
LITERATURE REVIEW AND 
THEORETICAL BACKGROUND

2.1 MODFLOW development
2.1.1 MODFLOW introduction

T he m odular fin ite-d ifferen ce  groundw ater flo w  m od el w e ll know n as 
M O D F L O W , is a program for sim u latin g  con fin ed  or un confin ed  and saturated flo w  
in one, tw o  or three d im en sion s. It a llo w s  both steady-state and transient sim u lations. 
A t least w ith  the public dom ain pack ages, it d oes not sim u late unsaturated flo w  or 
so lu te  and heat transport. H ow ever , M T 3D  (Z heng, 1990) and M O C 3D  (K on ik o w  et. 
al., 1996), both o f  w h ich  rely  on M O D F L O W , can sim u late so lu te  transport.

In com paratively  recent survey (G eragthty and M iller Softw are N ew sle tter , 
1992), M O D F L O W  is the m ost popular groundw ater m o d elin g  program . S om e  
reasons for th is popularity m ay be;

1. T he program is app licab le to m ost typ es o f  groundw ater m od elin g  
problem s.

2 . T he original pack ages in the program  are w ell structured and docu m en ted .
3. T he source co d e  is in the public dom ain and thus can be ch eck ed  for errors 

and m od ified  by an yon e w ith  the n ecessary  m athem atical and 
program m ing sk ills.

4 . T he program is accep ted  by regulatory a g en cies  and in litigation .
5. O n go in g  m od ifica tion s o f  the program  contin ue to increase its capab ilities. 
Public dom ain and proprietary pack ages have been w ritten for M O D F L O W

both w ith in  the U S G eo lo g ica l Survey (U S G S ) w here it w as or ig in ally  created and 
o u tsid e  the U SG S. S in ce M O D F L O W  w as w ritten, a variety o f  pu b lic-d om ain  and 
proprietary program s have built upon it either by using the output o f  M O D F L O W  as 
the input for additional m od elin g  or by ex ten d in g  the cap ab ilities o f  M O D F L O W . The 
pu blic-d om ain  program s that build upon M O D F L O W  include M T 3D  (Z hen g, 1990), 
M O D F L O W P  (H ill, 1992 and 1994) and M O C 3D  (K on ik ow  et a l., 1996).
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Table 2.1 Public domain packages fo r M O D FLO W  not in o rig ina l version o f  

M O D FLO W

A bbreviation P ackage nam e Purpose
PCG1 Preconditioned Conjugate-Gradient Package 1 Used to solve finite-difference equations

B C F 2 Block-Centered Flow 2 Allow dry cells to become wet

R IV 2 River Package 2 Used for routing river flow downstream 
from one river reach to another

STR1 Streamflow-Routing Package Used to simulate streamflow routing

RINT1 River Interactions Package Simulate streamflow routing and river 
interaction with alluvial deposits

PCG 2 Preconditioned Conjugate-Gradient Package 2 Used to solve finite difference equations

1BS1 Interbed Storage Package 1 Allows simulation o f  water release be 
interbeds

CH D 1 Time-Variant Specified-Head Package 1 Used for specified heads that vary with 
time

BC F3 Block-Centered Flow 3 Allows more accurate simulations

GFD1 Generalized Finite-Difference 1 Allows direct specification o f  all intercell 
conductances

LAK1 Lake Package 1 Used to simulate lakes

N o n e Modi fied Stream Package Used to simulate streamflow routing 
including streams that flow into or out o f 
lakes

HFB1 Horizontal-Flow Barrier Package 1 Simulates the effects o f  thin vertical 
barriers to horizontal flow such as 
intrusions or faults

SH Y1 Hydrograph Package Saves hydrograph data for specified cells

B A R  and C U T Flow-Barrier 1 and Canyon-Cutter Packages 1 These packages simulate pinchouts and 
the effects o f thin vertical barriers to 
horizontal flow such as intrusions, faults 
or canyons

TLK1 Transient Leakage Package 1 Simulates leakage from confining layers 
in transient quasi-three-dimensional 
models

D E 45 Direct-Solution Package 5 Used to solve finite difference equations

RES1 Reservoir Package 1 Used to simulate flow into and out o f  
reservoirs

N o n e Spatial variable anisotropy package Allows spatially variable anisotropy

FHB1 Flow and Head Boundary Package 1 Used for transient specified head and 
specified flux boundaries
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Both M O D F L O W  its e lf  and a variety o f  related program s are freely  availab le  
on the internet. T he m ost prom inent source is the U S G S  itself. H ow ever , a variety  o f  
other sites ex ist that have either the source cod e or execu tab le  version s o f  
M O D F L O W  (T ab le 2 .1 ). เท som e instances, the n on -U S G S  version s have extra  
cap ab ilities that the U SG S version  lacks.

2.1.2 MODFLOW preprocessors

A lthough  M O D F L O W  is a pow erful program , it can be describ ed  as user- 
friendly . A ll input for the program is in the form  o f  large text fd es  that d escrib e the 
grid structure, hydraulic properties, boundary con d ition s and transient data. T h ese  
Tiles m ust fo llo w  a strict form at. I f  the form at requirem ents are v io la ted  M O D FL O W  
w ill either not be able to run or w ill produce incorrect results. T o  a llev ia te  this  
problem , a large num ber o f  processors have been d evelop ed  that provide a graphical 
user interface for M O D F L O W . In so m e cases , the program s are either freew are or 
sharew are.

S o m e sharew are processors interface for M O D F L O W  are;
1. MODUSER can be obtained from  the C om puter O riented G eo lo g ica l 

S o ciety  ftp site am on g  other p laces. It is a D O S program  and has a us$ 
10.00 registration fee . It supports the original M O D F L O W -88  pack ages. It 
can be used to set up a grid and assign  va lu es to c e lls  by c lick in g  on the 
c e lls . In a b r ief test o f  M O D U S E R , it w as not clear h ow  to  reenter data in 
order to  correct m istakes.

2 . UNCERT (W in g le  et al„ 1995 and W in g le, 1997) is a freew are  
M O D F L O W  preprocessor for U nix . It is reputed to  do m ore than ju st act 
as a M O D FL O W  preprocessor.

3. MFI (H arbaugh, 1994) is freew are. It supports M O D F L O W -96, the stream  
pack age and M O C -3D . T o use the D O S version  a spreadsheet program  
that can read and w rite Lotus 123.W K 1 file s  is required, such as M icrosoft  
E xce l. MFI requires a bit m ore w ork to install properly than do m ost  
m odern program s, the C o n fig .sy s  file  m ust be m od ified  and a batch file  
run. Every tim e MFI is run, a batch file  m ust be cop ied  into the directory



8
w here MFI is installed . T his batch file  con tro ls the interaction  

betw een  MFI and the spreadsheet program . MFI d e le tes  th is file  w h en  it 
ex its , so  it cannot be left in the directory w ith  M FI. MFI appears to be an 
e ffe c tiv e  program for creating M O D F L O W  input f lie s. It is m uch less  
user-friend ly  than com m ercia l prepocessors.

T h e U S G S  a lso  provides another free user interface for M O D F L O W ,
1. MODFLOW-GUI (Shapiro et. al., 1997) is a p lug-in  for A rgus open  

num erical environ m ents (A rgus O N E ). T he M O D F L O W -G U I is m ore  
soph isticated  than M O D U S E R  or MFI because the data d efin in g  the m odel 
are independent o f  the grid. T hus, the grid can be altered w ith ou t requiring  
the user to reenter data. T he M O D F L O W -G U I a lso  provides  
postp rocessin g  o f  M O D F L O W  data.

2. RADMOD (R e illy  and H arbaugh, 1993a and b) is a specia l purpose tool 
that can be used to prepare radially sym m etrical m o d els  usin g  the G eneral- 
Finite D ifferen ce Package. It o n ly  prepares the input file  for the G eneral- 
Finite D ifferen ce Package and not the rem aining M O D F L O W  pack ages.

2.1.3 MODFLOW postprocessors

T he U S G S  provides several program s for p rocessing  and d isp lay  o f  the data 
from  M O D F L O W  and related program s. For exam p les,

1. CONTOUR (H arbaugh, 1990a) is a U n ix  program for creating contour  
m aps from  gridded data.

2 . MODPATH (P o llo ck , 1994) is a particle tracking program for 
M O D F L O W  m od els. It have both version  o f  D os and U nix.

3. ZONEBUDGET (H arbaugh, 1990b) is used to create w ater bu dgets for 
particular zo n e s  in a M O D F L O W  m od el. V ersion for D O S and U nix  are 
availab le from  the U S G S . It is ea sy  to use and e ffec tiv e .
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2.1.4 MODFLOW documentation

M O D F L O W  and related program s are exh au stive ly  docu m en ted  in U SG S  
p u b lica tion s w h ich  m ay be purchased at nom inal fees . D ocum en tation  for so m e o f  the 
new er p ack ages can be d ow n load in g  from  the U S G S  M O D F L O W  page as Postscript 
or p d f f ile s . T h ese  docu m en ts provide the theoretical basis for the program s, detailed  
exp lan ation s o f  the source cod e , input form ats and exam p le  app lica tion s. T h is 
docu m en tation  is a critical reason for the su cc ess  o f  M O D F L O W . B ecau se  
M O D F L O W  is detailed en ou gh  to  a llo w  users to add additional p ack ages to  the 
program: som eth in g  w hich  can be said o f  no other U SG S groundw ater m od elin g  
program . T he docum entation  seem s o verw h elm in g  for b egin ners. T h e original 
docu m en tation  (M cD on ald  and H arbaugh, 1988) is 5 86  pages lon g  and represents 
about on e third o f  the total docum entation  n ow  available.

A  useful resource for begin ners is the m anual o f  M O D F L O W  instructional 
prob lem s from  the E nvironm ental Protection A g en cy  (A n derson , 1993). It g iv e s  20  
ex a m p les  o f  sim p le  M O D F L O W  m od els  each  d esign ed  to illustrate h ow  to use 
sp ec ific  asp ects o f  M O D F L O W . It is an ex ce llen t source o f  inform ation on h ow  best 
to use M O D F L O W  and to avoid  com m on  errors.

E nvironm ental S im ulation , Inc. has converted  the M O D F L O W  docu m en tation  
to a pair o f  W in d ow s H elp file s. T h ese  flie s  are not sharew are b ecause th ey  co st us$
2 5 .0 0 . T h ese  help  flie s  are included w ith their preprocessors G roundw ater V istas, but 
m ay be purchased separately.
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2.2 Geotechnical Centrifuge

A  geotech n ica l cen trifuge is a pow erful testing  too l for m o d elin g  the transport 
o f  contam inants in so ils . T he sim u lation  o f  identical e ffe c tiv e  stress states in scaled  
cen trifu ge m od el and eq u ivalen t prototype ensures the m od elin g  o f  so il properties 
in clu d in g  hydraulic con d u ctiv ity . C en trifuge m od elin g  is particularly ap p licab le in 
rep licating  the ph ysica l transport o f  d en se pollutants due to  gravitational gradients. 
T he increased acceleration  fie ld  is essen tia l to correctly  study such ph en om en a  in 
reduced sca le  m odels.

B od y  force due to  gravity p lays an im portant role in geo tech n ica l en gin eerin g  
problem s. It is im p ossib le  to sim u late bod y force in real structures through  
con ven tion a l sca led  m od els in the l g  gravitational field . W hen the m od el linear 
d im en sio n s are reduced by a factor N  and cen trifuge exp erim en ts con d u cted  at an 
en hanced  acceleration  field  o f  N  g, stresses and strains at h o m o lo go u s p o in ts o f  m odel 
and the prototype w ou ld  be identical. W ith appropriate ch o ice  o f  acceleration  level 
and m od el s ize , it is p ossib le  to  produce sim ilarity con d ition s satisfactorily  for m ost 
app lications.

C en trifuge m od elin g  is n ow  firm ly estab lish ed  as a depen dab le research tool 
in geo tech n ica l en gin eeringfor seek in g  so lu tion s to problem s relating to  foun dations, 
dam s, tu nn els, o ffsh ore structures, hazardous w aste  d isp osa l, geo-en viron m en ta l 
en g in eerin g  and earthquake en gin eering . S om e specia l features o f  th is physical 
m o d elin g  tech niq ue are;

•  Scalab ility  o f  m odel p h ysica l param eters to  prototype w ith ou t recourse to
co m p lex  so il constitu tive relations

•  S im u lation  o f  earthquake e ffec ts
•  A ccelerated  study o f  tim e-d ep en d en t d iffu sion  phenom ena



The geotechnical centrifuge, first proposed 75 years ago in the United 
States and the USSR, has become highly developed internationally within 
geotechnical engineering over the last 30 years. The opportunities are enormous when 
using these physical models. For example,

• The effects on natural or engineered structures of an explosion can be safely 
and correctly simulated.

• The movement of a contaminant spilled when the soil is undergoing freezing 
or thawing can be modelled correctly.

• Ground remediation techniques can be modeled controlling prior conditions 
and dissecting models after to assess the effectiveness of the technique.

• Sinkholes can be created.
• Testing a host of variations in site conditions.
• The response of a reinforced soil system can be monitored at conditions 

including failure.

2.3 Basic concept of Centrifuge Scaling Law

The correct scaling of physical parameters relating to contaminant transport is 
essential for similitude of these processes in the centrifuge model and prototype. 
Dimensional analysis (Laut 1975, Arulanandan et al., 1988) and inspectoral 
techniques (Bachmat 1967, Hensley, 1988) have been used to derive the general 
scaling laws for centrifuge modeling of contaminant migration. The relevant laws are

t p = n 2t m

C P  =  c ท,

1  ท  =  ท1ท,

Where; ท = the scaling factor
น = the pore fluid velocity (L/T) 
t = the time factor (T) 
c = the concentration of pollutant 
1 = the length of the scale (L)p-m symbolize the prototype and model respectively
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These laws assume that the dispersive process are identical in model and 
prototype, and the adsorption of contaminant obeys a rapid linear equilibrium model. 
These assumptions are applicable to this study where dispersion does not dominate 
and non-sorbing contaminant is used.

2.4 Physical properties and principles
2.4.1 Darcy’s law

The birth of groundwater hydrology as a quantitative science can be traced to 
the year 1856. It was in that year that a French hydraulic engineer named Henry 
Darcy published his report on the water supply of the city of Dijon, France. เท the 
report Darcy described a laboratory experiment that he had carried out to analyze the 
flow of the water through sands. The results of his experiment can be generalized into 
the empirical law that now bears his name. Darcy’s law can be written as;

Where; V  = the Darcy’s velocity (L/T)
K = the hydraulic conductivity constant (L/T) 
h = the hydraulic head (L)

=  the hydraulic gradientdl

2.4.2 Porosity and void ratio

If the total unit volume VTof soil or rock is divided into the volume of the soil 
portion v sand the volume of the soils Vv, the porosity ท is defined as;

ท = Vv/ Vt

It is usually reported as a decimal fraction or a percent.
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2.4.3 Steady-state flow and transient flow

Steady-state flow occurs when at any point in a flow field the magnitude and 
direction of the flow velocity are constant with time.

Transient flow (unsteady flow or nonsteady flow) occurs when at any point in 
a flow field the magnitude or direction of the flow velocity changes with time.

2.4.4 Hydrodynamic dispersion
The process by which solutes are transported be the bulk motion of the 

flowing groundwater is known as advection. Owing to advection, nonreactive solutes 
are carried at an average rate equal to the average linear velocity, V,  of the water. 
There is a trendency, however for the solute to spread out from the path that it would 
be expected to follow according to the advective hydraulics of the flow system. This 
spreading phenomenon is called hydrodynamic dispersion. It causes dilution of the 
solute. It occurs because of mechanical mixing during fluid advection and because of 
molecular diffusion due to the thermal-kinetic energy of the solute particles. Diffusion 
is a dispersion process of importance only at low velocities. The coefficient of 
hydrodynamic dispersion can be expressed in terms of two components;

Z), =  0 แ \ +  D "

Where; D| = the coefficient of hydrodynamic dispersion in the longitudinal direction 
a ,  =  the characteristic property of the porous medium known as the 

dynamic dispersivity or simply as dispersivity (L)
D* = the coefficient of molecular diffusion for the solute in the porous 

medium (L2/T)
V  = the Darcy’s velocity


	CHAPTER II Literature Review and Theoretical Background
	2.1 MODFLOW development
	2.2 Geotechnical centrifuge
	2.3 Basic concept of centrifuge scaling laws
	2.4 Physical properties and principles


