2-4 DIGITAL COMPUTER TECHN!QU ES FOR GLOW PROBLEMS

There are four broad classes of groundwater models which are (1) physxcal (2)
analog, (3) analytycal formula, (4) numerical, whlch include the finite
difference and the finite element, The first two models are not presently
favored. Amalytical formulas are widely used for flow problems, They require
only paper, pencil, and tables of well functlon, due to idealized aquer and
boundary conditions. With the aid of a pocket—computer they can be apphed to

' vnde areas.

In'more compex hydrogeological conditions, numerical models must be used to
avoid inaccuracy. There are many numerical techniques which include the
finite difference (FD) and the finite element (FE). They only differ from one
another in the way the differential equations are approximated and solved
with a digital computer. Comparision between the FD and the FE is shown in
Table 2-1. Each technique has its advantages and disadvantages.

2-4-1 FINITE DIFFERENCE METHOD

(1)

Governmg Equation

The partial differential equatlon which governs the non-steady state two-
dimensional flow of groundwater in an artesian nonhomogeneous and igotropic
aquifer, can be stated as follows :

a8 ah a dh dh
P r o )+ 5y (T ay) S~——=—-+W ............ (21)
where, T: transmissivity (L2T-1)

S :. storativity (dimensionless)
h: artesian head (L)

X,y: carte_sian coer&inates (L)
w : source or sink (L. T-1)

t: time (T)



Table 2-1 Comparsion between FI) and FE

Attribute FD FE
1 Code Availability |Excellent > Good
2 Convenience Mesh generation > by hand or
' relatively automatic automatic
data handling can be :
easy '

3 Accuracy Mesh design roughly < Mesh can follow
approximates boundary condition,
boundary and observation well, and
location of well  pumping well

4 Flexibility Easier to modify > noteasy

' ' >

5 Code Efficency

Usually in-core

= in-core or out-core




(2) * Finite Difference Approximation

_ In the finite difference technique, space and time variables are treated as
discrete parameters. Firstly, the aquifer investigated is subdivided into
rectangular blocks by the grid system. These blocks have volume Ax Aym
where “m” is the thickness of the aquifer. (Figure 2-8)
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The differentials x and ay are approximated by the finite lengths Ax and
Ay, respectively. The area Ax and Ay should be small compared with the total
area of the aquifer, go that the dxscrete model reasonable represents the
contmuous aqulfer ' ‘ s . ' :
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Figure 29 Finite Difference Grid

The groundwéter flow in the aquifer is apprbkimated by the flow between
nodes. Flow rate terms Q1, Q2, Q3,... Q6 are arbitrarily assigned flow
directions asillustrated in Figure 2-9. Q1, Q2, Q3 and Q4 represent node-to-node
water transfer rates. Q5 is the flow rate associated with the amount of water
taken into or released from storage per unit time increment At. Q6 is defined as a
net withdrawal rate and represents source or sink term W of Eq. (11). The
conservation of mass requires that the flow rates entering and leaving the node ij
are equal as follows :

QL+Q3=Q2+Q4+ Q5+ Q6 (22)

Determining the values of the flow rate terms of Eq. (22) involves three
considerations. First, it is necessary to define what portion of the aquifer is
represented by each individual term. Seccndly, it must be kept in mind that,
although the flow rates may take place in any direction in the aquifer sysbem,
they are restricted to the x and y directions in the finite difference approach. The
portions of the aquifer included in the flow rate terms then may be referred to as
‘vector volumes’ to emphasize that not only a volume but also the direction of ﬂow
is being considered. Finally, since time is discretized, Eq. (22) represents an
instantaneous balance at the end of a time mcrement



- (8). Derivation of Approximate Hquation

Honzontal progectlons of the vector volume of the node-to-node flow rate
terms, Q1, Q2, Q3 and Q4, are defined as’ 111ust.rated in Flgure—ll All Vector
volumes of Figure-12 have a vertical dimension extending the full depth of the
aquifer, m. Furthermore, the portion of aquifer involved with each of these flow
rate terms extends in width one- -half of the grid interval of either side of the line
between node points, and is equal in length to the grid interval. Darcy’s Law is
then applied to the flow rate terms, Q1 through Q4, to give

Ql=Ti1,j,2¢(hi1,j,-hi ) Ay/Ax o (232)
Q2=Tyj ahij-hi+1,j) Ay/Ax L (23b)
Q38=Tj,j,1(hjj+1-hy) dx/Ay (23¢)
Q4=Tj 1,1 (i j-hi 1) Ax/ Ay (23d)

where, Ti,j 1+ aquifer transmiss.ivity within the vector volume between
nodesi, j, and i, j+ 1 (see Figures 2-10c and d)
- Tyje2: aquifer transmissivity within the vector volume
between nodesi, j, and i +1, j (see Figure 2-10a and b)

hij; : calculated he’ads at the end of a time increment
' measured from an arbitrary reference level at node i, j

cas | d o4
Figure 2- 10 Vector Volumes for Node tﬁ-Node Flow Rate Terms



_ Horizontal projections of the vector volumes of the flow terms Q5 and Q8,
extend the full depth of the aquifer and have horxzontal dlmenswns of Ax and Ay,
the volumes belng centered around the node pomt i,j.

The flow rate terms @5, 1epresentmg the rate at which water is taken mbo
storage, is ngen by :

Q5=SAxAy(hi hoip/at @9

where, h0jj: calculated head at node i, j at the end of the previous time
increment At
At : timeincrement elapsed since last calculation of heads

The flow rate term Qﬁ is made equal to a net withdrawal rate from the
vector volume of node 1, j of Figure-11 as follows,

Q6=QL,] - 25
Substitution of Equations (23), (24) and (25) into Equation (22) results in

Tia,j,2thiq5-hy ) Ay/ Ax+Ty 5 1(h g j+1-hy ;) Ax/Ay=Ty; 2¢hjj-h
i+1,)) Ay/Ax+Tj 3,1y -bi 1) Ax/ Ay +8 AxAy (hj ;-h0j 5/ At+ Q5 j

Dividing both sides of Equation (26) by the prodﬁcﬁ of Ax Ay, yields

Tii1 3,2(}11— ,.}"hlJ)/AXZ'*‘Tl;,Z(hH-l J"h11)/A32+ Tlg,i(hl j+1'h1 J)

, Equatlon (27} is the finlte difference form of the partaai .dlfferentlal equation
(see Equation (21)) governing the nonsteady state, two-dimensional flow of
groundwater in an artesian, nonhomogeneous aquifer,

Since an equation of the same form as Equation (27), is constructed for evéry
node a set of simultanecus equations should be solved for the prmc1ple unknown

The way of deriving the f'imte difference equatlon shown here, is based on
physmal standpomt mvolvmg Darey's Law and the Principle of Conservation of
Mass, which was given by Prickett and Lonnqu1st,_(197 1). Remson et al. (1971)
give rather complete mathematical derivations of finite difference equations. -



2-4-2 FINITE ELEMENT METHOD
(1) Governing Equation

The governing di_fferéntiai equation for two-dimensional, essentially
horizontal groundwater flow in & non-homogeneous, igotropic, aquifer with
leakage is (see Figure 2-11)

sy, @i o K o
T ) ¥y Ty ) H A+ (B =87 (98-2)

where T . transmissivity (I/T)
S :  strativity (1)
h  : artesian heads:solution variables (L)
Xy Cartesian coordinates (L)
Q@ : netfluxinto the aquifer from point or distributed sources
| (and skins) (I/T) '
kK’ : vertical permeability of the aquitard above the aquifer (I/T)
b* : thicknessofthe aquitard
H : piezometric head in X vertically agacent aquifer separated by
the aquitard (L)
t : time (T)

aﬁd boundary conditions are (see Figure 2-12)

dh

By on Cl (28-b)

Jx '

b = HC on C2 (28-0)
inwhich V ﬂux mto aqulfer from uncomputed area

He canstant head
n : outward normal vector {o the boundary
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(2) Finite Element Formulation

Equatmn (28-a) is solved by d1v1d1ng the aquer domain into elements and
points as illustrated in Figure 2- 12, :
In the divided triangular finite element the unknown artesian head can be
approximated by the combination of linear shape funetion Ni (x,y) as

- h=Nph; + NaoHg + Nghs o (29)
| Ny = a1fb12x+c'1y |
sz- a2+b§x+cgy 30)
Na= ag+ b32X +c3y
a] = X2y3 - X3¥2 (Xl,Y_l). |

ag = X3¥1 - X1¥y3

a3 = X1¥2- X251

b1=y1-¥3 (s, 95)
b2 =¥3-y1
bs = y1-¥2
e =X3-Xg - (z2,y2)
c2=X1-X3
eg = Xg- X;_.

where h: unknown artesian headsin a triangular finite element
hy,ho, hg. artesian heads at each corner of a triangular finite element
A: area of a triangular finite elemént

xi, yi: .cartesxan coordmates at each corner cf a tr1angu1ar finite
' element (i=1,2,8)



According to the Galerkin Method, the weighted and in_tegrated equation
residual is equal to zero. Therefore, Equation (28-a) is rearranged_as follows :

HNye e fhe b+re-2

Se a[N] {he}] d0e=0

a[N]

—-> {he}+ Qe +--— [N] {Hé} - “%;—- IN] {he} -

(31)
In which superscﬁ*ipt(e) denotes the particular e}.ement under consideration.

{N] =[N3 N2 Ngj]

Using Green s Iirst Theorem and applying the boundary conditions (28-b)
and (28-c), we have

a[NIJT  3[N] ANIT  3[N] ke

_ NIT[}
fiTe ax ax e ay ay i be - [N] [N
ke’ | Se '
be’ At
+Jf [N]T [N1{He}dQe +U [hiT [N] dQe (32)

’i‘hei‘efore, Equation (32) is rearranged as follows :

 [Kel{ke} = {fe} - _ ' S (89)
in which
T
[Kel=Te I AN oy -afte+Tess AN AN 4o, ke
ax ox 9y be
+ }f_ff[N]T [N]dQe | (34)

{fe}=-IFNIT Qe dQe +If -%z—:-[N]T [N1dQeSf %{N]T [N] {hoe}dQe
. ' (35)



where [ke] : element “stiffness” matrix
{fe} '+ element “foree” vector

We can calculate according to the equation derived so far.

sINIT 8[h]
ax ax

e dQe

aNy )

ax

N2 N1 .aNz dNg
=Ter| “ox [ x ex  ex A

dN3

_ b1 bg bg .
=Ter) 24 [23 24 2A] A

_Te by by b1 bz by b3
= "4An |bzbr . babz bzb3
b3 b1, bazbz b3 bz

In the same way, we have -
T o
ITe aNIT _a[N] 6.
dy 3y _

Te [c1c1  c€1c2  c1¢€3
= T4A ez @ €2 €2 €2 C3
€3 C1 €3 c2 €3 €3

In order to evaluate the integral

 IF[NTPIN]dQe

37



We can use fhe formula

B O B SRR 111
IIN L N 2 N 3 de = (i!'{'j.-!-.‘!fk__,!;‘f"_z)

oa (38)

Integratmn Formula (38) is valid for two- dlmensmnal elements,
Using Formula (38), the integral

JS INJT [N]dQe S (39)

is as follows ; , -

| If NidQe [INyNgdQe ffNqNzdQe

IIINTPINIdQe= | ;r o NdQe  JIN 2dQe ff Ny N3 dQe
{IN3NydQe JINj Ng&ﬂe - JIN nga

(1 1 13
6 12 12|
L 1L 1 |
“l12 e 12| A | (40)
R T |
12 12 6 J

 Agsembling the element “stiffness” matrix and "force” vector, we obtain

K] {h}= {f} | 4D
Where [K] = ¥ [Ke]:the global "stiffness” matrix =

{4 = % {fe} : the global “force veetor 7

{b} = = {he} :

Solving above the matrix equation, we obtain unknown heads.



(3) Soltion of the Matrix Equation

The systems of equations obtained in the most practicai problems are not
only symmetric but also banded matrix which may be written as

Tn this case, we can solve the matrix equations quickly and reduce the capacity of
the computer memory. : . |
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2-5  CASE STUDY OF SOME GROUNDWATER BASINS IN JAPAN
2-5-1 KUMAMOTQ' PLAIN

Kumamoto City is 1ocated in the western part of the Aso Volcano, Kyushu
Island, in the 'soﬁth~we§tern part of Japan. The' 'muﬁicipal water supply is
‘obtained fmm productmn wells in the lava fiow deposits and unconsolidated
delluvial de;msxts within the city. The mummpal water supply has been obtained
from three major pumping centers, which are Kengun, Kashima and Nuyamazu
The average daily groundwater withdrawal of the three pumping centers is
120,000m3/ day in 1980 and is supposed to rise to 250,000m3 / day in 1990.

(1) Hyadrogeology

~ As shown in Figures 2-15 and b kumamoto Plain is covered mostly by
voleanic deposits such as lava flow (To) and welded tuff (AS0-3, ASO-4),
Togawa lava flow constitutes the main aquifer, and alluvial clayey
sediments and most of the ASO-3 and ASO-4 constitute aquitards.
Water occurs in leaky artesian conditions, and recharge is derived
from the lateral flow through the Mt. Aso recharge area and the vertical
- leakage flow through aquitards.

(2) Slmulatlon ,Model

It is possible to simulate the complex aquifer conditions with simple
multi-layered aquifer model systems as shown in Figure 2-15 and Figure 2-
6. 7 | T
The Model has two aquifers (TO-1, TO-2) and two aquitards (ASO-3,
" AS0-4) underlying phreatic aquifers (HO, TA) in which water tables

~agsurne to be constant.

(3) Hydrelogic Constants

‘Based on aquifer and well production test data, ' average transmissivity
and storativity of the main aquifer are 5000m2/day and 3x10-3 respectively.
The average permeability of unconsohdated dep031ts (aquﬂ;ards) range

‘between 1 8x10-4 and 2.0x10 -4m/day: o

(4 Subd:nusmn of the A.rea .

lete element su‘ndnusmn for the model aquer on the Kumamoto
Plain is shown in Figure 2-17,



(5)

(6)

The model has 292 tridxlgﬁlaf elements aﬁd 160 nodes. The three pumping

area were subdivided more minutely and production wells were represented
at each node. - :

Verification of the Mdde:l_'.

“The accuracy and reliability of the model were assessed by a study of
records on past pumpage and water levels, Water level declines and a
piezometric surface map ebtained by the simulation model were compared
with actual water level declined and piezometric surface map for January
1978. As shown in Figure 2-18. a.nd Figure 2-19, differences in the computed
water level and the actual one are not significant when considered in
relation to the accuracy and adequacy of hydrogeologic data (Figure 2- 20).

Prediction of Future Water Level |

It is reasonable to assume that the simulation model may be used to
predict, with reasonable accuracy, the effects of future groundwater
development and the practical sustained yield of the aquifer. Simulation
was carried out to understand the effects and influence of a selected scheme
of pumping conditions. A water level decline map based on computer
simulation for the present maximum withdrawal (A-plan) is shown in
Figure 2-21. Results of the simulation are summarized and evaluated as
shown in 'I‘able 2-2.

Tt is concluded that it i is feasﬂ:le o develop proposed pumping rate without
significant influence on production wells and adjacent existing water
utilization systems.
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2-5-2 THE NOBI PLAIN

(1)

(2)

3)

Land Subsidence

The Nobi Plain is Jocated in the central part of J_épan and is about
1,300km?2 in area (Figure 2-22). There are over 5 million people living on
the plain which is one of the important industrial areas in Japan.

In 1959 a typhoon oeccurred on the plain on September 26, which
inflicted great damages. After this typhoon, a wide area of the plain was
submerged for a long time, By this submergence, it was evident that an
area of 186km?2 was below the mean sea level at that time. |

The yearly rates of subsidence on this plain were 1-2cm during the
period from 1950 to 1960, 2-4cm during the period from 1960 to 1965, and
more than 10cm at certain places during the period from 1965 to 1975.
(Figure 2-23) As of 1977, maximum subsidence exceeded 100cm. For such
'sub31dence, more than 270km2 of land had subsided below the mean sea
level ‘by 1980 (Flgure 2—24)

Withdrawal of Groundwater

The cause of this subsidence is the increasing withdrawal of

. groundwater. . In 1960, the groundwater withdrawal on this plain was
850, 000m3 /day. The amount of pumpage increased rapidly in the 1960’s,
" and the withdrawal reached 3,500, 000m3/day in 1973 (Figure- 2-25).

The major use of groundwater is industrial, which amounts to 60% of the
tota.l vnth agncultural use of groundwater close to 20%

Water Level -

Increasing withdrawal of groundwater has caused the steep decline in
the water level. In 1973, water level in the 1st confined aquifer dropped to
the level of 30m below ground, and that of the 2nd aquer dropped to -40m
(Figure 2-26, Figure 2- 27)



4

Subsurface Geology

The Nobi Plain is underlain by younger sediments (Tertiary to
Quarternary). The yearbr decllne in the water Ievel has caused compaction

o ef these Sedzments

(5)

The bubsurface stratlgraphy on. t}ns plam is shown in 'I‘able 9-3. The
Ter‘taaly and the younger sediments are composed of an alternation of clay,

" sand and gravel beds (Figure 2:28). These gravel beds (G1, G2, G3) are
‘main aquers on the plaln The clay beds (H, DB) dverlying the gravel beds,
 are aquitards and very compressive. The dlstnbutmn of thxckness of clay

beds are shown in Figure 2:29.

Groundwater Simulation .

‘_ For the purpose of preventmg land subs1dence, we executed an
mvestlgatmn sponsored by the Aichi Prefecture and the Chubu Regional
Construction Bureau within the Ministry of Construction. The
investigation consisted of pumping tests, hydrogeologlcal analysis and
model simulation. The model simulation was aimed at simulating the
groundwater flow and the subsidence, and to determine the withdrawal

‘which would cease the land subsidence.

On the basis of the hydrogeologlcal structure; we constructed a digital
computer simulation model which consisted of quasi: three dimensional

| mu1t1 aqulfer by the Flmbe Element Method (Flgure 2- 30)

In cahbratmg the model w1th the o'bserved wafer level and subsidence,
we incorporated future withdrawal plans into it. Based on the response of
the model, we were able to determine a safe yield (Figure 2-31).

Presently, withdrawal of groundwater on the plain is beiiig controlled
by the regulatzons set up by the authorltles, and the land sub31dence has

ceased.



1970

g _Year-__.
1960

1990

1960

1930

1]
e v ]
|7 =]
(=)
L =
s
= W
=
J21BAPURC.IH 10 TEARIPYITH 2 +
=l — =
ﬁ\nm.mv\nEoD M.Xu m ..m. (=]
oo ) T = Y
B s w & § o o
s ff 0 §if = ;
g u » o - o
M.m .m . r ‘\.\u..\nl.\\.l\ w o M . B . R
e A e = = @
mw AT - >
SE G G = b W@
R/ & o & [ °.
~— rw . T) & .M . ] =
! , Tonankai. Lo L w ot
o LA 1 B R ot -
..w.rm o Earthquake o o - =
a iy | @ e O
- ﬁ m S0 % M o .
: _ = e dd
[ bl 2 B 2
. BT 2 .
Sl & 3535 | 282 13sa _
SL . : o 3 o
=il & RNy - 838 £
. . ESE & O : el
B mda. > =5 107y e
" ,.% o= O - & "
o el ) o NS
gt M . &Ru ey : nrm. F = ¥ Hvooon.“muf m
) ) .- e £ hr o Whaiptelelatsets .
LA werd Bar ke o ' m m m : e V.»u_vhn‘u&.ﬂ.u%:o\. . . -
_ - o . ARSI \E 2
ST R 8T8 w 528 O\ ) 2
. .~ A i ”& onu«u&onm“uﬂuuMou% .o_ S = =
) o Ly . ; 00 Yo v s & n L '
(o) souepisgng. . - & : m m m #.vmmmm.nﬁ&&. 27 RN -
. , : Jo B R U L D 200 T
o E A RO 2 .
- . Wﬂooooo
-t .00“000‘ .
® o2
—
- v
RIS G : .
% .
3 LR |
. \II.-I/!\\_ AT =4 . A 2 . - - . . . -
2 RGBT : . |
b : 0% O.voooooo.. . 5
; SRR
et e . .
. = ! 1 i 1 } I 1
=} .
N
& = 3 S o ©
0 . oy o~ —
ol . £ )
oo (Lep/ WOCO*OTX) TEMBIDULTA

2—45%
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Table 2-3 The Subsurface Stratigraphy on the Nobi Plain

(loose upper sand bed and very soft
“marine clay bed)
~ NOBI FORMATION (N)
 (alternation of sand and silt bed)
DAINCHIGRAVELBED (Gy)
ATSUTA FORMATION (Dg)
(upper sand and clay beds and
) unconsolidated lower marine clay bed)
PLIESTGCENE | DAINIGRAVELBED (Go)
AMA FORMATION GROUP
{alternations of semiconsolidated sand,
_clay and gravel beds) .
PRE-AMA FORMATION GROUPS
{(alternations of semiconsolidated sand,

HOLOCENE {NANYO FORMATION  (H)

L clay and gravel beds)
PLIOCENE TOKAIGROUP
| { (alternations of semiconsolidated 200 -
100 m clay, sand and gravel beds)

MIOCENE SERIES
PRE-TERTIARY BASEMENT ROCK

(Thickness) -
- 10-60m

10-20m
10-30m
'10-100111'__
5—30m-

30-100m

30-70m

200 - 1000 m
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3. QUAS!I-THREE DIMENSIONAL
MULTI AQUIFER MODEL
BY FINITE ELEMENT METHOD



0001

0002
0003
0004
0006
0006
0007
0008
0009
0010
0011

0012
0013
0014
0015
0016
0017
0018
0019
0020
0021

0022
0023
0024
0025
00286
0027
0028
0029
0030
0031

0032
0033
0034
00356
0036
0037
0038
0039
0040
0041

0042
0043
0044
0045
0046
0047
0048
0049

QoaogQacan

10
20

100

Frthb b kb kb kR kbR bR Rk E b ELE R

¥

£

+  QUASI-THREE DIMENSIONAL *
&3 MULTI AQUIFER MODEL *
+ BY FINITE ELEMENT METHOD =+

*JICA,

K.FUJISAKTI., T.MAEKAWAx

FhhkEbkhhdk kR PR Rk R ke kR bbb ¥

COMMON

%

*

*®
COMMON

*

*
REAL*4
REAL*8

ACCEPT
ACCEPT

NEL,NNO,NSTEPS,ID, NP, NE,G(500,29.4),0(450.,4>.5(450.43,
DX.DY.,DT,HOP(450,4) ., NC(4) ,NOC(80.4),F(500),Q0450.4),
H(500.55.V{4.500>,U(4,500) ,HC(80,4,1445,KD(500,4>,
B(500.4>,D(7,2).,E(7),NBAND

LYL(450.4), NWEL.ST (5002 .NOBC40)>.3J(40),
HIC40,4) ., HDT ., LXL(500.4>.IP.HO0(500.4) ,NBK.NLL,
LBL(287.NL(15> . NLE{15.502,NLP (15,502, THW
KD,L.QINC450) . RINC4A50)

F.G

* , NFUTU
+, QMULT

CALL GDATA

IF(IP)

20.20.10

CONTINUE
CALL FORMK

DO 1000 N=1,NSTEPS

IF(NFUTU.EQ.1.0R.N.EQ.1) THEN

IF(IHW.

DO 100

EQ.1) THEN
I=1,1ID

READ(18) (QIN(J),J=1,NEL>
IF(N.EQ.1>READ{15) (RIN(J>.J=1,NEL>

Do J=1,
QLJ,I)=

END DO

NEL
QIN (J)+QMULT-RINC(JI)D

CONTINUE

END IF
END IF

NT=N
DO 500

M=1.4

CALL CALAH(NT)
CONTINUE
CONTINUE



0001

0002
0003
goo4
0005
0006
0007
0008
0008
Qo010
0011

09012
0013
0014
0015
00186
0017
0018
0019
0020
0021
op22
0023
0n24
0025
0026
6027
0028
0029
0030
0031
0032
0033
0034
6035
0036
0037
0038
0039
0040
0041

0042 .

0043
0044
0045
0046
0047
0048

aoQQaQa

100

210
220
200
1000

310

300
350
1500

2000
B0

SUBROUTINE FORMK

bR E kAR EE R KRR Rk R R AR F AR KA A R E 2
* *
+ SUB PROGRAM TO FORM GLOBAL MATRIX =
* %
EkkE R FE R AR FE R A E R EF SRRk Ak AR A LRk k b 4

COMMON NEL,NNO,NSTEPS,IL,NP,NE.G(500.,29.4),17(450,4>,5(450,4),
x DX.DY.DT,NGP(450.4) ,NC(4)> . NOC(80,4),F(500),Q(450,4),
H(500.5),V(4,500),UC4,500),HC(80,4,144) ,KD(E00,4),

¥ B(500.4),D(7,2),R(7),NBAND

COMMON LYL(450.4), NWEL,.ST(500),NOB(40),8J(40),
¥ HJC40.4),  HDT,LXL(S00.,4),IP,H0(500,4),NBK,NLL,

LBL(287) ,NL(15) ,NLE(15,50) ,NLP(15,50), IHW

DIMENSION E(4,4)

REAL#*4 KD.L

REAL*8 F,G.E

DO 100 I=1,NNO

DO 100 J=1,NBAND

DO 100 K=1,IL

G(I.J.K)=0.0

DO 1500 ID=1,IL

DO 1000 N=1.NEL

CALL STIFF(E.ID.M

DO 200 I=1.4

TI=NOP(N,I)

DO 200 J=1.4

JI=NOP (N, J)

LL=JJ-TI+1

IF(LL-NBAND) 210,210,2000

TF (LD 200,200,220

G(II.LL,IDY=G(II,LL,ID+ECI,J)

CONTINUE

CONTINUE

NNC=NC (ID}

IF(NNC) 350,350,310

DO 300 I=1,NNC

J=NOG(I,ID>

G(J,1.ID)=G(J,1,.ID)*10.0%+8

CONTINUE

CALL SOLV1<{(ID)

CONTINUE

RETURN

WRITE(G.601) N

FORMAT (/10¥, 'ERROR IN BAND WIDTH NO.',I4)

STOP :

END



0001 SUBROUTINE STIFF(E.LD.ND

0002 C ]

0003 C o E ks PBABR8B ek k kb Rk bk kR FRFFF IR KK FRE

0004 ¢ ¥ #

Q005 C #+ SUB PROGRAM T0O FORM ELEMENT MATRIX *

0006 G * %

0Qo7 8] B N I 2 s st R R R S R

Q008 C

Q009 COMMON NEL.NNO,NSTEPS;IL,NP.NE,G(SOO,29.4),T(450.4).S(450.4),
0010 ¥ DX.DY.DT.NOP(450,4),NG(d)VNOG(80.4).F(500),Q(450.4),
0011 . * H(500.,5>.V{4.,500>,U0C4.500>, HC(80.,4,.144) ,KD(500.,4D,
¢go12 * B(500.,4),D(7,2> ,R{(7),NBAND

0013 COMMON LYL(450.4)., NWEL.ST(500), NOB(AO) SJC400,
0014 * . BJ(a0.,45. HDT,LXL(500.4) ,IP,HO(500C. 4., NBK.NLL,
00156 * 1LBL(287) . NL(15),.NLFE(15,50) ,NLP(15.50) ,LHW

0016 DIMENSICN E(4.,4)

0017 REAL#*4 KD.W

0018 REAL%#8 F.G,E

0019 I=NOP(N. 1>

0020 J=NOP(H.2)

o021 K=NOP{N.3>

og22 L=NOP(N.4>

Q023 PI=T(N,ID>*DY/DX/6.0

6024 P2=T(N,ID)+DX/DY/6.0

0025 PA=DX*DY+S(W.,ID>/DT/36.0

0026 P3=0.0 _

0027 IFC(ID-1> 50.50.79

0028 50 LL=LYL{N.II

0029 IFLL)H10,110,80

0030 80 GO TO (100,110).L%L

0031 70 CONTINUE

06032 IF(LYL(N. ID)) 110,170,100

0033 100 P3=(KD(I,.I+KD(J,ID)+KDK,.ID+KD(L, ID))/(B(I ID>+B (. ID)+
0034 * _ BK.IDY+B(1L:,ID>>
0035 110 IFCID+1-11) 120,120,140

0036 120 IFCLYL(N,ID+1>) 140,140,130

0037 130 PB P3+(KED(T, ID+1)+KD(J ID+1)+KDCK, ID+1)+KD(L.ID+13>/

0038 ¥ (BCI,.ID+1¥+B(I. ID+1)+BK,.ID+ 1) +B(L.,.ID+12)
0039 140 P3= PB*DX*DY/3S 0

0040 EC(1,1)=2.0%P1+2. 0*P2+4.0¢P3+4.0+P4

0041 ECt. 2)*—2 0%P1+P2+2 . 0%P3+2. 0*P4

o042 E(1,3)=-P1-P2+P3+P4

0043 E(1.4)=P1-2,0%P2+2.02P3+2.0+P4

0044 E(2.2)=E{1.,1)

0045 E(3.3)=E(1.,1)

0046 E2,1)=EN .2

0047 E(3.,43=E(1.2)

0Qas E4,4)=E(1,1)

0049 E(a.3)=E01.2>

0050 E(2,43=E01.,32

0051 E(3,1)=EC1.3>

0062 : E(4,2)=E(1.3>

0053 E(2.3)»=EQ01.:4>

0054 E(3,.2X=E(1.,4)

0055 - E(4.13=E(1.4)

0056 RETURN

6057 ’ END



0001 SUBROUTINE SOLV1I(ID}

0002 C

0003 C R N R R R E S E R FE RS RS ]

0004 C * . 3

0006 c * TO REDUCE GLOBAL MATRIX #

0006 c ¥ *

0007 C Ak kk b kkbhkk Rk Rk Rk bk kF FE K

Q008 C

0009 COMMON NEL,NNO.NSTEPSfIL,NP.NE.G(SOO,29,4),T(450}4),S(450,4).
0010 : % DX,.DY,.DT,.NOP(450,4) ,NC(4),N00(80,4),F(500).Q(450.4),
0011 * H(SOO.S).V(4.500),U(4.500).H0(80.4,144).KD(50014),
0otz * B(500:,43,DC(7.2),E{(7),NBAND

0013 COMMON LYLC450.4), NWEL,ST(500) .NOB(40)>.3J(40>,
0014 * HJca0,4>, HDT,LXL{(%00,4),1IP,H0(500,4) ,NBK,.NLL,
0015 * LBL (287> ,NL{(15 ,NLE(15.,50),NLP(15,50>,1IHW

00186 REAL+#4 KD.R

0017 REAL*8 F.G

0018 DO 300 N=1.,NNO

0019 I=N

0020 DO 290 L=2,HNBAND

0021 I=T+t

0022 IF(GN,.L.ID>) 240,290,240

0023 240 C=G(N,L,ID>/G(N,{1.ID

0024 J=0

0025 DO 270 K=IL.NBAND

0026 J=J+1

0027 IF(G(N.K,.ID>») 260,270.2690

0028 260 GUI.,J,TD=G(I.J.ID)-C+G(N.K.ID>

0028 270 CONTINUE

0030 G(N,L,ID>=C

0031 290 CONTINUE

0032 300 CONTINUE

0033 ‘RETURN

0034 END



0001

go0?2
6003
0004
0005
0006
0007
0008
0009
0010
0011

0012
0013
0014
0015
0018
0017
0018
0019
0020
0021

0022
0023
0024
0025
0026
0027
0028
0029
0030
0031

0032
0033
0034
0035
0036
0037
0038
0039
0040
0041

0042
0043
00a4
0045
0046
0047
0048
0049
0050
0051

0052
0063
0054
0055
0056
0057

agoaaca

100

150

160
180

201

202

2085

207

208
%

SUBROUTINE CALAHNT)

Rt bbb kk R E PR Rk A kR Rk kR R R F R R R Ek Rk

% : *
+ TO CALCULATE WATER HEAD BY AQUIFER *
% *

FEEERERREREF R E R AR F bRk kR kR k¥

COMMON NEL,NNO,NSTEPS,IL.NP,.NE.G(500.29.4),.T(450.4),8(450,4),
DX.DY.DT.HNOP(450.4) ,NC(4) ,NOC(80,4),F(500}).,a(450.,4),
H{500.5).,V(4,500).0(4,500),HC(80,4,144),KD(500.4>,
B(500.4>.D(7.,2),E(7),NBAND

COMMON LYL{(450.,4), NWEL.ST(500),NOB{40).,3F{(40).,
HI(40.47), HDT,LXL{(500,4),IP.H0(500,4) ,NBK,NLL,

" LBL(287),NL{15>,NLE(15,50) ,NLP(15.50)

COMMON /BK2/NNF,NFL{20.,2) . TR(20.60>

REAL%#4 KD.W

REAL+*8 F.G

DO 1000 ID=t, IL

IC=ID+2

TE=TD+1 :

bo 100 I =1.,NNO

F(I>=0.0

DO 200 ¥=1,.NEL

I=NOP(N. 1)

J=NOP(N,2)

K=NOP(N, 3>

L=NOP(N.4)

P4=DX+DY*3S(N,ID>/DT/36.0

QA=Q(N,ID>Y*0.25

F(II=F(I)+P4Ax (4, 0xH(I,IEX+2,.0xH(J, LE>+ HW®E.IEY+2,0+H(L.1E})}-Q4
FOIOZF(I+PA% (2. 0xH(I.IEY+4 . 0+H(J,IE}+2. 0+H{K ,IE>+ H{L.IE>)>-qQ4
FOOSF@EI+PAx( H(I.IE>+2.0+H(J,IE)+4 . 0+H(K,IE)+2.0+H(L.IE})-Q4
FLO=F(I)+P4+% (2. 0+H(I,IE)+ H{J,TEX+2 . 0+HK,IE>+4,0+H(L,IE>>-Q4

TF(ID-1) 150,150,190

LL=LYL(N.,ID)

IF(LL) 202,202,160

GO TO (201.205).LL

CONTINUE

IF(LYL(N,ID)) 202,202,201

P3=DX#DY* (KD(I,ID)+KD(J,ID)+KD(K,ID)+KD(L,ID>)/

(B(I,IDY+B(J.ID)+B(K,ID)+B<L,ID))>/36.0

F(I)=F(I)+P3% (4.0+H(I,ID)+2.0%H(J,ID)+ H(K.ID)+2.0+H(L,ID)>

F(J)=F(J)+P3+% (2, 0*H(I,ID)+4, 0*xH(J.ID)+2. 0+H(K,ID)+ H(L,ID)>)

F(KY=F (K)+ P33 H(I,ID)+2.0+H(J.IDY+4,0+H(K.ID)>+2., 0#H (L, IDD)

F(L)=F(L)+P3# (2. 0%H(I,ID)+ HC(J,ID)+2. 0#H(K.ID)> +4, 03H(L.ID))

GO TO 205 :

FCIYZFCD+VCID. DD

F(J)=F(J)+V(ID,J)

F(K)=F(K)+V (ID.K)

F(L)=F(L)+V(ID.I)

IF(IC-6) 207.207.200

IF(LYL(N,IE)> 209,209,208

P3=DX#DY#% (KD(I,IEY+KD(J,IE) +KD (X, TE) +KD(L,TIE) >/
(B(I.IE}+B(J,IE)+B(K,IE)+B(L,IE))/36.0



0058 FX=F(I>+P3% (4., 0xH(L,ICY+2.0%«H«J.ICH+ HCK,IC)+2.0+H(L,ICY)

0059 FOII=F (I +P3x (2. 0%H(I,ICY+4. 03H(J,ICH)+2. 0+H(K,.TICH + H(L.ICY>
060580 FKI=FRI+P3*( H(I.ICY»+2. 0#H(J.ICY+4 . 0+H(K.IC)+2.0+«HL, ICY?
00G1 FUWO=F)+P3* (2, 0xH(IL.ICH+ H(F . ICY+2. 0%H(K.,IC>+4,  0+H(L.IC>»?
0062 GO 10 200
Q063 2089 F(DO=FI>-UIE. I
00G4 FOI=F ) ~U(TE. )
00B5 FO =G -UCTEL KD

. 0066 ' F(I=Fd)-UIE.L>
0067 200 CONTINUE
0068 c
0069 220 NNC=NC(ID}
0070 IF(NNC) 270.270.250
0071 250 DO 280 I=1,NNC
0072 J=NOC(I.IDD
0073 FII=G(J,1,1D3+HCT.ID, 1)
0074 260 CONTINUE
0075& 270 IF(ID-4> 300,275,300
go7s 275 IF(NNF> 300.300.280
0077 280 DO 290 I=1,¥NF
0078 JENFL(I. 1>
0079 K=NFL({I.2>
0080 FI=F W +TR(I.NT)*0.5
0081 230 FKI=F(K>+TR{I.NT)>*0.5
0082 ¢
0083 300 CALL SOLV2(ID>
0084 G
0085 DO 400 I=1.NNO _

0086 400 H(IL.IE)=(F(IX+H(L.,IEX>*0.5
0087 1000 CONTINWNUE
0088 RETURN
0088 END



0001 SUBROUTINE SOLVZID)

ogo2 C

0003 C EEE I EE ST EEE S S E SRS EE R EEEE R E R E LT X

¢004 C ¥ ¥

0005 c ¥ TO SOLVE SIMULTANEOUS EQUATIONS #

0008 C * *

0007 C FRhkh kbR R E R AR AR R R EF R ERF R KRR KRR R RKF

0008 C ' i
6009 COMMON NEL,NNO,NSTEPS.IID,NP.NE,G(SOO.29.4),T(450.4).S(450,4).
0010 * DX,DY.DT.NDP(450,4),NC(d),NOC(80,4),F(500),9(450.4).
0011 * H(SOO.S).V(Q,SOO).U(4.500).HC(80,4,144).KD(SOO,d),
0012 * BC(S00,4Y,.D(7.2),E(7),NBAND

0013 COMMON LYL(450.4). NWEL,.ST (500>, NOB(40),8JC402,
o014 * HJCAD. 4>, HDT,.LXL(500,4),TP,HO(500.4) ,NBK,.NLL,
0015 & LBL(?87),NL{15) ,NLEC15,50) ,NLP(15,502,THW

0016 REAL*4 XD.R

007 REAL+8 F.G

0018 DO 300 N=1,NNO

0019 I=N

0020 DO 290 L=2,NBAND

0021 CI=TIH1

0gz2 290 F(ID)=F(I)-GN.L,ID)*F(N)

0023 300 F(NO=FND/GN.1.,ID

0024 G

0025 N=NNO

00286 350 N=N-1 :

0027 ' IF(NY 500,500,360

0028 360 L=N

0029 DO 400 K=2,NBAND

0030 ) L=L+1

- 0031 IF(G(N.K.ID>»> 370.400,370

0032 370 FOD=FNY-GWNLK, IO *F D

0033 400 CONTINUE

0034 GO TO 350

0035 500 RETURN

0036 END



0001 SUBROUTINE GDATA

0002 C

0003 e} ¥Rt kk b RR bR E R P E AR EE R kR Rk H bk k¥

0004 C * *

0005 c + 3UB PRQGRAM FOR DATA ENTRY +

0006 C # : ¥

0007 C I I E L R E RS EE R R

0008 c S ' .

0009 COMMON NETL.,NNO.NSTEPS.ID,NP.NE.G(500,28.4),7(450,4>,5{450.4),
0010 : * DX,.DY.DT,NOP(450,4),NC(4) ,NOC(80.4) ,F(500).Q(450,4),
0011 * B{(500.5).V{4,500),U¢4,500).HC(80,4.144),KD(500,4),
0ot2 * B{500.4>.D(7,2>,E(7) . .NBAND

0013 COMMON LYLC450.4), NWEL,ST(500) ,NOB(40),3J(440),
0014 i HJ(A0Q.4) ., HDT, LXL(500,4),.IP,HO(500,4) ,NBK,NLL,
0015 ¥ LBL(287) ,HL(15) . NLE(15,.50) . HLP(15.50) . IHW

0018 COMMON /BK2/NNF,NFL(20,22,TR{20.,60)

0017 REAL%4 KD.TL

0018 REAL#*8 F.WNACAQ)Y.G

0019 c _

0020 ACCEPT =*,IHIN 10:READ  >0:FILE

0021 ACCEPT +,TBAT ITP0 MODIFY T VALUE
0022 ACCEPT *,KBAI IT70 MODIFY KD VALUE
0023 C i

0o24 READC17.100> NEL,NNQ.ID,NSTEPS,NP,NE,NBAND,NWEL,IP,IHW,DX.DY,.DT,
0025 % _ NBK.NLIL

06286 100 FORMAT(101I5.3F10.5/21I5>

0027 131 FORMAT (6F10.5)

0028 c

00293 IF(HWEL> 190,190.180

0030 180 READCIY,136) (WNA(I>.NOB(I)>,I=1.,NWEL>

0031 190 CONTINUE

4032 136 FORMAT(5{A8,TI4))

0033 C

0034 READCIZ7.,101) (NGCI>,I=1,ID>

0035 DG 200 I=1.,ID

0036 J=NQ (1)

0037 IF{IY 200.200.201

0038 201 READ(17,102) (NOCC(K.I),K=1.,J)

0038 READ(17.103> (HCK.I.1XY.K=1.d)

0040 200 CONTINUE

0041 101 FORMAT (A4I5)

0042 . - 102 FORMAT(20TI4)

G043 103 FORMAT (20F4.0

0044 C

0048 READC17.141) NNP

0048 IF(NNF> 400,400,410

0047 410 READ(17.,142) ({NFL{(I.Jd>.d=1,2),I=1,NNF>

0048 _ DO 420 I=1,NNF

0049 420 READ(17.143) (PR(I.J),J=1,NSTEPS)

0050 400 CONTINUE i

0051 141 FORMAT(I&>

0052 142 FORMAT(20714)

0053 143 FORMATC10¥8.0)

0054 G _

0055 IF(NBK.EQ.0) GO PO 500

0056 READ(3,138) (LBL(I).I=1,NELD

0067 READ(3.,146) (NL(I>.I=1,NLL>



0058
0059
0060
00861
0062
0063
0064
00865
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088
0089
0050
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
0111
0112
0113
0114

510
500
1486
147

204
205

211
212
210

440

436
430

540
550
148
149
104

105
108
132
137
144
145

215
138

L I I

Nno 510 I=1,NLL

J=NL (T2

READ(3.147) (NLEC(I.N).NLPCI.N).N=t.JD
CONTINUE

FORMAT (1015)

FORMAT (10{X4.123)

WRITE(G.,104> NEL.NNO.ID,NSTEPS.HNP,NE.NBAND,NWEL,IP,IHW,DX,DY.DT.
NBK, NLL

IF(NWEL> 205.205,204

WRITE(S., 137> (WNACI).NOBC(I), I—1,NHEL)

CONTINUE .

WRITE(B.105> (I.NC(I>.,I=1.ID>

DO 210 I=1.ID

J=NC (I

IF@IY 210,210,211

DO 212 K=1.d

WRITE(6,106Y I,.NOCG(K.I>,(N,HC(K.I,N}),N=1,NSTEPS)

CONTINUE

DT=pTs2.0

HDT=DT/2.0

IF(NNF)> 430,430,440

WRITE(6.144> NNF

DO 435 I=1,NNF

WRITE(G.,145) (NFL(I.Jd),Jd=1,2),(J,TR(I,JD.J=1,NSTEPS)

CONTINUE

IF(NBK.EQ.0) GO TO 550

WRITE(6,148)

DO 540 I=1.NLDL.

J=NL(I>

WRITE(5,149) I.(N.NLE(I.N>.NLP(I, N) N=1.J)

CONTINUE

FORHAT(/1OX,'(PERIHETER OF FLOW CALCULATION>'/)

FORMAT (10X, 'NO. ", I2/(10X.10(" (", I2,')>",14.12.,2X32))

FORMAT (1H1///7 10X, '<{{{ NIGERIA SOKOTO AQUIFER MODEL INPUT’

" DATA >>>'//10X,'NEL  =',I6,7X.'NNO =',I5/10X,

"ID =", I5.7X. '"NSTEPS=",1I5/10X, 'NP =", I6.7X,

'NE =7,I5/10X, "NBAND =',I5,7X,.'RWEL ='.,I56/10X,

'IP =',I5.7X. 'THH =',18/ '

10X, 'DX =",F11.5,1%., DY =", Pi1.6/

10X, 'DT =',F11.5/10X. 'NBK = ,15.7X, "NLL =18/

FORMAT (/10X. ' <HEAD-XNOWN-NODE> ‘/10X,4('NO,’,I1,’  AQUIFER'.I5,2X>>
FORMAT(/10X, 'NO',I1,"AQUIFER NODE'.I&/(10X.5C " (".I3.">',F5.12))
FORMAT (//(10X,.8(I2.FB.42))

FORMAT (//(10X.5(A8, "(',TI4."3 "))

FORMAT (/10X.T4)

FORMAT(10X,2X4/C10X.10C°C",12,") ., F&8.0)))>

READ(9,107) ((NOP(I.J).,J=1.,4).1=1,REL)
DO 215 I=1.1ID

DO 215 J=1,.NEL

LYL(J.IX=

FORMAT (B0I1)

DO 220 I=1.1D

READ(2)> (T(J.I)>.Jd=1,NEL>
READ(2) (S«(J.I).d=1, NEL)
DO J=1.NEL



0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0126

0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0148
0147
0148
0149
0150
0151
0152
0153
0154
01855

0156

0157
0158
0159
0180
0161
0162
0163

220
107
108
108

245
140

250

290

112
113
114
115
116
117

302

PCT.IY=D (T, D) #PBAT
END DO

CONTINUE
FORMAT (32I4)
FORMA®T (10F8.0)
FORMAT (10F8,5)

DO 245 1=1,1D

DO 245 J=1,NNO -
LHL(T.I=1

FORMAT (B80I1>

DO 250 I=1,ID

READ(2) {(KD(J.,I2>.J=1,NHO>
READ(2) (B(J.I),Jd=1,NNO} .
Do J=1,NNO

KDC(JT,IY=KD(JI, IY+KBAT

END DO

CONTINUE .
READC4)Y (H(I.1)>,I=1,HNNO>
IE=ID+1

IF(IHIN.EQ.0> THEN

-DO 290 I=2.1IE

READCA) (H(J,I),J=1,NNO)
ELSE

DO T=1,IHIN-1
DO J=2,1E
READ(29)

END DO

END DO

Do I=2,1IE
READ(29) (H(J,I>,J=1,NNO>
END DO

END IF :
FORMAT (10F8.86)
FORMA®T (10F8.6)
FORMAT (10F8.6)
FORMAT(10F8.0)
FORMAT (10F8.2)
FORMAT (20F5. 1)
DO 302 I=1,NNO
ST(I)=0.0

DO 303 I=1,ID
DO 303 J=1,NNO
HO (T, I)=H(J,I+1)

SV(I.J>=0.0

363

(I LJX=06.0

RETURN
ERD
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