXIMATION TO
C  GOVERNING EQUATION

IUL!HLXG—L,][,K GACOBRPY LX@*UUK l))+}12COEP'[UlSLX@ LK-1)+ORCUREP
2 USLX(-1LK-1)+P2COEPUOI xq+m)+choEPwmm1)ogal,m}mm
3U0LDX©-UUK)6(}2QOBMODDEQMLKQ HITH
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4 02COEPUOLDXa-U,K-D)

YCON=-FACH*(PCOEPUSLYai+],K)*QCOEPUSLY0,l,K)-RCOEP
IUSLYai-L,K)-GCOEPUSLYO0,1+1,K-1)+HCOEPUSLYO0,L,K-1)+CX:OEP
2USLY0,I-1,K-1)+PCOEPUOLDY0,I+1,K)*QCOEPUOLDY0,I,K)-RCOEP
3UOLDYai-1,K)-GCOEPUOLDYai+],K-1)+HCOEPUOLDYai,K-1)+OCOEP
4UOLDYO0,I-1,K-D)

RESID=FAC*(ACOEPUSLZa,l. K-1)-BCOEPUSLZai/K)+ACOEP
IUOLDZaiK-1)-BCOEPUOLDZai,K))*+QBZaXK)*DELT+
2 +XCON+YCON+UOLDZ0,1")-USLZa,L,K)

C7K5---- CALCULATE SOURCE TERMS AND CONSTANTS
DF(NUMITEQ.l) COEF=XCON+YCON+QBZaiK)»DELT

C
GOTO 91
ENDIF
C
C7L1  SETUP COEFFiaENTS FOR ALL INTERIOR CELLS THROUGH A LAYER
C

C DETERMINE THE VALUES OF THE COEFRCIENTS
IF(K-L.EQ.l .OR. (K-L.GT.I .AND. IBOUNEKJ,1,K-2).EQ.0)) THEN
DVM=2*DELL0,LK)*(DELL0,LK-1)+0.5»DELL0,LK))
DVC=DELL(J,L,K)+0.5*DELLO,L,K+])+DELLai,K-1)
ELSE
DVM=DELLa,l,K)*(DELLa,LK-I)+DELLa,L,K))
DVC=DELLaXK)+0.5*®ELLai,K+)+DELL0,L,K-D)
ENDIF
DVP=DELLO,L,K)*(DELLO,IK+])+DELLa,LK))

C
ACOEF=1/DVM
CCOEF=1/DVP \
BCOEF=ACOEF+CCOEF
FACI=I+FAC*BCOEF
C

EFa.EQ.l .OR. a.GT.l .AND. IACTa,I-1,K).EQ")) THEN
DCF=DELC(I)+0.5»(DELC(I)+DELCa+D)



DCOEF=1.(@*DVC*EXF)
ECOEF=DCOEF
FCOEF=0.
GCOEF=DCOEF
HCOEF=-DCOEF
OCOEF=0.

ELSEIFa.EQ.NROW .OR. @ILT.NROW .AND. IACT(,I+LK)EQO)) THEN
DCB=DELCH)+0.53QELCB)HDEICG-1))

DCOEF=0.

ECOEF=-1.(221DWC*DCB)

FCOEF=-ECOEF

GCOEF=0.

HCOEF=-ECOEF

OCOEF=-ECOEF

ELSE
DCC=DELQ+0.5*(DELC(I+1)+DELC(I-1))
DCOEF=1./@*DVC*DCC)

ECOEF=0.

FCOEF=DCOEF

GCOEF=DCOEF

HCOEF=0.

OCOEF=DCOEF

*- "ENDIF

IFJ.EQ.1 .OR. :GT.1 .AND. IACT(-1,LK).EQ.0)) THEN
DRF=DELR())+0.5*DEIR@+DELR(+1))
D2COEF=1./®@"DVC*DRF)

E2COEF=D2COEF

F2COEF=0.

G2COEF=D2COEF \

H2COEF=-D2COEF

O2COEF=0.

ELSEIFQEQNCOL .OR. (LIINNCOL .AND. IACT(J+IIK)BQ0O)) THEN
DRB=DELRA)+0.5*@BURGH)HDELRG-1))
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D2COEF=0.
E2COEF=-1/(2»DVC*DRB)
F2COEF=-E2COEF
G2COEF=0.
H2COEF=-E2COEF
02COEF=-E2COEF

ELSE
DRC=DELRa)+0.5*(DELRa+1)+DELRa-1))
D2COEF=17(2*DVC*DRC)

E2COEF=0.

F2COEF=D2COEF

G2COEF=D2COEF

H2COEF=0.

02COEF=D2COEF

ENDIF

C7L4----NOW PUT COEFHaENTS INTO NUMERICAL APPROXIMATIONS TO
C GOVERNING EQUATION
XCON=-FACH*(D2COEPUSLXa+U,K+1)+E2COEPUSLXai,K+1)-F2COEP
IUSLXa-1,LK+1)-G2COEPUSLXa+1,LK-1)+H2COEPUSLXa,LK-I)+
202COEPUSLXa-1,LK-1)+D2COEPUOLDXa+1,LK+1)+E2COEP
3 UOLDXa,LK+1)-F2COEPUOLDX0-U,K+1)-G2COEPUOLDXa+L,LK-I)
4+H2COEPUOLDXO,],K-1)+02COEPUOLDXO-1,LK-1))

YCON=-FACH*(DCOEPUSLYa,I+1JC+l)*ECOEPUSLY 0/LK+1)-

1 FCOEPUSLYO0,I-1,K+1)-GCOEPUSLY ai+1*-1)+HCOEPUSLYa,lJC-1)
2+OCOEPUSLYai-,K-1)+DCOEPUOLDY0,I+14C+])+ECOEP
3UOLDYa,LK+1)-FCOEPUOLDYO0,I-1,K+1)-GCOEPUOLDY (JJ+1,K-1)+
4 HCOEPUOLDYaiK-1)+OCOEPUOLDYa,I-LK-U)

RESID=FAC*(CCOEPUSLZ(J,I,K+1)-BCOEPUSLZaJJO+ACOEP
IUSLZJJ*-D)+CCOEPUOLDZ0,LK+1)-BCOEPUOLDZal.K)+ACOEP
2UOLDZalLK-1))+QBZ0,LK)»DELT+XCON+YCON+UOLDZaLK)-
3USLZa,1JO

C7L5--—- CALCULATE SOURCE TERMS AND CONSTANTS*



ui

EF(NUMIT.EQ.l) COEF=XCON+YCON+QBZa,l,K)*DELT
C
C7M-— CALCULATE NORM OF TRUE ERROR AND NEW VALUE OF
C  DISPLACEMENT
91 ANORMF=ANORMF+ABS(COEF)
ANORM=ANORM+ABS(RESID)
USLZai,K)=USLZ0,LK)-OMEGA»RESID/(-FACI)
92 CONTINUE
C
KSW=3-KSW

C MAKE ADJUSTMENT TO VERTICAL DISPLACEMEtN DRY CELLS

KN=0.
DO 88KK=1,NLAY
IF(IACTa,LKK).GT.O .AND. IBOUNDai,KK).EQ.0) KN=KN+1

88 CONTINUE
[FOCN.EQ.0 .OR. KN+.GT.NLAY) GOTO 90
DO 89KK=1,KN
USLZa,LKK)=USLZa,LKK)*+(USLZO,LKN+-ZADP

89 CONTINUE

90 CONTINUE

C7N-----CALCULATE OMEGA
IJSW=3-1ISW
A IF(NUMIT.EQ.r;AND. IPASS.EQ.)) THEN
OMEGA=1.D0/(1 .D0-0.5D0*RIACZ*»2)
ELSE
OMEGA=1.D0/(1 .D0-0.25D0*RJACZ*»2»OMEGA)
ENDIF
99 CONTINUE
C
C70-----CHECK TO SEE IF CONVERGENCE IS MET. *
IF(ANORM.LE.XCLOSE*ANORMF) THEN
WRITEaOUT,72) NUMIT
72 FORMATAX/NUMBER OF INNER ITERATIONS IN Z IS'15)
GOTO 3000
ENDIF
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IF(ANORM.GTXCLOSE*ANORMF .AND. NUMIT.LT.ISTEP) GOTO 16
IF(NUMIT.GE.ISTEP) WRITE(IOUX49) ISTEP,KSTP,
1 KPER ANORM,ANORME,NUMOUT

49 FORMATIIX/***WARNING*** CONVERGENCE NOT MET AFTERNS/
1 INNER ITERATIONS, AT TIME STEP’,15, OF STRESS PERIOD',I5/,
21X, IN Z. FINAL NORM OF RESIDUAL CALCULATED TO BE,G126/,

31X, IN Z. FINAL TRUE ERROR CALCULATED TO BE G124/,
3 1X,’OUTER ITERATION NUMBER'I5,)

C

C8-——QHHAERKI BRI RN RRECTIIONN TERRATIONNEEEESSVRRY

1000 [F(NCOL.BEQ.1) GOTO 2000

C ,

C8A—SET INITIAL OMEGA —
OMEGA=1.D0

C

C8B-—ITERATE TO SOLVE FOR THE DISPLACEMENT IN THE X DIRECTION
NUMIT=0.

15 DIFFX=0.

ANORMF=0.D0
NUMIT=NUMIT:1

C

C8C-—S¥ET NORM OF RESIDUAL TO ZERO, AND BEGIN ODD-EVEN ORDERING
ANORM=0.D0
IKSW=1

v .. -DOoRPAES=1,2

JSW=IKSW

C

C8D—LOOP THROUGH LAYERS AND ROWS

18 DO20R=INNIAY

DO2D =1 NIROW

C
C8E—CALCULATE THE STRAIN IN THE X DIRECTION
[FNLAYEQ1) GOTO11
CALLSUSLINUSLX,IACT,NCOL,,K, DELR STRNX,NROW,NILAY)
C
CSF—INNER LOOP FOR COLUMNS
11 DO4D}JJSW,NCOL,2
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C
C8G—CHHCK IROR NONACTTVE CHLLS
€ CHECK FOR ACTIVE CELLS AND LOOP THROUGH CELLS WHERE IACT=1,
€ BUT WE WANT TO KEEP ANY CELLS THAT MAY HAVE GONE DRY
IF(IACTQ,LK).EQ0) GOTO 40
C
C81-—MAKE CORRECTION FOR PROPER SPECIFIC STORAGE VALUE. THE
€ HORIZONTAL DISPLACEMENT USES A STORAGE COEFFCIENT DIVIDED BY
C THICKNESS, SET CONSTANTS
IFQLAYCONGK) EQ1) SS=SSEF,LK) —~
IF(LAYCONGK) NE. 1) SS=KT3 XK
1 (DELLQ,LK)*DELR()*DELCQ))
IFGKUNIT.EQO .AND. SS.LT 4.32E-6) SS=4.32E-6
IFCKUNTT.NEO .AND. SS.LT.1.36E-6) SS=1.36E-6

C CALCULATE STORAGE FOR ALL LAYCON VALUES
IF(NLAY.EQ.1 .OR. USLX(Q,]K).EQQ.) SSK(J,IK)=SS

C
7 C SET CONSTANT COEFRCIENTS FOR ALL CELLS REGARDLESS OF BOUNDARY
H=HCQIK)
FAC=H*DELT/(CON}'SS)
FACV=H*DELT/(CON#SSK(,LK))
C
C8J1—SET UP BOUNDARY COEFFICIENTS FOR LEFTMOST ACTIVE CELL
. C  ALONG AROW
IFQ/EQ.1 .OR. )-GT.1 .AND. IACT(-1,L,K)BQ®) THEN
C

C THEN DETERMINE THE VALUES OF THE COEFFICIENTS
DRP=DELR@)*(DELRQ*1)+DELR@))

DRF=0.5"@ELRO#DELRP+1))
C
CCOEF=1/DRP
B BCOEH=1/DIRP+ 1 ( (HELRG'DELRQ))’
FACI=1+ENC*BCOEF
C

IF4.EQ.1 .OR. A GT.1 .AND. IACTYJHIK)EDO)) THEN
DCF=DELC(D+0. DB} BRLk+1))




DCOEF=1./(2»DRF*DCF)
ECOEF=DCOEF
FCOEF=0.
PCOEF=DCOEF
QCOEF=-DCOEF
RCOEF=0.

ELSEIFa.EQ.NROW .OR. a.LT.NROW .AND. IACT0,I+1,K).EQ.0)) THEN
DCB=DELCO)+0.5*(DELCa)+DELCa-1))

DCOEF=0.

ECOEF=-1./(2*DRF»DCB)

FCOEF=-ECOEF

PCOEF=0.

QCOEF=-ECOEF

RCOEF=-ECOEF

ELSE

DCC=DELC(I)+0.5»(DELC(I+1 )+DELCa-1))
EX:OEF=1/(2*DRPDCC)

ECOEF=0.

FCOEF=DCOEF

PCOEF=DCOEF

QCOEF=0.

RCOEF=DCOEF

ENDIF..-

ZCON=0.
IF(NLAY.EQ.l) GOTO 33
IF(K+1.GT.NLAY .AND. IBOUNDO,14<-1).EQ.0) GOTO 33

IF(K.EQ.l .OR. (K.GT.I .AND. IBOUNDO,LK-1).EQ.0)) GOTO 33

EF(K.EQ.NLAY .OR. (KLT.NLAY .AND. iACTO,L,K+).EQ.0)) THEN
IF(K-LEQ.I .OR. (K-L.GT.l .AND. IBOUNDa,],K-2).EQ.0)) THEN
DVB=1.5*DELL0,LK)+DELL0,LK-1)

ELSE

DVB=DELLaLKH-0.5*(DELLaLK)+DELLO0,L,K-1))
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ENDIF
SCOEF=0.

UCOEF=1. 2*DIRF*DVB)
VCOEF=UCOEF
X2COEF=0.
Y2COEF=UCOEF
Z2COEF=UCOEF

ELSE
IF(K-1.EQ.1 .OR. (K-1.GT.1 .AND. IBOUND(IR2)EQO)) THEN
DVC=DEILILG I K))}05SDBELYA, K-t DELLIGIK-1)

ELSE A
DVC=DELLGjI&)+0.5*(DELLFXK+1 }+DELLG,LK-1))

ENDIF :

SCOEF=1./(Z2RF*DVC)

UCOEF=0.

VCOEF=SCOEF

X2COEF=SCOEF

Y2COEF=0.

Z2COEF=SCOEF

ENDIF

ZCON=-FACTWSSOBFRISREZGa /It UQOBEPURIZL 1,1 K)- VCOEPUSLZ
1 G+ IK-D)-X2COEPUSLZG; K + 1)+ Y2COEPUSLZG) K+
~. 2Z2COEPUSLZY,]K-1)+SCORRPUOLDZQ+1LIK +1)- V4

JUCQERT@ILIDZAJ+1LK)- VCOEPUOLDZG+1LK-1)-X2COEPUOLDZ(,I,
4 K+1)+ Y2TOBPUOILIDZ} ) K) ZZCOBFRIGDDZF AiK-1))

C

C8]2—NOW PUT COEFFICIENTS INTO NUMERICAL APPROXIMATION TO

C -GOVERNING EQUATION

33 YCON=FACDUQEPUSLY(+1,1+1, K+ BCOBPUSLYJ+LLK)-

1 FCOEPWSBLY(+1,1-1, K)-PCOEFHLBLY(, I+1,K)}+QCOERUSSING, LK)+
2 RCOEPUSLYQ,I-1, K)+BEOFPUOLDY+1,1+1, K)+ETQEPUOLDY@+1,LK)
3-FCOERPWOILDYY ¢+ JHIKHPCOEPILQILIDY 4 JH+1 K+ QCOEPLOILIDY { JLK)
4 +RCOEPUQILIDY(,I-1,K))

RESID=FACHCUOBHUSEKY 011 [K-BEOEERUSIIXN{])I | K)-TTORE
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1@ UDX g0, KB B OB RBOIDEXICK) K ODMNAZODNQBBJ KX IDHLT+
2 UOLDX@,LK)-USILX(1,K)
C
C8J3—CALCULATE SOURCE TERMS AND CONSTANTS
IFNUMIT EQ 1) COIEF=YCON+ZCONHQBX @, 1K ELT
C
GOTO 39
ENDIF

C
C8K1-—SET UP BOUNDARY COEFFICIENTS FOR RIGHTMOST ACTIVE CELL
C  MIONGACOIINN _
1F(.EQNCOL .ORV(-LTAYCOL .AND. IACTG+LLK).EQO)) THEN
c i ‘
C THEN DETERMINE THE VALUES OF THE COEFFICIENTS
DRM=DELR(J)*(DELR(-1)+DELR()))
DRB=0.53(DEILR({)} DRLR(:1)

ACOEF=1/DRM
BCOEF=1/IDRM+1 /(IDELRJ)DIELR())
FACI=IHENC*BCOEF

IFa.EQ.1 .OR. GT.1 .AND. IACTGHI})EQ()) THEN
DCF=DELC(I)+0.5* B> DRLKI(b+1))
GCOEF=1./2*DRB*DCF)
- HCOEF=-GCOEF .
OCOEF=0.
PCOEF=GCOEF
QCOEF=GCOEF
RCOEF=0.

ELSEIFA.EQ.NROW .OR. QLITNROW .AND. IACT(,I+LK).JEQ0)) THEN
DCB=DELC(D+@5%DBLCy DBLTE1))

GCOEF=0. '

HCOEF=1/(13fIRtB/DCB)

OCOEF=HCOEF

PCOEF=0.
"7 QCOEF=-HCOEF




RCOEF=HCOEF

ELSE
DCC=DELC(I)+0.5*(DELC(I+])+DELCa-l))
GCOEF=1/(2*DRB*DCC)

HCOEF=0.

OCOEF=GCOEF

PCOEF=GCOEF

QCOEF=0.

RCOEF=GCOEF

ENDIF

ZCON=0.
IF(NLAY.EQ.))GOT034
IF(K+1.GT.NLAY .AND. IBOUND(J,LK-1).EQ.0) GOTO 34

IF(K.EQ.l .OR. OCGT.l .AND. IBOUNDO,LK-1).EQ.0))GOTO34

IF(K.EQ.NLAY .OR. (K.LT.NLAY .AND. IACTaiK+D.EQ.0)) THEN
IF(K-LEQ.l .OR. (K-L.GT.l .AND. IBOUND(J,LK-2).EQ.0)) THEN
DVB=1.5*DELL0,IK)+DELL(J,LK-1)

ELSE

DVB=DELLO0,LK)+0.5*(DELL(J,LK)+DELLai,K-1))

ENDIF

XCOEFii./(2*DRB*DVB)

YCOEF=0.

ZCOEF=XCOEF

X2COEF=0.

Y2COEF=XCOEF

Z2COEF=XCOEF

ELSE A
IF(K-LEQ.I .OR. (K-L.GT.l .AND. IBOUNDO,,K-2).EQ.0)) THEN
DVC=DELLai,K)+0.5*DELL0,L,K+)+DELLg,L,K-)

ELSE

DVC=DELLaLK)+0.5*(DELLaiK+1)+DELLa,L,K-1))

ENDIF
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XCOEF=0.
YCOEF=1. /@*DRB*DVC)
ZCOEF=YCOEF
X2COEF=YCOEF
Y2COEF=0.
Z2COEF=YCOEF

ENDIF

ZCON=-FACV*(XUORF USEZAL K1) YATOHPUSLZGLK)-

\Z2ACQIBP S8 Z (N KDY SYCOEFUSHLZGHK KK XXTDEFUSLZG-LLK)+

2 ZCOEFUSBILZGHITK-1 )+ XXCWREPUOLIDZDIK +1)-

3 Y2COEPUOLDZ(,!K)-Z2COEPUOLDZ (., K-1)- YCOBFPUOLDZG-1,LK+1)+

4XCOEPUOLDZ(-1,L K+ ZCOERFUOLDZEHLLK-D)

C .

C8K2—NOW PUT COEFHICHIENTS INTO NUMERICAL APPROXIMATION TO

C  GOVERNING EQUATION

34 YCON=FACHPROREUS Y4 RQ-EIOBEPUSLY (1, K) IRCORR

WBLYE,I-1.K)-GCOBPUSLN(HUI+1,K)+ HCOEPUSLY(H, LK)HOCORR
2USLYG-1,MJR)+PCOEPILQILDY ¢ F+ LK)+ QCOEPUOLDY (L K)HRIUEH
3UOLDY@,H,K)GTORFPUOLIDNOH I+, K- HTOBEPUOLIY a1 K 4+

4 OCOEPUOLDY(-LI-LK))
C
RESID=FACH ACORFPUSLXY-1)LK):BCOEPUSLXG,LK)+
1 ACOEPUOLDX@-1,1/KyBOOER DX, K)HCON+ZCON+
2QBX K ELTFUGIDXG IR UG K)
C

C8K3—CALCUIAE SOURCE THERNS ANID CONNSTANITS
IFINUMIT.EQ1) COEF=YCON+ZCONQEBX(JIK)*DELT

C
GOTO 39 ~ -
ENDIF
C .
C8L1—SET UP COEFRICIENTS FOR ALL INTERIOR CELLS ALONG A ROW
C

C DETERMINE VALUES OF THE COEFFICIENTS

DRM=DELR®*(DELR(-1)+DELR())
DRP=DELR()*DELR(J+1)+DELRG)




C

DRC=DELR(P40.5*(DELR(-1)+DELR(J+1))

CCOEX=1/DRP
ACOEF=1/DRM
BCOEF=ACOEF+CCOEF
FACI=ItHENC*BCOEF

IFA.EQ.1 .OR. .GT.1 .AND. IACE(JHKK)ED®)) THEN
DCF=DELC(D+0.5* @RI DRIk+1))
DCOEF=1./(2Z4DRC*DCF)

ECOEF=DCOEF

FCOEF=0.

GCOEF=DCOEF

HCOEF=-DCOEF

OCOEF=0.

—

ELSEIFGEQNROW .OR. (.LTINROW .AND. IACT4JIKROERO)) THEN

DCB=DELCH)+0.5“MEICHW+DELCY-D)
DCOEF=0.

ECOEF=-1./(2ZZ21DIRC*DCB)
FCOEF=-ECOEF

GCOEF=0.

HCOEF=-ECOEF

OCOEF=-ECOEF

ELSE
DCC=DIELC+0.5*(DELC(I+1)+ DELCH))
DCOEF=1. {2*DRC*DCC)

ECOEF=0.

FCOEF=DCOEF

GCOEF=DCOEF

HCOEF=0. 2

OCOEF=DCOEF

ENDIF

ZCON=0.

- INLAY.EQ.1) GOTO 35
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[F(K+1.GT.NLAY .AND. IBOUND{ I K-1).EQ.0) GOTO 35
[F(K.EQ.1 .OR. (K.GT.1 .AND. IBOUND(,IK-1).EQ.0)) GOTO 35

[F(K.EQ.NLAY .OR. (K.LT.NLAY .AND. IACT(,] K+1).EQ.0)) THEN
IF(K-1.EQ.1 .OR. (K-1.GT.1 .AND. IBOUND{,1 K-2).EQ.0)) THEN
DVB=1.5*DELL(,I,K)+DELL(,L,K-1)

ELSE

DVB=DELLgIK)»@5*(DELL(,L K}+DELLQ,L,K-1))

ENDIF

SCOEF=0.

UCOEF=1./@DRC*DVB)

VCOEFsUCOEF

XCOEF=UCOEF

YCOEF=0.

ZCOEF=UCOEF

ELSE
IF(K-1.EQ.1 .OR. (K-1.GT.1 .AND. IBOUND{J[I}]<2)IBQ(0)) THEN
DVC=DELLGJLK)+0.5*DEILILG,J K+1)+DELLG,LK-1)
ELSE
DVC=DELL;[K+0F(DELL(J,LK+1)+DELLG,LK-1))
ENDIF

SCOEF=1./@2*DRC*DVC)

UCOEF=0.

VCOEF=SCOEF

XCOEF=0.

YCOEF=SCOEF

ZCOEF=SCOEF

ENDIF

ZCON=-FXQVVEIQEPUSLZ(+1,1K+1)-UCOEPUSLZ(HIL1,K)- WCOERP
1UISLZAH ) X COERISLZ(-IK)- YCOEP USLZG-1,1, K+1)+
2 ZCOEPUSLZ(-1LK-1)+SCOEPUOLDZG+1 LK +1)-UCOEP UOLDZG+1 LK)
3.VCOEFUTILINZAQE DZR-1)EXCOERUOHLIDAYL I, LK)

4-YCOEFUQERZQUN XF )1 ECOEZUOEPZQI DK1Y, K-D)
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C8L2-——NOW PUT COEFFICIENTS INTO NUMERICAL APPROXIMATION TO
C  GOVERNING EQUATION
35 YCON=FACHOTOPFPUSIY a1 I+, K)+HECOEPUS LYP+1, LIOHHICORP
1WBLY g+, - BB E RIS S QY H- KR HHTOBRISS DY {H1 LK)+
2 QCOERISS LY ¢-1 JH1 )+ DCOEPUGLDY 1 JH+LK ) +ECOEPUQLD Y §+UIK)
3-FCOEPUOLDY(+1,M1)-GCOEPUOLDYd-1I+ LK)+
4HICOERQLDY §-U JK)»QCOERILTILDY ¢-H1 JHLK))

c
RESIM=FAC(CCOBERISEXY 61 JK-BEOBFRISEXH i K)ACORR
TUSLXUUK)H+CCOBPUOLDXG+1,1LK)-BCOBPUOLDXG LK)+
2 ACOERODIDXG- 1) JOY-YOON XD QBB XL RS ITHIT+UOLDX @, LK)-
3USLXYILK) X '

e —

C8L3—CALCULATE SOURCE TERMS AND CONSTANTS
I[FINUMIT EQ1) COEF=YCON+ZCON+QBX i I MDIELT

CACTIIANFENRIA
C DISPLACEMENT
39 ANORMIF=ANGRMF+ABS(COEF)
ANORM=ANORN+AWES(RESID)
USLXGNK)=USLX@,LK)-OMEGA *RESHIDY (-FAC1)
40 CONTINUE
C

JSW=3-JSW
20 CONTINUE

C

C8N——CALCULATE OMEGA
KSW=3-IKSW
IF(NUMIT.EQ.1 .AND. IPASSEQ.1) THEN

---  OMEGA=/1100( DD0-S5D0RIA0X312)
ELSE
OMEGA=1.D0/(11.D0-0.25DOSRJACX**250OMEGA)
ENDIF '

98 CONTINUE
Cc
C80—CHEUK IFOR CONMERGENCE
! = HRANORMILE XCILOSE*ANORMF) THEN
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I

WRITEaOUT,70) NUMIT
70 FORMATAdX/NUMBER OF INNER ITERATIONS IN X IS'I5)
GOTO 1000
ENDIF
EF(ANORM.GT*CLOSE*ANORMF .AND. NUMIT.LT.ISTEP) GOTO 15
[FCNUMIT.GE.ISTEP) WRITEaOUT48) ISTERKSTP,
| KPERANORM~~ORMENUMOUT
48 FORMAT(IX/>>*WARNING*>> CONVERGENCE NOT MET AFTER',15/
| INNER ITERATIONS, AT TIME STEP,I5,' OF STRESS PERIOI*JS,/
21X, IN X. FINAL NORM OF RESIDUAL CALCULATED TO BE',F10.6,/,
3 IX,' IN X. HNAL NORM OF TRUE ERROR CALCULATED TO BE'J10.6,/,
41X,0UTER ITERATION NUMBER',15,)  ~\
C
C9----CHECK IF ROW DIRECTION ITERATION NECESSARY
2000 IF(NROW.EQ.I) GOTO 3000

C

C9A—SET INITIAL OMEGA
OMEGA=1.D0

C

C9B—ITERATE TO SOLVE FOR THE DISPLACEMENT IN THE Y DIRECTION
NUMIT=0.

17 DIFFY=0.

ANORMF=0.D0
NUMIT=NUMIT+1

C

C9C----"SET NORM FOR RESIDUAL TO ZERO AND BEGIN ODD-EVEN ORDERING
ANORM=0.D0
JKSW=1
DO097IPASS=1,2
ISW=JKSW

C

C9D-— LOOP THROUGH LAYERS AND COLUMNS
EX)25K=1,NLAY
D025J=1,NCOL

C

C9E-—- CALCULATE STRAIN IN THE Y DIRECTION
IF(NLAY.EQ.) GOTO-12
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CALLSUSLIY(USLY,JACTJNROW,K,DELC,STRNY,NCOL,NLAY)

CYF----INNER LOOP FOR ROWS
12 DO45I=ISW,NROW~
C
C9G--— CHECK FOR NON-ACIWE CELLS
C  CHECK FOR ACTIVE CELLS AND LOOP THROUGH CELLS WHERE IACT=1
IFIACTO,LK).EQ.0) GOTO 45
C
C9I----CALCULATE PROPER VALUE OF SPECIHC STORAGE, SET CONSTANTS
EFOAYCONOO.EQ.1) SS=SSE04IC)
IF{LAYCON(K).NE.1)SS=SCiaLK)/
| (DELLO,LK)»DELC(I)*DELRa))
IFCKUNIT.EQ.O .AND. SS.LT.4.32E-6) SS=4.32E-6
IFCKUNTT.NE.O .AND. SS.LT.1.36E-6) SS=1.36E-6

C CALCULATE STORAGE FOR ALL LAYCON VALUES
IF{NLAY.EQ.I .OR. USLYa,LK).EQ.0.) SSKai,K)=SS

C SET CONSTANT COEFnCIENTS FOR ALL CELLS REGARDLESS OF BOUNDARY
H=HCa,LK)
FAC=H*DELT/(CON")
FACV=H*DELT/(CON‘SSKO,LK))
C
C9J1-— SET UPBOUNDARY COEFHCIENTS FOR LEFTMOST ACTIVE CELL
C  ALONG A COLUMN
IFa.EQ.l .OR. a.GT.l .AND. IACTO0,I-1,K).EQ.0)) THEN
C
C DETERMINE VALUES OF THE COEFnCIENTS
DCP=DELC(D*(DELC(I+])+DELCa))
DCF=0.5»(DELCa+1)+DELCa)>

CCOEF=1/DCP
BCOEF=CCOEF+1/(DELCa)*DELCa))
FACI=I+FAC»BCOEF

IFO.EQ.l .OR. a-GTI ‘AND. IACT(J-L1,K).EQ.0)) THEN
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DRF=DELR()®BRLRR)F DRLR))
DCOEF=1. /(2*DCPDIRF)
ECOEF=DCOEF

FCOEF=0.

PCOEF=DCOEF

QCOEF=-DCOEF

RCOEF=0.

ELSEIFG:EQNCOL .OR. (-LTNCOL .AND. IACTQ+UIK)EQO)) THEN
DRB=DELR())+0 F{DELIR)DEILR(-1))

DCOEF=0.
ECOEF=-1./(221DXTF*DIRB)
FCOEF=-ECOEF
PCOEF=0.
QCOEF=-ECOEF
RCOEF=-ECOEF

ELSE
DRC=DELRQ0.5*(DELRJ+1)+DELR(H))
DCOEF=1. /Z*DCF*DRC)

ECOEF=0.

FCOEF=DCOEF

PCOEF=DCOEF

QCOEF=0.

- RCOEF=DCOEF

ENDIF

ZCON=0.
IF(NLAYEQ1) GOTO 36
[F(K+tGT.NLAY .AND. IBOUND(.LK-1)BQO) GOTO 36

IF(K.EQ.1 .OR. (K.GT.1 .AND. BOUNDGILK-EQ.0))GOTO36

IF(K.EQ.NLAY OR. (KILT.NLAY .AND. IACTgiKK-DLEER®)) THEN
IF(K-1.EQ.1 .OR. (K-1.GT.1 .AND. BOUNIX},LK-2)BQ0)) THEN
DVB=1STBELYJ KI)DBELYAKA)

ELSE "
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DVB=DELL0,1,K)+0.5*(DELLai,K)+DELLO,LK-1))
ENDIF

SCOEF=0.

UCOEF=L./(2*DCF*DVB)

VCOEF=UCOEF

X2COEF=0.

Y2COEF=UCOEF

Z2COEF=UCOEF

ELSE
IF(K-LEQ.I .OR. (K-L.GT.l .AND. IBOUNDQ,14C-2).EQ.0)) THEN
DVC=DELLa4,K)+0.5*DELLaLK+)+DELL(J,LK-1)

ELSE

DVC=DELLO0,LK)+0.5*PELLaLK+1)+DELL0,LK-D)

ENDIF

SCOEF=1./(2*DCPDVC)

UCOEF=0.

VCOEF=SCOEF

X2COEF=SCOEF

Y2COEF=0.

Z2COEF=SCOEF

ENDIF

ZCON=-FACV*(SCOEPUSLZai+|,K-+1)-UCOEPUSLZ(J,I+1,K)-
IVC5:0EPUSLZai+1,K-1)O(2COEPUSLZ0,LK+1)+Y2COEPUSLZaLK)
2+Z2COEPUSLZa,LK-1)+SCOEPUOLDZai+LK+])
3-UCOEPUOLDZai+1,K)-VCOEPUOLDZa,I+1,K-1)-X2COEPUOLDZa,L
4 K+1)+Y2COEPUOLDZa,LK)+Z2COEPUOLDZai,K-1))

C9J2----NOW PUT COEFFICIENTS INTO NUMERICAL APPROXIMATION TO

C

GOVERNING EQUATION

36 XCON=FAC*(DCOEPUSLX0+U+L,K)*ECOEPUSLXa,I+1,K)-

IFCOEPUSLXa-LI+1,K)-PCOEPUSLX (I+U,K)+QCOEPUSLXO0,I,K)+
2RCOEPUSLX(J-LI,K)+IXOEPUOLDXa+1,1+1,K)+ECOEF»UOLDXai+1,K)
3-FCOEPUOLDXa-1,1+1,K)-PCOEPUOLDX(J+,LK)+QCOEPUOLDXO0,LK)
4 +RCOEPUOLDXa-1,1,K))
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RESID=RACEICCOBERISEYY A1 K) BEGEEPUSLY (ol K)CCOER
DI KR EBBCOBRICOD LD K, KN X XCONZZODN QBB Y, KK LT+
2 UOLDY@,LK)-USLY(LLK)

C

€9)3-—CALCULATE SOURCE TERMS AND CONSTANTS

IFINUMIT.EQ1) COEF=XCON+ZCONHUBYIIR)MDELT

C
GOTO 44
ENDIF
C
C9K1—SET UP BOUNDARY COEFFICIENTS FOR RIGHTMOST ACTIVE CELL
C ALONG A COLUMN v~ '
[FE.EQ.NROW .OR. LLT.NROW .AND. IACTY,I+1K).EQ.0)) THEN
c ,

C DETERMINE VALUES OF THE COEFFICIENTS
DCM=DELCHY)*DEIC(-1)+DELCH))

DCB=0.5*(DHILC(3-1)+DELC@)
C :
ACOEF=1/DCM
BCOEF=ACOEF+1 /((MELC({)*DELCH))
FAC1=IINC*BCOEF
C

IFG.EQ.1 .OR. (Gl .AND. IACT(Q-LLK).EQO)) THEN

DRF=DELR)#0.5*(DELRO)+ DELR@+1))
r-"@QOEF=1.{2*DCB*DRF)

HCOEF=-GCOEF

OCOEF=0.

PCOEF=GCOEF

QCOEF=GCOEF

RCOEF=0.

ELSEIFGEQNCOL .OR. GATINCOL .AND. IACTG+LIK)EQO)) THEN
DRB=DELR()+0.55(DELRG)+DELRG-D)

GCOEF=0.

HCOEF=1L/(29T5XIB"DIRB)

OCOEF=HCOEF

PCOEF-=B.




QCOEF=-HCOEF
RCOEF=HCOEF

ELSE
DRC=DELRO0)+0.5»(DELR0+1)+DELRa-1))
GCOEF=1./2*DCB*DRC)

HCOEF=0.

OCOEF=GCOEF

PCOEF=GCOEF

QCOEF=0.

RCOEFCCOEF

ENDIF

ZCON=0.
IF(NLAY.EQ.1)GOTO0 37

IF(K+1.GT.NLAY .AND. IBOUND(J/IK-1).EQ.0) GOTO 37
IF(K.EQ.l .OR. (K.GT.] .AND. IBOUNDa,,K-1).EQ.0)) GOTO 37

IF(K.EQ.NLAY .OR. (KLT.NLAY .AND. IACTaiK+D.EQ.O)) THEN
IF(K-L.EQ.l .OR. (K-.GT.I .AND. IBOUNDa,],K-2).EQ.0)) THEN

DVB=1.5*DELLa,[,K)+DELLa,l,K-1)
ELSE

DVB=DELLaLK)+0.5*(DELL(J,L,K)+DELL0,LK-1))

ENDIF
XCOEF=1./(2»DCB»DVB)
YCOEF=0.
ZCOEF=XCOEF
X2COEF=0.
Y2COEF=XCOEF." .
Z2COEF=XCOEF

ELSE

IF(K-LEQ.I .OR. (K-L.GT.l .AND. IBOUNDOXK-2).EQ.0)) THEN
DVC=DELLaLK)+0.5*DELLO,LK+)+DELLO,LK-I)

ELSE

DVC=DELLai,K)+0.5*(DELLai,K+1)+DELLO,IK-1))
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ENDIF

XCOEF=0.
YCOEF=1./(2*DCB*DVC)
ZCOEF=YCOEF
X2COEF=YCOEF
Y2COEF=0.
Z2COEF=YCOEF

ENDIF

ZCON=-FACV*(X2COEPUS5LZaiK+)-Y2COEPUSLZa,l K)-
1Z2COEPUSLZa,1,K-1)-YCOEPUSLZai-I/K-+1)+
2XCOEPUSLZa,1-,K)+ZCOEPUSLZ0/I-/K-1)+X2COEf*UOLDZaLK+1)-
3Y2COEPUOLDZaiK)-Z2COEPUOLDZa,1,K-1)-Y COEPljbLDZai-1.K+1)+
4 XCOEPUOLDZa,M,K)+ZCOEPUOLDZaM,K-D)

C

C9K2----NOW PUT COEFFICIENTS INTO NUMERICAL APPROXIMATION TO
GOVERNING EQUATION

37 XCON=FAC*(PCOEPUSLX0+1,],K)+QCOEPUSLXa,I,K)-RCOEP

USLXa-1XK)-GCOEPUSLXa+U-1,K)+HCOEPUSL Xai-LK)+OCOEP
2USLXa-1,I-1,K)+PCOEPUOLDXa+LIK)+QCOEPUOLDXai,K)-
3 RCOEPUOLDXa-LLK)-GCOEPUOLDXa+U-1,K)+HCOEP
4UOLDXai-1,K)+OCOEPUOLDX0-U-1,K))

C
RESID=FAC*(ACOEPUSLY0,I-,K)-BCOEPUSLYai,K)+
1ACOEPUOLDYO,I-UK)-BCOEPUOLDYO,]K))+XCON+ZCON+QBY(JJ.K)
2 *DELT+UOLDYa,LK)-USLYaiK)

C

C9K3---- CALCULATE SOURCE TERMS AND CONSTANTS
IF(NUMIT.EQ.I) COEF=XCON+ZCON+QBY0.LK)*DELT

C
GOTO 44
ENDIF "
C
CI9L1----SET UP COEFRCIENTS FOR ALL INTERIOR CELLS ALONG A COLUMN
C

C DETERMINE VALUES OF THE COEFFICIENTS
DCM=DELCa)*(DELCa-11+DELCG))
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DCP=DELC(D*(DELC(I+1 )+DELCa»
DCC=DELC(D+0.5*(DELC(I+])+DELCa-D)

CCOEF=1/DCP
ACOEF=I/DCM
BCOEF=ACOEF+CCOEF
FACI=I+FAC*BCOEF

IF0.EQ.1 .OR. O GT.l .AND. IACT0-1,1,K).EQ.0))THEN
DRF=DELR(J)+0.5*(DELRO)+DELR0+1))
DCOEF=1./(2»DCC*DRF)

ECOEF=DCOEF

FCOEF=0.

GCOEF=DCOEF

HCOEF=-DCOEF

OCOEF=0.

ELSEIFO-EQ.NCOL .OR. a LT.NCOL .AND. IACT0+1XK).EQ.0)) THEN

DRB=DELRa)+0.5*(DELRa)+DELR0-D)
DCOEF=0.

ECOEF=-1./2*DCC*DRB)
FCOEF=-ECOEF

GCOEF=0.

HCOEF=-ECOEF

OGOEF=-ECOEF  r--'

ELSE
DRC=DELRO)+0.5*(DELRa+])+DELRO-1))
DCOEF=L./(2*DCC*DRC)

ECOEF=0. —
FCOEF=DCOEF

GCOEF=DCOEF

HCOEF=0.

OCOEF=DCOEF

ENDIF

ZCON=0. e
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IF(NLAY.EQ.))GOT038
EF(K+1.GT.NLAY .AND. IBOUNDO,],K-1).EQ.0) GOTO 38

IF(K.EQ.l .OR. (K.GT.I .AND. reOUNDO,LK-1).EQ.0))GOTO38

IF(K.EQ.NLAY .OR. (K.LT.NLAY .AND. IACT0,1,K+1).EQ.0)) THEN
IF(K-LEQ.l .OR. (K-L.GT.l .AND. IBOUNDO,LK-2).EQ.0)) THEN
DVB=1.5*DELL0,LK)+DELL(J,LK-1)

ELSE

DVB=DELL0,LK)+0.5*(DELLa,I,K)+DELLaiK-1))

ENDIF

SCOEF=0.

UCOEF=L/(2»DCC*DVB)

VCOEF=UCOEF

XCOEF=UCOEF

YCOEF=0.

ZCOEF=UCOEF

ELSE
IF(K-LEQ. .OR. (K-LGT.l .AND. roOUNDO,LK-2).EQ.0)) THEN
DVC=DELLa,,K)+0.5*DELLa,LK+ )+DELLa,LK-1)
ELSE
DVC=DELLO0,L,K)+0.5‘(DELLa,LK+] }+DELLa,LK-1))
ENDIF

V SCOEF=L/(2*DCCJI3VC)
UCOEF=0.
VCOEF=SCOEF
XCOEF=0.
YCOEF=SCOEF
ZCOEF=SCOEF
ENDIF

ZCON=-FACV*(SCOEPUSLZa,I+1,K+1)-UCOEPUSL"0/I+1/K)-

| VCOEPUSLZai+l,K-1)+XCOEPUSLZai-1,K)-YCOEF*USLZai-1,K+1)+
2ZCOEPUSLZ0,I-LK-1)+SCOEPUOLDZa,I+1, K+1)-UCOEPUOLDZa,I+1,K)
3 -VCOEPUOLDZa,l+1 K-1)+XCOEPUOLDZa,M K)-

4 YCOEPUOLDZa,I-1,K+1)-t-ZGOEPUOLDZ(J,I-1,K-1))
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C

C9L2-—NOW PUT COEFHCIENTS INTO NUMERICAL APPROXIMATION TO

C GOVERNING EQUATION

38 XCON=FACHDOBEFPUSILXI 41111 K))-BACBEPUS X(RB1+1LK)-

1FCOERLBLX (L K)-GCOEPUSLXG+HIK)HHCOEFIHLX (,1-1LK)
2-+OCOEPWSLX{-1,1-1 K)+DCOEPUOLDXD+1,1+1, K)HECQRFPUOILIDX G
31 JK)-FCOEPUOLDX(-1,1+1, K)-GCOBRPUOLDR{i1I-1,K }+HCOBR
4UOLDX4@jH1K+OCOERILQLIDX -1 I K))

C
RESID=FAC{CCOBFPUBLYYJa 1, K)HRTOHRRP USLY DI K HACOERP
1UBLY gL KRCCRERs DO D KK BBCOEFSUOLDYE, LK) wACORR
2WQILIDYQ THIKK )¢ CON+ Z00NHOBY ] IK*DELT+UOLDY( X K)-
3WSLYG,LK) =

C

C9L3-—CALCULATE SOURCE TERMS AND CONSTANTS
IF(NUMIT EQ1l) COEF=XCON:+ZCON-AEBY (1K) DELT
c
C9M——CALCULATE NORM OF TRUE ERROR AND NEW VALUE OF
c DISPLACEMENT
44 ANORMF=ANORMF+ABS(COEF)
ANORM=ANORN{+ABSRESID)
USLYGLK)=USLYY,1, K)-OMEGA *REHIDY/(-FAC1)
45 CONTINUE
C
A ISW=3ISW
25 CONTINUE
C
CIN—CALCULATE OMEGA
JKSW=3-JKSW
IF(NUMIT.EQ.1 .AND. IPASSEiQ.1) THEN
OMEGA=1.D0/(1.D0-0.5DU*RJACY*12)
ELSE
OMEGA=1.D0/(1t ,D0-0.25DO*RJACY**25OMEGA)
ENDIF
97 CONTINUE
C
C90—s:CHECK FOR CONVERGENCE
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IF(ANORMLLE.XCLOSESANORMF) THEN
WRITEGOUT,71) NUMIT

71 FORMATIX/NUMBER OF INNER ITERATIONS IN Y IS',15)
GOTO 2000
ENDIF
IF(ANORM.GT.XCLOSE*ANORMF .AND. NUMIT.LTISTEP) GOTO 17
IF(NUMIT.GE.ISTEP) WRITE(IOUT,43) ISTERKSTP,
1 KPER ANORM,ANORMENUMOUT

43 FORMAT(IX,**YWARNING*** CONVERGENCE NOT MET AFTER',15/
1 INNER ITERATIONS, AT TIME STEP',I5, OF STRESS PERIOD', 15/,
21X,/ IN Y. FINAL NORM OF RESIDUAL CALCULATED TO BE'FIQf/,
31X, IN Y. FINAL NORM OF TRUE ERROR CALCULATED TO BE F106/,
4 1X,'OUTER ITERATION NUMBHRR 1337"

C

Ch0-—LOOP THROUGH ALL THE COMPONENT DIRECTIONS AGAIN UNTIL

C CONVERGENCE

3000 DO 81 K=1,NILAY
DO 81 I=1,NROW

7 DO 81 J=1,NCOL
ERR=AMAXI((ABSWUSILX ]I TN LK) ABS(USLYE,LK)-
1TEBWIPYQLILK)), ABS(USLZ{,1K)-TEMPZ{,LK)))
IFERR-GT.TDIFF) TDIFF=ERR
81 CONTINUE
IFCIDOLD.LT.TDIFF) GOTO 4000
. TDOLD=TDIFF
WRITE(IOUT,85)TDIFF
85 FORMAT(1X, TOTAL DIFFERENCE IS"E15.8)
[F(IIHEGT. TCLOSE .AND. NUMQUILT.IOSTP) GOTO 100
IF(TDIFF.LE. TCLOSE) GOTO 4000
IF(TDIFEGT.TCLOSE .AND. NUMOUT.EQ.IOSTP) WRITE(IOUT, 82) NUMOUT,
1 KSTPKPER :
S 82 FORMAT{(IX,“*WARNING, OUTER LOOP CONVERGENCE NOT MET

i1 AFTER',I5,/OUTER ITERATIONS AT TIME STEP,15,) OF STRESS PERIODY,15)
GOTO 4000

C
Ci1——PRINT NUMBER OF OUTER ITERATIONS NEEDED FOR CONVERGENCE
4000 WRITE{IQHT;83) NUMOUT




188

83 FORMATdX/NUMBER OF OUTER ITERATIONS =,15,)

-MOVE DOUBLE PRECISION VALUES TO SINGLE FOR PLOTING

DOI9K=1,NLAY

DOI9I=|,NROW

D019J=1,NCOL

UXaLK)=USLXaiK)

UYaW=USLYai,K)

UZai,K)=USLZO0.IK)

19 CONTINUE

-RETURN
RETURN
END



Yadable  Range

ACOEF Module
ANORM Module
ANORMF Module
BCOEF Module
BOX Global

CCOEF Module
COEF Module
CON Module

DCB Module
DCC Module
DCF Module

DCM Module

DCOEF  Module
DCP Module
DELC Global
DELL Global
DELR ~ Global
DELT Global
DRB Module
DRC Module
DRF Module

DRM Module

DRP Module
DV Module
DVB Module
DVC Module

4w
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List of Variables for Module USLIFM

Definitlon

Coefficient of the cell to the left or above in principal direction.
True error of residual based on L1-type norm.

L1 norm of source terms.

Coefficient of the cell of concern in the principal direction.
DIMENSION (NCOL,NROWNILAY), Elevation of bottom of
each layer. (NBOT is the number of layers for which LAYCON =
lor3)

Coefficient of the cell to right or below in principal direction.
Sum of source terms and constants of cell being evaluated.
Multiplication factor (not used for this governing equation).
Grid spacing component of coefficient of cell to left for columns
along rows or layers;**'

Grid spacing component of coefficient of cell for columns along
rows or layers.

Grid spacing component of coefficient of cell to right for
columns along rows or layers.

Grid spacing component of coefficient of cell to left along
columns.

Coefficient of USLY(h#+1,K+1), USLY{>-1[I+1,K), and
USLXGH1HILK).

Grid spacing component of coefficient of cell to right along
columns.

DIMENSION (NROW), Cell dimension in the column direction.
DELC(D contains width of row L.

DIMENSION (NCOL,NROW,NILAY), Cell dimension in the
layer direction.

DIMENSION (NCOL), Cell dimension in the row direction. «
DELRY) contains width of column J.

Length of current time step.

Grid spacing component of coefficient of cell to left for rows
along columns or layers.

Grid spacing component of coefficient of cell for rows along
columns or layers.

Grid spacing component of coefficient of cell to right for rows
along columns or layers.

Grid spacing component of coefficiient of cell to left along rows.
Grid spacing component of coefficient of cell to right along
TOws.

Grid spacing component of coefficient of cell along layers.

Grid spacing component of coefficient of cell above for layers
along rows or columns.

Grid spacing component of coefficient of cell for layers along
rows or columns.




Variable  Rangg
DVM Module
D2COEF Module
ECOEF Module
ERR Module
E2COEF Module
FAC Module
FACH Module
FACV Module
FACi Module
FCOEF Module
F2COEF  Module
GCOEF Module
G2COEF Module
H Module
HC Package
HCOEF Module
HNEW Global
HOLD Global
HV Module
HY Global
H2COEF Module
I ~'" Module
IACT Global
IBOUND Global
Jsw Module
IKSW Module
I0STP Module
IOUT Global
IPASS Module
ISW Module
] Module
JKSW Module
JsW Module
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f Vari for M L

Definiti

Grid spacing component of coefficient of cell below for layers
along rows or columns.

Coefficient ofusmggi,l,x_ﬂ Coefficient of USLY(,L,K+1),
USIY LK bm‘ﬁﬁ;k).

Error of cell measured for each outer iteration.
Coefficient of USLX(J,LK+1).
Constant equal to correct hydraulic conductivity times DELT
divided by specific storage times CON.
Same as FAC but specific storage is for horizontal direction.
Same as FAC but specific storage is for vertical direction.
HFAC*BCOEF .
Coefficient of USLY(i“1.K+1), USLY(+1,I-1,K), USLXELI+1LK).
Coefficient of US ALK +1).
Coefficient of US%#LY(—D,IMLY@-UI#MK), USLX G, MK).
Coefficient of USLX{-1IK-1).
Temporary value of horizontal hydraulic conductiwiity.
DIMENSION (NCOL,NIROW, NILAY), Horizontal hydraulic
conductivity evaluated for each cell in the grid.
Coefficient of USLY(,],K-1), USLY(1LIK), and USLX(G-LK).
DIMENSION (NCOL NROW;NILAY), Most recent estimate of
head in each cell.
DIMENSION (NCOLMROWNILAY), Head at the start of the
current time step.
Vertical hydraulic conductivity equal to HC*RATIO.
DIMENSION(NCOL,NIROW,NILAY), Horizontal hydraulic
conductivity for cells where LAYCON = 1 or 3.
Coefficient of USLX{,],K-1).
Index for rows.
DIMENSION (NCOIMMAY) B@.mdary array
identifying active cells in which displacement is calculated
DIMENSION (NCOL,NROW,NILAY), Status of each cell

<0, constant-head cell

=0, inactive cell

>0, variable-head cell
Counter in column direction for odd-even ordering.
Counter in column direction for odd-even ordering.
Number of outer-loop iterations.
Primary unit nuniber for all printed output. IOUT = 6.
Index for odd-even ordering.
Index in row direction for odd-even ordering
Index for columns.
Counter in row direction for odd-even ordering.
Index for columns for odd-even ordering.




191

List of Variables for

Varable Range Definition

K Module Index for layers.

KB Module  Counter for layers for which bottom elevation is needed.
KN Module Counter for layers that have gone dry for USLZ adjustment.
KPER Global Stress period counter.
KR
KSTP

Module  Counter for layers for which hydraulic conductivity is needed.
Global  Time step coimter. Reset at the start of each stress period.
KSW Module Index for layers for odd-even ordering.
KT Module  Counter for layers for which top elevation is needed.
KUNIT Package Flag indicating whether english or metric units are used for
length. .
. =0 Meters are used as units of length.
- =1 Feet are used as units of length.
LAYCON Global DIMENSION (80), Layer type code:
0 - Layer strictly confined.
1 - Layer strictly unconfined.
2 - Layer confimedl/wmconfined (transmissivity is
constant).
3 - Layer confimadl/mnconfined (transmissivity varies).
NBULK  Global Flag indicating whether initial or ultimate bulk fluxes are used.
NCOL Global Number of columns in the grid.
NLAY Global Number of layers in the grid.
NMAX Package = Number of cells in either the row, column or layer direction—
whichever is greatest.
NROW Global Number of rows in the grid.
NUMIT Module Counter for inner-loop iterations.
NUMOUT Module Counter for outer-loop iterations.
OCOEF  Module Coefficient of USLY(pIM,K-1), USLYQ-1,1-1,K), USILXGHLELK).
- OMEGA Package Relaxation parameter for successive overrelaxation. o
02CQEF Module Coefficient of USLX({J-1,1K-1).
PCOEF  Module Coefficient of USLY(,I+1,K) and USLX(J+1,1K).
PS Package DIMENSION (NCOL,NROW,NILAY), Preconsolidation straim.
Used to determine whether specific storage is elastic or virgin.
P2COEF Module Coefficient of USLX(+1,LK).

. QBX Global DIMENSION (NCOL NROQW,NILAY), Bulk flux in X direction.
QBY Global DIMENSION (NCOL,NROW NILAY), Bulk flux in Y direction.
QBZ Global DIMENSION (NCOL NROW,NILAY), Bulk flux in Z direction.

QCOEF  Module Coefficient of USLY(Q),I+1,K) and USLX(J+1,LK).

Q2COEF Module Coefficient of USILX(BIJK).

RATIO Global DIMENSION (NCOL,NROW,NILAY), Ratio of vertical to
horizontal hydraulic conductiwity:.

RCOEF Module Coefficient of USLY(},J-1,K) and USLX(-1,LK).

RESID Module  Residual which defines the error at the cell during inner-loop
iteration.




Variable  Range
RJACX Module
RJACY Module
RJIACZ Module
R2COEF  Module
SCOEF Module
SC1 Global
sC2 Global
SPX Global
SPY Global
SPZ Global
S5 Module
SSE Package
SSK Package
Ssv Package
ssz Module
STRNX Package
STRNY Package
STRNZ Package
TCLOSE  Package
TDIFF Module
TDOLD  Module
TEMPX  Package
TEMPY  Package
TEMPZ  Package

~TOTIM Global
TRAN Package
UCOEF  Module
UOLDX  Package
UOLDY  Package
UOLDZ  Package
USLX Package

List of Variables for Modul L1FM (Contin
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Definition

Estimate of the spectral radius of the Jacobi iteration in X.
Estimate of the spectral radius of the Jacobi iteration in Y.
Estimate of the spectral radius of the Jacobi iteration in Z.
Coefficient of USLX(JHLLK).
Coefficient of USLZ(+LIJK+1) and USILZjil+ 1 ¥++D)-
DIMENSION (NCOL,NROW,NILAY), Primary storage capacity
of each cell (S*DELC*DELR).
DIMENSION (NCOL,NROW/,NILAY), Secondary storage
capacity of each cell in the grid.
DIMENSION (NCOL,NROW,NILAY), Ultimate specific
dischatge values in X, equivalent to the ultimate bulk fluxes in X
D SION (NCOL,NIROW,NILAY), Ultimate specific

e values in Y, equivalent to the ultimate bulk fluxes in Y
DIMENSION (NCOL,NROW,NILAY), Ultimate specific
discharge values in Z, equivalent to the ultimate bulk fluxes in Z
Current value of specific storage at the cell being evaluated.
DIMENSION (NCOL,NROQW,NILAY), Elastic specific storage.
DIMENSION (NCOL,NROW,NILAY), Specific storage in the Z
direction
DIMENSION (NCOL,NROW,NILAY), Virgin specific storage.
Temporary specific storage in Z direction.
DIMENSION (NCOL,NROW,NILAY), Strain in the X direction.
DIMENSION (NCOL,NROW,NILAY), Strain in the Y direction.
DIMENSION (NCOL,NROW,NILAY), Strain in the Z direction.
Closure criterion for outer-loop convergence.
Total error for outer-loop iteration at current time step.
Total error for outer-loop iteration at previous time step.
DIMENSION (NCOL,NROW,NILAY), Displacement in X L
direction at previous outer iteration.
DIMENSION (NCOL,NROW,NILAY), Displacement in Y
direction at previous outer iteration.
DIMENSION (NCOL,NROW,NILAY), Displacement in Z
direction at previous outer iteration.
Total simulation time.
DIMENSION (NCOL,NROW,NILAY), Transmissivity.
Coefficient of USLZ(),1+1,K) and USLZQ+1LEK).
DIMENSION (NCOL,NIROW,NILAY), Displacement in X
direction at previous time step.
DIMENSION (NCOL,NROW,NILAY), Displacement in Y
direction at previous time step.
DIMENSION (NCOL,NROW,NILAY), Displacement in Z
direction at previous time step.
DIMENSION (NCOLJNROW,NLAY), Displacement in X
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List of Variables for Module USLIFM Continued}

Varighls R Definiti

USLY Package DIMENSION (NCOUNIROWANILAY), Displacement in Y
USLZ Package DIMENSION (NCOL,NROWNILAY), Displacement in Z

UX Package DIMENSION (NCOL,NIRORNILAY) Single precision
displacement in X direction used for plotting.

[6)'4 Package DIMENSION (NCOL,NROW,NILAY) Single precision
displacement in Y direction used for plotting.

UZ Package DIMENSION (NCOL,NIROWNILAY) Single precision

displacement in Z direction used for plotting.
VCOEF  Module Coefficient of USLZ(,I+1LK-1) and USLZQ+1IK-1).
VSTRN  Package DIMENSION (NCOL,NROW,NILAY), Velizme strain.
XCLOSE Package Closure criterion for inner-loop convergence.
XCOEF  Module Coefficient of USIZ(511K) and USLZ(-L1K).
XCON Module  Contribution of cross-product derivatives of USLX for
displacement in the Y or Z directions.
X2COEF Module Coefficient of USILZ}1, K+1), and USLZG;IK-1).
YCOEF Module  Coefficient of USLZ{§H1 K+1) and USLZ(-LLK+1).
YCON Module Contribution of cross-product derivatives of USLY for

displacement in the X or Z directions.
Y2COEF Module Coefficient of USILZABIKK).
- ZAD] Module = Amount of displacement in the Z direction added to previously
active cells.

ZCOEF  Nitudhrlde C(b@fﬁiumrtt(ﬂﬂﬂﬂlm-llfllﬁ(l) )aanﬂll."a‘liIZZMH}lIﬁ(}))
ZCON  Nudiée S5 ;

disp]acement in the X or Y dn‘ecuons
ZIM Package DIMENSION (NCOL,NROW), Displacement in the layer of
image cells above the water table.
ZOM Package DIMENSION (NCOILNWROW), Displacement in the layer of
N - image cells above the water table at the previous time step.
Z2COEF Module Coefficient of USLZQ+1JK).




Narrative for Module USLIOT

This module prints or saves magnitude of displacement, directional components
of displacement, and volume strain according to flags set by the user for each stress
period. If flag IUSLOC is set in Module USLIAL then flags are read for printing or
saving these data. If the flags are greater than zero the data are saved for the stress
period. The data are printed or the data saved to disk according to flags set in Module
USLIAL. Each directional component of displacement has its own flag for printing or
saving so that the user does not have to print out all component directions if this should
be undesirable.

Module USLIOT is called each stress period by the MAIN program and calls
utility modules ULAPRS and ULASAV (see McDoirald and Harbaugh, 1988). Module
USLIOT performs its functions in the following order

1. Initialize print and save flags

2. Read print and save flags if IUSLCXI is set.

3. Print magnitude of displacement if NMAGPR > 0.

Save magnitude of displacement if NMAGSV

4. Print X-displacements if NUSXPR >0.

Save X-displacements if NUSXSV > 0.
5. Print Y-displacements if NUSYPR > 0.
Save Y-displacements if NUSYSV > 0.
6. Print Z-displacements if NUSZPR > 0.
Save Z-displacements if NUSZSV > 0.
7. Print volume strain if NVSTPR > 0.
Save voliune strain if NVSTSV > 0.
8. RETURN
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Row Chart for Module USLIOT

IUSLOC is the flag to deterniine whether
displacements are calculated and whether
displacements and volume strain are
printed or saved.

NMAGFM and NMAGSYV are the flags
indicating whether the magnitude of
displacement is printed or saved for the
stress period, respectively.

>0 values are printed or saved

<=0 values are not printed or saved.

NUSXPR and NUSXSV are the flags
indicating whether the X-displacements
are printed or saved for the stress period,
respectively.

>() values are printed or saved

<=0 values are not printed or saved.

NUSYPR and NUSYSV are the flags
indicating whether the Y-displacements
are printed or saved for the stress period,
respectively.

>() values are printed or saved

<=0 values are not printed or saved.

NUSZPR and NUSZSV are flags indicating
whether the Z-displacements are printed
or saved for the stress period, respectively.
>0 valu”are printed or saved.
<=0 values are not printed or saved.

NVSTPR and NVSTSV are flags indicating
whether volume strain is printed or saved
for the stress period.

>0 values are printed or saved.

<=0 values are not printed or saved.



ﬁ
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SUBROUTINE USL10T(USLX, USLYUSEZAAAMT INCOL NROW,NLAY,IOUT,IN,
1 TUSLOC,IACKNSTRKPER, KSTPNMAGFM,NUSXFM,NUSYFM,NUSZFM,

2 NVSTFMNMAGUN,NUSXUN,NUSYUN,NUSZUN,NVSIUN, PERFIM, TOTIM,
3 VSTRN,BUFF)

PRINT AND RECORD DISPLACEMENT OF SOLIDS INFORMATION

SPECIFICATIONS:

a0 0no0n

CHARACTERS TEXT *,
DOUBLE PRECISION USLX;USLY,JUSLZ

DIMENSION USLX(NCOL,NROW,NILAY), USLY(NCOL,NROW,NLAY),

1 1ISLZENCOL,NROW,NLAY)JUMAG(NCOL,NROW,NLAY),JACT(NCOL,
2 NROWINILAY), TEXTI¢S), VSTRREKCOL, NROWNILAY), BUFF(NCOL,

3 NROW,NILAY)

DATA TEXT(LILTEXT(2,1),TEXI(B 10)TEXT(4,1)
1 /' DIS'/Ip. M'/AGNITTUDRE LERXTU)ZLEENTZ R TEXI B, 2),
2 TEXT(4,2) /' X-*/DISP/ILACE/NAENT7/JEEXT(U3)IEXT(23),
3 TEXT(®3),TEXT@43) /' Y-VDIEF¥/LACE'/NIENI7/TEEXI{A),
4 TEXT(2,4),TEXT(3,4),TEXT(4,4) /* Z-/DISF/ILACE/MENT7,

- - 5 TEXTULS)TEXK@STEXTG5)TEXTUAS)’ V'/OLUMI/E ST, P
6 RAIN'7

C
C
C1—INITIALIZE FLAGS FOR PRINTING AND SAVING SUBSIDENCE, MAGNITUDE
C -OF DISPLACEMENT, AND DIRECHONAL COMPONENTS OF
C DISPLACEMENT.

NMAGPR=0

NUSXPR=0

NUSYPR=0

NUSZPR=0

NVSTPR=0

NMAGSV=0




NUSXSV=0
NUSYSV=0
NUSZSV=0
NVSTSV=0

—READ FLAGS FOR PRINTING AND SAVING IF IUSLOC IS SET
IF(IUSLOC.LE.O) GOTO 170
READON") NMAGPR,NU5XPR,NUSYPR,NUSZPR,NVSTPR,NMAGSV
I NUSXSV,NUSYSV,NUSZSV,NVSTSV
3 FORMATAOIS)
WRrrEaOUT,6) NMAGPR,NUSXPR,NUSYPR,NUSZPR,NVSTPR,
| NMAGSV,NUSXSVNUSYSV,NUSZSV,NVSTSV * y
6 FORMAT!/,IX/FLAGS FOR PRINTING AND STOWNd MAGNITUDE OF
| DISPLACEMENT, AND DIRECTIONAL COMPONENTS OF DISPLACEMENT:'
2 /' NMAGPR NUSXPR NUSYPR NUSZPR NVSTPR NMAGSV NUSXSV
3NUSYSV NUSZSV NVSTSV/
2
5 '/,15,919)

e PRINT MAGNITUDE OF DISPLACEMENT FOR ALL LAYERS

“IF(NMAGPR.LE.O) GOTO 80
CALLUBCUSL(USLX,USLY,USLZ,NCOL,NROW,NLAY,IACT,UMAG,IUSLOC)
DO08K=1,NLAY
I[F(INMAGFM.LT.O) CALL ULAPRS(UMAG(1,1,K),TEXT(1,1),KSTP,KPER,

V 1 NCOL,NROW K, NMAGFM,IOUT)
IF(NMAGFM.GE.O) CALL ULAPRW(UMAG(1,1,K),TEXT(1,1),KSTP,KPER,

1 NCOL>JROW.K,NMAGFMJOUT)
8 CONTINUE

C
C- -SAVE MAGNITUDE OFJDISPLACEMENT FOR ALL LAYERS

80 IF(NMAGSV.LE.0)GOTO90
CALLUBCUSL(USLX,USLY,USLZ NCOL,NROW Y ,JACT,UMAG,IUSLOC)

D09K=1,NLAY
CALLULASAV(UMAG(LLK),TEXT(1,1),KSTP,KPER,PERTIM,TOTIM,NCOL,

1 NROW,K,;NMAGUN)
9 CONTINUE
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90 IF(NUISXPREEK)) GO'DO 100
DO20K=NIAY
DO20 = NROW
DO20J=1LNICOL
=USLX(LLK)
BUFFG,LK)=UX
20 CONTINUE
DO 11 K=1,NLAY
[E(NUSKENIITTO) CALL ULAPRS(BUFF(1,1,K), TEXT({,D)KSTP,KPER,
1 NCOLNROWK,-NUSXFM,IOUT)
IF(NUSXEFM GE0) CALL ULAPRW(BYFF(LIK)TTEXT(1 2)KSIPKPER,
1 NCOL.NW&MBXMNQI@D}W
11 CONTINUE
C
C SNV X QO ONENT QFF IS AL ACENENIT FROR AL AYEHRS
100 IFINUSXSVLEO) GOTO 110
/ DOAKKEINNLAY
DO 21 I=1,NROW
DO 21 J=1,NCOL
UX=USIX(WLK)
BUFFQ,L,K)=UX
21 CONTINUE
DOIPKKAINIAY
- r-eBALULAIS XVBBIFE], K KLERTT(2, 2 KKS PRAIER MERTIM, TOTIM,NCOL,
1 NROW,K,NUSXUN)
12 CONTINUE
C
C5--———-PRINT Y COMPONENT OF DISPLACEMENT FOR ALL LAYERS
110 IF(NUSYPR.LE.0) GOTO 120
PR 22IK=1)NILAY
DO21i=l1,NROW A
DOZ2J}=1,NCOL '
UY=USLY(,LK)
BUFF(,LK)=UY
22 CONTINUE

DO BI&1NLAY
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IF(NUSYFM.LT.O) CALL ULAPRS(BUFF(1,1,K), TEXT(U),KSTRKPER,
| NCOL,NROW,K,-NUSYFM,IOUT)
IF(NUSYFM.GE.O) CALL ULAPRW(BUFF(1,1,K),TEXT(U),KSTP,KPER,
| NCOL;MROW,K,NUSYFM,IOL)T)

13 CONTINUE

C-——- SAVE Y COMPONENT OF DISPLACEMENT FOR ALL LAYERS
120 EF(NUSYSV.LE.0) GOTO 130
D023K=1,NLAY
D0231=1,NROW
D023J=1,NCOL
UY=USLYai,K)
BUFFai,K)=UY
23 CONTINUE
DO14K=1,NLAY
CALLULASAV(BUFF(L,LKLTEXT(U),KSTP,KPER, PERTIM, TOTIM,NCOL,
I NROWXNUSYUN)
14 CONTINUE

C6-—- PRINT Z COMPONENT OF DISPLACEMENT FOR ALL LAYERS
130 IF(NUSZPR.LE.O) GOTO 140
D024K=1,NLAY
D0241=1,NROW
DOMIJ=],NCOL
UZ=USLZa,LK)
BUFFaiK)=UZ
24 CONTINUE
DO15K=1,NLAY
IF(NUSZFM.LT.O) CALL ULAPRS(BUFF(1,1,K),TEXT(1,4),KSTPKPER,
| NCOL,NROW,K,-NUSZFM,IOUT)
IF(NUSZFM.GE.O) CALL ULAPRW(BUFF(1,1,K), TEXT(1,4),KSTP,KPER,
I NCOL,NROW,K,NUSZFM,IOUT) ~ *
15 CONTINUE

C--- SAVE Z COMPONENT OF DISPLACEMENT FOR ALL LAYERS
140 IF(NUSZSV.LE.O>GOTO 150
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D025K=1,NLAY
D0251=1,NROW
D025J=1,NCOL
UZ=USLZai/K)
BUFFa,LK)=UZ
25 CONTINUE
D016K=1,NLAY
CALLULASAV(BUFF(L1,K),TEXT(1,4),KSTP,KPER,PERriM, TOTIM,NCOL,
| NROW,K,NUSZUN)
16 CONTINUE

C7-—--PRINT VOLUME STRAIN FOR Al4. LAYERS
150 IF(NVSTPR.LE.0) GOTO 160
D017K=LNLAY
IF(NVSTFM.LT.0) CALL ULAPRS(VSTRN(1,1,K),TEXT(1,5),KSTP,KPER,
| NCOL,NROW K,-NVSTFM,IOUT)
IF(NVSTFM.GE.O) CALL ULAPRW(VSTRN(1,LK),TEXT(1%),KSTP,KPER,
I NCOL,NROW,K,NVSTFM,IOUT)
17 CONTINUE

C-—-- SAVE VOLUME STRAIN FOR ALL LAYERS
160 IF(NVSTSV.LE.O) GOTO 170
DOISK=],NLAY
CALL ULASAV(VSTRN(LLK),TEXT(1,5),KSTP,KPER,PERTIM,TOTIM,NCOU
IINrTROW,K,NVSTUN)
18 CONTINUE

C8--—--- RETURN
170 RETURN
END



Moaizls
BUFF

I
IACT

IN

10UT
IUSLOC

J
K

KPER
KSTP
NCOL
NLAY

Range
Global

Module
Package

Package

Global
Package

Module
Module
Global
Global
Global
Global

NMAGFM Package
NMAGPR Module
NMAGSV Module
NMAGUN Package

NUSXFM
NUSXPR
NUSXSV
NUSXUN

NUSYFM
NUSYPR
NUSYSV
NUSYUN

NUSZFM
NUSZPR
NUSZSV
NUSZUN

NVSTFM
NVSTPR
NVSTSV
NVSTUN

TEXT
TOTIM

Package
Module
Module
Package

Package
Mfodule
Module
Package

Package
Module
Module
Package

Package
Module
Module
Package

Module
Global

List of Variables for Module USLIOT

Definition

DIMENSION (NCOL,NROW ,NLAY), Buffer used to accumulate
information before printing or recording it.

Index for rows

DIMENSION (NCOL,NROW NLAY), Boundary array
identifying active cells in which displacement is calculated.
Primary imit number from which input for this package will be
read.

Primary unit number for all printed output. lIOUT = 6.

Flag indicating whether displacements are calculated and
displacements and volume strain printed or saved.

Index for columns \

Index for layers

Cotmter for number of stress periods.

Counter for number of time steps.

Number of columns in the grid.

Number of layers in the grid.

Code indicating format for printing magnitude of displacement
Flag indicating whether magnitude of displacement is printed.
Flag indicating whether magnitude of displacement is saved.
Unit number indicating where magnitude of displacement data
are to be recorded.

Code indicating format for printing X-displacements.

Flag indicating whether X-displacements are printed.

Flag indicating whether X-displacements are saved.

Unit number indicating where X-displacement data are to be
recorded.

Code indicating format for printing Y-displacements.

Flag indicating whether Y-displacements are printed.

Flag indicating whether Y-displacements are saved.

Unit number indicating where Y-displacement data are to be
recorded.

Code indicating format for printing Z-displacements.

Flag indicating whether Z-displacements are printed.

Flag indicating whether Z-displacements are saved.

Unit number indicating where Z-displacement data are to be
recorded.

Code indicating format for printing volume strain.

Flag indicating whether volume strain is printeid.

Flag indicating whether volume strain is saved.

Unit number indicating where volume strain data are to be
recorded.

Label for printout of input array.

Total simulation time....
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Varigble
UMAG
USLX
USLY
UsLZ

uz
VSTRN

Range
Package
Package
Package
Package
Module
Module

Module
Package
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List of Variables for Module USLIQT
ile ﬂi o'a
DIMENSION (NCOL,NIROW,NILAY), Magnitude of
displacement.

DIMENSION (NCOL,NROW,NILAY), Displacement in the X

direction.

DIMENSION (NCOL,NROW,NILAY), Displacement in the Y

direction.

DIMENSION (NCOL,NIROW,NILAY), Displacement in the Z

direction.

Temporary variable for displacement in the X direction.

Temporary varlable for displacement in the Y direction.
vafiable for displacement in the Z direction.

DIMENSION (NCOL,NIROW,NILAY), Voliume strain.
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Flow Chart for Module SUSLIX

NCOL is the number of columns in the
grid.

IACT is the boimdary array indicating
the cells where displacement is calculated.
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SUBROUTINE SUSL1X(USLX JACENCOL,I,K, DELR STRNX NIROW/NILAY)

C

e ****** FFPNFier i i o Hwivh N F P

C CALCULATE THE STRAIN IN THE X DIRECTION

e Fo¥ ol g b WWigh

C

C SPECIFICATIONS:

<
DOUBLE PRECISION USLX
DIMENSION USLX(NCOL,NROW,NLAY),IACT(NCOL, NIROW/,NILAY),
1 DELR(NCOL)/STRNX(NCQIL NROWNLAY)

C

C o

Ci———LOOP THROUGH ACTIVE CELLS FOR EACH COLUMN
IFENCOILGTT SOITon
GOTO 23

1100 (03 INCOL
C

C2——QIHBCK FOR ACTIVE CELLS
[FUACTGiK)EQO) GOTO 10
C
C3——FOR CELLS ALONG A COLUMN CALCULATE STRAIN
C LOWEST ACTIVE COLUMN
IFG:EQ-1 .OR. Q:GT.1 .AND. IACTQ-LLK).EQ0O)) THEN
v - STRNXGLIOESERX (1L IKH-USELXGLIK)) (MPERR))+@.5*

1 (DELRQ+D+DELR()))
GOTO 10

ENDIF
C HIGHEST ACTIVE COLUMN
IFQ.EQ.NCOL .OR. QALTTINCOL .AND. IACT4+W,KK)EQQO)) THEN
STRNXY,LK)=(-USLXGILK)-USLX(-LILK)) (DR (D+0.5*
1 (DELRQ)+DELRG-1)))
GOTO 10
ENDIF
C INTERIOR ACTIVE CELLS ALONG A COLUMN
IFIACTGHKEXETO .AND. IACTQ+1LIEK)XEATO) THEN
STRNX(LIBO=USIDp 1,1 K} USLXGLLK)Y




| (DELR(J)+0.5*(DELRa+1)+DELRO-1)))
ENDIF
10 CONTINUE
C
C4-----RETURN
23 RETURN
END
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Variable

DELR

I
IACT

NCOL
NLAY
NROW
STRNX
USLX

Eaoge
Global

Module
Global

Module
Module
Global
Global
Global
Package
Package
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List of Variables for Module SUSLIX

DefioiriQQ

DIMENSION (NCOL), Cell dimension in the row direction.
DELRO) contains the width of column J.
Index for rows.
DIMENSION (NCOL,NROW,NLAY), Boundary array for
displacement.

>( cell is active.

<=0 cell is inactive.
Index for columns.
Index for layers
Niunber of columns in the grid.
Number of layers in the grid. ,
Number of rows in the gridr"
DIMENSION (NCOL,NROW,NLAY), Strain in the X direction.
DIMENSION (NCOL,NROW ,NLAY), Displacement in the X
direction.
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Narrative for Modul 1Y

This module calculates the strain in the Y direction. This value is used to
ealeulate the volume strain which is used to determine whether elastic or virgin specific

storage is used for a given cell in the model grid.
Module SUSL1Y is called by USLIFM and performs the following tasks
1..Check ¢hsseif NREWWR O W>1.
2. Check for active cells in the grid
3. Calculate strain in the Y direction.
4. RETURN




Flow Chart for Module SUSL1Y

NROW is the number of rows in the grid.

LACT is the boundary array indicating
the cells where displacement is calculated.
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SUBROUrNESUSLIY(USLYMCXJ,NROW,K,DELCOTNY,NCOL,NLAY)

C CALCULATE THE STRAIN IN THE Y DIRECTION

~ T g ek g legryeeeeiyer e irnet NN gl tektespoopTesposstoteny, gk gN ik gy

C SPECEFICATIONS:

DOUBLE PRECISION USLY
DIMENSION USLY(NCOL"OW,NLAY),IACT(NCOL,NROW,NLAY),
| DELC(NROW)3TRNY(NCOL,NROW,NLAY)

C

C

Cl- -LOOP THROUGH ACTIVE CELLS FOR EACH ROW

23 IF(NROW.GT.)GOTO 22
GOTO 33
22 DO20I=L,NROW

c

C2- —CHECK FOR ACTIVE CELLS
IF(IACTO,LK).EQ.0) GOTO 20

c

C3- -FORCELLS ALONG A ROW CALCULATE STRAIN

C LOWEST ACTIVE ROW
IFa.EQ.l .OR. a.GT.l .AND. IACT(J,M/K).EQ.0)) THEN
STRNYa,LK)=(USLYO0,I+1;K)+TJSLY0J,K))/(DELCa)+0.5*
| (DELCatl)+DELCa)))
GOTO020
ENDIF

C HIGHEST ACTIVE ROW
IF(LEQ.NROW .OR. O.LT.NROW AND. IACTai+1K).EQ.0)) THEN
STRNY (JJ40=(-USLY04")-USLY04-W)/(DELCa)+0.5*
| (DELCa)+DELC(I-]))) A
GOTO 20
ENDIF

C INTERIOR ACTIVE CELLS ALONG A ROW
IF(IACTai-LK).GT.O .AND. IACTa,I+LK).GT.0) THEN
STRNYa,LK)=(USLYa,I+],K)-USLY (r,r-LK))/
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| (DELCa)+0.5*(DELCa+l)+DELCa-1)))
ENDIF
20 CONTINUE
c
C4- -RETURN
33 RETURN
END

f:?



Variable
DELC

[
IACT

NCOL
NLAY
NROW
STRNY
USLY

Range
Global

Module
Global

Module
Module
Global
Global
Global
Package
Package

List of Variables for Module SUSL1Y

Definition

DIMENSION (NCOL), CeU dimension in the column direction.

DELCA]) contains the width of row L
Index for rows.
DIMENSION (NCOL,NROW,NLAY), Boundary array for
displacement.
>( cell is active.
<=0 cell is inactive.
Index for columns.
Index for layers
Number of columns in the grid.
Number of layers in the”™d.
Number of rows in the grid.
DIMENSION (NCOL,NROW,NLAY), Strain in the Y direction.
DIMENSION (NCOL,NROW,NLAY), Displacement in the Y
direction.
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N ive for Modul 1Z

This module calculates the strain in the Z direction. This value is used to
calculate the volume strain which is used to determine whether elastic or virgin specific
storage is used for a given cell in the model grid.

Module SUSL1Z is called by USLTFM and performs the following tasks

1. Check toseeif NILAY>>1.

2. Check for active cells in the grid

3. Calculate strain in the Z direction.

4. RETURN




Flow Chart for Module SUSLIZ

NLAY is the number of layers in the grid.

IACT is the boimdary array indicating
the cells where displacement is calculated.



SUBROUTINE SUSLIZ(USLZ,IACT,J,LNLAY,DELL,STRNZ,IBOUND,

| NCOUNROW)
C
N ****»******»»»****»»»*»********.***»****»**.****»***********»**
C CALCULATE THE STRAIN IN THE Z DIRECTION
Foyy T Fyy T Ay T A A KAy KKy 5y K (BFFFF 00N KKK KK eNyy Wy KKy 0y K K@ H F )y F s s
C
C SPECIFICATIONS:
| &
DOUBLE PRECISION USLZ
DIMENSION USLZ(NCOL>IROW ,NLAY),JACT(NCOL,NROW,NLAY),
IDELL(NCOL,NROW NLAY)3TRNZ(NCOLJ*OW,NLAY),IBAUND(NCOL,
2NROW,NLAY)
C
C

_LOOP THROUGH ACTIVE CELLS FOR EACH LAYER
33 IF(NLAY.GT.)GOTO 32
GOTO 41
32 DO30K=I,NLAY
C
_CHECK FOR ACTIVE CELLS
IF(IACTa,1,K).EQ.0) GOTO 30
IF(DELLa,LK).EQ.0) GOTO 30

C3------FOR CELLS THROUGH A LAYER AND CALCULATE STRAIN
C UPPERMOST LAYER
IF(K.EQ.I .OR. (K.GT.l .AND. IBOUNDaLK-1).EQ.O0))THEN
STRNZO,LK)=(USLZO,LK+1)-USLZO,LK))/
| (0.5*DELLa4,K+)+DELLO0,LK))
GOTO 30
ENDIF
C HIGHEST ACTIVE LAYER
IFOK.EQNLAY .OR. (K.LT.NLAY .AND. IACT(J,LK+1).EQ.0)) THEN
IF(K-LEQ.I .OR. (K-LGT.l .AND. IBOUNDa,LK-2).EQ.0)) THEN
STRNZa,,K)=(-USLZai*)-USLZ(J,LK-1))/(DELLai,K)+0.5*
| DELLai,K)+DELLO,LK-D)
ELSE
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STRNZa,IK)=(-USLZ(J,L,K)-USLZaiK-1))/(DELLa,LK)+0.5*
| (DELLO,LK)+DELLa,LK-1)))
ENDIF
GOTO 30
ENDIF

C INTERIOR ACTIVE CELLS THROUGH ALL LAYERS
IF(IACTa,LK-1).GT.O .AND. IACTa,LK+1).GT.0) THEN
IF(K-LEQ.l .OR. (K-L.GT.l .AND. IBOUND(IXK-2).EQ.0)) THEN
STRNZa,1")=(USLZa,LK+1)-USLZaiK-1))/
I(DELLa,L,K)+0.5»DELLa,["+1)+DELLO,LK-1))
ELSE
STRNZ(IXK)=(USLZ04,K+1)-USLZaLK-1))/
| (DELLO,LK)+0.5»(DELLaLK+)+DELLai/K-1)))
ENDIF
ENDIF

30 CONTINUE

C4------RETURN



Kr.-::-:

Variable
DELL

[
IACT

IBOUND

NCOL
NLAY
NROW
STRNZ
USLZ

Range
Global

Modvile
Global

Global

Module
Module
Global
Global
Global
Package
Package

List of Variables for Module SUSLIX

Definition

DIMENSION (NCOL,NROW,NLAY), Cell dimension in the layer

direction. DELLG,LK) contains the thickness of layer K.
Index for rows.
DIMENSION (NCOL,NROW,NLAY), Boundary array for
displacement.

>() cell is active.

<=() cell is inactive.
DIMENSION (NCOL,NROW,NLAY), Status of each ceU

<0 cell is constant head

=0 cell is inactive

>() cell is variable head
Index for columns.
Index for layers
Number of columns in the grid.
Number of layers in the grid.
Number of rows in the grid.
DIMENSION (NCOL,NROW,NLAY), Strain in the Z direction.
DIMENSION (NCOL,NROW,NLAY), Displacement in the Z
direction.
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Flow Chart for Utili le UB

IUSLOC is the flag indicating whether
displacement is calcuilated or not.
>0 displacement is calculated and
printed or saved.
<=0 displacement is not calculated,
printed or saved.

IACT is the boundary array flag for
calculating displacement

>0 cell is active

<=0 cell is inactive

USLX is the displacement in the X ‘
direction.

USLY is the displacement in the Y
direction.

USLZ is the displacement in the Z
direction.

UMAG is the magnitude of displacement CALCULATE
calculated as the square root of the sum UMAG FROM
of squares of USLX, USLY, and USLZ USLX,USLY,USLZ







>

Yarigble  Range
I Module
IACT Global
tusLoc Package
] Module
K Module
NCOL Global
NLAY Global
NROW  Global
UMAG  Package
USLX Package
USLY Package
USLZ Package

List of Variables for Utility M L

finition

Index for rows.
DIMENSION (NCOL,NROW,NILAY), Boundary array
identifying active cells in which displacement is calculated.
>0 cell is active
<=( cell is inactive
Flag indicating whether displacement and volume strain is
calculated
>0 displacements and volume strains are calculated
<=() displacements and volume strains are not Caidulitied
Index for columns.
Index for layers.
Number of cohummsin the grid.
Number of layers in the grid.
Number of rows in the grid.
DIMENSION (NCOL,NIROW/ NILAY), Magnitude of
displacement.
DIMENSION (NCOL,NROW,NILAY), Displacement in the X
direction.
DIMENSION (NCOL,NROW,NILAY), Displacement in the Y
direction.
DIMENSION (NCOL,NIROWVNILAY), Displacement in the Z
direction.
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Narrative for Utility Module U2USLR

This module reads transmissivity values if LAYCON = 0 or 2. Although these
vcilues are read in the BCF package of MODFLOW the values are modified within the
BCF package and are not usable for the pnuposes of the dispbcement model. This utility
module functions much like U2DREL of MODFLOW.

This module is read by USLIAL and performs its tasks in the following order

1. Read array control record.

2. Use LOCAT to see where array values come from.

3. IfLOCAT = 0 set all array values equal to CNSTNT.

4. If LOCAT > 0 read formatted records using format FMTIN.

5. If LOCAT < 0 read unformated record containing array values.

6. RETURN



Flow Chart for Utility Module U2USLR

LOCAT indicates the location of the data
which will be put in the array.
>( Represents the unit number
from which data values will be
read in the format specified in
the third field of the array
-control record (FMTIN).
=0 Every element in the aufay vdll
be set equal to the value
CNSTNT.
<0 The sign reversed to give the
unit number from which an
unformated record wUl be read.

QsiSTNT is the value that each element in
the array is set to when LCXIAT = 0.

FMTIN is the format used to read the
array values.

f":



SUBROUTINE U2USLR(A,U,JJK,IN)

THIS SUBROUTINE READS TRANSMISSIVITY DATA THAT CAN NOT
BE OBTAINED FROM THE BCF PACKAGE BECAUSE IT IS ALTERED

T ON T 0700 45 0T @ oty 00 0000 T F 43 T 4T T2 9> 03 8203 5> 00 Ty T @ e g K ey, K @k Ky #0300 F )y

SPECmCATIONS:

OO0 O0O0OO0

CHARACTERMS6 FMTIN
DIMENSION A0J4I)
C
C
Cl- -READ ARRAY CONTROL RECORD
READ(IN,1) LOCAT,CNSTNT,FMTIN

| FORMATai0,F10.0,A20)
c
C2- - USE LOCAT TO SEE WHERE ARRAY VALUES COME FROM
IFaOCAT) 200,50,90
c

C3-  -IF LOCAT=0 THEN SET ALL ARRAY VALUES EQUAL TO CNSTNT, RETURN
50 DO80I=],n
DO80J=11J
80 Aa,D=CNSTNT
RETURN
c” '
C3--mm-- IF LOCAT>0 THEN READ FORMATTED RECORDS USING FORMAT FMTIN
90 DO100I=],n
READ(LOCAT,FMTIN)(A04)J=LJP
100 CONTINUE

GOTO 300 .
c
C4-———-IF LOCAT<0 THEN READ UNFORMATTED RECORD CONTAINING ARRAY
C VALUES
200 LOCAT=-LOCAT
READ(LOCAT)
READ(LOCAT) A

300 IF(CNSTNT.EQ.0) GOTO 320*






Variable
A

CNSTNT
FMTTN

LOCAT

o

Rangs
Module

Module
Module

Module
Module
Package

Module
Module
Module

Ust of Variables for Utilitv Module U2USLR

Definition

DIMENSION (NCOL,NROW), Represents the array of values
being read. For this module this array represents transmissivities.
The value that each cell in the grid is set to when LOCAT = 0.
The format that is used to read in the data from the unit specified
in IN.
Index for rows.
Number of rows in array being read.
Primary unit number from which input for this package will be
read.
Index for columns.
Number of columns in the array being read.
Indicates the location of the data which vrill be put in the array.
>( Represents the unit niunber from which data values
will be read in the format specified in the third field of
the array<ontrol record (FMTIN).
=0 Every element in the array will be set equal to the value
CNSTNT.
<0 The sign reversed to give the unit number from which
an unformated record will be read
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Vector Plot Package Input

Input for Vector Plot Package ('t is read from the unit specified in [UNIT(16).

FOR EACH SIMULATION
PLTIAL
1.Data; IPLOTV IMANY IDEV IVEC
Format: 1O no no no
FOR EACH STRESS PERIOD
PLTIRP
2. Data: ITYPE LPXY
Format: N0 , NO
o
(ltem 2 is read IMANY times)
3.Dataz BTR -
Format: 4012
(Item 3 is read NPER times)
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Explanation of Fields Used in Input Instructions

IPLOTV-is the flag indicating whether vectors for bulk flux or displacement will be
made at the end of each stress period.
IfIPLOTV=I a bulk flux vector plot will be made
If EPLOTV=2 a displacement vector plot will be made
IfIPLOTV<I or >2 no plot will be made.
IMANY-is the number of plots that will be made at the end of each stress period.
Determines how many times item 2 will be read.
IDEV-is the device that the vector plots will be plotted to.
IfIDEV=I then the plot will be drawn as an X-WINDOW on the
Data General Aviion Workstations.
IfIDEV=2 then the plot will be stored as a postscript file and
named post# where # is the number of the plot in the order
designated by item 2.
IfIDEV=3 then the plot will be stored as a CGM META file that
can be imported directly into FITAMEMAKER.
(Note: The subroutine that calls the various platforms or file conventions can be
readily modified to include the platform or file type needed by the user).
IVEC-is the flag indicating whether vector heads (arrows) will be printed
IfrVEC=0 no arrow heads are drawn
HIVEC # 0 vector heads are drawn
ITYPE-is the flag indicating the type of plot drawn
IfITYPE=I a planimetric plot will be made (x-y plot)
IfITYPE=2 a cross-sectional plot will be made (x-z plot)
IfITYPE=3 a cross-sectioned plot will be made (y-z plot)
IfITYPE<I or >3 no plot will be made.
LPXY-Ls the row, column, or layer designation through which a plot is drawn. For
example, if ITYPE is | and LPXY is 3, a planimetric plot of layer three will be drawn. If
ITYPE is 2 and LPXY is 25 then a cross sectional plot along plane X-Z through row 25
(Y) will be drawn.
ISTR-is the flag indicating after which stress periods plots are to be made. IMANY plots
are made after each stress period when the flag is set. [f more than 40 stress periods are
used, continue item three on the following line.
IfISTR>0 plots will be made for the stress period indicated
IfISTR<=0 plots will not be made for the stress period indicated.
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Module Documentation for the Vector Plotting Package

This plotting package plots vectors at each grid cell location identifying the
magnitude and direction of either bulk flux or displacement. The length of the vector
tail represents the relative magnitude of bulk flux or displacement.

The Plotting package (PLT) has three primary modules, one submodule, and one
function. All the primary modules are called by the MAIN program. This package uses
the graphics kernel system (GKS) to plot the data; therefore, numerous calls are made in
the PLTIFM subroutine to GKS routines not described in this documentation.

Primary Modules

PLTIAL Allocates space for data arrays. Reads the type and
amount of plots that will be made each stress
period.

PLTIRP Reads all datan”ed by the package. Prints the
type of plots that are made after each stress period.

PLTIFM Prepares data and graphics for plotting either the
bulk flux or displacements along user deflned lines
of section. Calk SPLTID submodule and STR_LEN
function subprogram.

Submodule

SPLTID Makes a CGM meta file, a postscript file, or makes a
plot in the X-window environment, of the bulk
fluxes or displacements according to user defined
parameters.

Function

STR_LEN Calculates the exact string length of file names or
labek.
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Narrative for Module PLTIAL

This module allocates space for data arrays for the Plotting package. It also reads
the number and type of plots to be made. These are done in the following order.
1. Set up size parameters for array sizes.
2. Read plot type, number of plots per stress period, how plot is to be stored or.
printed, and whether arrowhead are to be added to vector plots.
3. Allocate storage for the following arrays.
XANG_ARR Angle of vector for y-z plot at each ceU location.
YANG_ARR Angle of vector for x-z plot at each cell location.
ZANG_ARR Angle of vector for x- y plot at each cell location.
XMAX_ARR Magnitude of vector in y-z plane for each cell
location.
YMAX_ARR Magnitude of vector in x-z plane for each cell
location.
ZMAX_ ARR Magnitude of vector in x-y plane for each cell
location.
XCNTR Center of each grld cell in y-z plane.
YCNTR Center of each grid cell in x-z plane.
ZCNTR Center of each grid cell in x-y plane.
TIXY Line of section along which plot is made.
PTYPE Type of plot: planimetric or cross section.
ISTR Flag indicating whether plots are made after each stress
period.
4. Print amount of space used for Plotting package.
5. RETURN



Flow Chart for Module PLTIAL

IPLOTYV is the plotting flag.
IfIPLOTV=I bulk fluxes are plotted.
IfIPLOTV=2 displacements are
plotted.
IfIPLOTV<I or> 2 no pbts are made.

IMANY is the number of plots that are
made after each selected stress period.

IDEYV is the device or type of file that the.
plot is written to for plotting or printing.
IfIDEV=I the plot is drawn to an X-
window on the DG workstation.
IfIDEV=2 the plot is written to a
postscript file with the prefix POST
7 followed by the plot number
designated by the program.
IfIDEV=3 the plot is written to a
CGM meta file with the prefix
META followed by the plot number
designated by the program.

IVEC is a flag indicating whether arrow
heads are drawn at the end of the vectors
plotted.

IfIVEC=0 no arrow heads are drawn.
IfIVEC ~ 0 arrow heads are drawn.
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SUBROUTINE PLTI1AL@GUNYUBNRLCXMANLCYANG LCZANGLCXMAX,
1 LOMXOUTERAKC TR OT VYMAN Y KT IEPXY, LCFTYPE, NCOL, NIROW,
212y, IN, IOUT, IDEVIWECLCXCNTR,LCYCNTR,LCZCNTR,LCISTR,NPER)

ALLOCATE ARRAY STORAGE FOR PLOTTING PACKAGE

SPECHRICKTIONS:

ol oNoNoNoNoNoNoNe!

Cll——SET UPSIZE PARAMETERS
BOLD=ISUM
NRC=NROW/NCOL
NRL=NROWANLAY
NCL=NCOIL*NILAY
NRCL=NCOL*NROWANILAY
c
C2——READ IN TYPE OF PLOT, HOW MANY PLOTS, AND OUTPUT DEVICE
C  THE OUTPUT DEVICES ARE i=XWINDOW; 2=POSTSCRIPT; 3=METAFILE;
C  4=EXI¥ WITHOUT A PLOT AND WHETHER VECTOR ARROWS ARE
c ADDED.
READ(IN,7) IPLOTV,IMANY,IDEVIVEC
7 FORMAT(4110) )
c
C3——ALLOCATE STORAGE FOR ARRAYS
LCXANG=ISUM
ISUM=ISUM+NRL
) LCYANG=ISUM
ISUM=ISUM+NCL
LCZANG=ISUM
ISUM=ISUM+NRC
LCXMAX=ISUM
BUM=ISUM+NRCL
LCYMAX=ISUM
. ISUM=ISUM+NRCL




LCZMAX=ISUM
ISUM=ISUM+NRCL
LCLPXY=ISUM
ISUM=ISUM+IMANY
LCITYPE=ISUM
ISUM=ISUM+IMANY
ISP=ISUM-ISOLD
LCXCNTR=ISUM
ISUM=ISUM+NCOL
LCYCNTR=ISUM
ISUM=ISUM+NROW
LCZCNTR=ISUM
ISUM=ISUM+NLAY
LCISTR=ISUM
ISUM=ISUM+NPER
C
C4- —- PRINT AMOUNT OF SPACE USED
ISP=ISUM-ISOLD
WRITEaOUT*)ISP
2 FORMAT(IX,I8/ ELEMENTS IN X ARRAY ARE USED BY PLT")
ISUMI=ISUM-1
WRITEaOUT”) ISUMLLENX
3 FORMAT(X,I8/ ELEMENTS OF X ARRAY USED OUT OF',18)
IF(ISUMI.GT.LENX) WRITE(IOUX4)
4 FORMAT(X/A**X ARRAY MUST BE DIMENSIONED LARGER***")
C
C5- -RETURN
RETURN
END



Variable
IDEV

IMANY
IN

10UT
IPLOTV

ISOLD

ISP
ISUM

ISUMI
IVEC

LCISTR
LCTTYPE
LCLPXY
LCXANG
LCXCNTR
LCXMAX
LCYANG
LCYCNTR
LCYMAX
LCZANG
LCZCNTR
LCZMAX
LENX

NCL
NCOL
NLAY
NPER
NRC
NRCL

Package

Package
Package

Global
Package

Package

Package
Global

Module
Package

Package
Package
Package
Package-"'
Package
Package
Package
Package
Package
Package
Package
Package
Global

Module
Global
Global
Global
Module
Module

List of Variables for Module PLTIAL

Definition

Flag indicating device that the vector plots will be plotted to.

=1 plot will be displayed in an X-window on the DG.

=2 plot will be stored as a postscript file.

=3 plot will be stored as a CGM meta file.
Number of plots that will be made after specified stress periods.
Primary unit number from which input for this package will be
read.
Primary unit number for all printed output. lOUT = 6.
Flag mdicaling whether vector plots will be made,

=1 bulk flux vector plots will be made.

=2 displacement vector plbtS"will be made.

<1 or>2 no vector plots will be made.
Before this module allocates space, ISOLD is set equal to ISUM.
After allocation, ISOLD is subtracted from ISUM to get ISP, the
amount of space in the X array allocated by this module.
Number of words in the X array allocated by this module.
Index number of the lowest element in the X array which has not
yet been allocated. When space is allocated for an array, the size
of the array is added to ISUM.
ISUM-1
Flag indicating whether arrow heads are drawn on vectors.

=0 no arrow heads are drawn.

~ 0 arrow heads are drawn.

Location in the X array of the first element of array ISTR.
Location in the X array of'the first element of array ITYPE.
Location in the X array of the first element of array LPXY.
Location in the X array of the first element of array XANG_ARR.
Location in the X array of the first element of array XCNTR.
Location in the X array of the first element of array XMAX ARR.
Location in the X array of'the first element of array YANG_ARR.
Location in the X array of the first element of array YCNTR.
Location in the X array of the first element of array YMAX ARR.
Location in the X array of the first element of array ZANG_ARR.
Location in the X array of the first element of array ZCNTR.
Location in the X array of the first element of array ZMAX ARR.
Length of the X array in words. This should always be equal to
the dimension of X specified in the MAIN program.
Number of cells through a row of the grid.
Number of columns in the grid.
Number of layers in the grid.
Number of stress periods in the simulation.
Number.of cells in a layer.
Number of cells in the grid.



Yariable Range

NRL Nutite NNumtiwerodfoolistthrmgthaacodimmnaodtttveggid.

NROW  @wdtxdl

235




ﬁ

236

Narrative for M PLTIRP

This module prints the number and type of vector plots that will be made after
specified stress periods. This module aiso reads the information dealing with the line of
section where the plot will be taken from. In addition, the module reads the flag to
determine after which stress periods the vector plots will be drawn.

Module PLTIRP performs its tasks in the following order:

1. Print plotting information. Prints whether plots will be bulk fluxes or
displacements, and prints the number of plots that will be made for the stress
period.

2. Set counter for stress period plots !

3. Read line-of-section information for each plot that will be made.

4. Read stress period plotting flag to determine whether plots are made for this

stress period.
5. RETURN




Fl h

ITYPE is a line-of-section flag.
If ITYPE=1 a planimetric plot will be
made (x-y plot).
If ITYPE=2 a cross-sectional plot will
be made (x-z plot).
If ITYPE=3 a cross sectional plot will
be made (y-z plot).
IfFITYPE>3 or <1 no plots are made

LPXY is the row, column, or layer designation
through which a plot is drawn. For ITYPE =
LPXY represents a layer number. For ITYPE
=2 LPXY represents row number. For ITYPE
= 3 LPXY represents a column number.

IMANY is the number of’ plots-that are drawn
for the stress period when ISTR is set

ISTR is a flag indicating that IMANY plots will
be made for the stress period
If ISTR>0 vector plots are made for this
stress period.
If ISTR<=0 plots will not be made for
this stress period.

NPER is the number of stress periods spedified
in the Basic Package Input.

SET COUNTER
FOR STRESS
PERIOD PLOTS

IMANY TIMES

READ
ITYPE

LPXY
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SUBROUTINE PLTiRP(IPLOTV,ITYPE LPXXIMANY,IN,IOUT,IDEV,ISTR NPER,

1KIPE)
C B R I SN ETITINN TR
C PRINT TYPE OF VECTOR PLOT TO BE MADE
C READ AND INITIAILIZE DATA FOR THE TYPE OF PLOTS DESIRED
c ¢ Rhbia Dol aea s L2
Cc
C SPECIFICATIONS:
C

DIMENSION mYPEIMANY)LPXY(IMANY),ISTR(NPER)

c
c

C1——PRINT OLIT PLOTTING INFORMATION
IF(IPLOTWLEQ .OR. IPLOTV.GE.3) THEN
WRITE(IOUT,3)
8 FORMATIIX/ NO PLOTS WILL BE MADE')
ENDIF
[FOPLOTV.EQ1) THEN
WRITEGOUT,9) IMANY
9 FORMAT(IX,J5/ QBULK VECTOR PLOT(S) WILL BE MADE)
ENDIF
IF(IPLOTV.EQ2)THEN
WRITEGOUT, 10) IMANY
10 FORMAT(X 5/ DISPLACMENT VECTOR PLOT(S) WILL BE MADE')
£A-ENDIF

C3——READ ITYPE AND LPXY (SECTION LINE) IMANY TIMES.
DO 501I=11 MANY
READ(N3) ITYPE(D,LPXY(D *
5 FORMAT(2110)
50 CONTINUE
C
C4—SET FLAG FOR PRINTING AFTER SPECIFIED STRESS PERIODS

READ(IN,55XISTR(K),K=1,NPER)
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Variable

I
IDEV

IMANY
IN
10UT
IPLOTV

ISTR

ITYPE

KPE
LPXY
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List of Variables for Module PLTIRP

E>efinidon

Module Index for number of plots (IMANY) per stress period.
Package Flag for device that the vector plots will be plotted to.
=] plot will be display” in an X-window on the DG.
=2 plot will be stored as a postscript file.
=3 plot will be stored as a CGM meta file.
Package Number of plots that will be made after specified stress periods.
Package Primary unit number from which input for this package will be read.
Global Primary unit number for all printed output. IOUT = 6.
Package Flag indicating whether vector plots will be made.
=1 bulk flux vector plots will be made.
=2 displacement vector plots will be made. ,
<1 or>2 no vector plots will be made.
Package DIMENSION (NPER), Flag indicating whether plots are to be nuide
for the specified stress period.
If ISTR>0 plots are made for this stress period.
If ISTR<=0 plots are not made for this stress period.
Package DIMENSION (IMANY), Flag indicating whether plot is planimetric
or cross sectional in X or y.
IfITYPE=1 planimetric plot will be made (x-y plot).
IfITYPE=2 cross-sectional plot will be made (x-z plot).
If rTYPE=3 cross-sectional plot will be made (y-z plot).
Module Index for number of stress periods
Package Counter for stress periods where plots are to be made.
Package DIMENSION (IMANY), Row, column or layer designation through
which plot is drawn. Whether LPXY is a row, column or layer
depends on the value of ITYPE. .
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Narrative for Module PLTIFM

This module makes two dimensional plots of either displacements or bulk
fluxes. This is accomplished by calculating the magnitude and direction of each vector
relative to the maximum displacement or bulk flux in the grid; hence the vector tails
represent the relative magnitude of the value of bulk flux or displacement. The user can
make a plot along any user defined line of section. IMANY plots are made after each
stress period where ISTR is set. The plots can be drawn directly to the screen in the X-
windows environment, or they can be directed to a postscript or CGM meta file.

Module PLTIFM calls submodule SPLTID and function STR_LEN. Module
PLTIFM performs its tasks in the following order

I. Set coitants.

Z Check to see if plots are made for this stress period.

3. If plot flag is set write plot number emd plot type.

4. C”culate the maximum displacement for each plane in the grid.

5. Determine the real world dimei\sions of the grid.

6. Calculate the ratio of map length to real world length to obtain a scale.

7. Etetennine titles for each IMANY plots for each stress period.

8. Set plot number counter. This is to distinguish file names when writing to

disl™.

9. Check ITYPE to determine the line of section where plot is made. If ITYPE = |

make a planimetric (x-y plot). IfFITYPE = 2 make a cross-sectional plot (x-z
plot). IfFITYPE = 3, make a cross-sectional plot (y-z plot). Items 10-15 below
are read for each ITYPE specified.

10. Set up box and labels by using the GKS software routines.

II. Determine angle for eaA vector in the grid.

12. Print the maximum displacement for the plane of interest.

13. Determine location for drawing each vector relative to grid size.

14. Calculate magnitude of each vector in the grid.

15. Draw the vectors.

16. RETURN.

AL
I



Flow Chart for Module PLTIFM

ISTR is a flag indicating whether plots are
made for the current stress period.
<=0 no plots are made
>( plots are made.

IMANY is the number of plots to be made
for each stress period.

IJK is the index for the plot number for the
entire simulation.

ITYPE is a flag indicating whether plot is
planimetric or cross sectional in x ory.
=1 planimetric plot will be made
(x-y plot).
=2 cross-sectional plot will be made
(x-z plot).
=3 cross-sectional plot will be made
(y-z plot).

XANG _ARR, YANG.ARR, and
ZANG_ARR are arrays of angles of bulk
flux or displacements for each
component direction.

XMAX, YMAX, AND ZMAX are the largest
values of bulk flux or displacement in thi
X, y, and z directions, respectively.

XCNTR, YCNT”, and ZCNTR represent
the locations of each grid center in the x,
y, and z directions, respectively.

XVCTR, YVCTR, and ZCTR represent the
location of each vector endpoint whose
origin is the grid cell center.
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Flow Chart for Module PLTIFM (Conrinued"™>

A ! *
SET PLOT NUMBER
COUNTER, IJK
10C
SET UP BOX SET UP BOX SETTJPBOX
AND AND AND
LABELS LABELS LABELS
A 11B
CALCULATE CALCULATI CALCULATE
ZANG.ARR YANG ARR XANG.ARR
3 12A 3 12B T 12C
PRINT PRINT PRINT
ZMAX YMAX XMAX
£ 13A 3 13B T 13C
CALCULATI CALCULATE CALCULATE
XCNTRANE XCNTRANE YCNTR AND
YCNTR ZCNTR ZCNTR
3 l4A T 4B v 14C
CALCULATE CALCULATE CALCULATE
XVCTRAND XVCTRAND YVCTR AND
YVCTR ZVCTR ZVCTR
> 15A 23> 15B 2 15C
DRAW DRAW DRAW
THE THE THE
VECTORS VECTORS " VECTORS
RETURN
[ [o
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SUBROUTINE PLTIFM(XVAL,YVAL,ZVAL,DELR,DELC*"ANG.ARR,YANG.ARR,

I ZANG_ARR,XMAX ARR,YMAX ARR,ZMAX ARR,DELL,NCOL,NROW,NLAX
2 TPIX)TV,ITYPE,IPXY IMANXIN,IOUT,IDEV,IVEC,JACT,XCNTR,YCNTR,
3 ZCNTR,ISTR,NPER,KPER,KPE)

THIS SUBROUTINE WILL PLOT QBULK OR DISPLACEMENT VECTORS ALONG
A USER DEFINED LINE OF SECTION.

SPECIFICATIONS:

DIMENSION XVAL(NCOL,NROW ,NLAY),Y\"At:(NCOL,NROW,NLAY),
| ZVAL(NCOL.NROW,NLAY),DELR(NCOL),DELC<NROW),
2 XANG _ARR(NROW,NLAY), YANG ARR(NCOL,NLAY),ZANG ARR(NCOL,
3 NROW),ZMAX_ARR(NCOL.NROWNLAY), XMAX ARR(NCOL,NROW,NLAY),
4 YMAX_ARR(NCOL,NROW,NLAY),rrYPE(IMANY),LPXY(IMANY),
5 DELL(NCOL,NROW,NLAY),JACT(NCOL,NROWNLAY),
6 XCNTR(NCOL),YCNTR(NROW)"CNTR(NLAY),ISTR(NPER)

PARAMETER!
A XORG =0,

A YORG =0,

A ZORG =0,

A XLEN =10,

A YLEN =10,

A ZLEN =20,

A PENTHK =.0001
A HHEIGHTJ=.25,
A PAGEX =12,

A PAGEY =12,

A PAGEZ =11

A

)

CHARACTER TnLEP*24, TnLEY "4, TirLEX*24, VIEW 16, CNCHAR»2



DOUBLE PRECISION PI

Cl-----SET CONSTANTS
DCYMAX=AMAXI(NCOL,NROW)
PUER=XLEN/FLOAT(IXYMAX)
PI=4.*ATAN(1.)

C
C2-  GHECK STRESS PERIOD TO SEE IF PLOTS ARE TO BE MADE. IF ISTR=0
C  RETURN,
C  IFISTR>0 INCREMENT KPE.

IF(ISTR(KPER).LE.0) GOTO 99999 ~ *

KPE=KPE+1

WRITEaOUX99) KPER

99 FORMAT(//,IX,'STRESSPERIOD',I3)

C3-—PRINT PLOT NUMBER, SECTION TYPE, AND LOCATION OF PLOT
DO50I=LIMANY
JK=(KPE-1)*IMANY+I
WRITEaOUT, 12)JK
12 FORMATdX,' PLOT NUMBER,13,' WILL BE A")
IFaTYPEa).LE.O .OR. ITYPEa).GT.3) GOTO 50
IFOTYPEai.EQ.)) THEN
WRITEaOUT,6) LPXY(1)
6 FORMATdX,' PLANIMETRIC X-Y PLOT ALONG LAYER,13)
ENDIF
IF(ITYPEa).EQ.2) THEN
WRITEaOUXT) LPXY(I)
7 FORMATJX,' X-Z SECTION PLOT ALONG ROW',13)
ENDIF
IFOTYPEa).EQ.3) THEN
WRTTEaOUXIDLPXYa)
11 FORMATJX,' Y-Z SECTION PLOT ALONG COLUMN',B)
ENDIF
50 CONTINUE

C
C4--—--CALCULATE THE MAXIMUM DISPLACEMENTS FOR EACH PLANE
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ZMAX=0.

YMAX=0.
XMAX=0.
DO 35K=1,NLAY

EX)351=1;"JROW

D035J=1,NCOL

IF(IACTai,K).EQ.0)GOTO 35

ZMAX ARRa]K)=SQRKXVALaiK)*-"+ YVALO,[K)**2)
ZMAX = AMAXI(ZMAX"MAX_ ARRa,I,K))
YMAX.ARRaiK) = SQKTOCVALaLK)-" + ZVALQ,IK)**2)
YMAX = AMAXI(YMAX,YMAX ARRaiK))
XMAX.ARRaiK) = SQRT(YVALaj,K)*»2 + ZVALg: LK *»2)
XMAX = AMAXI(XMAX"MAX_ ARR(I,I")

35 CONTINUE

C5—DETERMINE THE REAL WORLD DIMENSIONS OF THE GRID
SUMR=0.

SUMC=0.
SUML=O.
D036J=I,NCOL
” SUMR=SUMR+DELRa)

36 CONTINUE
D0371=1,NROW
SUMC=SUMC+DELC(D

V37CONTINUE ~ *
DELB=0.
DO 38 I=,NROW
D038J=1,NCOL
IF(DELLaXNLAY).GT.DELB) THEN
DELB=DELLa,LNLAY) *
m=|
m=i
ENDIF

38 CONTINUE

DO 39 K=1,NLAY
SUML=SUMLADELL(JJJ,m,K)

39 CONTINUE
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C6----CALCULATE RATIO OF MAP LENGTH TO REAL WORLD LENGTH TO
C OBTAIN A SCALE

XRAT=XLEN/SUMR

YRAT=YLEN/SUMC

ZRAT=ZLEN/SUML

C7—DETERMINE TITLES FOR PLOTS
DO 210 n=LIMANY
IFaTYPE(n).EQ.)THEN

VIEW = TLAN-VIEW/
ELSE
IF OTYPEOI) .EQ. 2) THEN
VIEW = -X CROSS-SECTION/
ELSE
IF (ITYPEaD -EQ. 3) THEN
VIEW = 'Y CROSS-SECTION/
ENDIF
ENDIF
ENDIF

LENV = STR_LEN(VIEW)
C
C8—SET PLOT NUMBER COUNTER

UK=(KPErl PIMANY+n
C
C9A--—--IF ITYPE IS | THEN MAKE AN X-Y PLOT ALONG A SPECIFIED LAYER Z
CIOA—SET UP BOX AND LABELS

IFOTYPEOD .EQ.DTHEN

WRITE(CNCHAR,'(12)') LPXY (n)

TITLEP = VIEWILLENV)//' LAYER V/CNCHAR

LEN = STR.LENOTTLEP)

CALL SPLTID (LK, IN, IO0UT, IDEV, 99999)
CALLNOBRDR

CALL PHYSOR (9,1.)

CALL PAGE (PAGEX,PAGEY)
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CALL AREA2D (PAGEX,PAGEY)
CALL HEIGHT (HHEIGHT)
IFQPLOTV.EQ1) THEN

CALL MESSAG (‘\QBULK VECTORS$)3/37,10.65)
ENDIF
IFAPLOTVEQ2)THEN

CALL MESSAG ('DISP. VECTORSS$)3377/10.65)
ENDIF
CALL HEIGHT (HHEIGHT * .6)
CALL MESSAG (THATLEP(1:LEN),LEN3.8,10.3)
CALL STRTPT (XORG,YORG)
CALL CONNPT (XLEN, XORG)'
CALL CONNPT (XLEN,YLEN)
CALL CONNPT (XORG,YLEN)
CALL CONNPT (XORG,YORG)

C
C11A—DIENBERMINE ANGLE FOR EACH VECTOR IN THE GRID
DO 10084 N=LPXY(H),LPXY(H)
DO 10088 M=1,NROW
DO 10088 L=1,NCOL
IFIACT(LM,N).EQO)GOTO 10088
IF (X%AUk,M,N) .EQ. 0. .OR. YVAL(@,M,N) .EQ. 0.) THEN
IF (XVAL(LM,N) .EQ. 0.) THEN
IF (YVAL(LM,N) .GT. 0.) THEN
v .. - ZANG_ARR(LM) =PI/2
ENDIF
IF (YVAL(LMN) .LT. 0) THEN
ZANG_ARR(L M) = 34P1/2,
ENDIF
ENDIF
IF (YVAL(LMN) .EQ. 0.) THEN
IF (XWAAI(k,M,N) .GE. 0.) THEN
ZANG_ARR(LM)=0.
ENDIF

IF (XVAL(L,M,N) .LT. 0.) THEN
ZANG_ARR(L M) = P
ENDIF
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END IF
ELSE
IF (SWALIC, MD .GT. 0. .AND. YVANI(E,M,N) .GT. 0.) THEN
ZANG_ARRLM) = ATANCYWAMICIMNN)XVALIEM,N))
END IF
IF (XWALI,M,N) .LT. 0 .AND. YVAL(LM,N) .NE. 0.) THEN
ZANG_ARR(LM) = PI + ATANCYWALICIM/NY) XWAIE,M,N))
END IF
IF (XVAL(LMN) .GT. 0. .AND. YVAL(LM,N) .LT. 0.) THEN
ZANG_ARR(LM) = 2*PI + ATANCYWALIE, M, N)/AWVAL(L, M,N))
END IF
END IF '
10088 CONTINUE -
10084 CONTINUE
C
C12A——PRINT THE MAXIMUM DISPLACEMENT
WRITEGOUT, 124) ZMAX
124 FORMATIIX/MAXIMUM DISPLACEMENT IN THE X-Y PLANE IS',1PE12.5)
C
C13A—DETERMINE LOCATION FOR DRAWING EACH VECTOR RELATIVE TO
C  GRIDSIZE
XLINE=0.
YLINE=0.
DO3! J=1;8ICOL
XSTEP=XRAT*DELRE)
XLINE=XLINE+XSTEP
XCNTR()=XLINE-(XSTEP*0.5)
51 CONTINUE
DO 521=1,NROW
A YSTEP=YRATTDELCH)
YLINE=YLINE+YSTEP
YCNTR(D=YIUINE-(YSTEP0.5)
52 CONTINUE ‘

C
C14A—CALCULATE MAGNITUDE OF EACH VECTOR IN THE GRID
DO 10060 N=LPXY (H)LIPXY/(U)
*+ 13O 10040 M=1,NROW




DO 10040 L=1,NCOL

IF(IACT(LMN)EQ.0) GOTO 10040

[F (ZMAX_ARR(L,M,N)BQO. OR. ZMAX_ARRLNMIM).EQ.ZMAX) THEN
VCTRLEN = 0.

ELSE
VCTRLEN = PLIER*(1 ./ G LG (X! ZZNAAX NRER(LM,ND)))

ENDIF

IR(VCTRLEN .GT. 2PLIER) VCTRLEN=2*PLIER

XVCTR = XCNTR(L) + COS(ZANG_ARR(L,M)) * VCTRLEN
YVCTR = YCNTRM) + SIN(ZANG_ARR(L,M)) * VCTRLEN
C .
C15A——DRAW THE VECTORS ~
IF(IVEC. EQQ)THEN
CALL STRTPT(XCNTR(L), YCNTR(M))
CALL CONINIFITIXVCTR, YVCTR)
ELSE
CALL VECTORXIRNIRL), YCNTR(M) XVCHIRYYWIR 1101)
ENIDIF
C
10040 CONTINUE
10060 CONTINUE
ELSE
C

- ‘C9B-——IF ITYPE IS 2 THEN MAKE A X-Z PLOT ALONG A GIVEN SECTION OF Y

ClOB—SET UP BOX AND LABELS
IF (ITYPE(H) .EQ. 2) THEN
WRITE(CNCHAR /(L2Y) LPXY(I)
TITLEY = VIEWAQULLEBNY/)/" Y = 7/(ONCHIAR
— LEN = STR_LENQIITLEY)
CALL SPLTD (IJK, IN, IOUT, IDEV, *99999)
CALLNOBRDR
CALLPHYSOR(L.5.)
CALL PAGE (PAGEX,PAGEZ)
CALL AREA2D (PAGEX,PAGEZ)
CALL HEIGHT (HHEIGHT)

IFOPLOTWECIDTHEN
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CALL MESSAG ('QBULK VECTORSSNE3.3/2.6)
ENDIF

[FIPLOTV.EQ2)THEN

CALL MESSAG (DISP. VECTORESNE332.6)
ENDIF

CALL HEIGHT (HHEIGHT * .6)

CALL MESSAG (TMLEY(1:LEN),LEN3.22.3)
CALL STRTPT (XORGZORG)

CALL CONNPT (XORGZLEN)
CALL CONNPT (XLEN,ZLEN)

CALL CONNPT (XLEN,ZORG)
CALL CONNPT (ZORGXORG)

c
CuB——CALCULATE ANGLE OF VECTORS FOR EACH CELL IN THE GRID
DO 10095 M=LPXY(II),LPXY(H)
DO 10099 N=1,NILAY
DO 10099 L=1,NCOL
IF(IACT(L,M,N).EQ.0)GOTO 10099
IF (XWALI,M,N) .EQ. 0. .OR. ZVAL(L,M,N) .EQ. 0.) THEN
IF (XVAL(LM,N) .EQ. 0.) THEN
IF (ZVAL(LMN) .GT. 0.) THEN
YAING_ARREN) = -P1/2,
ENDIF
IF (ZVAL(LM,N) .LT. 0) THEN
v _ YANG_ARR(LN) = -3*P1/2. p
ENDIF
ENDIF
IF (ZVAL(LMN) .EQ. 0.) THEN
IF (XWALI(b,M,N) .GE. 0.) THEN
——~ YANG_ARR(L,N)=0.
ENDIF
IF (XWALI(,M,N) .LT. 0.) THEN
YAING_ARRRE,N) = -PI
ENDIF

ENDIF
ELSE
TF-OAEB,M,N) .GT. 0. . AND. ZVAII(,M,N) .GT. 0.) THEN




YANG ARR(L,N) = -ATAN(ZVALa,M,N)/XVALa,M,N))
END IF
IF (XVAL(LM,N) .LT. 0 .AND. ZVAL(L,M,N) .NE. 0.) THEN
YANG ARR(L,N) = -PI- ATAN(ZVALa,M,N)/XVAL(L,M,N))
END IF
IF (XVAL(LMISJ) .GT. 0. .AND. ZVALa,M,N) LT. 0.) THEN
YANG ARRa,N)=-2*PI - ATAN(ZVAL(L,M,N)/XVAL(L,M;")
END IF
END IF
10099 CONTINUE
10095 CONTINUE
C12B-—-- PRirNJT THE MAGNITUDE OF THE M>cXti"IUM Y DISPLACEMENT
WRITE(IOUX122) YMAX
122 FORMATdX/MAXIMUM DISPLACMENT IN THE X-Z PLANE IS MPE1Z5)

C13B—DETERMINE LOCATION FOR DRAWING EACH VECTOR RELATIVE TO
C GRID SIZE
XUNE=0.
ZLINE=0.
DO 61 J=,NCOL
XSTEP=XRA'PDELR(P
XUNE=XLINE+XSTEP
XCNTR(J)=XLINE-(XSTEPn).5)
61 CONTHSIUE
D062K=1NLAY
KK=NLAY+1-K
ZSTEP=ZRA'TDELLaj],nLKK)
ZUNE=ZLINE+ZSTEP
ZCNTR(KK)=ZUNE-(ZSTEP»0.5)
62 CONTINUE
C
C14B -CALCULATE VECTOR MAGNITUDE k)R EACH CELL IN THE GRID



IF (YMAX_ARR(K,IJ).EQ.O. .OR. YMAX_ARR(K,LJ).EQ.YMAX) THEN
VCTRLEN =0
ELSE
VCTRLEN = PLIER*(L/(ALOG(YMAX/YMAX_ARR(K,1J))))
END IF
IF(VCTRLEN .GT. 2*PUER) VCTRLEN=2*PUER

XVCTR = XCNTR(K) + COS(YANG_ARR(KJ)) * VCTRLEN
ZVCTR = ZCNTRO) + SIN(YANG ARR(KJ)) * VCTRLEN

C15B-----DRAW THE VECTORS
IF(IVEC.EQ.0) THEN
CALL STRTPT(XCNTR(K), ZCNTR(J))
CALL CONNPT(XVCTR, ZVCTR)
ELSE
CALLVECTOR(XCNTR(K)"CNTRO0),XVCTR,ZVCTR.1101)
ENDIF

10073  CONTINLnE
10071 CONTINUE
ELSE
C
CI9C-—-- IFITYPE IS3 THEN MAKE A Y-Z PLOT ALONG A GIVEN SECTION X

CIOC----SET UP BOX AND LABELS
AF (ITYPEai) .EQ. 3) THEN
WRITE(CNCHAR/(L2)') LPXY(II)

TITLEX = VIEW(1:LENV)//' X = 7/CNCHAR
LEN = STR.LENOTTLEX)

CALL SPLTID (1K, IN, I0UT, IDEV, *99999)
CALLNOBRDR

CALLPHYSOR(L,5.)

CALL PAGE (PAGEX, PAGEY)
CALLAREA2D(PAGEX,PAGEY)

CALL HEIGHT (HHEIGHT)
IFOPLOTV.EQ.DTHEN

CALL MESSAG ('QBULK VECTORS$M3,3.5,2.6)
ENDIF



IF(IPLOTV.EQ.2) THEN
CALL MESSAG (T>ISP. VECTORSS$M33 5,2.6)
ENDIF
CALL HEIGHT (HHEIGHT * .6)
CALL MESSAG CnTLEX(I:LEN),LEN3.47.3)
CALL STRTPT (ZORG"ORG)
CALL CONNPT (ZORG"LEN)
CALL CONNPT (XLEN,ZLEN)
CALL CONNPT (XLEN,XORG)
CALL CONNPT (ZORG"ORG)
C
ClIC—CALCULATE ANGLE OF EACH VECTOR IN THE GRID
DO 10077 L=LPXY (n),LPXY (n) W
DO 10075 N=1,NLAY
DO 10075 M=L,NROW
IF(IACra,M,N).EQ.0)GOTO 10075
IF (YVALa,M,N) .EQ. 0. .OR. ZVALa,M,N) .EQ. 0.) THEN
IF (YVALa,M,N) .EQ. 0.) THEN
IF (ZVALa,M,N) .GT. 0.) THEN
XANG ARR(M,N) = -P1/2.
ENDIF
IF (ZVAL(LM,N) .LT. 0) THEN
XANG_ARR(M\N) = -3TI/2.
ENDIF
ENDIF
fF"(ZVAL(L,M,N) .EQ. 0.) THEN
IF (YVAL(L,M,N) .GE. 0.) THEN
XANG ARR(M,N) = 0.
ENDIF
IF (YVAL(L,M,N) .LT. 0.) THEN
XANGrARR(M,N) = -PI
ENDIF
ENDIF '
ELSE
IF(YVAL(L,M,N) .GT. 0. .AND. ZVALa,M,N) .GT. 0.)THEN
XANG ARR(M,N) = -ATAN(ZVAL(L,M,N)/Y VAL(L,M,N))
ENDIF
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IF(YVAL(LM,N) .LT. 0 .AND. ZVAIL(b,M,N) .NE. 0.) THEN
XANG_ARR(M,N) = -PI - ATAN(ZWANI(E, M, N)AYWAL(L,M,N))
END IF
IF(YVAL(LM.N) GT. 0. .AND. ZVAL(LM,N) .LT. 0.yTHEN
XANG_ARR(M,N) =-25PI- ATAIN(ZWALI(E,M,N)/ATWAL(L,M,N))
END IF
END IF

10075  CONTINUE
10077 CONTINUE
C
C12C—PRINT THE MAXIMUM DISPLACMENT
WRITE4OUT,126) XMAX >
126 FORMATOX/MAXIMUM DISPLACEMWBNNTINTHE Y-Z PLANE I§’,1PE12.5)
C
C13C—-DETERMINE LOCATION FOR DRAWING EACH VECTOR RELATIVE TO
C GRIDSIZE
YLINE=0.
ZLINE=0.
DO 631=1,NROW
YSTEP=YRAT*DEILCH)
YLINE=YLINE+YSTEP
YCNTR(I)=YLINE((YSTEP*0.5)
63 CONTINUE
D@ 64 K=1,NILAY
N RE=NLAY+1-K
ZSTEP=ZRAT*DELL(JJJLHLKK)
ZLINE=ZLINE+ZSTEP
ZCNTR(KK)=ZILINEAZSTEP*0.5)
64 CONTINUE
c ' [
C14C—~~CALCULATE THE MAGNITUDE OF EACH VECTOR IN THE GRID
DO 10070 L=LPXY(H),LPXY(H) -
DO 10072 J=1,NLAY
DO 10072 K=1,NROW
IF(IACT(L KJ)IBQO) GOTO 10072
IF (XMAX AARB(KKYEEDD. OR. XMAX_ARR(L X]).EQXMAX) THEN




VCTRLEN = 0.
ELSE
VCTRLEN = PLIER*(L/(ALOG(XMAX/XMAX_ARR(L.K,J))))
END IF
IF(VCTRLEN .GT. 2*PUER) VCTRLEN=2*PLIER
YVCTR = YCNTROO + COS(XANG_ARR(KJ)) * VCTRLEN
ZVCTR = ZCNTRO) + SIN(XANG_ARR(KJ)) * VCTRLEN
C
C15C- -DRAW THE VECTORS
IF(IVEC.EQ.0)THEN
CALL STRTPT(YCNTR(K), ZCNTRO))
CALL CONNPTCYVCTR, ZVCTI
ELSE
CALL VECTOR(YCNTR(K);ZCNTRO0),YVCTR,ZVCTR.1101)
ENDIF
10072 CONTINUE
10070 CONTINUE

ENDIF
ENDIF
ENDIF

CALL ENDPL (0)
210 CONTINUE
CALLDONEPL
C
Cl6------ RETURN
99999 RETURN
END
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List of Variables for Module PLTIFM

Var*big  Range Definition

CNCHAR Module String length for label defining location of line-of-secOon for plots.

DELB Module Maximum cell thickness ofall cells iiv the grid.

DELC Global DIMENSION (NROW), CeU dimension in the colimm direction.
DELC(I) contains the width of row .

DELL Global DIMENSION (NCOLNROW NLAY), Cell dimension in the layer
direction.

DELR Global DIMENSION (NCOL), Cell dimension in the row direction.
DELR(J) contains the width of column J.

HHEIGHT Module Height in inches oflabels for plots.

[ Module Index for rows and number of plots
IACT Global DIMENSION (NCOLNROW NLAYLStatus of each ceU for
displacement.
<=0 inactive
>0 active
IDEV Package Rag for device that the vector plots will be plotted to.

=] plot will be display” in an X-window on the IX].
=2 plot will be stored as a postscript file.
=3 plot will be stored as a CGM meta file.

n Module Index for IMANY plots.
m Module Index for row location of cell with maximum thickness.
IJK Module Index for plot number (all stress periods).
JIMANY  Package Number of plots that will be made after specified stress periods.
IN Package Primary unit number from which input for this package will be
read.

IouT Global Primary unit number for all printed output. IOUT = 6.
IPLOTV  Package Rag indicating whether vector plots will be made.
=1 bulk flux vector plots will be made.
-- =2 displacement vector plots will be made.
<1 or>2 no vector plots will be made.
ISTR Package DIMENSION (NPER), Rag indicating whether plots are to be
made for the specified stress period.
>0 plots are made for this stress period.
<=0 plots are not made for this stress period.
ITYPE Package DIMENSION (IMANY), Rag indicating whether plot is planimetric
or cross sectioital in x ory.
=] planimetric plot will be made (x-y plot).
=2 cross-sectional plot will be made (x-z plot).
=3 cross-sectiorral plot will be made (y-z plot).
IVEC Package Rag indicating whether vector arrow heads are to be drawn
>0 draw arrow heads
<=0 no arrow heads are drawn
IXYMAX  Module Constant equal to the largest value of either NCOL or NROW
J Module Index for columns or layers.
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List of Variables for Module PLTIFM fContinuedi

Variabk  Range
JI Module
K Module
KK Module
KPE Module
KPER Global
L Module
LEN Module
LENV Module
LPXY Package
N Module
NCOL Global
NLAY Global
NROW Global
PAGEX Module
PAGEY Module
PAGEZ Module
PENTHK  Module
PI Module
PUER Module
SUMC Module
SUML Module
SUMR Module
TITLEP Module
TITLEX--" Module
UTLEY Module
VCTRLEN Module
VIEW Module
XANG.ARR Package
XCNTR Pactege
XLEN Module
XLINE Module
XMAX Module
XMAX.ARR Package
XORG Module
XRAT Module
XSTEP Module

Pgfinippn

Index for column location of ceU with maximum thickness
Index for layers or columns

NLAY+-K.

Coxmter for stress periods where plots are to be made.

Stress period counter.

Index for columns, LPXYdI).

Character length of'title for plot.

Location of last character in title string.

DIMENSION (IMANY), Row, column or layer designation
through which plot iS'dravyn. Whether LP)" is a tow, column or
layer depends on the Vcdtfe of ITYPE.

Index for LPXY(II) or number of layers.

Number of columns in the grid.

Number of layers in the grid.

Number of rows in the grid.

Page size in inches in X direction for plots.

Page size in inches in Y direction for plots.

Page size in inches in Z direction for plots.

Parameter identifying line thickness for plots.

Constant equal to 7i.

Constant identifying the ratio of plot length in inches divided by
IXYMAX.

Sum of length ofall DELC(I) in the grid.

Sum of length of all DELL(J,1,K) in the grid.

Sum of length of cdl DELR(J) in the grid.

Title for planimetric plot (x-y plot).

Title for cross-sectional plot (y-z plot).

Title for cross-sectional plot (x-z plot).

Length of vector multiplied by angle to obtain vector endpoint.
Character string containing title for plots.

DIMENSION (NCOL,NROW,NLAY), Angle in radians of XVAL
for each vector in the grid.

DIMENSION (NCOL), Center of each cell in the grid in the X
direction.

Length of plotting vrindow in X direction. ,

Cumulative distance to center of each grid cell in X direction.
Maximum magnitude of displacement or bulk flux in y-z plane.
DIMENSION (NCOL,NROW,NLAY), Magnitude of displacement
or bulk flux in y-z pkne.

Origin of plotting window in X direction.

Ratio of XLEN to SUMR.

Length between cell centers in X direction.
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List of Vaiables for Module PLTIEM Continued

Variable  Rafi§é
XVAL Module
XVCTR  Module

YANG_ARR Package

YCNTR Package

YLEN Module
YLINE Module
YMAX Module
YMAX_.ARR Package
YORG Module
YRAT Module
YSTEP Module
YVAL Package
YVCTR Module

ZANG.ARR Package

ZCNTR Package
ZLEN Module
ZLINE Module
ZMAX Module
ZMAX_ARR Package
="
ZORG Module
ZRAT Module
ZSTEP Module
ZVAL Package
ZVCTR Module
Yarigble  Range
AREA2D  Module
CONNPT Module
DONEPL  Module
ENDPL Module
HEIGHT

Definiti

DIMENSION (NCOL,NIROW,NILAY), X-direction component of
displacement or bulk flux.

Location of vector endpoint in X direction for each cell in the grid.
DIMENSION (NCOL,NIROW/NILAY), Angle in radians of YVAL
for each vector in the grid.

DIMENSION (NROW), Center of each cell in the grid in the Y
direction.

Length of plotting window in Y direction.

Cumulative distance to center of each grid cell in Y direction.
Maximum magnitude of displacement or bulk flux in x-z plane.
DIMENSION (NCOL,NIROW/,NILAY), Magnitude of displacement
or bulk flux in x-z plane.

Origin of plotting window in Y direction.

Ratio of YLEN to SUMC.

Length between cell centers in Y direction.

DIMENSION (NCOL,NROW,NILAY), Y-diirection component of
displacement or bulk flux.

Location of vector endpoint in Y direction for each cell in the grid
DIMENSION (NCOL,NROW,NILAY), Angle in radians of ZVAL
for each vector in the grid.

DIMENSION (NCOL), Center of each cell in the grid in the Z
direction.

Length of plotting window in Z direction.

Cumulative distance to center of each grid cell in Z direction.
Maximum magnitude of displacement or bulk flux in x-y plane.
DIMENSION (NCOL,NROW,NILAY), Magnitude of displacement
or bulk flux in x-y plame.

Origin of plotting window in X direction.

Ratio of ZLEN to SUML.

Length between cell centers in Z direction.

DIMENSION (NCOL,NROW,NILAY), Z-direction component of
displacement or bulk flux.

Lanation of vector endpoint in X direction for each cell in the grid.

finition of GKS Graphic in led by PLTIFM
Defines the subplot area based on axis length.

Connects successive points with straight lines.

Signs off the plotting device and ends plotting.

Terminates a plot page.

Mibdduide' (Tharggestheetiveigtitodbd] ksikiseemeenttsstrirgss, mumbbessard] dbbéds.

259




Variable
MESSAG
PAGE
PHYSOR

STRTPT
VECTOR

List of Variables for Module PLTIFM (Continued!

Ranee
Module
Module
Module

Module
Module

origin.

Sets the page dii
a page border.
Defines the phys
Moves the point
Draws a vector |
physical origin.

Definition
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Narrative for Module SPLTID

This subroutine sets the variables and panameters to make plot into one of three
types. They include, a CGM meta file for importation into FRAMEMAKER, a PS
postscript file that can be printed from the DG to a postscript printer or other software
package that can read postscript files, or to an X-window that is automatically opened
on Data General Aviion Workstations. These devices can be modified or exgpanddd as
needed.

Module SPLTID is called by module PLTIFM and makes numerous GKS
graphies subroutine calls to make graphics files or plots to an X-wimdow screen. The
module SPLTID performs these functions in the following ondiex

1. Check IDEV type.

2. IfIDEV =1 the plot is drawn to an X-wimdow environment on the DG
wotrkstation. IMANY plots are made after each stress period. Each successive
plot will be made by pressing the ENTER key on the terminal keyboard.

3. IF IDEV = 2 then make a postscript file with the file name beginning with POST
followed by a suffix representing, {jK, the number of the plot for the
simulation.

4. If IDEV = 3 then make a CGM meta file with the file name beginning with
META followed by a suffix representing, I[JK, the number of the plot for the
Simulation.

5. RETURN




Flow Chart for Module SPLTID

IDEV is the device or type of file that the
plot is written to for plotting or printing.

If IDEV=1 the plot is drawn to an
X-window on the IX* workstation
If IDEV=2 the plot is written to a
postscript file with the prefix POST
followed by the plot number
designated by the variable []K
IfIDEV=3 the plot is written to a
CGM meta file vwth the prefix
META followed by the plot number
designated by the variable 1JK.
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C

C
C

SUBROUTINE SPLTID]K, IN, IOUT, IDEV, ¥)

SETS THE VARIABLES AND PARAMETERS TO MAKE PLOT INTO ONE OF THREE
TYPES. COM META RILE FOR IMPORTATION INTO FRAME, PS POSTSCRIPT

FILE THAT CAN BE PRINTED FROM THE DG TO A POSTSCRIPT PRINTER OR
ON THE SCREEN USING GS (GHOSTSCRIPT), OR THE PLOT CAN BE PLOTTED
DIRECTLY TO THE DG SCREEN IN X-WINDOWS. THESE DEVICES CAN BE

MODIFIED OR EXPANDED AS NEEDED.
O T T G G O C T T T T T S TS

SPECIFICATIONS:

-

INTEGER LXARG(I0), I_BUF(16), ]_BUF(16)

CHARACTIER*6 PSTFIL, MTAFIL
CHARACTER*2 SUIFFX

EQUIVALENCE §_BUF(), PSTRL)

C1-——IF IDEV = 1 THEN MAKE THE PLOT DIRECTLY TO THE X-WINDOW

Cc

C

ENVIRONMENT
IF (IDEV .EQ.1) THEN
A NLKARG(1) = 112
[_XARGID)=1
I_XARG(3) =1
I_XARG(4) =6
I_XARG(5) = 6
I_XARG(6) = 0
I_XARG(7) = 3
I_XARG(8) = -1
I_XARG(9)=0 d
CALL XWNDOW(IL]_XARG,9)

@-——IF IDEV = 2 THEN MAKE A POSTSCRIPT FILE

ELSE - -
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IF(IDEV.EQ.2) THEN
1_BUF(1) =5
CALL IOMGR(I_BUE-102)
IFQJK.LT.10) THEN
WRITE(RIHFXX(k)') JK
ELSE
WRITE(SUFFX/(12)) JK
ENDIF
PSTHIL=KOSTY 7 /SUFFX
INQUIRE (FILE=PSTFIL, EXISIE-IGCHIL, OPENED=LOGOPN)
IF (LOGFIL) THEN
WRITE({QUT000\
RETURN 1 —~
ENDIF |
CALL IOMGR(J_BUE-103)
1_BUF(1) = 1
CALL IOMGR(I_BUE-104)
CALL PSCRPT (0,0,0)

C
C3——IF IDEV = 3 THEN MAKE A CGM META FILE FOR IMPORT TO FRAME
ELSE
IF (IDEV .EQ. 3) THEN
IF(IJK. LT 00 )THEN
WRITE(SUHRXX (Hi)') K
ELSE
WRITE(SUFFX,'(12)) JK
ENDIF
MTAFIL="META7 /SUREX
INQUIRE (FILE=MTAFIL, EXISIE-I(THIL, OPENED=LOGOPN)
. IF ((LOGFIL) THEN
WRITE(IOUT,100)
RETURN1
ENDIF A
LEN.MTA = STR_LEN(MTAFIL)
CALL CGMBO (MTAFIL(1:LEN_MTA),LEN_MTA,0)
ENDIF
- -- ENDIF




END IF

100 FORMAT!//*+ FILE ALREADY EXISTS**'/)
C
C4—RETURN
RETURN
END
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Variable Ran”e

I BUF Module

IDEV Package

I[K Package
IN Module

10UT Global
I XARG  Module

J BUF Module

LEN MTA Module
LOGFIL ~ Module

LOGOPN Module
"WTAFIL  Module
PSTFIL Module

Variable  Range

CGMBO  Module
IOMGR Module
PSCRPT  Module
XWNDOW Module

List of Variables for Module

Definition

DIMENSION (16), Integer array used by GKS graphics subroutine
IOMGR to prepare postscript file.
Flag for device that the vector plots will be plotted to.

=1 plot will be display” in an X-window on the DG.

=2 plot will be stored as a postscript file.

=3 plot will be stored as a CGM meta file.
Index for plot number.
Primary unit number from which input for this package will be
read.
Primary imit number for all printed output. lIOUT = 6.
DIMENSION (10), Integer array used by (3KS graphics subroutine
XWNDOW to prepare X-Wmdow enviroiunght for plotting.
DIMENSION (16), Integer array used by GKS graphics subroutine
IOMGR to prepare postscript file.
Length in bytes of meta file name.
Temporary file assigned in parameter list for INQUIRE statement.
If LOGFIL exists (representing already existing POST or META
file) return without writing plot file.
Temporary file opened by INQUIRE statement.
Name of ciurent CGM meta file being written.
Name of current postscript file being written.

Definition of GKS Graphics Subroutines Called bv SPLTI D

Stores plot information in CGM metafile.

Sets up and queries I/O environment for graphic output.
Stores plot information in postscript file.

Sets up X-Window environment for plotting to the screen.
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Narrative and Flow Chart of Function STR LEN

This function subprogram calculates the character string length in bytes of labels
and file names. It is called by modules PLTIFM and SPLTID. It perfoms its tasks in the

following order
1.Set constants.
2. Calculate exact string length.
3. Return.

CHAR N is the length in bytes of the
character string. It resides in a do loop
that is NBYTE long (specified in
character declaration statement). The
do loop subtracts one byte through
each pass of the loop tmtil CHAR N is
the exact length of the string.

ENTER ™
I STR.LEN J

SET
CONSTANTS

CALCULATE
STRING LENGTH BY
SUBTRACTING |
BYTE FROM DMITIAL
CHARACTER STRING
LENGTH
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Cl1-

C

FUNCnON STR.LEN (STRBUF)

ok R g R gy K gy K g g ik K g g

JOHN C WATSON, SNVCRS, 9/15/88
DETERMINE THE CHARACTER STRING LENGTH

>y @y Ty @k Kk gy ek K gk @ H K KKK K@Ky @y KKK K @@y H K

SPECmCATIONS:

CHARACTER*C) STRBUF
CHARACTER*! CHAR N, BLNK

-SET CONSTANTS
BLNK = "
NBYTE = LEN(STRBUF)
STR_LEN = NBYTE

C2- —DETERMINE EXACT LENGTH OF STRING

DO 100IBYTE = NBYTE, 1, -1
CHAR_ N = STRBUF(IBYTE:IBYTE)
IF (CHAR_N NE. BLNK .AND. ICHAR(CHAR_N) .NE. 0) RETURN
STR_LEN =STR_LEN-1

100 CONTINUE

C
C3-

-RETRyN
RETURN
END
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Mirdat21f

BLNK
CHAR.N
IBYTE
NBYTE

STRBUF

STR_LEN

Eanff

Module
Module
Module
Module

Module

Package

List of Variables for Function STR LEN

Definition
Null or blank byte.
Current string length in bytes.
Index for bytes.

Number of bytes initially assigned to character string by
character dedaration statement.

Butfer for holding file or label name passed into STR LEN. If
the file or label are less than the character string length
specified by the character declaration statement then the string
contains null characters.

Exact length of desired character string in bytes.
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e
C MAIN CODE FOR MODULAR MODHLI-- 7/2/92
C BY MICHAEL G. MCDONALD AND ARLEN W. HARBAUGH
c modified by Thomas J. Burbey
C-—VERSION 0212 Feb. 18, 1994; MAIN1
€ LALLM RS i wiemieldivebrivii b Eid o
C
C  SPECIHCATIONS:
C
COMMON X(1200000)
COMMON /HLWCOM/IAYCONI(80)
CHARACTER*4 HEADNIG,VBNM
DIMENSION HEADNGYTBNM(4,20),VBVL(4,20),JUNIT(24)
INTEGER*2 riWA(233)| TITN2(28)
DOUBLE PRECISION DUMMY
EQUIVALENCE (DUMMY,X(1))
Cc
Cc
C1-—SET SIZE OF X ARRAY. REMEMBER TO REDIMENSION X,
LENX=1200000
C
C2-—MESIGN BASIC INPUT UNIT AND PRINTER UNIT.
INBAS=5
IOUT=6
C

C3——DEFINE PROBLEM_FROMSCOLIIWNGLAYERS STRESS PERIODS,PACKAGES
CALLBASHDHF{UIN HEADNGINPEERR] T TN TN NCOLINRRDOWINIAY,
i NODES,INBAS JOUT, [IINIT)
C
C4+.AMLODATE SPACE IN "X” ARRAY,
CALLBASI{BUWUBNKJLOHNBWLCHOLRLABOULOOR LOGC ILACY,
i LCHCQOELCRHS, LCDHLIR JLCIDIBLC [HCSITRT, LCBUFF, LCIOFL,
2 INBAS, ISTRITNGOIL NROWNILAY,IOUT)
IF(IUNIT(1).GT.0) CALL BCFi AL(ISUM,LENX,LCSC1,LCHY,
i LCBOT,LCTOPLCSC2 LCTRPY,IUNIT(1),ISS,
2  NCOLNROWNIAY, IOUTIBCFCB)
+ - IR(TUNEAQ)XEIT0) CALL WEL1AL(ISUM,LENX,LCWELL, MXWELL,NWELLS,
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1 IUNIT(2),IOUT,IWELCB)

IF(IUNIT(3).GT.O) CALL DRNIAL(ISUM,LENX,LCDRAILNDRAIN,MXDRN,

1 njNrr(3),IOLJXIDRNCB)

EF(IUNIT(8).GT.0) CALL RCHIAL(ISUM,LENX,LaRCH,LCRECH,NRCHOP,

1 NCOL,NROWJUNIT(S8LIOUT,IRCHCB)

[F(IL:NIT(5).GT.O) CALL EVTIAL(ISUM,LENX,LCffiVT,LCEVTR,LCEXDP,

1 LCSURF,NCOUNROW ,NEVTOP,IUNIT(5),IOLtr,IEVTCB)
IF(IUNIT(4).GT.O) CALL RTVIAL(ISUM,LENX,LCRIVRA1XRIVR,NRIVER,

1 IUNIT(4),IOUXIRIVCB)

IF(IUNIT(13).GT.O) CALL STRIAL(ISUM,LENX,LCSTRM,ICSTRM,MXSTRM,

1 NSTREM,IUNIT(13),IOUXISTCBLISTCB2,NSS,NTRIB,

2 NDIV,ICALC,CONST,LCTBAR,LCTRIB,LCIVAR,LCFGAR)
IF(IUNIT(7).GT.0) CALL GHBIALaSUM,L.ENX,LCBNDS,NBOLrND,MXBND,
1 IUNIT(7),I0UXIGHBCB)

IF(IUNrr(9).GT.O) CALL SIP1 AL(ISUM,LENX,LCEL,LCFL,LCGL,LCV,

1 LCHDCG,LCLRCH,LCW ,MXITER,NPARM,NCOL,NROW NLAY,

2 IUNIT(9),I0UT)

IFOUNmiD.GT.O) CALL SORIALaSUM,LENX,LCA,LCRES,LCHDCG,LCLRCH,

1 LaEQP,MXITER>JCOL,NLAXNSLICE,MBW ,njNIT(ll),IOUT)
IF(ILINIT(14).GT.0) CALL PCG2AL(ISUM,LENX,LCV,LCSS,LCP,LCCD,

1 LCHCHG,LCLHCH,LCRCHG,LCLRCH,MXITER,ITERLNCOL,NROW NLAX

2 TLeNIT(14),JOLIXNPCOND)
if(iunit(15).gt.O) call gbklal(isum,lenx,lcqbx,lcqby,lcgbz,lcrat,
1 Icbase,lcgsnrf,lcdell,ncol,nrow,nlay,iimit(15),iout,
2~ jgbkoc,Iciact,igbtyp4cspx,lespy,lespz,leqx,leqy,leqz,
3 Ichss,igbss)
if(iunit(17).gt.O0) call usllal(ismn,lenx,lcusb< lcvislyjcuslz,
1 lestmz,lcps,ncoLnrow,nlay,ntnax,lcumag,iunit(17),
2 iout,iusloc,kunitdcsse,lcssv4cstmx4cstmy,lcvstm,
3 lctran,I$hc,lcssk,Icuoldx,lcuoldy4cuoldz,istep,xdose,
iostp,lctempx,lctempy,lctempz,tclose,lcux,lcuy,lcuz)
if(iunit(16).gt.O) call pltlal(isum,lenx,lcxang,lcyang,lczang,'
I lexmax,lcymax,lczmax,iplotv,iinahy,ldpxy,lcitype,ncol,nrow,
2 nlay4unit(16),iout,idev,ivec,lcxcntr,Icyentr,lczentr,
3 ldstr,nper)
IF (IUNTT(19).GT.O) CALL IBSIAL(ISUM,LENX,LCHC,LCSCE,LCSCV,
1 LCSUB,NCOL,NROW,NLAY,IIBSCB,nBSOC,ISS,IUNIT(19),I0UT)
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BROUNIT(21).GT0) CALL HYD3A L(ISUN| JLENOX [LCHIVIDE INH YD IHYDSUN,
i [TONTIZ)00UT)

[F(IUNIT(22).GT0) CALL TLK2AL(ESURM, LEN NUMCNCOIL NEROWNLAY,
i LCRATLCZCB LCTLK LCTL LCSL LCSLDLCAA LCBRLCALPH,
2 LCBET LCTRWL I CRN( ICRRNASLIGRAMANGIIFEGS /NN, NM2,
3 NTMRTLKSV,ITLKRS IUNFT(22), IOULITLKCB)

C
C5—IIF THIE "X ARRAY IS NOT BIG ENOUGH THIEN STOIP.
IF(ISUM-1.GT.LENX) STOP
C
C6-——READ AND PREPARE INFORMATION FOR ENTIRE SIMULATION.
CALL BASIRPO(UCTBSON] X UCHNEW XRCH R TX QCHOLD),
1 ISTRTINRASHIEEADING, NCOILMNROWMIAY,NQIIES, VBVL, X(LCIOFL),
2 JUNTR(I2) HEEDPW] IDIDNFNM,IHEDUN, IDDNUN,IOUT)
IFTUNIT(XGT0) CALL BCFIRP(X(LCIBOU) X(LCHNEW),X(LCSC1),
i XACHY), X(LCTB X ACUO) X OUCT Y XXKIDHELR),
2 XAWDHLC), X &TBOM), X ACTTUN) X CSSCHXNCTRIPY),
) 3 TUNIT(D) IESINCOIL, N RO NN LAY NOIDES [OUT)
{ IR(TUNIT®)GT0) CALL SIP1RP(NPARM,MXITER, ACCL,HCLOSE,X(LCW),
1 TTDNTTY9)| PR ICT RS 10U T)
IF(IUNIT(ih X@T0) CALL SORIRP(MXITER ACCIL, HICILOSE [IINII(1),
1 IFRSORIOUI)
IFIUNIM(4$)@GT0) CALL PCG2RP(MXITER JFER LHCLOSE RCLOSE,
i NPCONDNBPOIL/RELAX, IPRPCG, IUNIT(14), IOUXMUTPCG,
- 2. INIHR)
if(umif(15) gt©) call gbkpgix{bagibxlx(leqby), x(legbz),
1 x(orat),x(Qikese) x@aqgunff)modes,ncol ,nrow,nkay,
2 iunitdS5),ioutpcidact),x(cthom),igbkoc, igbkfm,ighicun,
3 xGedelc)plactiin) (el xat o) x(lcbot), xGatmew))
ifGunit(17).gt0) call uslipptcitnbix)x(cusly),xGeuslz),
1 x(estrx),x(cstrmy) NGestma )x(bppspoGesselp(essv),
2 nodes,ncoll pmawyrilayyinitit{ 77 utt imsloc,
3 nmagfm,nusxifim musyfimmsyifim,mmagun, nusxun,musyun,nuszun,
4 nvstfm st SodosstmyxGictram), nimax)
ifGunit(16).gt0) call plthpt{ipbotvsGcitype),x(iclpxy),
1 iimemyjiumidY6)jiouttjitievx@cistrmperips)
IR(TUNET{ P))EIT0) CALL IBSIRP(XQCIDELR)%A@.CDELC)X(LCHNEW),




| xaCHC),XaCSCE),xaCSCV)NLCSUB),NCOLNROW,NLAY,
2 NODES,nBSOC,ISUBFM,ICOMFM,IHCFM,ISUBUN,ICOMUN,IHCUN,
3 IUNIT(19),I0UT)

IF(IUNIT(22).GT.0) CALL TLK2RP(X(LCRAT),X(LCZCB),
I XaCRMIY(LCRM2)*aCRM3)"(LCRM4),
2 X(LCAAa(LCBB)\(LCBUFF);<(LCALPH)\(LCBET),
3 NROW,NCOL,NUMC,NODESI,NMI,NM2,NTMI,rrLKRS*aCDELC),
4 X(LCDELR),TOTIM,DELTMLIUNIT(22),I0LIT)

IF(IUNIT(21).GT.0) CALL HYD3RP(X(LCHYD3),NHYD3,NUMH,IHYD3LIN,
| XaCDELR)(LCDELC),NCOUNROW,M-AY,LCHNEW,LCSUB,
2 LCHC,IUNIT(21),I0UT)

C----- WRITE STARTING HYDRCX3RAPH RECOfeO
IF(IUNIT(21).GT.O) CALL HYD30T(X,ISUM,XaCHYD3),NUMH,
1 IHYD3UN,0.0)
C
C7--—--SIMULATE EACH STRESS PERIOD.
DO300KPER=LNPER
KKPER=KPER

nbulk=0
if(itmit(15).gt.0) call gbkIst(x(Ichss)*Odbou)A(Ictran),
1 xOchy)AOccv)pcOctop),x(Icbot),xQcdell)pcflcdelr),
2 xQOcdelc),ncol,nrow,nlay,xOcspx),xOcspy),xOcspz),
3 xQcqx),x(lcqy),x0cqz)4unit(15),iout,igbss)
c
C7A----READ STRESS PERIOD TIMING INFORMATION.
CALLBASIST(NSTP,DELT,TSMULT,PERTIM,KKPER.INBAS,IOUT)
C
C7B—READ /- PREPARE (formulate) INFORMATION FOR STRESS PERIOD.
[F(IUNIT(2).GT.0) CALL WELIRP(XaCWELL),NWELLS,MXWELUUNIT(2),
2 X(LCAA);<(LCBB)4CaCIBOU)"aCALPH),X(LCBET),
3 NROW ,NCOL,NLAY,NLIMC,DELT,TOTIM,DELTML
4 NMI,NM2,NTM1,IUNIT(22),10UT)
C
C7C2—ITERATIVELY FORMULATE AND SOLVE THE EQUATIONS.
DO 100 KTTERFLMXITER
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KKITER=KITER
C
C7C2A—FORMULATE THE FINITE DIFFERENCE EQUATIONS.
CALL BASIFM(X(LCHCOF),X(LCRHS),NODES)
IFAUNTTX&ET0) CALL BCFIFM(X(ILCHICOM)X (LCRHS)X(LCHOLD),
1 XACSCHLX(LCHNEW XX CHBOIOXECTRORNEALIUXACTWD,
2 X(LCHY)OXLCTRPY)PQUCBEN)X(LCIUN) X(LCSC2),
3  XaCIHIRGX(DEDELDEDEIESE KKIERKKKSTEKKPER NCOL,
4  NROW,NILAY,IOUT)
IF(TUNIT@)GILO0) CALL WEL1FM(NWELLS MXWELL,X(LCRHS),X(LCWELL),
1 XACTEDD)MNNTDLNNRROVWNNIALY)
IF(TUNIM@)GT0) CALL DRN1FM(NDRAIN,MXDRN,X(LCDRAD,X(LCHNEW),
1 X(LCHCORYX(ELCRHS)X(LCIHROU)NCOL NROW,NLAY)
IF(IUNIME@)GT0) CALL RCHIFM(NRCHOEX@ACIRCH) X ICIRECH),
1 XUCRRESXK(CTBBONINCODINRROWNNBAY)
IF(IUNIMG)GTO) CALL EVTIRMNENVTOPX(LCIEVT)X{LJEVTR),
1 XAGTENDIP) X(LCSURF), XA@RHS) (LCHTOH) X(LCIBOU),
1 XLCHNEW) D INRROWANAAY)
IF(TUNI)@TO) CALL RIVIFM(NRIVER MXRIVR X(LCRIVR) X({LCHNEW),
1 SCCHOD R XIRIRHSIDALBBOLY NODNRROVMMIAND
IF(IUNIT(B3)@T0) CALL STRIFM(NSTREM, X(ILCSTRW X ACSTRM),
1 XUCHNER)X (RCHCOR X @ACRHS) XATTBOU),
2 MXSTRM,NCOL NROWNLAY,IOUT,NSS, X(LCTBAR),
3 NTRIB, X ICTRIE XX UIVARR XHACRGAR),ICALC,CONST)
IF(IUNIT()@T0) CALL GHBIFM(NBOUND,MXBND X {L(TBNIDS),X(LCHCOF),
1 X{CRREBXK(COREOUINCODIRROWNIBAY) ‘
IF(ITUNIT($)GTO0) CALL [BSIFMACRHS)XICHIWHE) X(LCHNEW),
1 X(LCHOLD)XICHOXLCSCE)XITSSIWN(LCIBOU),
2 NCOLNROWNIMY,DELT)
IF(TUNITEZ2)GT0) CALL TLK2ZFMOKILCTID X(LCTLK)XILCSL) X(LCSLD),
1 XAECW), X (LCHCOR) X UCRRISSNRRWMWSTIONIAXNUMC,
2 XaCIBOU)XAURRAT))
C . .
C7C2B—MAKE ONE CUT AT AN APPROXIMATE SOLUTION.
IF(IUNIM@)GIT0) CALL SIP1 AP(X(LCHNEW), X(LCIBOU)X(LCCR),X(LCCC),
1 X(LCCWP(LCHCOF)XRCRHS),XCEELXLTRL)AWLCGL)PKACV),
2 X(LCW)XACHDETG) XILCLRCH) NIPARM, KKITER, HCLOSE,ACCL,ICNVG,
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3 KKSTPKKIPER [RCALCIPRSIP,MXITER NSTPNCOL,NROW,NLAY,NODES,

4 I10UD

IF(IUNIT(I)X@T0) CALL SOR1 AP(X(LCHNEW),X(LCTEROW))X(LCCR),

1 X@@OC), X(LCTW X(LCHITOR X (LCRHSS KRC A (LCRESS X ACTHEQP),

2 XaCTHICE XU ICT IR YR TR HAIOSE ACTL IONMGRKEKSTIKKPER,

3 IPRSOR,MXITER NSTRNCOL NROW,NLAY,BSLICEMBW,IOUT)
IFAUNIE@X)XITO) CALL PCG2ARGNICENERW X GCIBOU)XLCCR),

1 X(LCCOXUICCW X(LCHCOF) XILCRHE X(LCVLXICEBX(LCP),

2 X(LCCDOMXLCHOHG) X(LCLHCHY XURRE KO (IAILRCH) KKITER, |
3 NITER,HCLOSE RCLOSE,ICNVG,KKSTPKKPER IPRPCG,MXITER JTERI,

4 NPCONDNBPOL NSTPNCOL,NROW,NLAXNODES RELAXIOUEMUTPCG)

C
C7C2C—IF CONVERGENCE CRITERION HAS BEEN MET STOP ITERATING.
IF()CNVG.EQ.1) GO TO 110
100 CONTINUE
KITER=MXITER
110 CONTINUE

C
C7C3—DETERMINE WHICH OUTPUT IS NEEDED.

CALL BAS1OQ(NSTP,KKSTP, ICNVG, X (LATIOHL) NIAY,
1 IBUDFL,ICBCFL,JHDDFL,IUNIT(12),I0UT)

C
C7C4—CALCULATE BUDGET TERMS. SAVE CELL-BY-CELL FLOW TERMS.
MSUM=I1
v ~_  IF(IUNIME2)GITO) CALL TLEKZBEIXRACHINEAW, X ACTILK),XTICTIL), y

1 xammp«nmmmmmccvwwmmcmom,
2 MSUMNUMCNCOILNEDWN BLXKSTPRIFER ITLKCB, ICBCFL,
3 XdCBUFFLIOUT)
IF(TUNIT{(1).GT.0) CALL BCF1BD(WENWM WA IMSSIAX(LCHNEW),
1 X(LOBIRDX(UCHORDRXX ASCIMCCRORICCONATTV),
2 X(LCTOP)X(LCSCZ)IELTASS, NCOILNROWNIMYKKSTP, KKPER,
3 IBCROBICBRFEXLCRIFRLIOUT) ‘
§ " EFDNTIR)GIL0) CALL WEL1BD(NWELLS, MXWELL)VBNM,VBVL,MSUM,
~ 1 X(LCWELL),X(LCIBOU), DELTNCOL,NROW/NIAY,KKSTP,KKPER TWELCB,

s 2 ICBCFLX{LCBUFF),IOUT)
e IF(TUNII@)GTO0) CALL DRN1BBXNDRAIN,MXDRN,VBNM,VBVL,MSUM,

1 XeHACIDRAY))DHITDUCHINEW),NCOL,NROW,NLAY, X BOU) KKSTP,
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2 KKPER"RNCB,ICBCFLA(LCBUFF),I0UT)
IF(IUNIT(8).GT.0) CALL RCHIBD(NRCHOP, X(LCIRCH),X(LCRECH),
| X(LCIBOU),NROWJ>JCOL,NLAXDELT,VBVL,VBNM,MSUM,KKSTP,KKPER,
2 IRCHCB,ICBCFL,X(LCBUFF),IOUT)
IF(ILINr(5).GT.0) CALL EVT1BD(NEVTOPA(LCIEVT),X(LCEVTR),
I X(LCEXDP)N(LCSURF);((LCroOU)(LCHNEW),NCOL,NROW,NLAY,
2 DELT,VBVL,VBNM,MSL{M"KSTP,KKPER,IEVTCB,ICBCFL(LCBUFF),IOLtD
IF(IUNrr(4).GT.0) CALL RIVIBD(NRIVER,MXRIVRA(LCRIVRUaCIBOU),
| X(LCHNEW),NCOL.NROW,NLAY,DELT,VBVL,VBNM,MSUM,
2 KKSTP,KKPER.IRIVCB,ICBCFL,X(LCBUFF),I0UT)
IF(IUNIT(13).GT.0) CALL STRIBD(NSTREM,X(LCSTRM)(1CSTRM), XaCBOU),
| MXSTRM*aCHNEW),NCOL.NROW,NLAY,DELT,yBVL,VBNM,MSUM,
2 KKSTP,KKPER,ISTCBLISTCB2,ICBCFL"aCButoOUXNTRIB,NSS,
3 X(LCTRIBYNLCTBAR),X(LCIVAR)"aCFGAR),ICALCCONST,IPTFLG)
IF(ILINIT(7).GT.0) CALL GHBIBD {NBOUND,MXBND,VBNM,VBVL,MSUM,
I X(LCBNDS),DELTA(LCHNEW),NCOL;MROW,NLAY,X(LCIBOU),KKSTP,
2 KKPER,IGHBCB,ICBCFLA(LCBUFF),IOUT)
IF(IUNT(19).GT.0) CALL IBSIBD(XaCIBOUY(LCHNEW),X(LCHOLD),
| X(LCHC),X(LCSCE)"aCSCV)(LCSUB)(LCDELR)"(LCDELC),
2 NCOL.NROW,NLAY,DELT,VBVL,VBNM,MSUM,KSTP,KPER,nBSCB,
3 ICBCFL,XaCBUFF),IOUT)

C----- WRITE HYDROGRAPH RECORD
IF(IUNm21).GT.0) CALL HYD30T(X,ISUM*aCHYD3),NUMH,
V 1 -IHYD3UN,TOTIM)
C
c----Perform calculations for directional components of displacement
if(iunit(17).gt.0) call usllifm(xQcqbx),xflcgby)pc(lcqbz),
1 xQdact)pc(lcdeb-)pcQcedelc),xOcdell),ncol,nrow,nlay,
2 x0cscl),x(Ichy),x(Icusk),xOcusly),x(Icuslz),x(lcstmz),
3 xOg>s),iout,iusloc,delt,totim,xflcrat), kkstp,xOcsse),
4 xQcssv),kunit,x(lcstmx),xflestmy), x(Icvstm),
5 xGetran),x0csc2),x(Ichc),x(lcssk),x0cuoldx),x(Icuoldy),
6 xGcuoldz),istep,xclose,iostp,kkper,xOctempx),
7 xGetempy),xGetempz),tclose,xGeux),xGeuy),x(Icuz),xGehnew),
8 xGcebot),xGeibou),xGehold),xGespx),xGespy),x(lcspz),nbulk)
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c-—print and or save subsidence, magnitude of displacement and
¢-——directional components of displacement.
if(iuni(17). g 0) call usliwtbiiinsii)sQcusly)xQcuslz),
x(leumag),ncol nrow nlay jout jimit(17),jusloc,x(ldact),
nstp, kper,kkstp,nmagfm,nusxfm,nusyfm,nuszfm,nvstfm,
AMAGUR,AUSKUR SN NIsZUBRVSStarppetitint potimocvstm),
4  x(Ocbuf©)
C7C5—PRINT AND OR SAVE HEADS AND DRAWDOWNS. PRINT OVERALL
Cc BUDGET.
CALLBASH WWWWMWWW)XMFL)
i MSUMXaTBSDUEBRIMN HBR
2 PERTIM,TOTIM,ITMUNINCOL, NR6w NLAY, ICNVG
3  HDDFL,IBUIDFL HBIDFVIHEDUN,IDDNFM,IDDNUN, IOUT)

GO AND =

C :
C7C5A-PRINT AND OR SAVE SUBSIDENCE, COMPACTION, AND CRITICAL HEAD.
IF(TUNIT(29X0T0) CALL IBSIOT(NCOLNROWNIAAYPERTIM, TOI KSTP,
1 KPER,NSTPXAUBUHR,X(LCSUB),X(LCHC) HBSOC,ISUBFM,ICOMFM,
2 IHCFM,ISUBUN ICOMUN,HCUN,IUNIT(19),I0UT)
C
C7C6—IF ITERATION FAILED TO CONVERGE THEN STOP.
IF(ICNVG.EQ.0))STOP
200 CONTINUE
c——print and or save gbulk terms to output
if(iumin(15).git0) call qbkituté{mtbu)x({lagfbyhe(legbz),
1 ncol,nrow,nlay,jigthlkos, jighikfim jqiklmm,mmit(15),iout, .
2 kperkkstp, pertinniatiimx({cbwid)
c
c—plot bulk fluxes (iplotv=1) or displacements (iplotv=2)
if(iplativle© .or.iplotv.ge.3) goto 205
—  if(jumit((i5) O .and. iuni(17)1e0) goto 205
ifdplotv.eq.1) then
if(iunit(16).gt0) call pltiffn(t(llagfinx{legby) x(legbz),
1 x(ledelr) xflcdidic) xQcxang)xQcyang) x(czang)x Ocxmax),
2 x(lcymax),x(Iczmax),x{lcdell),ncol,nrow,nlay,iplotv,x(cditype),
3 x(lipxy))isany, jumit(16),iout,idev,idev,x(lciact) x(Icxcntr),
4 xQysmtr) xRt} (it} mper kperkpe)

= =endif
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if(iplotv.eq.2) then

if(iunit(16).gt.0) call pltlfm(x(lcux),xGceuy),x(lcuz),

| xOcdelr),xOcdelc),xflcxang),xOcyang)pcOczang),xOcxinax),

2 xOcymax),xflczmax),xflcdell),ncol,nrow,nlay,iplotv,x(ldtype),

3 xOclpxy),imany,iunit(16),iout,idev,ivec,x0dact),xOcxcntr),

4 xOcyecntr),xGezentr),x(Icistr),nper,kper,kpe)

endif

205 continue
300 CONTINUE

C7C7—WRITE RESTART RECORDS
C7C7A~WRITE RESTART RECORDS FOR TLK2 PACKAGE
IFaUNIT(22).GT.0) CALL TLK2RS(rrLK SV, Xacto), XaCRM?2),
I XaCRM3)"G.CRM4),NMLNM2,DELTMLTOTIMJOUT)

C

C8----- END PROGRAM
STOP

C

END
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