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ABSTRACT /

I

This bilingual textbook about numerical simulation of groundwater
flow, can be divided into three parts including basic theory , Visual MODF-
LOW software introduction and practical application. The first part de-
scribes the basic concepts, fundamental law, basic dif ferential equations,
establishment o f mathematical model and the finite-dif ference method. The
second part presents the tutorial of Visual MODFLOW so ftware, including
the input, run and output of groundwater flow model. Based on Visual
MODFLOW so ftware , the numerical simulations of groundwater flow ap-
plication case are recommended in the third part, including numerical simu-
lation of impervious wall construction and protection zones delineation.

On the basis of many years of teaching experience and summary of bi-
lingual teaching on “NUMERICAL SIMULATION OF GROUNDWATER
FLOW ” which is setting for Hydrology and Water Resources Engineering
specialty, we have integrated basic hydrogeology knowledge and groundw-
ater dynamics theory in the book. This distinctive textbook focuses on not on-
ly strengthening basic theory of hydrogeology but also cultivating students’
practical ability. So this bilingual textbook can be used by undergraduates
and graduates who are major in Hydrology and Water Resources Engineer-
ing s Groundwater Science and Engineering, Municipal Engineering and

Environmental Engineering.
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PREFACE

Groundwater is a precious natural resources and a basic material for
human survival. As the social economy advances rapidly, unreasonable ex-
ploitation and serious pollution problems of groundwater has attracted more
attention from researchers who are engaged in Water Conservation, Envi-
ronment, Mining, and Civil Construction and other domains. Groundwater
flow numerical simulation is viewed as a power ful tool to inquiry the law
of groundwater movement.

In recent years, bilingual teaching , which can improve teaching level
and students’ comprehensive quality, has been paid more attention by Edu-
cation Departments and is entering into classrooms step by step as a teaching
means. In addition, the software of groundwater flow numerical simula-
tion in our country mostly has English inter face and instructions. It is urgent
to compile and to publish a bilingual textbook about groundwater flow nu-
merical simulation for the sake of teaching and the practical application of
stmulation so ftware.

Many years experiences of bilingual teaching have tell us that using
both English and Chinese in classroom teaching can not only promote the
students’ pro fessional knowledge and the ability of groundwater flow nu-
merical simulation, but also enhance the students’ capacity for English
reading and writing. There fore, inorder to adapt to the college teaching re-
form and development , and improve the situation that the teaching material
can’t keep pace with the times, we publish this book.

The book is divided into six chapters. The first, fourth and fifth
chapters are written by Chen Junfeng of Taiyuan University of Technolo-
gY; thethird chapter is written by Professor Zheng Xiuqging of Taiyuan U-

niversity of Technology; the second and sixth chapters are written by Liu



Ping of Taiyuan University of Technology, and Professor Zheng Xiuqing
does the final compilation and editing. Some of the figures are finished by
Dr Zang Hong fei. Many thanks to the graduate students Ren Xia , Feng Xi-
aoxi and Lei Junqgin for doing a lot of hard work for the publication of this
book

We ex press our heart felt thanks to all comrades who have been engaged
in this book. Improprietiesin this book are inevitable , and we will ap preci-

ate for your correction.

Authors
February, 2014
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Chapter 1 Introduction

§ 1.1 Brief of Groundwater

Groundwater is the most precious natural resources for a country. Throughout
history, people around the world have used groundwater as a source of drinking water
and even today, more than half of the world’s population depend on groundwater for
survival. Many countries have relied on groundwater for generations, with little thought
of using it up or contaminating it. All countries hope to improve their economy by in-
creasing industrial or agricultural production. This goal results in an increase in water
use and the potential for contamination. Water managers once believed groundwater was
a pure resource, isolated from sources of contamination. However, groundwater con-
tamination has emerged as a major environmental problem in many countries. The
public’s attention has been drawn to the problem because of the many incidents of
groundwater contamination. In the United States, this situation has led to expensive
groundwater cleanup, the establishment of groundwater protection laws and environ-

mental protection programs.

1. 1.1 Importance of Groundwater

Water is vital to man’s existence. Early human civilization was centered around
springs and streams. The waterhole was the forerunner of a well. Early man copied ani-
mals and found that water could be obtained by digging cavities in wadi beds or damp
places.

Hidden beneath much of the land surface are groundwater reservoirs-open spaces or
voids in rocks which store the largest volume of liquid freshwater on Earth. More than
20 percent of Earth’s freshwater resources are here. It is the source of drinking water for
most of the world’s rural population and is a vital resources, especially in arid areas and
on islands, where it may be the only source for potable water. It is essential to maintain
soil moisture for crops, lake levels, streamflow, and wetlands. Groundwater from
wells and springs is the major source of bottled mineral drinking water.

Groundwater is present in permeable rocks beneath most land areas. Where it oc-
curs, it should be considered a possible alternative supply to surface water. As a water
supply, groundwater has the following potential advantages.

(1) Compared with the high costs of constructing surface water reservoirs, the
drillings of wells is relatively inexpensive and can be phased in over a period of specified
time to meet increasing demand.

(2) The environmental impact of a well is minor.
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(3) Many aquifers have large storage capacities so that increasing demand for water
during extended droughts can be met more easily.

(4) Groundwater is usually of good chemical and bacterial quality and is unlikely to
require treatment other than precautionary chlorination.

Contrary to commonly-held belief, groundwater is a renewable resource. In many
parts of the world, groundwater supplies are continually replaced by rainfall and ensu-
ing infiltration although in arid and semiarid regions, the recover rate may be slow or
periodic and the recover amount is small. It is important to realize that all artificial with-
drawal of groundwater is at the expense of natural discharge. By careful and knowledgea-
ble management, however, the effects of pumping can be controlled to minimize ad-
verse environmental consequences. In the long term, water levels will only decline if
groundwater withdrawals exceed the local rates of replenishment. This custom. called
groundwater “mining”, is more likely to occur in semiarid regions with limited or no re-

plenishment.
1. 1.2 Groundwater Resources Management

Groundwater is a renewable resource, Therefore, in order to achieve long-term
benefits, not only the sufficient assessment of groundwater potential but also the high
efficiency of water use is required. There are many countries in the world where ground-
water is one of the major sources of drinking water. With the increasing development of
the groundwater resources and the growing impacts of human activities on the aquifers,
problems such as declines of groundwater heads and deterioration of groundwater quality
have been observed in many places in last decades. Sustainable development strategy and
integrated groundwater resources management must be developed and implemented to
guarantee the right of use of the limited water resources for our future generations.

To formulate technically reasonable groundwater resources management polices,
decision makers always ask questions like:

(1) How long can an aquifer maintain the current rate of groundwater abstraction?
What is the safety yield that the aquifer can sustain the continuous abstraction?

(2) What is the capture zone of a water supply well field? What is the most likely
pathway of contaminants from domestic wastewater and leaches from solid waste dispos-
al sites? What are the chances that the pollutants from those sources would arrive at wa-
ter supply wells? And how long it takes? In order to protect the well fields from pollu-
tion, a protection zone should be delineated. What is the size of the protection zone?

Providing answers to these questions involves the understanding of the behavior of
groundwater flow system and the prediction of the system’s response to any stres-
ses. Numerical simulation, a useful tool for groundwater management and protection,
is always used in solving these problems. Understanding of groundwater system charac-
teristics is the precondition of building mathematical model. The groundwater flow prob-
lems and the groundwater quality problems can be solved efficiently by numerical simu-
lation. In order to quantitatively calculate the available exploitation quantity of groundw-
ater and provide basis for rational development and utilization of water resource, the

numerical simulation method is used to establish a three-dimensional numerical simula-

2



§ 1.2 Process of Groundwater Modeling

tion model. An optimal scheme is determined to ensure the normal operation of the water

source.

§ 1.2 Process of Groundwater Modeling

The process of groundwater modeling involves a number of different steps and the

essential steps are shown as Figure 1. 1.

1. De fining purpose ——r 1. Define purpose [ —————
Field
- |
Groundwater models are usually ap infor ;‘2. Model conceptualization[[
plied for predicting the consequences of

the proposed actions such as groundwa- | corl\rlll;?lctie?(lity

ter development scenarios or waste dis-
| 3. Model code selectm

posal. Models can be used for analyzing

groundwater flow system by assembling 4. Model design |
and organizing field data and formulating | Field 5. Model Calibration |

ideas about dynamics of flow systems. infor
targets.

like river-aquifer systems. It is essential [ 6. Model prediction_|

Management
objective?

I 7. Report completion I

Models can be also used for studying

processes in generic geologic settings

to identify clearly the purpose of model-

ing so that the needs of modeling efforts

and accuracy are determined. The pur-

pose of modeling also decides on the di-
: : : Field -
mensionality and time dependency of a 8. Postaudit |

model.

Figure 1.1 Process of groundwater modeling
Answers to the following questions

will help in the determination of the types of model applications and the levels of model-
ing efforts;

(1) Will the model be used for the prediction of system’s response, analysis of
flow systems, or study of the processes in a certain generic geologic settings? (Really
necessary to build a model?)

(2) What questions do you want the model to answer? (Questions to be answered
by the model. )

(3) Can an analytical model provides the answer or must be a numerical model is
constructed? (Analytical or numerical model?)

Examples of prediction the consequences of a proposed action:

(1) Groundwater development scenarios: Extension and magnitude of the cone of
depression around a pumping station.

(2) Groundwater pollution: Plume of groundwater contaminants from a waste dis-
posal site.

(3) Interaction between groundwater and environment impacts of a reservoir on
groundwater level.

Example of interpretation:
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(1) Framework for assemble field data synthesizing field data; testing assumptions
about the system; indicating the further field work.
(2) Flow system analysis: pathlines, flow rate, pattern of recharge and discharge

boundary conditions.
(3) Sensitivity analysis: Identification of important system parameters.

2. Building conceptual model

The purpose is to simplify the field problem and organize the associated field data so
that the system can be analysis and modeled more readily. Conceptual model is a quanti-
tative representation of groundwater systems in terms of aquifer-aquitard layers,
boundary conditions hydrogeological parameters, hydrological stresses, flow patterns,
and water balance components. Field visits are necessary to gain the modeler first im-
pression about the area to be modeled. The conceptual model is simplified as much as
possible yet retain the important hydrogeologic condition so that it adequately repro-
duces system behavior.

Steps in Building a Conceptual Model

Step 1 Construction hydrogeologic framework.

(1) Schematization of aquifer systems (geological cross sections).

1) Defining hydrogeological units.

2) Classification of hydrogeological units.

3) Hydrogeological cross sections.

4) Types of aquifers (hydrogeological cross sections).

5) Thickness and lateral extent of aquifers and confining beds (hydrogeological
cross sections).

Lateral extent of aquifers can be determined from cross sections and then projected
on the map; Natural hydrogeological boundaries are boundaries of the extent of aqui-
fers; Construction of contour maps of groundwater level, elevation of bottoms of aqui-
fers and confining beds; Aquifer thickness can be calculated from contour maps, or di-
rectly calculated from cross sections; Construction of isopach map of aquifers and confi-
ning beds.

(2) Boundaries of aquifer systems (hydrogeological cross sections).

1) Types of boundaries.

Physical boundaries (fixed)—Impermeable rocks; Impermeable faults; Large
bodies of surface water.

Hydraulic boundaries (movable)—Groundwater divides; Streamlines.

2) Mathematical representation.

3) Setting boundaries.

Hydrogeological boundaries—Impermeable rocks; Impermeable faults; Large riv-
ers, lakes, and oceans; Regional groundwater divides.

Distant boundaries— Artificial boundaries for transient simulation where head and
flow are not influenced by the stresses.

Hydraulic boundaries—Groundwater divides; Streamlines; Groundwater head con-
tour line.

4



§ 1.2 Process of Groundwater Modeling

4) Simulating boundaries.

Specified head boundaries—River; Lake;Ocean; Water level.

Specified flow boundaries—Seepage to stream, spring flow, underflow, seepage
to/from bedrocks, local hydraulic boundaries.

No-flow boundaries—Impermeable bedrock, impermeable fault zone, seepage a
groundwater divide, a streamline, a freshwater/saltwater interface.

Head-dependent flow boundaries— Leakage to/from river, lake, reservoir.

(3) Hydrogeologic parameters.

1) Parameters— Hydraulic conductivity, K; Transmissivity, T=Km; Storage co-
efficient, S,; Specific yield, S,; Porosity, n; and so on.

2) Pumping tests.

3) Laboratory tests.

4) Empirical data.

(4) Extent and rate of areal recharge (precipitation, irrigation).

(5) Extent and rate of areal discharge (evapotranspiration).

(6) Locations and rate of wells (discharge/recharge).

(7) Spatial and temporal distribution of interaction between groundwater and sur-
face water (river, canal, lakes, spring flow).

(8) Locations of observation wells and Hydrograph of groundwater of groundwater
head.

Step 2 Defining the flow system.

Conceptualize the movements of groundwater through the system.

(1) General direction of groundwater flow.

(2) Pattern of recharge and discharge.

(3) Connection between ground-surface water.

(4) Information for analysis—Groundwater head contour maps; Hydrochemical in-
formation; Isotopes; Groundwater temperature information; Hydrographs of groundwa-
ter head; Hydrographs of surface water level.

Step 3 Preparing the water budget.

Groundwater balance: Inflow+ Outflow=Changes in storage.

Inflow—Precipitation; surface water; Underflow; Irrigation.

Outflow—Evapotranspiration; Spring flow; Baseflow to stream; Pumping; Under-
flow.

3. Selecting com puter code

A computer code is a computer programme which solves the mathematical model of
groundwater flow or contaminant transport numerically. There are many computer codes
available. The selection of a suitable code depends on the complexity of the conceptual
model and the purpose of study. The main considerations are:

(1) Types of model: flow model, particle tracking or solute transport model.

(2) Time dependency: steady or transient model.

(3) Dimensionality: one, two, quasi-three, or fully three dimensional model.

(4) Ability to describe the aquifer properties: homogeneous or heterogeneous; iso-
tropic or anisotropic media.
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(5) Ability to include various hydrological stresses.

(6) User friendliness.

(7) Requirements on the computer facility.

Widely-applied model—MODFLOW; MOC3D; MT3D; MODPATH; Processing
Modflow (PM); Visual Modflfow (VM) ; Groundwater Modeling System (GMS); Fi-

nite Element Modflfow (FEM).

4. Designing numerical model

The design of numerical model includes the selection of modeling area, design of
model grids, selection of stress periods and time steps, setting model boundaries and
initial conditions. The conceptual model will be the bases for the design of the numerical
model. The purpose of the modeling will dictate the sizes of grids and time steps. The
memory and computing time of computers and the computer code may have limitations

on total number of grids and time steps.

5. Determination o f model inputs

The inputs to the model include initial and boundary conditions, hydrogeological
parameters, and hydrological stresses. The data for all these inputs have to be entered
to all grid points for all stress periods.

(1) Data for defining physical framework.

Geologic map and cross sections showing the areal and vertical extent and bounda-
ries of the system.

1) Topographic map showing surface water bodies and divides.

2) Contour map of land surface elevation.

3) Contour maps showing the elevation of the base the stratigraphic units.

4) Maps showing the extent and thickness of stream and lake sediments.

(2) Hydrogeologic framework.

1) Schematization of aquifer systems.

2) Thickness and lateral extent of aquifers and confining beds.

3) Boundaries of aquifer systems.

4) Maps and cross sections showing the storage properties of the aquifers and con-
fining beds.

5) Maps and cross sections showing the distribution of hydraulic conductivity/
transmissivity.

6) Maps showing the extent and thickness of stream and lake sediments.

7) Groundwater head contour maps.

8) Locations of observation wells and measurements.

(3) Hydrological stresses.

1) Extent and rate of areal recharge (precipitation irrigation).

2) Extent and rate of areal discharge (evapotranspiration).

3) Locations and rate of wells (discharge/recharge).

4) Spatial and temporal distribution of interaction between groundwater and sur-
face water (river, canal, lakes).

5) Spatial and temporal distribution of springs.
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6) Locations of observation wells and hydrographs of groundwater head.

6. Calibration of the model
(1) Why to calibrate the model? The purpose of calibration is to establish the mod-

el that can reproduce the field measured groundwater heads or concentrations.

(2) How to calibrate the model? The calibration forces the model calculations ap-
proximate the field measured values through the adjustment of aquifer parameters or
stresses by trial-and-error method or automated parameter estimation method requiring
the measurements of groundwater heads or concentrations.

(3) Assessment of calibration. Mean error; maximum error; root mean square error
(RMS).

(4) Sensitivity analysis. Objectives— Uncertainty of model parameters on model re-
sults; Identification of most important parameters.

Sensitivity coefficients— Head or concentration; RMS (root mean square).

Procedures for sensitivity analysis—Before and after model calibration; Systematic

vary parameter values.

7.Verification of the model

To check whether the calibrated model has the predictive power, the calibrated
model is applied to another period of time where a second field data are available. The
model should also be able to reproduce the field measured values of groundwater heads

or concentrations with hydrological stresses in this period.

8. Application of the model

The calibrated model is used to predict the response of the aquifer system to future
events. In the prediction the model is run with calibrated aquifer parameters and future
hydrological stresses. Some hydrological stresses are the proposed actions (such as ab-
straction). Others are natural uncontrolled stresses (such as recharge from precipitati-

on).

9. Presentation o f results

Clear presentation of modeling processing and results is essential for the effective
communication of the modeling effort. The report on the modeling study should include
chapters like:

(1) Introduction.

(2) Hydrogeological conceptual model.

(3) Numerical model setup.

(4) Model calibration.

(5) Model application.

(6) Summary and conclusions.

10. Postaudit

(1) Validation of the model prediction.

(2) Not yet a normal part of modeling.

(3) Groundwater models did not accurately predict the future due to ) error in

conceptual model or/and @ errors in estimation of assumed future stresses.



