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Abstract 
 

 

   Shallow groundwater level in the archeological site of Babylon, 

which is 22.79 km2, prevents further archeological investigations as 

well as causes serious damages to some of the old buildings. The depth 

of groundwater in this area varies from 0.5 to 4m depending on 

distance  from Shatt Al Hilla and season.  

   The purpose of the present study is to simulate the groundwater flow 

in Babylon using two different mathematical models. The first one is 

the GMS model while the second is a new numerical one.  

   In this study, different numbers of wells assumed at different 

locations penetrating the whole 28 m thick upper unconfined aquifer 

are considered in the GMS program. Hence, it is found that the 

optimum number of wells located at a specific site far enough from the 

old buildings is 15 well. When these wells discharge at a rate of 17 ℓ/s 

each for a period of 360 days, the water table will be lowered by  1-10 

m, but the same results obtained in the numerical model when using 18 

wells (3 wells added) at a rate of   20 ℓ/s  for a duration of  720 days. 

   

 

 



 III 

    The problem of the suggested pumped water disposal is also studied. 

Chemical analysis of groundwater in the study area shows that the 

properties of this water does not vary from the water of Shat Al Hilla. 

Therefore, it is concluded that the pumped water can be discharged  

into Shatt Al Hilla. 
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Appendix - A – 
 
 

    REM Finite Difference Flow Model to Simulate the Ground Water Flow         
    REM in Old Babylon City                                                    
    INPUT "Enter Time Period of Simulation in Days"; TP                        
    PRINT "Enter Number of Time Steps thruogh the Period of Simulation " 

    PRINT "This Number Should be Greater Than Zero " 
    INPUT ; NS                                                                 
    IF NS > 0 THEN 5                                                            
    PRINT "NS should be greater than zero, the program will be stopped " 
    GOTO 170                                                                   

5 INPUT "Enter Number of Wells That Supposed to be "; NW                     
    INPUT "Enter Number of Iterations"; NI                                    

    PRINT " Enter Maximum Difference Between the Observed and Simulated " 
    PRINT "Heads in the Phreatic Layer" 
    INPUT ; ER1                                                                 
    PRINT " Enter Maximum Difference Between the Observed and Simulated" 
    PRINT "Heads in the Lower layer " 
    INPUT ; ER3                                                                
    INPUT " Enter Maximnm Number of intervales for a well"; MNP                
    INPUT " Enter Number of Raws"; R 
    INPUT " Enter Number of Columns"; C                                        
    DIM HO1F(R, C), HO3F(R, C  (  
    DIM HS1(R, C), HS3(R, C), HO1(R, C), HO3(R, C), DY(R), DX(C), TX1(R, C)  
    DIM TY1(R, C), TX3(R, C), TY3(R, C), GSL(R, C), X(R, C), Y(R, C), S(R, C) 
 DIM EFFE(R, C), Qnet(R, C), BL1(R, C), LCM(R, C), LCB(R, C), WL(R, C),              

awb(R, C) 
    DIM perm(R, C), trans(R, C), Teb(R, C), Beb(R, C), Wx(NW), Wy(NW) 

 DIM NP(NW), TI(NW, MNP), TF(NW, MNP), Qqw(NW, MNP), F(R), G(R),                
Qw(R, C (  

OPEN "HO1.dat" FOR INPUT AS #1                                             
OPEN "HO3.dat" FOR INPUT AS #2                                             
OPEN "GSLT.dat" FOR INPUT AS #3                                             
OPEN "S.dat" FOR INPUT AS #4                                               
OPEN "EFFE.dat" FOR INPUT AS #5                                            
OPEN "Qnet.dat" FOR INPUT AS #6                                             
OPEN "BL1.dat" FOR INPUT AS #7                                             
OPEN "LCM.dat" FOR INPUT AS #8                                             

   OPEN "river1.dat" FOR INPUT AS #9                                          
   OPEN "perm.dat" FOR INPUT AS #12                                           
   OPEN "trans.dat" FOR INPUT AS #13 
   OPEN "HS1.dat" FOR OUTPUT AS #18                                           
   OPEN "HS3.dat" FOR OUTPUT AS #19                                           
   FOR I = 1 TO R                                                             
DY(I) = 100                                                                
NEXT                                                                       
FOR J = 1 TO C                                                              
DX(J) = 100                                                                
NEXT                                                                       
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FOR I = 1 TO R                                                              
FOR J = 1 TO C                                                             
INPUT #1, X(I, J), Y(I, J), HO1F(I, J)                                     
INPUT #2, X(I, J), Y(I, J), HO3F(I, J) 
INPUT #3, X(I, J), Y(I, J), GSL(I, J  (  
INPUT #4, X(I, J), Y(I, J), S(I, J  (  
INPUT #5, X(I, J), Y(I, J), EFFE(I, J)                                     
INPUT #6, X(I, J), Y(I, J), Qnet(I, J                                    (  
Qnet(I, J) = Qnet(I, J) / (DX(J) * DY(I))                                  
INPUT #7, X(I, J), Y(I, J), BL1(I, J) 
IF GSL(I, J) = 0 THEN 10                                                   
IF GSL(I, J) > BL1(I, J) THEN 10                                           
PRINT " Ground Surface Level is Below or Equal   "  
PRINT " to the Top Elevation of the phreatic Layer " 
PRINT " Check the Entered Data " 
PRINT " the Program Will Be Stopped " 
PRINT "I="; I, "J="; J                                                     
GOTO 170                                                                   
10  INPUT #8, X(I, J), Y(I, J), LCM(I, J)                                      
INPUT #9, Teb(I, J), Beb(I, J), LCB(I, J), WL(I, J), awb(I, J  (  
INPUT #12, X(I, J), Y(I, J), perm(I, J)                                    
INPUT #13, X(I, J), Y(I, J), trans(I, J)                                    
IF Teb(I, J) = 0 THEN 15                                                   
IF Teb(I, J) > Beb(I, J) THEN 15                                           
PRINT " Top Elevation of the Bed of Surface Water Body " 
PRINT " is Less or Equal to the Bottom Elevation " 
PRINT " Check the Entered Data " 
PRINT " the Program Will Be Stopped " 
PRINT "I="; I, "J="; J 
GOTO 170                                                                   
15  NEXT                                                                        
NEXT 
IF NW = 0 THEN 20                                                          
FOR I = 1 TO NW                                                            
L = 0                                                                      
PRINT "Enter number of pumping intervales for the well"; I                 
INPUT ; NP(I)                                                              
PRINT " Enter number of cell in X direction that the well"; I              
PRINT " is supposed to be " 
INPUT ; Wx(I)                                                              
PRINT " Enter number of cell in y direction that the well"; I              
PRINT " is supposed to be " 
INPUT ; Wy(I)                                                              
FOR J = 1 TO NP(I  (  
PRINT "Entre Initial Time of Pumping Interval"; J                          
PRINT " for the well"; I                                                   
INPUT ; TI(I, J) 
PRINT "Entre Final Time of Pumping Interval"; J                            
PRINT " for the well"; I                                                   
INPUT ; TF(I, J                                                           (  
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PRINT "Enter the Discharge of Well"; I                                     
PRINT "for the Interval"; J                                                 
INPUT ; Qqw(I, J)                                                          
Qqw(I, J) = Qqw(I, J) / (DY(Wy(I)) * DX(Wx(I  (((  
Td = TF(I, J) - TI(I, J)                                                   
L = L + Td                                                                  
NEXT                                                                       
NEXT                                                                       
IF L <= TP THEN 20                                                          
PRINT " There is an Error in pumping interval data " 
PRINT " the program will be stoped " 
GOTO 170                                                                   
REM Calculations of Internodal Transmissivty and Permeability              
REM and Area Adjusment                                                     
20  FOR I = 1 TO R                                                             
FOR J = 1 TO C 
LCB(I, J) = LCB(I, J) * awb(I, J) / (DX(J) * DY(I))                         
NEXT                                                                       
NEXT                                                                       
FOR I = 1 TO R - 1                                                         
FOR J = 1 TO C - 1                                                          
Z1 = perm(I, J) + perm(I, J + 1)                                           
Z2 = perm(I, J) + perm(I + 1, J                                          (  
Z3 = trans(I, J) + trans(I, J + 1)                                          
Z4 = trans(I, J) + trans(I + 1, J                                        (  
IF Z1 = 0 THEN TX1(I, J) = 0: GOTO 25                                      
TX1(I, J) = perm(I, J) * perm(I, J + 1) * 2 / (perm(I, J) + perm(I, J + 1) 
25  IF Z2 = 0 THEN TY1(I, J) = 0: GOTO 30                                      
TY1(I, J) = perm(I, J) * perm(I + 1, J) * 2 / (perm(I, J) + perm(I + 1, J) 
30  IF Z3 = 0 THEN TX3(I, J) = 0: GOTO 40                                      
TX3(I, J) = trans(I, J) * trans(I, J + 1) * 2 / (trans(I, J) + trans(I, J (  
40  IF Z4 = 0 THEN TY3(I, J) = 0: GOTO 50                                      
TY3(I, J) = trans(I, J) * trans(I + 1, J) * 2 / (trans(I, J) + trans(I + 1) 
50  NEXT 
NEXT                                                                        
FOR I = 1 TO R                                                             
FOR J = 1 TO C                                                             
HS1(I, J) = HO1F(I, J)                                                     
HS3(I, J) = HO3F(I, J                                                     (  
NEXT                                                                       
NEXT                                                                       
FOR I = 1 TO R - 1                                                          
FOR J = 1 TO C - 1                                                         
TX1(I, J) = TX1(I, J) / (.5 * (DX(J) + DX(J + 1)))                         
TY1(I, J) = TY1(I, J) / (.5 * (DY(I) + DY(I + 1)))                          
TX3(I, J) = TX3(I, J) / (.5 * (DX(J) + DX(J + 1  (((  
TY3(I, J) = TY3(I, J) / (.5 * (DY(I) + DY(I + 1 (((  
NEXT                                                                       
NEXT                                                                       
DTIME = TP / NS                                                            
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IF NW = 0 THEN 90                                                          
FOR I = 1 TO NW                                                            
FOR J = 1 TO NP(I) 
DE = TF(I, J) - TI(I, J)                                                   
IF DE > Td THEN 60                                                         
Td = DE                                                                    
60  NEXT                                                                        
NEXT                                                                       
IF Td > 0 THEN 65                                                          
PRINT "minimum interval should be greater than zero" 
PRINT " check the input data " 
PRINT "the prgram will be stopped " 
GOTO 170                                                                   
65  IF DTIME <= Td THEN 90                                                     
NS = 0                                                                      
70  NS = NS + 1                                                                
DTIME = TP / NS                                                            
IF DTIME <= Td THEN 80                                                     
GOTO 70                                                                    
80  PRINT "Number of Time Steps is Adjusted to"; NS                            
PRINT "Time Step is Adjusted to be Less or Equal" 
PRINT " to minimum pumping interval"; DTIME                                 
90  TIME = 0                                                                   
FOR IK = 1 TO NS                                                           
FOR I = 1 TO R                                                             

   FOR J = 1 TO C                                                             
   HO1(I, J) = HS1(I, J  (  
   HO3(I, J) = HS3(I, J  (  
    NEXT                                                                       
    NEXT                                                                        
    TIME = TIME + DTIME                                                        
    IT = 0                                                                     
95  CE1 = 0                                                                     
    CE3 = 0                                                                    
    IT = IT + 1                                                                
    REM Phreatic layer Column Calculations                                     
    FOR J = 2 TO C - 1                                                         
    m = (IT / 2  (  
    IF m = INT(m) THEN J = C - J + 1                                           
    FOR I = 2 TO R - 1 
    IF HS1(I, J) = 0 THEN 96                                                    
    IF HS1(I, J) <= BL1(I, J) THEN                                             
    AM1 = .01                                                                  
    AM2 = .01                                                                  
    AM3 = .01                                                                  
    AM4 = .01                                                                  
    ELSE                                                                       
96  DH = HS1(I, J) - BL1(I, J)                                                 
    AM1 = SQR(ABS((HS1(I - 1, J) - BL1(I - 1, J)) * DH))                       
    AM2 = SQR(ABS((HS1(I, J + 1) - BL1(I, J + 1)) * DH))          
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    AM3 = SQR(ABS((HS1(I + 1, J) - BL1(I + 1, J)) * DH(( 
    AM4 = SQR(ABS((HS1(I, J - 1) - BL1(I, J - 1)) * DH(( 

    END IF                                                                     
    Qw(I, J) = 0                                                               
    IF NW = 0 THEN 99                                                           
    FOR mm = 1 TO NW                                                           
    IF Wy(mm) <> I THEN 98                                                     
    IF Wx(mm) <> J THEN 98                                                      
    FOR kk = 1 TO NP(mm                                                     (  
    IF TI(mm, kk) > TIME THEN 97                                               
    IF TF(mm, kk) < TIME THEN 97                                               
    Qw(I, J) = Qw(I, J) + Qqw(mm, kk (  

97 NEXT                                                                        
98 NEXT                                                                        │  
99  A = -TY1(I - 1, J) * AM1 / DY(I                                          (  
    Cc = -TY1(I, J) * AM3 / DY(I  (  
    IF HS1(I, J) > Beb(I, J) THEN                                              
    QR1 = LCB(I, J) 
    QR2 = LCB(I, J) * WL(I, J) 
    ELSE                                                                        
    QR1 = 0 
    QR2 = LCB(I, J) * WL(I, J) - LCB(I, J) * Teb(I, J) 
    END IF                                                                     
    b1 = TY1(I - 1, J) * AM1 / DY(I) + TX1(I, J) * AM2 / DX(J) + TY1(I, J) * 

AM3/DY(I) 
    b2 = TX1(I, J - 1) * AM4 / DX(J) + EFFE(I, J) / DTIME + LCM(I, J) + QR1    
    b = b1 + b2                                                                
    d1 = Qw(I, J) + HS1(I, J + 1) * TX1(I, J) * AM2 / DX(J) + HS1(I, J – 1(*TX1(I,J-

1)*AM4/DX(J) 
    d2 = Qnet(I, J) + HO1(I, J) * EFFE(I, J) / DTIME + LCM(I, J) * HS3(I, J(+QR2 
    d = d1 + d2                                                                
    F(1) = 0                                                                    
    F(R - 1) = 0                                                               
    G(1) = 0                                                                  
    G(R - 1) = 0 
     w = b - A * F(I – 1)                                                        

    IF w = 0 THEN                                                              
    F(I) = 0                                                                   
    G(I) = HS1(I, J) 
    ELSE                                                                        
    F(I) = Cc / w                                                              
    G(I) = (d - A * G(I - 1)) / w 
    END IF                                                                     
    NEXT                                                                        
    HF = ABS(HS1(R - 1, J) - G(R – 1))                                         
    IF HF > CE1 THEN CE1 = HF                                                  
    HS1(R - 1, J) = G(R – 1)                                                    
    FOR v = R - 2 TO 2 STEP -1                                                 
    HA = G(v) - F(v) * HS1(v + 1, J)                                           
    HF = ABS(HA - HS1(v, J))                                                    
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    IF HF > CE1 THEN CE1 = HF                                                  
    HS1(v, J) = HA                                                             
    NEXT                                                                       
    NEXT                                                                        
    FOR I = 1 TO R                                                             
    FOR J = 1 TO C                                                             
    CHECK = HS1(I, J) - GSL(I, J)                                              
    IF CHECK > .1 THEN                                                         
    PRINT " water table at the following printed nodes is greater than" 
    PRINT " the ground surface levelmor than 10 cm.This is not agree with the" 
    PRINT " assumption in construction this model. The program will be stopped 
    PRINT "I="; I, "J="; J                                                     
    PRINT "HS1="; HS1(I, J), "GSL="; GSL(I, J)                                  
    GOTO 170 
    ELSE                                                                       
    END IF                                                                     
    NEXT                                                                       
    NEXT                                                                       
    REM Lower Layer Column Calculations                                        
    FOR J = 2 TO C - 1                                                         
    m = (IT / 2)                                                                
    IF m = INT(m) THEN J = C - J + 1                                           
    FOR I = 2 TO R - 1                                                         
    Qw(I, J) = 0                                                                
    IF NW = 0 THEN 120                                                         
    FOR mm = 1 TO NW                                                           
    IF Wy(mm) <> I THEN 110                                                     
    IF Wx(mm) <> J THEN 110                                                    
    FOR kk = 1 TO NP(mm)                                                       
    IF TI(mm, kk) > TIME THEN 100 
    IF TF(mm, kk) < TIME THEN 100                                               
    Qw(I, J) = Qw(I, J) + Qqw(mm, kk)                                          
100 NEXT                                                                       
110 NEXT                                                                        
120 A = -TY3(I - 1, J) / DY(I  (  
Cc = -TY3(I, J) / DY(I)                                                    
    b1 = TX3(I, J) / DX(J) + TX3(I, J - 1) / DX(J) + TY3(I, J) / DY(I)         
    b2 = TY3(I - 1, J) / DY(I) + LCM(I, J) + S(I, J) / DTIME                   
    b = b1 + b2                                                                
    d1 = Qw(I, J) + HO3(I, J) * S(I, J) / DTIME + LCM(I, J) * HS1(I, J       (  
    d2 = HS3(I, J - 1) * TX3(I, J - 1) / DX(J) + HS3(I, J + 1) * TX3(I, J) / D 
    d = d1 + d2                                                                
    F(1) = 0                                                                   
    F(R - 1) = 0                                                               
    G(1) = 0                                                                    
    G(R - 1) = 0                                                               
    w = b - A * F(I – 1)                                                       
    IF w = 0 THEN 
    F(I) = 0                                                                    
    G(I) = HS3(I, J)                                                           
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    ELSE                                                                       
    F(I) = Cc / w                                                               
    G(I) = (d - A * G(I - 1)) / w                                              
    END IF                                                                     
    NEXT                                                                        
    HF = ABS(HS3(R - 1, J) - G(R – 1))                                         
    IF HF > CE3 THEN CE3 = HF                                                  
    HS3(R - 1, J) = G(R – 1)                                                    
    FOR v = R - 2 TO 2 STEP -1                                                 
    HA = G(v) - F(v) * HS3(v + 1, J)                                           
    HF = ABS(HA - HS3(v, J))                                                   
    IF HF > CE3 THEN CE3 = HF                                                  
    HS3(v, J) = HA                                                             
    NEXT                                                                       
    NEXT                                                                        
    REM Pheratic Layer Raw Calculations                                        
    FOR I = 2 TO R - 1 
    m = (IT / 2)                                                               
    IF m = INT(m) THEN I = R - I + 1                                           
    FOR J = 2 TO C - 1                                                         
    IF HS1(I, J) = 0 THEN 125                                                  
    IF HS1(I, J) <= BL1(I, J) THEN                                              
    AM1 = .01                                                                  
    AM2 = .01                                                                  
    AM3 = .01                                                                   
    AM4 = .01                                                                  
    ELSE                                                                       
125 DH = HS1(I, J) - BL1(I, J)                                                 
    AM1 = SQR(ABS((HS1(I - 1, J) - BL1(I - 1, J)) * DH))                       
    AM2 = SQR(ABS((HS1(I, J + 1) - BL1(I, J + 1)) * DH))                       
    AM3 = SQR(ABS((HS1(I + 1, J) - BL1(I + 1, J)) * DH))                       
    AM4 = SQR(ABS((HS1(I, J - 1) - BL1(I, J - 1)) * DH))                       
    END IF                                                                     
    Qw(I, J) = 0                                                               
    IF NW = 0 THEN 128 
    FOR mm = 1 TO NW                                                            
    IF Wy(mm) <> I THEN 127                                                    
    IF Wx(mm) <> J THEN 127                                                    
    FOR kk = 1 TO NP(mm)                                                        
    IF TI(mm, kk) > TIME THEN 126                                              
    IF TF(mm, kk) < TIME THEN 126                                              
    Qw(I, J) = Qw(I, J) + Qqw(mm, kk)                                           
126 NEXT                                                                       
127 NEXT                                                                       
128 A = -TX1(I, J - 1) * AM4 / DX(J)                                           
    Cc = -TX1(I, J) * AM2 / DX(J                               (  
    IF HS1(I, J) > Beb(I, J) THEN                                              
    QR1 = LCB(I, J  (  
    QR2 = LCB(I, J) * WL(I, J)                                                 
    ELSE                                                                        
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    QR1 = 0                                                                    
    QR2 = LCB(I, J) * WL(I, J) - LCB(I, J) * Teb(I, J)                         
    END IF                                                                      
    b1 = TY1(I - 1, J) * AM1 / DY(I) + TX1(I, J) * AM2 / DX(J) + TY1(I, J) * 

AM3/DY(I) 
    b2 = TX1(I, J - 1) * AM4 / DX(J) + LCM(I, J) + EFFE(I, J) / DTIME + QR1    
    b = b1 + b2                                                                 
    d1 = Qw(I, J) + Qnet(I, J) + HO1(I, J) * EFFE(I, J) / DTIME + LCM(I, 

J)*HS3(I,J)+QR2 
    d2 = HS1(I - 1, J) * TY1(I - 1, J) * AM1 / DY(I) + HS1(I + 1, J) * TY1(I ,

J)*AM3/DY(I) 
    d = d1 + d2                                                                 
    F(1) = 0                                                                   
    F(C - 1) = 0                                                               
    G(1) = 0                                                                    
    G(C - 1) = 0                                                               
    w = b - A * F(J – 1)                                                       
    IF w = 0 THEN                                                              
    F(J) = 0                                                                   
    G(J) = HS1(I, J)                                                           
    ELSE                                                                       
    F(J) = Cc / w                                                               
    G(J) = (d - A * G(J - 1)) / w                                              
    END IF                                                                     
    NEXT 
    HF = ABS(HS1(I, C - 1) - G(C – 1))                                         
    IF HF > CE1 THEN CE1 = HF                                                  
    HS1(I, C - 1) = G(C – 1)                                                   
    FOR v = C - 2 TO 2 STEP -1                                                  
    HA = G(v) - F(v) * HS1(I, v + 1)                                           
    HF = ABS(HS1(I, v) – HA)                                                   
    IF HF > CE1 THEN CE1 = HF                                                   
    HS1(I, v) = HA                                                             
    NEXT                                                                       
    NEXT                                                                       
    FOR I = 1 TO R                                                             
    FOR J = 1 TO C                                                             
    CHECK = HS1(I, J) - GSL(I, J (  
    IF CHECK > .1 THEN                                                          
    PRINT " water table at the following printed nodes is greater than " 
    PRINT " the ground surface level more than 10 cm.This is not agree with th 
    PRINT " assumption in construction this model. The program will be stopped 
    PRINT "I="; I, "J="; J                                                     
    PRINT "HS1="; HS1(I, J), "GSL="; GSL(I, J( 
    GOTO 170 
    ELSE                                                                       
    END IF                                                                      
    NEXT                                                                       
    NEXT                                                                       
    REM Lower Layer Raw Calculations                                            
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    FOR I = 2 TO R - 1                                                         
    m = (IT / 2)                                                               
    IF m = INT(m) THEN I = R - I + 1                                           
    FOR J = 2 TO C - 1                                                         
    Qw(I, J) = 0                                                               
    IF NW = 0 THEN 150                                                         
    FOR mm = 1 TO NW                                                            
    IF Wy(mm) <> I THEN 140                                                    
    IF Wx(mm) <> J THEN 140                                                    
    FOR kk = 1 TO NP(mm)                                                        
    IF TI(mm, kk) > TIME THEN 130                                              
    IF TF(mm, kk) <= TIME THEN 130                                             
    Qw(I, J) = Qw(I, J) + Qqw(mm, kk( 
130 NEXT                                                                        
140 NEXT                                                                       
150 A = -TX3(I, J - 1) / DX(J)                                                 
    Cc = -TX3(I, J) / DX(J                                                    (  
    b1 = TY3(I - 1, J) / DY(I) + TX3(I, J) / DX(J) + TY3(I, J) / DY(I)         
    b2 = TX3(I, J - 1) / DX(J) + LCM(I, J) + S(I, J) / DTIME                   
    b = b1 + b2                                                                 
    d1 = Qw(I, J) + HO3(I, J) * S(I, J) / DTIME + LCM(I, J) * HS1(I, J)        
    d2 = HS3(I - 1, J) * TY3(I - 1, J) / DY(I) + HS3(I + 1, J) * TY3(I, J) / D 
    d = d1 + d2                                                                
    F(1) = 0                                                                   
    F(C - 1) = 0                                                               
    G(1) = 0                                                                   
    G(C - 1) = 0                                                                
    w = b - A * F(J – 1)                                                       
    IF w = 0 THEN                                                              
    F(J) = 0                                                                    
    G(J) = HS3(I, J)                                                           
    ELSE 
    F(J) = Cc / w                                                              
    G(J) = (d - A * G(J - 1)) / w                                               
    END IF                                                                     
    NEXT                                                                       
    HF = ABS(HS3(I, C - 1) - G(C – 1))                                          
    IF HF > CE3 THEN CE3 = HF                                                  
    HS3(I, C - 1) = G(C – 1)                                                   
    FOR v = C - 2 TO 2 STEP -1                                                 
    HA = G(v) - F(v) * HS3(I, v + 1)                                           
    HF = ABS(HS3(I, v) – HA)                                                   
    IF HF > CE3 THEN CE3 = HF                                                  
    HS3(I, v) = HA                                                              
    NEXT                                                                       
    NEXT                                                                       
    PRINT " Number of Iteration ="; IT                                          
    PRINT "Maximume Difference Between the  "  
    PRINT "Heads in the Pheratic Layer="; CE1                                  
    PRINT "Maximume Difference Between the   "  
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    PRINT "Heads in the lower Layer="; CE3 
    PRINT "Time Step Number="; IK                                              
    PRINT "Time in Days="; TIME                                                
    IF IT <= NI THEN 160                                                       
    PRINT " No Convergence " 
    GOTO 170                                                                   
160 IF CE1 > ER1 THEN 95                                                       
    IF CE3 > ER3 THEN 95                                                       
    FOR I = 1 TO R                                                              
    FOR J = 1 TO C                                                             

    PRINT #18, X(I, J), Y(I, J), HS1(I, J)                                     
    PRINT #19, X(I, J), Y(I, J), HS3(I, J)                                      
    NEXT                                                                       
    NEXT                                                                       
    sum1 = 0                                                                    
    sum2 = 0                                                                   
    sum3 = 0                                                                   
    sum4 = 0                                                                   
    FOR I = 1 TO R 
    FOR J = 1 TO C                                                             
    sum1 = sum1 + Qnet(I, J) * DX(J) * DY(I)                                   
    df = HS1(I, J) - HS3(I, J)                                                 
    sum2 = sum2 + (df * LCM(I, J) * DX(J) * DY(I))                             
    sum3 = sum3 + (HS1(I, J) - HO1F(I, J)) ^ 2                                 
    sum4 = sum4 + (HS3(I, J) - HO3F(I, J)) ^ 2                                 
    NEXT                                                                        
    NEXT                                                                       
    RMSE1 = (sum3) ^ .5 / (R * C)                                              
    RMSE3 = (sum4) ^ .5 / (R * C                                             (  
    PRINT " Total Recharge="; sum1                                             
    PRINT "Amount of Leakage to the Lower Layer="; sum2                        
    PRINT "Root Mean Square Error for the Upper Layer="; RMSE1                  
    PRINT "Root Mean Square Error for the Lower Layer="; RMSE3                 
    NEXT                                                                       
170 END                                                                        
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Input of data 

Check of input data 

Area adjustment of nodes located along surface water bodies and directional permeability calculations 

Check if input time step is less than 

the smallest pumping interval 

Ik=1toNS(NS no.of time steps 

Iteration step IT=0 

Maximum hudraulic head correction of  the upper layer CE=0 

IT=IT+1 

Upper layer column calculation 

lower layer column calculation 

Upper layer row calculation 

lower layer row calculation≥ 

IT≤max. allowable no. 

      of iterations 

Print no convergence 

CE1≤allowable 

calculation error of the 

upper layer 

Print calculated head on screen 

Ik 

Print out final simulated heads on a new data file 

Determination of the 

required time step t 

Don’t validate 

model assumption 

 
 

start 

End 

No 

Yes 

No 

No 

Yes 

Yes 

Yes 
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Appendix (B) 

 

Calculation of the Conductance 

   Three of the attribute types listed above, general head, rivers, and 

drains, include a conductance parameter, this study uses the river 

attribute. MODFLOW uses the conductance to determine the amount of 

water that flows in or out of the model due to river stresses. The way 

the conductance term should be entered depends on whether the feature 

object is a polygon, arc or point. The arc is represent the river in this 

study. The conductance of arcs, as in this thesis specified as rivers, is 

calculated as follows, before explaining this fully, a short review of 

what conductance represents is appropriate. Darcy’s law states 

(Environmental Modeling Research Laboratory, 1999).: 

 

where  

Q: is the flow rate (L3/T). 

k: is the hydraulic conductivity (L/T). 

i: represents the hydraulic gradient(unitless). 

A: represents the gross cross-sectional area of flow (L2). 

 

Darcy's law can also be expressed as: 

 

where  

(1B) 

(2B) 
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H: represents the head loss (L). 

L: represents the length of flow (L).  

Since the unknown on the right side is the head, it is convenient to 

group all of the other terms together and call them conductance: 

  

This results in the following general definition for conductance: 

  

This may be represented more specifically in the following form. 

  

Where t represents the thickness of the material in the direction of flow, 

and   lw  represents the cross-sectional area perpendicular to the flow 

direction. 

In the case of a river boundary condition, the conductance is defined in 

MODFLOW as the hydraulic conductivity of the river bed materials 

divided by the thickness (length of travel based on vertical flow) of the 

river, multiplied by the area (width times the length) of the river. The 

last term, area, is the hardest parameter to determine by hand. Also, 

each of these terms is very cumbersome to calculate on a cell-by-cell 

basis. Fortunately, GMS can automatically calculate the lengths of arcs 

and areas of polygons. Therefore, when a conductance is entered for an 

arc, it should be entered in terms of conductance per unit length. For 

example, in the case of rivers, conductance should be entered as: 

(3B) 

(4B) 

(5B) 
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Where t is the thickness of the material and w is the width of the 

material along the length of the arc. When GMS applies the boundary 

condition from the arc to the grid cell, it automatically multiplies the 

entered value of conductance by the length of the arc that intersects the 

cell to create a true conductance value. 

(6B) 
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 الخلاصة
 

تعتبررم كلررالم اه ارروف اهتحداررم ت ررمل ةباررم هع لاررم اهت ررمل ةاهتبلارر  درر  كم بررم  و رر     

ان ع ر  اه روا اهترحد  در  تلرن اه برلرم ترماة   .7ةم 77.22 تهوةاهت  كسوحاهلم  م, 

ك ررو تسررب  كحسررم اطكرو اعت ررو ا علرر  اهبعررم كرر   رر  اه لررم ة كتررم  4اهرر   5,0 ررا  

 هلم  م.اضما  د   عض اط بام ا

ن رحجيا  اهم اسم ةضع تلاام ة ك وةوة ههذف اه لالم  وسرتدما  هذف ان اهغمض ك     

 اب ررو اهنررون    GMSحوسررحم كسرر     وضراا  كدتليررا . اطةو هررح كح  ر  هبمنرروك  

 , تم ح  كعو لاته  لغم اهباسن.يم م كح      وض 

كترم ةاهرذل هرح  72  ع ر   اسم اعما  كدتليم ك  الآ و  ةدر  كحاعرع كدتليرم ت ت    

عرم  كر  الآ رو  كح عرم در   عر ةيرم ان ا حار اهغام ك صرح . اطةو س ن اه لمج 

هتم/ ررو ة  52ة   عررمو تصررم     ئررم 50كبررو   كدتليررم  عاررمة عرر  كبرلررم الآ ررو  هررح 

د   منروك   كتم 55-5 ح , ا ى اه  تدياض كبسحم اه اوف اهتحدام   لما   065ه مة 

, ها  نيس اهبتاتم ترم اه صرحو علاهرو در  اه ح  ر  اهم وضر  عبرم اسرتدما  GMSاهـ 

  ح . 275هتم/ ونام ةه مة  75آ و  أضُايت( ة  عمو تصم    0 ئم ) 52

ان كلررالم تصررم   اه رروا اه سرر حم كرر  الآ ررو  ةررذهن ت ررت   اسررتهو. حارر   ررا     

وف    اه لم. هذهن  رتم اهت لا  اهاا اوئ  هل اوف اهتحدام ان ههو خحاص لا تدتل  ع  كا

 اعو تهو اهاه. 
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CHAPTER ONE 

 

Introduction 

 

1.1 General 

      Babylon, Akkadians word means "the gate of God(s)", was the 

capital of the land of Babylonia, the ancient empire that existed in 

the Near East in Southern Mesopotamia between the Tigris and 

Euphrates Rivers (modern Al Hilla, Iraq), as shown in figure (1.1). 

Babylon was a city in Mesopotamia, the ruins of which can be found 

in present-day Babil Province, Iraq, about 50 miles south of 

Baghdad. Babylon is the Greek variant of Akkadian. Babylonia was 

a long, narrow country bordered on the north by Assyria, on the east 

by Elam, on the south and west by the Arabian Desert, and on the 

southeast by the Arab Gulf. The Hanging Gardens of Babylon were 

one of the Seven Wonders of the Ancient World. (Encyclopedia 

Britannica, 2002, Google Earth).    

     Groundwater has been an important water resource throughout 

the ages. Old dug wells can be found along the wades of the Middle 

East, the cradle of civilization, groundwater today is a major source 

of water supply for domestic, agricultural, and industrial uses. 

   However, shallow groundwater level badly affects buildings and 

other constructions. Engineering characteristics of building materials 

are usually deteriorated when submerged in groundwater. 

    When groundwater flows under certain circumstances, hydraulic 

gradient and soil conditions cause soil erosion leading to piping 
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which causes considerable subsidence and building differential 

settlements. The present study deals with a problem of shallow 

groundwater level in the ancient Babylon city in which the high 

groundwater is considered as a source of problems which affect the 

buildings of the ancient remnants of the city, so its  need to solve this 

problem. 

    One of the suggested options to lower the level of groundwater is 

by pumping wells, provided that the wells are far enough from the 

remnants to avoid unwanted damage to it. The pumping should not 

be more than  17 ℓ/s to avoid sudden settlement that may lead to 

damaging the buildings of this historical city. 

 

 

1.2 Physical Characteristics of the Study Area 

    Investigations about the study area done by both the General 

Directorate Geological Survey and Mineral Investigations  

(GDGSMI) in 1979, and by Al-Furat Center of Studies and Design 

of Irrigation Projects (FCSDIP) in 1989, may be summarized as 

follows: 

Geology 

    Geological works were carried out by the GDGSMI, with dense 

hand and auger holes, also core drilling was set to determine the 

vertical and horizontal changes in the recent sediments, their type 

and composition. The area is covered by flood plain and Aeolian 

sediments of quaternary age. The presence of the Babylonian outer 

wall played an important role in the manner of sedimentation, the 

outer wall had acted as an embankment and protected the inner area  
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Fig.(1.1) Location of Babylon City 
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from the flood, this causes the difference in deposition in the areas 

outside the wall and inside it. The drilling proves that the depth of 

the Babylonian outer wall is about 15 m, and the depth of the 

remnants is about 25 m. the first meter of these sediments generally 

shows homogeneity and consists mainly of silty clay and sand of 

local artificial channels. The western part of the area consists mainly 

of flood plain sediments of Shat Al-Hilla (GDGSMI, 1979). 

   The second meter of sediment proved some differences between 

the deposition outside the outer wall and inside it. The area outside 

the wall is composed of sandy deposits, while the area within the 

wall is composed mainly of silty clay. Mineralogically, the sand and 

silt fraction consist of quartz, feldspar, carbonate minerals (calcite, 

dolomite), chert and a variety of heavy minerals. The clay fraction is 

characterized by clay minerals including montmorillonite, chlorite, 

kaolinite and illite. Both the carbonate fraction and the clay minerals 

seem to be of detrital origin (Banat and Al-Rawi, 1986). 

 

Hydrogeologic conditions and aquifer Hydraulic properties 

    To study the Hydrogeological conditions of the study area, the 

GDGSMI stated constructed contour map for the ground water level  

as shown in figure (1.2). This figure shows that the groundwater is 

highly affected by the Shat Al-Hilla and Babylon canal, and the flow 

was directed from the two rivers toward Babylon old city, so the 

main source of groundwater in Babylon City can be considered as a 

surface water derived from both rivers (GDGSMI, 1979). The depth 

of groundwater varies from  0.5-4m  in the central part of the  
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Fig. (1.2) groundwater contour map (GDGSMI, 1979) 

 

Babylonian city, but nowadays the water level is raising more than 

2m, it is believed that this is due to the impounding of groundwater 

level in the area. The groundwater discharges in many depressions 

creating salt lakes (FDSDIP, 1979).  

   The result of drilling shows that the upper 10 meters of the area 

consist of large amount of bricks and silty clay especially in the 

central part of the city. From (10-28m) a fine sand layer, which is 

considered as the first water table aquifer (unconfined aquifer). From 

(28-30m) a layer of brown clay which acts as an impermeable layer. 

Overlaying by a layer of medium sand from (30-45m), and it can be 

Babylon canal 

Shat AlHilla 

AlWardiya River 
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considered as a second aquifer (GDGSMI,1979), these details can be 

shown in figure (1.3).  

    The hydraulic properties of the penetrated aquifer vary between 

the strip parallel to Shat Al-Hilla and the area behind it, (the area 

inside the Babylonian outer wall) (FDSDIP, 1979).  

 

 

                                                                                             
 

        

                                                                                                        

                                             

        

                                                              

 

 

                                        

 

 

                                        

 

 

 

 

Fig.(1.3)Properties of soil in the study area. 

 

 

    The transmissivty of Shat Al Hilla strip is about 350 m2/day,and 

the specific yield varies from 0.01-0.1, the specific capacity of the 

wells is about 1-5 ℓ/sec/m. The area behind Shatt Al Hilla has a 

transmissivity about  150 m2/day, the specific yield is about 0.01-

0.001 and the specific capacity of the wells varies from  0.3-1  

ℓ/sec/m. 
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Climatic Conditions 

    Meteorological data of Hilla Meteorological Station have been 

used to evaluate the climatelogical characteristics of the area. As 

shown in table (1.1) the monthly average meteorological elements at 

Hilla station was recorded. These elements are temperature, 

sunshine, relative humidity, wind, rainfall and evaporation.The 

average annual temperature is  23.08  Co. The maximum monthly 

average tempreture is  34.64  Co in July, while the minimum is  10.1 

Co in January. The fluctuation between day and night temperatures is 

appreciable in Winter as well as in Summer regarding the sunshine 

with maximum duration occuring at June. The minimum monthly 

average duration is in December.  

 

 

Table (1.1) Monthly average meterological elements at Hilla 

station for the period(1976- 1996). 
 

Month 
Mean 

Temp.oC 
Sunshine       

hr. 
Relative 

Humidity% 

Wind 
Speed 
m/sec 

Rainfall 
mm 

Evaporation 
mm 

Jan. 10.1 6.41 73 1.45 24.17 49.68 

Feb. 12.6 7.29 63.47 1.92 19.03 72.99 

Mar. 16.8 7.92 56.14 2.35 20.09 131.37 

Apr. 22.97 8.8 47.53 2.06 12.77 190.87 

May 28.73 9.49 37.69 2.24 1.26 278.49 

Jun. 32.46 11.99 31.88 2.63 Nil 339.54 

Jul. 34.64 11.96 31.2 3.01 Nil 363.73 

Aug. 33.8 11.46 33.73 2.35 Nil 324.55 

Sep. 31.09 10.13 37.79 1.68 Nil 243.18 

Oct. 25 8.52 48.29 1.39 5.03 159.86 

Nov. 16.97 7.29 61.57 1.39 15.16 82.17 

Dec. 11.81 6.28 73.07 1.51 13.21 51.28 
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Chemistry of Groundwater  

      Many samples were taken from different sites of the area, and 

were chemically analyzed to examine the groundwater source that 

exists in the study area, and its suitability for agriculture, domestic, 

and drinking purposes. The results of chemical analysis showed that 

the groundwater in Babylon city is similar to Shat Al Hilla water as 

well as to Babylon canal water, which may conclude that those two 

rivers could be the main sources to  high level of  groundwater in the 

area.  

    According to Food and Agriculture Organization (Ayers and 

Westcott, FAO, 1985), the groundwater in the study area is suitable 

for agriculture. 

    The results of chemical analyses can be seen in Table (4.2). 

 

1.3 Objectives of this study: 

    The purpose of this study is to predict the water table elevation 

after dewatering in Babylon city by using pumping wells. This is 

accomplished by using the following two different computer models: 

A. Application of GMS program to the study area. 

B. Constructing and applying a new numerical model. 
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1.4 Layout of thesis: 

   The present study consist from the following: 

1. Chapter one" Introduction": contain the introduction about 

Babylon city, the problem of shallow groundwater table, the 

physical characteristics of the study area that were gained by 

the previous studies about this area and objectives of this 

study. 

2. Chapter two" Literature review and previous study": consist 

of  the literature review that worked about the same problem 

but in another site, and the previous studies on Babylon city. 

3. Chapter three" Theoretical work": this chapter describes the 

GMS model and the numerical model, and how they work.   

4. Chapter four" Application of the models and the results": 

This chapter will review the application of both models (GMS 

model and numerical model), and the simulation was 

performed using the two dimensional finite difference flow 

model which constructed by using all input data that are 

possibly needed and the output of both models with their 

comparison and discussion. 

5. Chapter five" Conclusions and recommendations" : this 

chapter contain the conclusions of this work, and the 

recommendations to the researchers that will work about the 

same area. 
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CHAPTER TWO 

Literature Review and 

Previous Studies  

 

2.1 Literature Review 

    Numerical models grew out of the limitations are associated with 

analytical models. Numerical models, whose use began in the 1960, 

are solved by using numerical analysis techniques. They became 

easier to apply in the 1980 because of the increased computational 

speed of computers. Since then, numerical models have continued to 

be used in the practice of hydrology. They require numerous, 

repetitive calculations and use a gridding process to divide the 

aquifer into regularly-shaped portions. Through this gridding 

process, important spatial features controlling the hydrologic system 

can be incorporated. Numerical models that simulate ground water 

impacts caused by a pumping well originate back to 1968 when 

Pinder and Bredehoeft, (1968) presented an axisymmetric 

numerical model designed for well-test interpretation. Since that 

time, there have been numerous numerical modeling efforts focused 

on well-test interpretation, pumping impacts and the impact of 

heterogeneity upon the uncertainty of the interpreted results (e.g., 

Cooley, 1971; Lachassagne et al., 1989; Herweijer, 1996; and 

Meier et al., 1998). Applications to actual field test data have led to 

the development of inverse methods to automatically interpret well-
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test drawdowns. Examples may be found in Carrera and Neuman 

(1986), Lebbe and De Breuck, (1995), and Meier et al, (1997). 

A good review of the development in the analysis of groundwater 

flow by means of numerical models, for the period in the late sixties 

and early seventies, were given by Remson etal.,(1971), Prickett, 

(1975), Konikow and Bredehoeft, (1978), Sanford and Konikow, 

(1985), Prickett et al, (1981), and Zheng, (1990).  

    McWhorter and Sunada, (1977) constructed a two-dimensional 

groundwater model, which may be used for analyzing of the areal 

distribution of heads in either confined or unconfined aquifers. The 

model was based upon the fully implicit central difference scheme 

using Gauss elimination procedure. 

    Rushton and Redshaw, (1979) demonstrated the use of analogy 

and digital computer methods in the solution of both two- and three-

dimensional problems in both steady and transient simulations. 

Regional groundwater flow, external and internal boundary effects 

and analysis of pumping test were described in details with computer 

programs.   

    Hassan Al-khateeb, (2001) conducted a study dealing with 

evaluating and simulating the problem of shallow groundwater level 

in the center of Karbala city. The study area is about 3.2 km2 and 

comprises the two holy shrines of Al-Hussain and Al- Abbas. He 

simulated this problem by constructing three mathematical flow 

models, two  of which are analytical, the third model is a two-

dimensional finite difference flow model to simulate the hydraulic 

conditions of the system modeled and to simulate the dewatering of 

the shrines. He stated that the simulation by the numerical finite 
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difference flow model shows that the dewatering of the shrines can 

Be carried out by the vertical drainage rather than the subsurface 

drainage of the analytical model. 

 A modular three dimensional finite difference flow model called 

MODFLOW, Prior to the development of MODFLOW, the two- and 

three-dimensional finite-difference models described by Trescott, 

(1975), Trescott and Larson, (1976), and Trescott, Pinder, and 

Larson, (1976) were used extensively by the U.S. Geological 

Survey (USGS) and others for the computer simulation of ground-

water flow. The first version of MODFLOW was the result of the 

need to consolidate all the commonly used simulation capabilities 

into a single code that was easy to understand, use, and modify. This 

first version was developed between the spring of 1981 and the 

winter of 1983. That model code was originally called the USGS 

Modular Three-Dimensional Finite-Difference Ground-Water Flow 

Model, but the model became known as MODFLOW several years 

later. This model was developed using the Fortran 66 computer 

language.  

Revised documentation was released in the report series 

Techniques of Water Resources Investigations (TWRI) (McDonald 

and Harbaugh, 1988). The program was largely the same as the 

1984 version, but small changes were made to make the code 

conform to Fortran 77 rather than Fortran 66. This version of 

MODFLOW is called MODFLOW-88.  

By the early 1990, MODFLOW had become the most widely 

used ground-water flow model both within and outside the USGS. 

Many additions had been made to expand MODFLOW’s 
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capabilities. For example, more elaborate representation of the 

relation between streams and an aquifer was developed (Prudic, 

1989). Leake and Prudic, (1991) developed a package to represent 

subsidence. Two preconditioned conjugate-gradient packages were 

developed (Kuiper, 1987; Hill, 1990). An overall update to 

MODFLOW, called MODFLOW-96, was published (Harbaugh 

and McDonald, 1996a and 1996b). MODFLOW-96 was a 

relatively minor update primarily to improve ease of use, this 

version of MODFLOW was used in this study.  

   To facilitate the incorporation of related equations into 

MODFLOW, an expansion of the modular design was required. The 

result, which became MODFLOW-2000, was the addition of 

“Process,” which is defined as parts of the code that solve a major 

equation or set of related equations. The part of the code that solves 

the ground-water flow equation became the Ground-Water Flow 

(GWF) Process. MODFLOW-2005 is similar in design to 

MODFLOW-2000. The expanded concept of processes continues as 

in MODFLOW-2000. The primary change in MODFLOW-2005 is 

the incorporation of a different approach for managing internal data. 

Fortran modules are used to declare data that can be shared among 

subroutines. This allows data to be shared without using subroutine 

arguments. As a result of using Fortran modules, a change in 

terminology for MODFLOW has been made. MODFLOW 

subroutines were originally called modules in a generic sense. The 

generic term module has been eliminated and replaced by the term 

subroutine (Harbaugh, 2005). 
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Reilly, et al., 1994 combined the application of environmental 

tracers and deterministic numerical modelling to analyses and 

estimate recharge rates, flow rates, flow paths, and mixing properties 

of a shallow groundwater system near Locust Grove, in eastern 

Maryland, U.S.A. A two-dimensional cross-sectional model was 

developed for the simulation of processes occurring along this flow 

line. The MODFLOW model was used to simulate groundwater flow 

and advective transport.  

    The Groundwater Modeling studies for Kennecott Utah Copper 

Corporation (KUCC), 1998, Southwestern Jordan Valley (SWJV) 

flow and transport modeling have been an on-going effort beginning 

with the South Facilities Remedial Investigation and Feasibility 

Study (RI/FS) in 1998. As is typical for a complex groundwater-

modeling program, the modeling objective has continued to be 

refined, and knowledge of the system and the questions to be 

addressed evolve. Model was converted from the current KUCC 

expanded regional model using the Groundwater Modeling System 

(GMS) software GMS was selected as upgrade software for its pre- 

and post-processing functionality and its compatibility with the 

previous KUCC models using MODFLOW (groundwater flow 

modeling). The current KUCC model has been incorporated into 

GMS using two approaches. The first was a direct import of the 

KUCC expanded regional model data using the GMS import 

features. In essence, the model remains identical (with the exception 

of a few manual changes that GMS required as per differences in 

how the Processing MODFOLW software and GMS software each 

handle information). This first step allowed for the model to be run 
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with both software packages, allowing for direct comparisons. The 

second modeling approach in GMS involves the creation of a 

conceptual model in GMS using the KUCC model data. Steady-state 

calibration comparisons with the GMS conceptual model were 

performed. The process of steady-state calibration primarily focused 

on achieving results in line with those of the previous model’s 

calibration to provide a useful benchmark for further simulations. 

The shallow unconfined aquifer could only be analyzed by 

evaluating the groundwater flow along the Jordan River. 

    Cynthia, C.G.W.P., and etal, 2001 built a three-dimensional 

numerical flow model using the MODFLOW code to evaluate the 

effects of pumping on a water resource over 10 miles away from a 

development site in New Mexico,  the three dimensional geologic 

model was constructed within GMS, then converted into standard 

MODFLOW format. 

    Perry M. Jones ,2005, constructed a calibrated steady-state, 

finite-difference, ground-water flow model to simulate a system of 

three glaciofluvial aquifers, defined as the upper, middle, and lower 

aquifers, in an area of about 114 m2 surrounding the city of Grand 

Rapids in north-central Minnesota. This model was constructed as 

part of a 5-year cooperative study between the United State 

Geological Survey  (USGS) and the Minnesota Department of 

Health (MDH) to simulate ground-water-flow conditions in aquifers. 

The calibrated model will be used by Minnesota Department of 

Health (MDH) and communities in the Grand Rapids area in the 

development of wellhead protection plans for their water supplies. 

The  model was calibrated through comparison of simulated ground-
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water levels to measured static water levels in 351 wells, and 

comparison of simulated base-flow rates to estimated base-flow rates 

for reaches of the Mississippi and Prairie Rivers. The USGS flow 

model, MODFLOW, was used to simulate ground-water flow 

conditions in the Grand Rapids area. 

    W. D. Welsh, 2006, constructed a transient MODFLOW model of 

the Great Artesian Basin (GAB) was requested by the GAB 

Technical Working Group. The Great Artesian Basin (GAB) is a 

Mesozoic groundwater basin covering parts of Queensland, New 

South Wales (NSW), South Australia (SA) and the Northern 

Territory (NT) west of the Great Dividing Range. It is a valuable 

source of fresh water in a generally arid inland environment. To 

simplify the model, and because of a lack of data in other aquifers, 

only the shallowest artesian aquifer is modelled. The plan was to 

build on the existing steady state model, called GABFLOW (Welsh 

2000), increasing its utility by adding a temporal component to 

water level predictions. The model is constructed as a single 

confined layer. Cells over the basin are 5 km x 5 km, giving a model 

grid with 359 rows and 369 columns and more than 60,000 active 

cells. The model was used to predict water level recoveries from 

some bore rehabilitation scenarios. For each scenario the recovery is 

the difference between ‘before’ and ‘after’ model results. The model 

is run under MODFLOW-2000 as distributed with version 4.0 of 

Groundwater Modeling System (GMS) software. 
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2.2 Previous Studies on Babylon Groundwater problem  

   Three previous studies were conducted to describe and discuss the 

geological, hydrological, and hydrogiological aspect of the ancient 

Babylon city. The aim of all these studies was to solve the problem 

of shallow groundwater level in old Babylon city. The first study 

was done by the General Directorate of Geological Survey and 

Mineral Investigation (GDGSMI) in 1979. The second study was 

done by Al-Furat Center of Studies and Design of Irrigation Projects 

(FCSDIP) in 1989, the third was made by Ibtisam R. Karim, (2005) 

to the university of Technology.           

    Presentation and discussion of these studies is given below. 

 

2.2.1 The study of (GDGSMI)  

     The General Directorate of Geological Survey and Mineral 

Investigation (GDGSMI) in 1979 carried out the first work on the 

ancient Babylon city according to a request made by the State 

Organization for Antiques to study the possibility of lowering the 

ground water level, as groundwater affects all the old Babylonian 

remnants and, consequently, obstructed the work of the archiologist. 

     The aim of the study was to obtain information about the surface 

geology, lithology, and the hydrogeological conditions of the area. 

     The geological works were done by drilling 97 auger holes, with 

a distance vary between 50-200m, with ranging depth between 1.5-

3m. From measuring water level in all auger holes, groundwater 

contour map was constructed, as shown in figure (1.2). 

    To determine the aquifer hydraulic parameters, two groups of 

pumping test were constructed in this study. One in the central part 
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of the old Babylon city and the other one near Shat Al Hilla. The 

first group consists of a one pumping well and three piezometers, the 

second one consists of five boreholes near Shat Al Hilla. Average 

values of hydraulic parameters (T,Sy) for the first group are 

T=350m2/d, Sy=7.9*10-2, and T=266 m2/d, Sy=5*10-2 for the second 

group. 

Where:  

Specific yield Sy: is the ratio of the water that will drain from a 

saturated rock owing to the force of gravity to the total volume of the 

media. Specific retention Sr is defined as the ratio of the volume of 

water that a unit of media can retain against the attraction of  gravity 

to the total volume of the media. The porosity of a rock is equal to 

the sum of the specific yield and specific retention of the media. For 

most practical applications in sands and gravels, the value of 

effective porosity can be considered equivalent to specific yield. In 

clays, there is a much greater surface area and corresponding 

adhesion of water molecules. 

Transmissivity T: is a measure of the amount of water that can be 

transmitted horizontally through a unit width by the fully saturated 

thickness of an aquifer under a hydraulic gradient equal to 1. 

Transmissivity is equal to the hydraulic conductivity multiplied by 

the saturated thickness of the aquifer and is given by: 

T = Kb     

where, 

K = hydraulic conductivity [LT-1] 

b = saturated thickness of the aquifer [L] 
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Since transmissivity depends on hydraulic conductivity and 

saturated thickness, its value will differ at different locations within 

aquifers comprised of heterogeneous material, bounded by sloping 

confining beds, or under unconfined conditions where the saturated 

thickness 

will vary with the water table. 

     During a multiple pumping test, was carried out by the GDGSMI 

in three boreholes. The drawdown was calculated by using the 

Hydrodynamic method and applying ForchHaimer equation. 
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Where; 

St : Total drawdown at a certain point in the area, (L). 

Q : Rate of discharge at the specific pumping well, (L3/T). 

k : Hydraulic conductivity of the aquifer, (L/T). 

R : Radius of influence of the pumped well, (L). 

r : Distance between any point at the pumped well, (L). 

H : Total head of the aquifer, (L).  

 

    The process of pumping was carried out for only one day in this 

study because of the continuous shutdown of electricity. The rate of 

pumping was 9 ℓ/s . The GDGSMI had found the total drawdown as  

5.72 m at the center of the city and decreased gradually as the 

distance increased further from the boreholes until the effect of 

pumping reached the recharge boundaries (i.e. Shat Al Hilla) where 

the drawdown would be equal to zero. The GDGSMI found from 

chemical analysis that the groundwater in the study area derived 
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from Shat Al Hilla which participates in rising the groundwater level 

about(4-5)m.    

 

 

2.2.2 The study of (FCSDIP) 

    Al-Furat Center of Studies and Design of Irrigation Projects 

conducted a study during 1989 to evaluate and suggest a suitable 

well field design for Babylon city. The study was based on the 

previous work of the GDGSMI. The hydraulic properties of  the 

aquifer were calculated from the pumping test analysis, and found to 

be varying between the strip parallel to Shat Al Hilla, and the area 

behind it. The transmisivity and the specific yield of Shat Al Hilla 

strip were found as 350 m2/d and  0.007  respectively, the area 

behind the river has a transmisivity of 150 m2/d and a specific yield 

about 0.005. 

    The water balance equations were used to evaluate the amount of 

groundwater recharge, which was found to be 280 ℓ/sec. This 

amount of groundwater was suggested to withdrawal in two wells 

field design. The first design was carried out for 30 bore holes, 

located on a ring following the tourist canal and parallel to Shat Al 

Hilla. Penetrates at a 25 m depth, 14 of which have a pumping rate 

equal to 12 ℓ/sec, and the other 16 boreholes have a pumping rate 

equal to 7 ℓ/sec.  

    The total drawdown was calculated using hydrodynamic equation, 

maximum drawdown was found to be 6 m at the center of Babylon 

city and decreased toward the recharge boundaries. 
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    The disposal of  pumped water assumed at this study gone to Shat 

Al Hilla and to the tourist canal according to the locations of 

boreholes. 

    This study considers Shat Al Hilla and Babylon canal as the main 

source of recharge. 

    The alternative design for the vertical drainage including a new 

well field design consists of  21 wells distributed on the parameter of 

the area. The  discharge rate of the pumping wells ranged between 2-

15 ℓ/sec, spaced between  200-400 m. This method provides a 

slower dewatering rate and hence a slower settlement rate to avoid 

the damage of the city structures. This method depends on the 

Equivalent Interceptor Drain and Water Balance equations. 

Drawdown contour map was produced by using the following 

equation,(Hantush.1964) 
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Where 

h : hydraulic head at the desired point, (L). 

h1 and h2 : hydraulic heads at the boundaries, (L). 

x : distance along the flow path, (L). 

L : length of the flow path, (L). 

    For reaching to steady state condition, this method recommended 

500 days as a minimum.     

      The analysis of the vertical drainage in the study area in both 

GDGSMI and FCSDIP studies used the analytical solution only, 

while the numerical models are more reliable and were accurate 

approach to analyze and solve the dewatering problems. 
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2.2.3 Ibtisam R. Karim's study 

    The last study was done by Ibtisam R. Karim in 2005. Two 

models were considered in this study; one is numerical and the other 

is analytical. The numerical model uses the finite difference 

technique based on the continuity hypothesis and Darcy's law. The 

analytical model is theoretically based on the Hantush Analysis of 

interfering drainage wells with a superposition and Image principles. 

    Numerical simulation is conducted with the aid of  a computer 

program called Ground Water Modeling System (GMS) to simulate 

the steady and unsteady states of flow. Ibtisam proved that the water 

level at the study area can be lowered to about  16 m from its present 

level after the steady state condition is reached within a period of 

250 days from start of pumping.  

    She considered a ring of wells system surrounding the old 

Babylon city. A well field contains (45 wells) distributed in the 

study area, as shown in figure (2.1). Each well is assumed to 

penetrate a depth of  45 m, and discharge at a rate of  17 ℓ/sec. 

   The analytical simulation was carried out by a simple computer 

program. Ibtisam found that the numerical model was more accurate 

than the analytical one, but the latter requires less effort and time and 

the results of lowering the ground water of the two models was 

different. Comparison of results numerical solutions with the 

analytical solutions showed reasonable agreements between the two 

models during the early time of pumping. 

    Ibtisam reported that Shat Al Hilla is the main source of recharge.   
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Fig. (2.1) Boundary and locations of the 45 wells in Ibtisam's study. 

  

The analysis of Ibtisam study can be documented  in the following: 

 A ring of wells was considered in Ibtisam's study regardless of 

the presence of remnants, as shown in figure (2.1). Ibtisam's study 

concluded from that the drawdown after dewatering by  45  wells 

discharging water at a rate of  17 ℓ/sec, for a duration of 250 days 

was 16 m, in the center of the city,  which is too much in 

comparison with  that given by the GDGSMI and FCSDIP, where  

obtaining the drawdown is no more than 6 m only. This may lead 

to excessive lowering of  the water level and risk of settlement 

that will may damage the historical buildings. 

Wells assumed in 

Ibtisam's study 

Boundary in 

this study 

Ibtisam's boundary 
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 Ibtisam's study considered that Shat Al Hilla is the main 

source of recharge regardless of Babylon canal, while the last 

one should be considered as the second source of shallow 

groundwater level in the area, (FCSDIP, 1989). 

 The 45 m depth of the wells in Ibtisam's study involve both the 

two aquifers. The discharging water from the second aquifer 

has no much effect on lowering the ground water level in the 

first aquifer, because the presence of  2m clay layer will work 

as an impermeable layer, (GDGSMI, 1979).  

 The boundary condition of Ibtisam's study that surrounded the 

area is shown in figure (2.1), where the three lakes shown in 

figure (4.3), are considered incorrectly as a boundary because 

they are too small to be considered as a boundary. 
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CHAPTER THREE 

 

THEORETICAL WORK 

 
 

3.1 Introduction: 

       This chapter describes what models are and how they work. It 

deals with two numerical models, uses the finite difference technique 

based on the Continuity Hypothesis and Darcy`s law. The first solution 

with aid of computer program is called GMS “Groundwater Modeling 

System”, and the second is with aid of a Quick-basic program. 

3.2  Definitions of the model; 

       A groundwater model is a replica of some real-world groundwater 

system.(U.S. Army Corps of Engineers, 1999). The International 

Groundwater Modeling Center defines a model as “a non-unique, 

simplified, mathematical description of an existing groundwater 

system, coded in a programming language, together with a 

quantification of the groundwater system, the code simulates in the 

form of boundary conditions, system parameters, and system stresses” 

(U.S. Environmental Protection Agency (USEPA) 1993). “A model is a 

simplified description of a physical system” (U.S. Department of 

Energy 1991). A groundwater flow model is an application of a 

mathematical model to represent a site-specific flow system” (ASTM 
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1992). “A mathematical model is a replica of some real world object or 

system” (Nuclear Regulatory Commission 1992).
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3.3  Principles of Groundwater Modeling 

    Groundwater modeling can be used to simulate the flow and 

transport processes in an aquifer. A groundwater model can be used 

in an interpretative sense to gain insight into the head distribution 

and the flow pattern within a watershed. It can also be used to assess 

different scenarios that may occur in the future or to assess and 

better understand processes that have already occurred. With the 

comprehensible visualization, complex situations can be described 

effectively. A model is an abstraction of the reality in order to aid 

the understanding of and/or predict the outcomes of the real system 

(Carey, Erskine, Heatcote and McMahon, 2001). The more detailed 

and complex the model is, the better it may represent the real 

situation. It is however practically impossible to perfectly represent 

all natural processes included, and consequently all groundwater 

models are simplifications of real situations. (Anderson and 

Woessner, 1992). 

    Groundwater models simulate the hydraulic head and flows, and 

can be either physical or mathematical. A physical model can be the 

study of groundwater flow through a sand column, while a 

mathematical model simulates the processes through a partial 

differential equation with the hydraulic head as the variable 

parameter. The model can be steady state, representing conditions 

where the inflows and outflows to the model are constant with time. 

For time variant or transient models, initial conditions must also be 

specified. The model can solve the differential equation analytically 

or numerically. Analytical solutions can only be obtained for very 

simple or simplified problems. Numerical models, on the other hand, 
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can be used for more complex problems, and are typically solved 

using powerful computers. (Anderson and Woessner, 1992). 

 

3.4  Conceptual model 

    A conceptual model is a simplified representation of reality with a 

focus on the geology and hydrogeology. The conceptual model, is a 

three-dimensional representation of the groundwater flow and 

transport system based on all available, geologic, hydrogeologic, and 

geochemical data for the site. The first step in any modeling effort is 

the development of the conceptual model. A complete conceptual 

model will include, geologic and topographic maps of the site, cross 

sections depicting the site geology/hydrogeology, a description of 

the physical and chemical parameters associated with the aquifer(s), 

contaminant concentration and distribution maps. The purpose of the 

conceptual model is the integration of the available data into a 

coherent representation of the flow system to be modeled. The 

conceptual model is used to aid in model selection, model 

construction, and interpretation of model results. 

    The purpose of a conceptual model is to organize field data and to 

consider how these data can be translated into a physical or 

mathematical model. It is hence one of the first steps in the modeling 

process. The key processes controlling the flow, transport and fate of 

the groundwater are identified (Carey et al., 2001).  

   Construction of a conceptual model includes the definition of the 

basin boundaries, aquifers and non-aquifers, recharge and discharge 

sources and the hydrochemical pattern. When natural phenomena are 

represented, a number of simplifications and assumptions have to be 
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made, which should be thoroughly explained and justified 

(Anderson and Woessner, 1992). 

 

3.5 Groundwater Modeling 

3.5.1 Groundwater Modeling System (GMS) 

    Groundwater Modelling System (GMS v2.0) is the most 

advanced, powerful, and comprehensive groundwater modelling 

package available. The program was developed under the direction 

of the U.S. Army Corps of Engineers and involves support from the 

Department of Defence, the Department of Energy, and the 

Environment Protection Agency. GMS provides complete support 

for the USGS MODFLOW 3D finite difference. Tools are provided 

for site characterisation, model conceptualisation, mesh and grid 

generation, geostatistics, telescopic model refinement, automated 

model calibration, and output post-processing. Several groundwater 

modeling data types are represented, including TINS (The TIN 

Module is used for surface modeling. TINs are formed by connecting 

a set of XYZ points (scattered or gridded) with edges to form a 

network of triangles. The surface is assumed to vary in a linear 

fashion across each triangle. TINs can be used to represent the 

surface of a geologic unit or the surface defined by a mathematical 

function. TINs can be displayed in oblique view with hidden 

surfaces removed. Elevations or other values associated with TINs 

can be displayed with color fringes or contours. TINs can be used in 

the construction of solid models and 3D finite element meshes) 
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, boreholes, 2D mesh, 2D grid, 2D scatter points, 3D mesh, 3D grid, 

3D scatter points, and solids. The program allows common 

information to be shared among different data types and 

groundwater models.  

3.5.1.1 GMS modules 

    The Groundwater Modeling System (GMS) is a modeling 

environment used for groundwater simulations. It contains a 

graphical interface and a number of different analysis codes, 

including MODFLOW and others. GMS provides tools that allow 

the user to characterize the study area, conceptualize the model and 

generate the inputs for the various models in the system. It also 

performs the calculations and interpolations needed to visualize the 

result. GMS is divided into ten modules each of which handles 

different data types. The modules used in this study are the Map 

module, and the 3D grid module. These are described below. 

(Environmental Modeling Research Laboratory, 1999) 

3.5.1.1.1 Map module  

   The Map module contains the tools needed to construct a 

conceptual model in GMS. It is used to manipulate Feature objects 

such as images and drawings. The most important Feature objects of 

the modeled area are represented as points, Arcs (lines) and 

polygons, each corresponding to features such as wells, rivers and 

lakes. These objects are saved as coverages (Feature objects can be 

grouped together into coverages). Each coverage represents a 

particular set of data. For example, one coverage can be used to 

define recharge zones, and another coverage can be used to define 
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zones of hydraulic conductivity. A coverage can be of the type 

sources/sinks, areal, layer or observation, depending on the assigned 

parameters. In the sources/sinks coverage all objects contributing to 

the recharge and discharge of groundwater, including the model 

boundaries, are specified. This includes rivers, lakes, ponds and 

wells. The set of defined coverages represents the conceptual model, 

and can later be used to generate MODFLOW solution.  

3.5.1.1.2  3D grid module  

   In the 3D-grid module a three dimensional grid is created. This 

grid is later used for 3D interpolation, iso-surface generation, cross-

sections and finite difference modeling. The flow and transport 

modelling interfaces are provided in the 3D-grid module, including 

the MODFLOW interfaces. (Environmental Modeling Research 

Laboratory, 1999,& U.S. Department of Defense, 1998). 

 

3.5.1.2 MODFLOW  

3.5.1.2.1 Introduction; 

    A graphical interface to the groundwater model MODFLOW is 

provided in GMS. MODFLOW is a computer program that 

simulated three dimensional groundwater flow through a porous 

medium by using a finite-difference method (Mc Donald and 

Harbaugh,1988). MODFLOW is a 3D, cell-centered, finite 

difference, saturated model developed by the United State 

Geological Survey, and can perform both steady state and transient 

analyses and has a wide variety of boundary conditions and input 

options. 
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    MODFLOW is one of the world’s most used programs for 

groundwater modeling. MODFLOW can be used for unconfined, 

confined and combination aquifers and for both two and three 

dimensional flow. As it focuses on the saturated zone, processes 

taking place at the surface and in the unsaturated zone are not 

represented (http://www.scisoftware.com, 2004). In this study, the 

setting of parameters such as recharge represents these processes. 

MODFLOW can be used for both steady state and transient 

problems.  

    GMS supports MODFLOW as a pre and post-processor. The input 

data for it are generated by GMS and saved to a set of files. These 

files are then read by MODFLOW, when it is executed. It can be 

executed with a GMS menu command or from the DOS or UNIX 

command line. The output from MODFLOW is then imported to 

GMS for post-processing (U.S. Department of Defense, 1998). 

    The partial differential equation (3.1) describing the groundwater 

flow is solved numerically for each discrete cell in the defined grid. 
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Equation (3.1) solved in MODFLOW is a combination of the three-

dimensional Darcy’s law and the mass balance equation. where 

hydraulic head, h (m), is the dependent variable (hydraulic head). 

The hydraulic conductivity is represented here in the three 

coordinate directions (x, y and z) by Kxx, Kyy and Kzz (m/day). Ss is 

the specific storage (dimensionless) and W (1/day) represents the 

general source/sink term per volume of aquifer. If W is positive, 

water is leaving the system and if it is negative water is entering the 
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system. The t (days) stands for time. If the problem is steady-state, 

there is no time-variant parameter and the right side of the equation 

vanishes. The result of a MODFLOW simulation is typically 

illustrated as contours or iso-lines representing the groundwater 

surface (Anderson, and Woessner, 1992) 

 

3.5.1.2.2  MODFLOW Related Codes 

     Many computer codes have been developed to be used with 

MODFLOW. The codes are often called package, models or 

sometimes simply programs. Each hydrologic capability, such as 

leakage to rivers, recharge, and evapotranspiration, that is included 

within the groundwater flow equation is a separate to package. 

Because there are many methods for solving the simultaneous 

equations resulting from the finite-difference methods, each solution 

method is a package. 

     The Preconditioned Conjugate Gradient (PCG2 of Hilla,1990) 

and Strongly Implicit Procedure (SIP) are examples of solution 

methods implemented as packages in MODFLOW. 

     Two approaches can be used to construct a MODFLOW 

simulation in GMS; the grid approach and the conceptual model 

approach, The grid approach involves working directly with the 3D 

grid and applying sources/sinks and other model parameters on a cell 

by cell basis. The conceptual model approach involves using the GIS 

tools in the Map module to develop a conceptual model of the site 

being modeled. The data in the conceptual model are then copied to 

the grid. In most cases, the conceptual model approach is more 

efficient than the grid approach. However, the grid approach is 
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useful for very simple problems or academic exercises where cell by 

cell editing is necessary, in this study the conceptual model approach 

were used. 

 

3.5.1.2.3  Constructing a MODFLOW Conceptual 

Model in GMS Program 

   The first step in creating a conceptual model of this site is to create 

points, arcs and polygons that represent hydrologic features at the 

site. These points, arcs and polygons are assigned types that 

correspond to the feature they represent. The resulting source/sink 

coverage is shown in figure (3.1). Other coverages, defining such 

things as Recharge Zones and Hydraulic Conductivity Zones, are 

also defined. 

 

Fig. (3.1) Resulting Source/Sink coverage for the study area from 

the GMS program. 

vertices 
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   Groundwater modeling system (GMS) problems are typically 

solved according to the following steps: 

1. Develop a conceptual model.  

   The first step, the development of a conceptual model, is often 

the most important step in the modeling process. A conceptual 

model is a simplified representation of the site to be modeled. 

   Several steps are involved in setting up a conceptual model and 

converting the conceptual model to a numerical model. These steps 

are listed here to provide a summary of the overall process. The 

steps are as follows: 

a. Create a coverage defining the local sources/sinks in the 

model, as shown in figure (3.1). The most effective way to do 

this is with the aid of a background image. A digital image in 

the form of a TIFF file representing a scanned map or an aerial 

photo of the site can be imported and displayed in the 

background using the image tools. Once the image is 

displayed, feature objects defining the model boundary, rivers, 

lakes, and specified head boundaries can be created on top of 

the background image. 

b. Create coverages defining areal attributes such as recharge 

zones.  

c. Create coverages defining layer attributes such as hydraulic 

    conductivity. 

d. Use the Grid Frame command to place an outline of the 

numerical grid on the conceptual model. The frame is placed 

so that it just surrounds the conceptual model. The frame can 



Chapter Three  - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - -    Theoretical Work  
 

 - 36 - 

be rotated if necessary if the major axis of the model is at an 

angle. 

e. Use the Map -> 3D Grid command to automatically generate a 

grid. The location of the grid is controlled by the Grid Frame 

and the density of the grid is automatically adjusted around 

user-specified points (typically wells). 

f. Define the active region of the grid using the Activate Cells in 

    Coverage command. This automatically activates all of the 

cells 

    within the boundary of the conceptual model and inactivates 

all cells outside the boundary. 

g. Initialize the MODFLOW data by selecting the Basic Package 

command in the MODFLOW menu in the 3D Grid module and 

selecting the New button in the Basic Package dialog. Turn on  

the packages required in the simulation and define the stress 

periods if the simulation is transient. Define a set of starting 

heads. Go to the BCF Package dialog and define the layer type 

for each of the layers in the grid, where, The block centered flow 

BCF package computes the conductances between each of the 

grid cells and sets up the finite difference equations for the cell to 

cell flow. The input to this package includes layer types and cell 

attributes such as storage coefficients and transmissivity. 

g. Select the Map -> MODFLOW command to automatically 

assign the MODFLOW boundary conditions, stresses, and 

material properties to the appropriate cells in the grid. 

2. Create a numerical grid.  



Chapter Three  - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - -    Theoretical Work  
 

 - 37 - 

   Model grids discretize the continuous natural system into 

segments (i.e. cells elements, blocks) that allow numerical 

solutions to be calculated. The grid should be superimposed on a 

map of the area to be molded. Grid boundaries should be located 

consistent to the conceptual model and following the guide lines 

discussed in the boundary conditions. 

3. Assign model parameters and boundary conditions to the grid.   

   Boundary conditions are constraints imposed on the model grid 

that express the nature of the physical boundaries of the aquifer 

being modeled. Boundary conditions have great influence on the 

computation of flow velocities and heads within the model area. 

4. Calibrate the model.   

   Calibration is the process of adjusting model inputs to achieve a 

desired of correspondence between the model simulations and the 

natural groundwater flow system. A flow model is considered 

calibrated when it can reproduce, to an acceptable degree, the 

hydraulic heads, and groundwater fluxes of the natural system 

being modeled. In other words, calibration methods solve a 

problem inversely by iteratively adjusting the unknowns (hydraulic 

conductivities, certain boundary fluxes, etc.) until the solution 

matches the known (usually the hydraulic heads).  

5. Make predictions. 

   Means suggesting the solution that needed to solve the problem, 

for example wells as in the present study (U.S. Army Corps of 

Engineers, 1999). 
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3.5.2   Numerical Model  

3.5.2.1  Numerical Model Approach 

         The phenomena to be considered and basic equations of flow 

for all aquifer types are obtained from two basic principles: 

- Continuity and 

- Darcy's Law. 

while continuity demands the consideration of water mass, 

Darcy's Law states that in an isotropic porous medium the 

specific flow rate is proportional to the negative head gradient. In 

horizontally two-dimensional groundwater flow this is written as: 

y

h
kv

x

h
kv fyfx









 ,  

The proportionally constant  kf   is called permeability. 

Difference method 

a-Discretization: numerical method requires discretization in 

time and space. The different method replaces the partial 

differential equation of flow by a set of difference equations in 

discretized space and time. The aquifer of the model system is 

considered to be unconfined aquifer, as a one layer. The aquifer is 

first divided up into a rectangular grid. The distances in x- and y-

direction, ∆x and ∆y respectively. The center of a cell is called a 

node, as shown in figure (3.2). 

    Time is disretized into time levels to, t1, t2 ….. separated by 

time intervals of length ∆t. 
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Fig. (3.2) Distribution of the System simulated by the 3D grid 

model. 

 

    

   Solving the flow equation numerically means that, starting from an 

initial piezometer head distribution at time to on the discrete nodes of 

the modeled region, compute head at those nodes for later discrete 

time level t1, t2 ….. in time steps ∆t. 

b-Water balance 

    By applying continuity and Darcy's Low to every cell, over a time 

interval of length(∆t), assuming that flow will occur only between 

the cell and its four direct neighbor cells, the water balance of the 

cell shown in figure (3.3) is represented by  considering  four in 

(out) flows from (to) the four neighbors Q1,Q2,Q3 and Q4 and 

possibly a discharge or recharge to (from) the surface QSF, QW, it can 

∆x 
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be assumed that signs of inflows (enter the cell) are positive, and 

vice versa, assuming that the flow (QW) is an outflow and the others 

are inflows, so the continuity equation can be written as: 

[Q1i,j(t+∆t)+Q2i,j(t+∆t)+Q3i,j(t+∆t)+Q4i,j(t+∆t)+QSFi,j(t+∆t)-QWi,j 

(t+∆t)]∆t=[hi,j(t+∆t)-hi,j(t) ]ε i,j ∆xi,j ∆yi,j        

……………………(3.2) 

Where; 

hi,j(t) and hi,j(t+∆t): hydraulic heads of the upper aquifer at time (t), 

and (t+∆t), respectively of a nodal cell (i,j), (L). 

QW: represent the discharge or recharge flow from the pumping 

wells, (L3/T). 

εi,j: specific yield of the upper aquifer at a nodal cell (i,j), (unitless). 

∆xi,j and ∆yi,j : x and y dimensions, respectively of a nodal cell (i,j), 

(L). 

Others; are as previously defined. 

     The signs of the flows Q1i,j,  Q2i,j, Q3i,j, Q4i,j, QWi,j, and QSFi,j, in 

Eq. (3.2) are automatically corrected throughout model application. 

They depend on hydraulic head conditions in and around the cell 

under consideration. Eq. (3.2) can be applied to a time level (t+∆t) 

which is contained in the interval (t,t+∆t). When dividing both sides 

by ∆t, Eq. (3.2) becomes: 

)3.3.......(....................Δy *Δx * ε
Δt

(t)h Δt)(th 

ji,ji,ji,

ji,ji,

ji, SF

ji,W ji,ji,ji,ji,

 t)(t Q 

 t)(t Q  t)(t  Q4  t)(t  Q3  t)(t  Q2  t)(t  Q1





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Fig. (3.3) Water Balances around one nodal cell. 
      

 

c-Infiltration in surface water bodies 

     The leakage principles can be used to introduce infiltration from 

or to surface water bodies (QSFi,j). The head difference governing the 

leakage is the difference between groundwater table (hi,j) and the 

water surface elevation of the surface water body(hri,j) as long as the 

groundwater table does not drop below the river bottom (bri,j), as 

shown in figure (3.4), the flow can be determined as:, (kinzelbach, 

1986).  
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Fig.(3.4)Infiltration from surface water bodies. 

 

QSFi,j = lri,j (hri,j – hi.j) ∆xi,j * ∆yi,j                                    …..(3.4a) 

In which: 

 

ji,

ji,

ji, dr

kr
Ir   

Where: 

lri,j : leakage coefficient of surface water body bed at a nodal cell 

(i,j), L/T. 

kri,j : Vertical permeability of surface water body bed at a nodal cell 

(i,j), L/T. 

dri,j : Thickness of surface water body bed at a nodal cell (i,j), L. 

hri,j : Water level of surface water body at a nodal cell (i,j), L/T. 

hi,j : Hydraulic head of the layer (WT) at a nodal cell (i,j), L/T. 

∆xi,j and ∆yi,j : previously defined. 

br 

 hr 

Water table 

h 

brl 
datum 

River surface 
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    If the groundwater table (hi,j) drops below the river bottom (brli,j) 

or the two elevations are equal, figure (3.3), the flow becomes 

independent from the groundwater table. The governing head 

difference is then the head of the surface water body (bri.j )with 

respect to the river bottom.    

QSFi,j = lri,j (hi,j – bri.j) ∆xi,j * ∆yi,j                                   (3.4b) 

Where: 

bri,j : Top level of surface water body bed at a nodal cell (i,j), L. 

Others, as previously defined. 
 

     Back to figure (3.3), again with Darcy`s law, the four lateral flows 

(Q1i,j, Q2i,j, Q3i,j, and Q4i,j) can be obtained as follows: 

)5.3.....(Δy
)xx0.5(

hh
T1)avg(Q1

ji,

ji,j1,-i

ji,j1,-i

ji,
a




  

)5.3.....(Δx
)yy0.5(

hh
T2)avg(Q2

ji,

ji,1ji,

ji,1ji,

ji,
b









 

)5.3.....(Δy
)xx0.5(

hh
T3)avg(Q3

ji,

ji,j1,i

ji,j1,i

ji,
c









 

)5.3.....(Δx
)yy0.5(

hh
T4)avg(Q4

ji,

ji,1-ji,

ji,1-ji,

ji,
d




 

     Where ; (T1)avg, (T2)avg, (T3)avg, and (T4)avg are spatial 

average values of aquifer local transmissivities between a node (i,j) 

and its four direct neighboring nodes (i-1,j), (i,j+1), (i+1,j), and (i,j-

1), respectively. 
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3.5.2.2 Inter-nodal and directional transmisivities 

(average transmissivites): 

     Using average transmisivities (inter-nodal transmisivities) rather 

than local ones belonging to that (Boonstra and Ridder, 1981), in a 

realistic regional model, grid size may be anything from some 

meters to some hundreds of meters. From pumping tests only local 

values of transmisivity may be found. A correct description of flow 

between nodes must, thus, be interpolated. To obtain the needed 

averages (inter-nodal transmisivity) between nodes, arithmetic 

means may be applied as: 

T1avg = (Ti-1,j + Ti,j)/2                                                …..(3.6) 

     Where Ti-1,j and Ti,j are local values of transmisivites around 

nodes (i-1,j) and (i,j), respectively. 

     The harmonic mean is superior to the arithmetic means used 

above, as it reflects the fact that two transmisivities arranged in 

series are equivalent to two parallel resistances. Therefore, they 

added harmonically as: 

T1avg = 2(Ti-1,j * Ti,j)/ (Ti-1,j + Ti,j)                             …..(3.7a) 

    The harmonic average, has the advantages of allowing to 

incorporate impervious boundaries in a simple way later.   

     Consequence to equation (3.7a), the other three transmissivities 

can formulated as: 

T2avg = 2(Ti,j+1 * Ti,j)/ (Ti,j+1 + Ti,j)                             …..(3.7b) 

T3avg = 2(Ti+1,j * Ti,j)/ (Ti+1,j + Ti,j)                             …..(3.7c) 

T4avg = 2(Ti,j-1 * Ti,j)/ (Ti,j-1 + Ti,j)                              …..(3.7d) 
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    For simplicity, each node of the grid assigned two average 

transmisivity values (Txi,j) and (Tyi,j) in x and y direction, 

respectively. (Txi,j) is the transmisivity between node (i,j) and its 

next neighbor node in positive x direction, (i,j+1), and (T1yi,j) is the 

tranmisitivity between node (i,j) and its next neighbor node in 

positive y direction (i+1, j), figure (3.5). The four transmissivities 

between node (i,j) and its four next neighbors are expressed as 

(replaced by): 

T1avg → (Txi-1,j) 

T2avg → (Tyi,j) 

T3avg → (Txi,j) 

T4avg → (Tyi,j-1) 

     Average transmisivities, according to this assignment system, 

may be called (directional) or (inter-nodal) transmisivities 

(kinzelbach, 1986). It will be followed hence forward. 

    Transmisivity depends on the head of the layer, which coincides 

with  the ground water level. Considering figure (3.2), local 

transmisivity Ti,j may be  defined by: 

Ti,j = kpi,j (hi,j - bi,j)      …………………….(3.8) 

Where: 

kpi,j : Local permeability of the layer at a nodal cell (i,j), L/T. 

hi,j : Hydraulic head of the aquifer at a nodal cell (i,j), L. 

bi,j :bottom level at a nodal cell (i,j), L. 
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Fig. (3.5) Directional (Internodal) Transmisivity Considered by 

The 3D-grid Finite Difference Flow Model. 
 

  

    The directional transmisivities can be obtained by taking a 

harmonic means in analogy to equations (3.7a,b). There is, however, 

another way of formulating (Txi,j) and (Tyi,j) which is preferable 

from a calculational point of view. This formulation obtains (Txi,j) 

and (Tyi,j) by multiplying harmonic average of permeabilities with 

geometric averages of saturated thickness a long the x and y 

direction, respectively (Butler, 1957; Bear and Verruijt, 1987): 

And, 

)9.3.....()b - )(hb - (hkpxTx
ji,

ji,
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)9.3.......()b - )(hb - (hkpyTy
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b


 

In which: 

Kpxi,j = 2(kpi,j * kpi+1,j)/( kpi,j + kpi+1,j)     ………(3.10a) 
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And, 

Kpyi,j = 2(kpi,j * kpi,j+1)/( kpi,j + kpi,j+1)     ………(3.10b) 

Where: 

kpi,j, kpi,j+1, and kpi +1,j are local permeability of the upper layer at 

cells (i,j), (i,j+1), and (i+1,j), respectively, L/T. 

Kpxi,j and Kpyi,j are harmonically averaged permeabilities between 

nodes (i,j) and (i,j+1), and nodes (i,j) and (i+1,j), respectively, L/T. 

h and b as previously defined. 

     Equation (3.5 a-b) can be written using the directional 

transmissivity concept as: 
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     Substituting Eqs. (3.4a or b), and (3.11a-d) into Eq. (3.3), two 

equation can be obtained for two conditions as follows: 


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 Provided that hi,j(t+∆t) ≤ brli,j. 

Dividing both sides of the above two Eq. (3.12a and b) by ∆xi,j*∆yi,j  

and rearranging, they can be formed as: 
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     Provided that hi,j(t+∆t)> brli,j and; 
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Provided that hi,j (t+Δ t) ≤brli,j . 

The two last equations (3.13a and b) may be described as two-

dimensional finite difference flow equations in a discretized (no 

horizontal plane and time) form for the aquifer. 

     Transmissivity terms of Eqs. (3.13a and b) depend on hydraulic 

heads (h), (Eqs (3.9a and b)). Therefore, Eqs. (3.13a and b) are 

nonlinear to h (t+∆t). In order to linearize them, iteration is required. 

This is made by replacing the unknown hi,j(t+∆t) in the 

transmissivities (Eqs.(3.7 a-d)) by an approximation. In the first 

iteration step, the approximation is hi,j(t). Then the resulting linear 
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equation system is solved by any of the iterative implicit procedures 

yielding a solution value for hi,j(t+∆t). By introducing this solution 

as the needed approximate value for the second iteration continues 

till the desired convergence is reached. The convergence means that 

difference between compute hi,j(t+∆t) of the successive iterations (of 

one time step) being somewhat acceptable as small value. 

Undoubtedly, the constants Qwi,j, lri,j, kpi,j, εi,j, brli,j, bri,j, ∆xi,j and 

∆yi,j which are all spatial but not temporal variables should be 

known too. 

     As explained above, to solve Eqs. (3.13a and b) an Iterative 

Implicit Procedure for  hi,j(t+∆t) may be used. In the present model, 

the Iterative Alternating Direction Implicit procedure(IADI) is 

adopted. 

 

3.5.2.2  Solving the two Equations 

   The solution of equations (3.13a and b) is accomplished using the 

Iterative Alternating Direction Implicit (IADI) procedure, assuming 

that the system grid figure (3.2) consists of (NY)rows, and (NX) 

columns. Accordingly, there are (NY*NX) nodes contained by the 

grid. There are NX nodal equations of nodes in row (j), but also NX 

heads of the left and NX heads of the right are in neighboring 

columns. Bringing all heads from neighboring rows to the right-hand 

side of the equation. Consider Eqs. (3.13a and b):  

For i = 1 to NX 

When hi,j(t+∆t) > brli,j 
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For i=1 to NX 

when hi,j(t+∆t) ≤ brli,j 
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For j=1 to NY 

When hi,j(t+∆t) > brli,j  
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For j=1 to NY 

when hi,j(t+∆t) ≤ brli,j 
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    If all piezometer head that appear on the right –hand sides of 

equations (3.14a and b) and (3.15a and b) are known either by an 
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estimate or a previous calculation, then all equations can be solved, 

so system of equation can be formed as: 

By considering Eq.(3.15a) for solving and the other Eq.(3.15b) is the 

same: 

For i = 1 to NX 

Aihi-1,j(t+∆t) + Bihi,j(t+∆t) + Cihi+1,j(t+∆t) = Di          …………(3.16a) 

For j=1 to NY 

Ajhi,j-1(t+∆t) + Bjhi,j(t+∆t) + Cjhi,j+1(t+∆t) = Dj        …..(3.16b)  

 In which; 

Provided that hi,j(t+∆t)> brli,j 
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   These systems of Eq. (3.16a and b) are tri diagonal. Their solution 

can be obtained through a simplified form of the Gauss-Jordan, the 

Thomas-algorithm Wang, 1982). 

    Choosing a raw equations as example: 
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Two arrays (Fj) and (Gj) are defined as:- 

Fj= Cj/( Bj- Aj Fj-1)        ……..(3.17) 

Gj=( Dj- Aj Gj-1)/( Bj- Aj Fj-1)     …….(3.18) 

With Fo=0   and  Go=o 

(Fj) and (Gj) represent the coefficient of the system after 

transformation to an equivalent upper triangular system with all 

diagonal elements equal to (1), as: 
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    The solution of this system is obtained by working upward starting 

from the last equation: 

hi,NY(t+∆t) = GNY 

hi,j(t+∆t) = Gj - Fj hi,j+1(t+∆t) 

For j=NY-1 to 1 

    For the system of row equations, the procedure is completely 

analogous. The (IADI) procedure can, now, be described as follows; 

the system of row equation can be solved row by row. And then 

column by column until convergence is reached.  

   The equations solved by using a computer quick basic language in 

which simulation is carried out, this program is listed in appendix A. 

   This mathematical model is a modification and development of the 

model presented by Kinzelbach, 1986.   
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3.6  Boundary Conditions 

    The boundary conditions of the differential equation represent 

either a dependent variable (head) or the derivative of the dependent 

variable (flux) at the model boundaries. There are three types of 

boundary conditions for groundwater flow models: 

• boundary conditions of the first kind (Dirichlet type) prescribe the 

head value. In a modelled domain there should be at least one point 

that constitutes a first-kind boundary. This is necessary to guarantee 

the uniqueness of the solution. Otherwise it can only be determined 

up to a constant. 

• boundary conditions of the second kind (Neumann type) specify 

the boundary flux, which means the head gradient normal to the 

boundary. A special case of this type of boundary is the impervious 

boundary where the flux is zero. If streamlines form boundaries of 

the modelled domain they are treated as impervious boundaries. 

Wells can be viewed as inner boundaries of the second kind by 

cutting out a circle around the well and specifying the flow across 

the circle. 

• boundary conditions of the third kind (semipervious boundary, 

mixed boundary conditions) specify a linear combination of head 

and flux at a boundary. They are used at semipervious (leakage) 

boundaries (Kinzelbach, 1986). 

    The boundaries can be physical or hydraulic. Physical boundaries 

can be for example impermeable rock, lakes or waterways. 

Examples of hydraulic boundaries are water divides or flow lines 

(Anderson and Woessner, 1992). 
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    The boundary conditions of this study is explained in details in 

ch.4, sec. 4.3. 
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Chapter Four 

 

Application of the Models and 

the Results 

 
 

4.1 General 

     This chapter will review the application of both models (GMS 

model and numerical model), and the simulation was performed using 

the two dimensional finite difference flow model which constructed 

by using all input data that are possibly needed and the output of both 

models with their comparison and discussion. 

    The simulation includes both the steady and unsteady state 

(transient). The priority was given to the steady state simulation, 

because its easier for calibration on one hand, and to apply its results 

in the transient state simulation on the other hand. 

 

4.2 Discretization  of the model's grid 

     The study area was divided into uniform square grid comprising 

(53) rows and (43) columns, making a total (2279) cells and covering 

the area of approximately (22.8 km2). All the cells have uniform 

lateral dimensions of (100m) along rows and columns 

(∆x=∆y=100m), figure (4.1) shows the designed finite difference grid.  

   The numerical model in the study area is considered as a single 

unconfined layer. All cells outside the boundary of the study area 

were treated as inactive cells, the internal cells were considered 

variable head cells. 
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Fig. (4.1) Grid design for the study area. 

 

4.3 Model Boundaries  

   The map of Babylon city shown in figure (4.2) shows the boundary 

of the study area, where Shat Al Hilla forms the west and 

southwestern boundaries of the study area, therefore it was considered 

as a head dependent boundary allowing inflow to the model region as 

proportional to head difference between the water surface in the river  

____ active cells 

_____ in active cells 
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Fig. (4.2) Arial photo map of Babylon Old City. 

 

and the water table.  

   The north and the northeastern and part of the east of the study area 

bounded by Babylon canal, so it is considered as a head dependent 

boundary too. From the south bounded by Al Wardiya canal, which is 

considered as a head dependent boundary too. The residual part from 

the east (the black line in the map) may be considered as no flow 

boundary, since the flow across this boundary is actually very small 

resulting in continuous accumulation of groundwater in the study area. 

     While Ibtisam's study area bounded by Shat Al Hilla from the 

western end, while the northwestern, southwestern and southeastern 
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parts bounded by the artificial lakes, as shown in figure (4.3). She 

considered these lakes as constant head cells. The analysis from that, 

these lakes are too small to be considered as constant head. So, the 

boundaries in Ibtisam's study are different from those taken in the 

present study.  

 

 

 

Fig.(4.3) Illustration of the difference between the boundaries of 

this study and Ibtisam's study (2005). 

 

4.4 Initial conditions and input data 

    Initial conditions referring to the values of the dependent variables 

are defined at the beginning of the simulation. For steady state 

models, initial condition needs only approximately match the natural 

system because the solution for each dependent node can be found 

The three 

lakes 

Ibtisam;s  

boundary 

Boundary of  

this study 
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eventually through repeated iteration (U. S. Army Corps of Engineers, 

1999), i.e. calibration. 

    In the steady state simulation, the initial condition is the head 

distribution at initial time (t=0), the initial heads are considered as the 

initial conditions for the steady state calibration. 

     Because of lack of data, some of the data that are necessary for 

simulating the model should be estimated. The initial estimates of the 

average permeability values were within the range of (2.5-17.5 m/day) 

for the system of one unconfined layer, while the effective porosity 

was estimated to be (0.2) in sand soils (U. S. department of the 

interior, 1985).  

    Bottom elevation and ground surface level is given as a constant 

average level of 15m, and 33m respectively. 

    Leakage coefficient of the rivers bed is taken as constant average 

values of 3.5/day, 7/day, and 14/day for Shat Al Hilla, Babylon canal, 

and Al Wardiya canal respectively. These values are found when 

dividing an average permeability value of 7 m/day (assumed) for Shat 

Al Hilla, Babylon canal, and Al Wardiya canal, on an average bed 

thickness of 2m, 1m, 0.5m (assumed) for Shat Al Hilla, Babylon 

canal, and Al Wardiya canal respectively.  

    Distribution of recharge from precipitation, as illustrated is 110mm, 

of the study area is 460m3/day, therefore, local recharge rate per each 

nodal cell (of 22.79 km2 area) is (3.68*10-5 m/day). 

    Conductance for each of the rivers is calculated and found 

(180/day, 35/day, 15/day) for Shat Al Hilla, Babylon canal, and Al 

Wardiya canal respectively. The method of calculation the values of 

conductance can be found in appendix (B). 
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     The table below shows the initial values and the input data that 

used in this study. 

 

Table (4.1) Values of initial conditions and input data 

Values Data 

 2.5-17.5 m/day   permeability 

 0.2   effective porosity 

 15m   Bottom elevation  

 33m   ground surface level  

3.5/day for Shat Al Hilla  

 Leakage coefficient  7/day for Babylon canal  

     14/day for Al Wardiya canal. 

 3.68*10-5 m/day   Recharge  

180/day for Shat Al Hilla 

 Conductance of  rivers 35/day for Babylon canal  

15/day for Al Wardiya canal. 

 

 

4.5  Calibration of the GMS Model 

    The final flow and transport model of the study area is the 

culmination of a calibration process that was used to increase model 

reliability (GeoTrans, 2001). Calibration is the process of adjusting 

model inputs to achieve a desired degree of correspondence between 

the model simulations and the natural groundwater flow system. A 

flow model is considered calibrated when it can reproduce, to an 

acceptable degree, the hydraulic heads and groundwater fluxes of the 
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natural system being modeled. This is accomplished by finding a set 

of values for the boundary conditions, aquifer properties, and 

stresses that result in computed heads and fluxes matching their 

natural counterparts at target locations (U. S. Army Corps of 

Engineers, 1999).  

    In the calibration process, the model results are compared to 

observed field data. Input parameters and boundary conditions are 

adjusted until the model results agree with the field observations 

within a pre-established range of error (Anderson and Woessner, 

1992). 

    The need to calibrate the model originates from the uncertainty in 

parameter values due to the number of assumptions and 

simplifications made in the conceptual and mathematical models 

(Carey et al., 2001). 

    For GMS model the calibration of the present study is 

accomplished through a trail and error adjustment of the model's input 

data (average permeability, model boundaries, and conductance of the 

rivers ) to modify the model's output to be with a good match obtained 

between computed (simulated) and observed heads. 

    A steady state calibration was used in the present study because of 

it's easiness to calibrate and its results can be applied in the transient 

state simulation. The data chosen for the calibration were the water 

table level during 1979 (GDGSMI,1979), figure (1.2). 

    Agreement between observed and computed (simulated) water 

levels was obtained after several iterations. Graphical comparison of 

observed and computed water table elevations is presented as figure 

(4.4) which indicates that similarity is satisfactory since exact match 
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Fig. (4.4) Comparison between observed and simulated head for 

GMS model. 

 is never possible in any numerical model. The input value were 

adjusted in this study to achieve the calibration process were 

permeability that can be shown in figure (4.5), the model boundaries 

at Al Wardiya canal is considered as specified head instead of river 

and finally the conductance of the rivers were 500/day, 50/day, 8/day 

for Shatt Al Hilla, Babylon Canal and Al Wardiya canal respectively.   

The closeness of fit between measured and simulated heads is 

evaluated for each calibration run using the Root Mean Square Error 

(RMSE).  

    The RMSE is employed to achieve the least difference between the 

observed and computed head and to summarize the calibration  

____ observed head 

_____ simulated head 
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Fig.(4.5) permeability after calibration. 

 

performance using the following equation, (Rasheeduddin, et al, 

1989): 
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Where; 

hs
i,j : Simulation head at raw i, column j (L). 

ho
i,j : observed head at raw i, column j (L). 

r and c : Number of raws and columns, respectively. 

rc : Number of cells within the modeled region. 
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  The RMSE for the GMS model is 1.53 which is less than 10% from 

maximum value of the head in the studied area (Konikow, 1996). 

Where maximum value of head equal to about 29 and 10% of it equal 

to 2.9 that it mean the RMSE of  1.53  is less than  2.9,  so the 

calibration process is succeed.. 

   At the end of the calibration process, the model should be ready for 

use to simulate the transient (unsteady) state condition, where the 

simulated head after calibration used as starting heads to simulate the 

transient (unsteady) state condition. 

 

4.6  Transient state simulation for GMS model    

    Transient state simulation is done for GMS model only. This 

simulation is done by using pumping wells. Many different numbers 

of wells that are suggested to reach a good results in dewatering the 

groundwater level in the study area to keep it's ruins from damaging. 

   Several iterations were done for reaching good results with 

minimum number of wells. Trials of variable numbers of wells were 

selected in different sites, assumed to be far away from the old 

buildings.  

   After many iterations the best results obtained by using 15 wells 

distributed close to Shat Al Hilla  river and Babylon canal as shown in 

figure (4.6), which are the main source of recharge, (GDGSMI,1979). 

   The rate of discharge from each well 17ℓ/s obtained by many trails 

to get the best rate of discharge from the wells to met the required 

drawdown ≈ 5m that advised by the GDGSMI(1979). 
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Fig.(4.6) Locations of the 15 wells. 

 

 

After dewatering from the pumping wells with a rate of 17 ℓ/s 

with different duration of pumping of 30, 100, 200, 360 days, the 

results are shown in figures (4.7), (4.8), (4.9), (4.10) respectively. 
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Fig.(4.7) Simulation of water table elevation after 30 days of 

pumping 15 wells. 

 

 

 

Fig.(4.8) Simulation of water table elevation after 100 days of 

pumping 15 wells. 
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Fig.(4.9) Simulation of water table elevation after 200 days of 

pumping 15 wells. 
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Fig.(4.10) Simulation of water table elevation after 360 days of 

pumping 15 wells. 
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The drawdown after 360 days from pumping ranged between 5-

12m as shown in figure (4.11) 

 

 

 

Fig.(4.11) Simulation of the drawdown of the water table after 

360 days of pumping the 15 wells. 
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Several trials with consideration less number of the wells were 

performed. The first trial contains (12) wells as shown in figure 

(4.12), the results after pumping the 12 wells at a rate 17ℓ/s can be 

shown in figures (4.13), (4.14), (4.15) after 100, 200, 360 days from 

pumping respectively. 

 

  

 

Fig.(4.12) Locations of the 12 wells. 

 

The drawdown of this trail after 360 days from pumping can be 

shown in figure (4.16). 
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Fig.(4.13) Simulation of water table elevation after 100 days of 

pumping 12 wells. 
 

 

 

 
 

 

Fig.(4.14) Simulation of water table elevation after 200 days of 

pumping 12 wells. 
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Fig.(4.15) Simulation of water table elevation after 360 days of 

pumping 12 wells. 
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Fig.(4.16) Simulation of the drawdown of the water table after 

360 days of pumping the 12 wells. 
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   Another trial with (9) wells as shown in figure (4.17). The results of 

this trial after pumping from the ninth wells are shown in figures  

(4.18), (4.19), (4.20) after 100, 200, 360 days from pumping 

respectively. 

 

 

 

Fig.(4.17) Location of  9 wells. 

    

  

 

  The drawdown with this trail after 360 days of pumping can be 

shown in figure.(4.21). 
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Fig.(4.18) Simulation of water table elevation after 100 days of 

pumping 9 wells. 
 

 

 

 

 
 

Fig.(4.19) Simulation of water table elevation after 200 days of 

pumping 9 wells. 
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Fig.(4.20) Simulation of water table elevation after 360 days of 

pumping 9 wells. 
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Fig.(4.21) Simulation of the drawdown of the water table after 

360 days of pumping the 9 wells. 
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4.7  Calibration of Numerical Model 

    The calibration process for the numerical (mathematical) model is 

achieved by trail and error procedure. Where average permeability, 

ground surface level and bottom elevation are adjusted after each 

simulation run until a good match is obtained between the observed 

and computed (simulated) heads for the unconfined aquifer. 

     At first a steady state calibration process is followed to permit the 

adjustment of the permeability, ground surface level and bottom 

elevation. The data chosen for the calibration were the water table 

elevation during 1979 (GDGSMI,1979), figure (1.2). 

    After several iterations, a good agreement between the observed 

and simulated water levels are obtained. This agreement can be shown 

in figure (4.22). The closeness of fit between measured and simulated 

heads is evaluated for each calibration run using the Root Mean 

Square Error (RMSE). The RMSE is employed to achieve the least 

difference between the observed and computed head and to 

summarize the calibration performance. The RMSE value of the first 

run is  3.45*10-2  cm, in the last run it is reduced to  3.04*10-2  cm, 

that it mean the percent of reduction in RMSE are 88%. That it mean 

the steady state calibration was made a good agreement between the 

observed and simulated heads. 

   After finishing the calibration process for the numerical model, the 

results indicate that the appropriate value of permeability for the 

aquifer can be shown in figure (4.5) and the ground surface level is  

32m. 
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Fig. (4.22) Comparison between observed and simulated head for 

Numerical model. 

 

 

      4.8   Transient state simulation for Numerical model    

    Transient state simulation is done for Numerical model by using the 

15 pumping wells.  

   After many iterations, the best results obtained by using 15 wells 

distributed as in the GMS model in figure (4.6), the results after 360 

days of pumping at a rate 17ℓ/sec, as shown in figure (4.23) and the 

drawdown can be shown in figure (4.24). 

 

 

____ observed head 

_____ simulated head 
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Fig.(4.23) Simulation of water table elevation after 360 days of 

pumping the 15 wells for the numerical model. 
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Fig. (4.24) Simulation of the drawdown of the water table after 360 

days of pumping the 15 wells for the numerical model. 

 

   The results obtained from the numerical model ranged between  10-

0 m from the boundaries near the rivers towards the center of the city. 

     

4.9  Pumped-Water Disposal 

As mentioned in section (1.2) the chemical analysis of the 

discharged water from the study area was revealed by General 

Directorate Geological Survey and Mineral Investigation (GDGSMI) 

during 1979 and Al-Furat Center of Studies and Design of Irrigation 
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Projects (FCSDIP) during 1989 similar to Shat Al Hilla water, so the 

discharging water from the pumping wells can be returned it to Shat 

Al Hilla by pipes or by open channel. The results of chemical analyses 

can be seen in table (4.2). 

 

Table (4.2) Chemical analyses of the water samples 

*Total Hardness. 

**Total dissolved solid. 

***Sodium Adsorption Ratio. 

 

 

4.10  Comparison between the two models  

    Comparison between the GMS model and the mathematical model 

was done in this study. The results indicated that the two models were 

clearly different, as shown in figure (4.25) and figure (4.26). 

 

 

 

    

 

Site 

No. 
Depth (m) 

Cations (ppm)   

Na+    Ca+2  Mg+2 

Anions (ppm) 

Cr-     SO4
-
     HCO3

- 

T.H* 

(ppm) 

T.D.S** 

(ppm) 
ph S.A.R*** 

1 15 181      325        68 188        520         206 1091 1620 7.5 3.2 

2 26 55        40          27 64           43          244 221 489 8.5 2.3 

3 25 45         65           22 75          118         165 253 1289 7.9 1.5 

4 22 598        160      205 352        660         437 1241 1870 7.3 11.7 

5 35 253        56          83 212        500         305 480 1409 7.95 7 

Average  226      129         81 178        368         271 657 1335 7.83 5 
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Fig. (4.25) water table elevations contour map for the GMS model 

and Numerical model after 360 days from pumping the 15 wells. 

          GMS model. 

        Numerical model. 
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Fig. (4.26) Drawdown contour map for the GMS model and  

Numerical model after 360 days from pumping the 15 wells. 

 

   The difference of the results for the two models may belong to the 

mathematical methods used in solving the equations in the numerical 

model are differ from that used in the GMS program.  

   The RMSE for the GMS model was 1.53, while for the 

mathematical model was 0.0994, so the later is more accurate in 

calibration process. Although the RMSE for the mathematical model 

is less than the GMS model, the drawdown in the GMS is more than 

that in the mathematical model at the same input data. So, trails for 

          GMS model. 

        Numerical model. 
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increasing the number of wells, rate of discharge and duration of 

pumping from the wells in the mathematical model were done.  

   After these trails, a drawdown 1-10 m  was done as shown in figure 

(4.27) by using 18 wells, as shown in figure (4.28), with a rate of  20 

ℓ/s, for 720 days duration of  pumping for each well. The three wells 

added are away from the old buildings of  Babylon city.  

 

    

 

Fig. (4.27) Drawdown contour map for the Numerical model after 

720 days from pumping the 18 wells. 
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Fig.(4.28) Locations of the 18 wells. 

 

 

4.11  Well Design  

          Well design is the process of specifying the physical materials 

and dimensions for a well. A well design needs the following 

considerations (Sharell, 1986): 

1. The discharge that will be pumped from the well. 

2. Geological Sketch at the site of the well explains the elevations 

of the layers and the permeability of each layer, figure (4.29). 

3. Elevation of groundwater. 
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Diameter of casing pipe: 

  The production casing is the lower section of blind pipe between 

the bottom of the pump housing and the top of the aquifer 

(Boonstra, 1989). 

 The diameter of the well casing should be chosen to meet the 

following requirements (Todd, 1959):  

1. The casing diameter shall be of two nominal size larger than the 

bowl size of the pump. This is necessary to accommodate the 

vertical turbine pump so that no binding occurs, and head losses 

are reduced. This would also allow adequate clearance for a 

submersible pump. 

2. The open area of a screen increases with the diameter of the 

screen. Thus the intake section of the well may govern the 

desirable casing pipe diameter for good hydraulic efficiency. 

Hence, the casing diameter suitable for (17ℓ/s) discharge is 20 

cm, as shown in Table (4.3).  

 

Table (4.3)  Optimum diameter of screens (Todd, 1959) 

 

 

 

 

Discharge of well 

liters/min 

Optimum diameter of screen for 

k in cm/sec 

0.04 0.09 0.16 

2400 15 18 22 

4800 20 25 30 

7200 23 28 33 

9600 26 30 35 
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Depth of wells: 

   The drilled wells were penetrated the fully unconfined aquifer with a 

depth about 28m, which is compatible with the thickness of the first 

aquifer that considered in the GDGSMI in 1979. 

Length and diameter of screen  

  Important properties of the screen are that it prevents sand and fine 

material from entering the well during pumping, has a large 

percentage of open area to minimize the head loss and entrance 

velocity, supports the wall of the well against collapse, and is resistant 

to chemical and physical corrosion by the pumped water. 

   PVC and fiberglass screens are lighter and more resistant to 

corrosion by chemically aggressive water, but have a lower collapse 

strength than steel screens and casings. The selection of the screen slot 

size depends on the type of aquifer and the use of a gravel pack.    The 

screen slot size must be selected to ensure that most of the finer 

materials in the formation around the borehole are transported to the 

screen and removed from the well by bailing and pumping during the 

well-development period immediately after the borehole has been 

constructed and the screen and casing have been installed (Boonstra, 

1989). 

   The optimum length of well screen depends upon the coefficient of 

permeability of the aquifer, available drawdown and optimum screen 

entrance velocity. 

   After a deep well has been drilled, groundwater enters directly into 

the uncased well. The casing must either contain perforations or be 

replacing by a well screen. Other sections of the well should contain 

blank casing and be sealed by puddle clay or cement grout to prevent 
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vertical water movement along the exterior of the casing. Well screen 

are particularly advantageous in sandy aquifers as here the screen 

opening can be selected to filter a specified fraction of the sand. 

   In case of unconfined aquifer (as in this study), optimum yield is 

obtained by screening bottom 0.6m of aquifer. The diameter of a 

screen is selected so as to ensure that the entrance velocity of water 

does not exceed the permissible velocity. The minimum length of 

screen should be worked out with entrance velocity of 3cm/sec. For 

the optimum diameter of screen, assuming 20% slot area. To 

determine the length of the strainer in unconfined aquifers 

(Todd,1959): 

Aquifer thickness = 28-4=24m. 

Optimum screen length (hw) = 1/3 * 24 = 8m.  

(bottom 1/3 to be screened). 

Leaving a depth of 0.6m both at the top and bottom of screen. 

  A  v = Q 

  0.15  0.20 8  v  = 0.017  60  

v = 1.35 m/min = 2.254 cm/sec  3 cm/sec. 

Since screen entrance velocity is within admissible limit, the well 

assembly is o.k. 

   The strainer is generally constructed of a wire screen wrapped 

around a slotted or perforated tube the wire screen  prevents sand 

particles from entering the tube well.  

    The optimum diameter of well screen can be determined depends 

on the discharge (Q=17ℓ/s) and the permeability (k=15 m/day as a 

range). Hence, the diameter of screen is 15cm (Todd, 1959). 
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Design of gravel pack: 

   The effect of gravel-packed wells to ensure that the zone around the 

well screen is made more permeable by removing some formation 

material and replacing it with specially graded material. This 

relatively narrow zone separates the screen from the formation 

material and increases the effective hydraulic diameter of the well.    

Gravel pack material should ideally be clean, rounded, siliceous sands 

or gravels; carbonate material, shale particles, or soluble material such 

as gypsum should not exceed 5% of the total. Gravel pack material 

should be well sorted to assure good porosity and hydraulic 

conductivity of these materials around the screen (Boonstra, 1989). 

 

   First a large bore is drilled, and shingle or gravel of suitable size is 

filled in the annular spaced within the bore and pipe to prevent the 

sand entering tube well. 

   The gravel increases the effective well diameter, acts as a strainer 

to keep fine material out of the well, and protects the casing from 

caving of surrounding formations. In aquifer containing a large 

proportion of fine sand, a gravel screen is a necessity to avoid a 

sand-pumping well. 

   The design of gravel pack requires determination of its gradation 

and thickness. The gravel pack place around the screen pipe by 

thickness not less than 7.5 cm (Sharell, 1986).  

   The size of gravel that be used (4mm) in case of fine sand (as in 

this study) is filled in the annular spaced within the bore and pipe 

to prevent the sand entering the tube well. A thickness of gravel 

pack  15-20 cm is considered adequate. 
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Horse Power of motor: 

   Horse power of motor is given by: 

75

..
.

HQw
PH   

w : unit weight of water in kg/m3. 

Q : discharge to be delivered, (L3/T). 

H : the total head against which the motor has to operate, (L). 

 : efficiency of the set. 

H = maximum depth of  water table below ground level + maximum 

depression head + velocity head + losses. 

Velocity through casing pipe = 
 2

15.0
4

017.0




 = 0.962 m/sec. 

Velocity head = 
 

m
g

v
04713.0

81.92

962.0

2

22




  

Loss of head due to friction in pipe (hf) = 
gd

flv

2

4 2

 

f : coefficient of friction assumed as 0.006. 

l  : length of pipe, (L). 

v  : velocity through casing pipe, (L/T). 

d : diameter of pipe, (L). 

hf=
15.081.92

962.028006.04 2




=  0.211m.  

total head = 4 + 24 + 0.04713 + 0.211 = 28.26m. 

H.P. required = 85.9
65.075

27.28017.01000





 say 10 H.P. 

A sketch of well assembly and other accessories is given in figure 

(4.29). 
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Fig. (4.29) Well Assembly and other accessories. 

Soil surface profile 
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CHAPTER FIVE 

 

Conclusions and 

Recommendations 

 

 

5.1 Conclusions 

    It can concluded from this study the following : 

1. By the application of GMS program to the study area, the 

result is a drawdown of  1-10 m using 15 wells distributed 

away from the buildings of the old Babylon city. This result is 

compatible to the recommended value by GDGSMI 1979. 

2. The GMS program is a useful tool to investigate the 

effectiveness of each method in dewatering and suitable to any 

study area before starting the process. 

3. The GMS program is easy to use in solution of groundwater 

flow problems.         

4. The results of the numerical model that is applied to the study 

area differ from that results obtained by GMS program. This 

may be due to the mathematical methods that is used in 

solving the equations in the numerical model which is different 

from that used in the GMS program. 

5. The value of drawdown in the numerical model ranged 

between 0-10 m, when the input values are the same with 

those used by the GMS model i.e. 15 wells with a duration of 
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360 days. But a drawdown of  1-10 m obtained by using 18 

wells with a duration of  720 days, at a rate of  20ℓ/s. 

 

5.2  Recommendations 

   The present study concludes that Shat Al Hilla and Babylon canal are 

the main sources of recharge, so the measures to decrease or prevent this 

problem are as follows:  

1. Shifting the course of Shat Al Hilla away from the area. This 

solution results in a beneficial effect, but it is associated with 

difficulty because it needs high economic efforts. 

2. lining the side of these rivers that close to the area by cement 

and rock or any impermeable lining to prevent water form 

reaching the area. 

3. Future studies that deals with the water table at this city, can 

develop or make a modification on the numerical model to 

make it more reliable to use in a wide boundary conditions, for 

example, putting a drainage along Shat Al Hilla and Babylon 

canal, or increase the numbers of wells to increase the quantity 

of water that can be pumped.  

4. Further studies as field work by drilling the supposed wells 

and observations wells to have a new contour map for the 

elevation of the water table, permeability test and topographic 

leveling of the study area, and all these data compared with the 

two models that considered in this study( GMS & numerical 

model).  


