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Integrated Lecture and Laboratory Modules for Contaminant
Transport Studies in Undergraduate Geotechnical

Engineering
William J. Likos, M.ASCE,1 and Ning Lu, M.ASCE2

Abstract: The engineering concepts necessary for fully describing contaminant transport processes in soil and groundwater have b
largely neglected by traditional civil engineering curricula in the United States. New lecture and laboratory modules have been develo
and integrated into the undergraduate soil mechanics course for civil engineering students at the Colorado School of Mines. The lec
module includes theoretical development of the advection-dispersion equation and a set of practical example problems designed to cl
the relative importance of advection, dispersion, and molecular diffusion in realistic contaminant transport scenarios. The laborat
experiment is developed using relatively inexpensive soil permeability testing equipment common to most academic and indust
geotechnical engineering laboratories. Unlike conventional chemical transport testing, which requires relatively complicated, time c
suming, and expensive analytical instrumentation, the new laboratory exercise relies on the use of simple colored dye for simulating
movement of a contaminant through a one-dimensional soil column. The key soil parameters governing the transport of the dye, includ
the diffusion coefficient, hydraulic conductivity, dispersion coefficient, and retardation coefficient, are quantified by observing the locati
and color intensity of the dye as it moves through the column. Emphasis is placed on maximizing the simplicity and visual impact of t
experimental exercise. The effectiveness of the lecture and laboratory modules is assessed through a student survey.
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Introduction

Contaminant transport processes in soils and groundwater are
coming increasingly important as national policy with regard t
the health of our natural environment is ever more regulated. F
the modern civil engineer, direct encounters with subsurfa
chemical transport phenomena are often unavoidable.

Sources for subsurface contaminants are diverse and wi
spread. Common examples include hazardous chemical spills
factories, industrial storage sites, military installations or nucle
facilities, commercial and residential use of agricultural pest
cides, release of grossly acidic chemical species from mining o
erations such as tailings ponds or waste-rock piles, and migrat
of unchecked leachate from waste containment facilities such
landfills or hazardous material storage facilities. Upon release in
the environment, the types of materials through which these co
taminants may migrate are equally as diverse. Transport m
occur, for example, in the unsaturated groundwater zone as
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result of a near-surface chemical spill, or in the saturated grou
water zone as the contaminant infiltrates beyond the water ta
The soils under consideration may be either natural depos
which are typically complicated by inherent nonhomogeneity
anisotropy, or man-made soil systems such as compacted
liners, slurry cut-off walls, and permeable reactive barriers d
signed to stop or slow down the contaminant migration proce
In all cases, however, contaminant transport is governed by th
fundamental engineering concepts: diffusion, advection, and d
persion.

To date, these basic engineering concepts have been lar
neglected by traditional undergraduate civil engineering curricu
in the United States. To address the growing disparity betwe
civil engineering education and professional practice, a new l
ture module and laboratory experiment for demonstrating chem
cal transport phenomena in soils has been developed for un
graduate civil engineering students at the Colorado School
Mines ~CSM!. The lecture and laboratory modules have been
tegrated into the courses ‘‘Soil Mechanics’’ and ‘‘Soil Mechanic
Laboratory,’’ respectively, which are required for all CSM civi
engineering students~approximately 50 students per semeste!
and are typically taken during the third or fourth year of stud
This paper describes the new chemical transport modules
summarizes an assessment of their effectiveness based on th
sults of a student survey.

Lecture Module: Theoretical Background

The lecture module is designed to provide a basic familiarity wi
three fundamental engineering concepts governing transport p
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Fig.1. Conceptual illustration of contaminant transport in a 1D soil aquifer due to 
chemical diffusion 
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s- time due to advection; andv5fluid seepage velocity.

o

nomena in soil: chemical diffusion, chemical advection, and m
chanical dispersion. The transient advection-dispersion equa
for describing the dynamic contaminant transport process is
rived and solved in one dimension. Practical example probl
are supplied throughout the lecture module to clarify the ba
theoretical concepts and demonstrate the relative importanc
the three major transport mechanisms in realistic contamina
transport scenarios.

Chemical Diffusion

Chemical diffusion is a process by which a chemical spec
moves from an area of higher concentration to an area of lo
concentration. A simple example is the dilution of sugar in a c
of water. Without disturbing or stirring the water in the cup, t
sugar will dissolve and spread throughout the entire cup unti
concentration reaches a constant value. This spreading proc
calleddiffusion. The rate of the diffusion process depends mai
on the property of the medium~in this case, the cup of water! and
type of chemical species~in this case, the sugar!. Diffusion is
generally much faster in pure liquids than in solids or poro
materials like soil. In soils, diffusion through the pore water
much faster when the soil is saturated.

To describe the diffusion process in a typical geoenvironm
tal engineering scenario, consider the 1D soil layer or aqu
shown in Fig. 1. The aquifer is bounded by two reservoirs. T
reservoir on the left represents a constant source of chemica
lution at concentrationC0 , much like a contaminated waste pon
may be considered. The reservoir on the right represents a pe
sink, much like a constantly moving stream of free or fresh wa
may be considered~i.e., no dissolved species!.

Initially at t5t0 , the soil is saturated with free water. Sin
there is no head loss across the aquifer~i.e., the elevation of the
water table in both reservoirs is the same!, there will be no fluid
flow in the soil. The hydraulic head is the same throughout
system and the distribution in concentration of chemical specie
initially zero everywhere. At any timet greater thant0 , chemical
diffusion initiates due to the difference in chemical concentrat
between the left boundary and the adjacent pore water in the
and right reservoir. Over time, the chemical solution will grad
ally diffuse into the soil and its concentration distribution chang
with time ~i.e., t1,t2,t3) creating a ‘‘smeared’’ concentratio
front. Eventually, the concentration front will reach the right re

Fig. 1. Conceptual illustration of contaminant transport in a 1D s
aquifer due to chemical diffusion
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ervoir. The rate of chemical migration at any point within the soil
layer is proportional to the gradient of chemical concentration,
and can be described quantitatively by Fick’s first law:

qD52D
dC

dx
(1)

whereqD5mass flux of chemical species per unit area per unit
time due to diffusion;D5diffusion coefficient in m2/s; and
dC/dx5gradient in chemical concentration through the soil. The
negative sign in Eq.~1! reflects the fact that chemical transport
occurs from areas of higher concentration to areas of lower con-
centration.

The diffusion coefficient is a material constant and is depen-
dent on the type of chemical species and the medium through
which diffusion occurs. When free water is the medium,D typi-
cally ranges from 1029 to 1028 m2/s. In a porous medium such as
saturated soil, the diffusion coefficientD could be 1 to 3 orders of
magnitude smaller due to the tortuous diffusion path caused by
the complex pore structure.

Chemical Advection

The second principal contaminant transport mechanism is chemi-
cal advection. Continuing our simple analogy of sugar in a cup of
water, we can accelerate the mixing process by mechanically dis-
turbing or stirring the water, as we typically prefer to do. The
process of chemical transport under the resultant fluid flow is
calledadvectionor convection.

A conceptual model for chemical advection in soil is illus-
trated in Fig. 2. Assume that there is no chemical diffusion and
that steady state flow in the soil layer has been established in
response to the constant head differenceh. If the water in the left
reservoir is suddenly replaced with a solution of constant chemi-
cal concentrationC0 , we will start to observe a sharp, or piston-
like, concentration front migrating along the direction of the su-
perimposed fluid flow. This process proceeds until the
concentration front reaches the right reservoir. The rate of chemi-
cal migration at any time and at any cross section located behind
the concentration front is

qA5vC (2)

whereqA5mass flux of chemical species per unit area per unit

il

Fig. 2. Conceptual illustration of contaminant transport in a 1D soil
aquifer due to advection
TION AND PRACTICE © ASCE / JANUARY 2004
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Mechanical Dispersion

As chemical species in soils are transported by advection, seve
mechanisms cause the fluid flow velocity to vary locally from
place to place. These mechanisms include~1! differences in pore
path dimensions~caused by varying grain sizes!, ~2! differences
in transport lengths among the different paths~caused by the tor-
tuosity of the flow path!, and~3! local differences in flow velocity
within any one path~caused by friction effects occurring along
the boundaries of the flow path!.

These nonuniform velocities cause the diffusion coefficient t
be dependent on fluid velocityv. Mixing, which results from this
dependency, is calledmechanical dispersion. A mathematical de-
scription of mechanical dispersion is often achieved by modifyin
the diffusive mass flux from Eq.~1! using an effective diffusion
coefficientD* :

qD52D*
]C

]x
52~av1D !

]C

]x
(3)

wherea5dynamic dispersivity, a material property with units of
length. The dynamic dispersivity is a function of the chemica
travel distancex, and can be empirically expressed as

a50.0175x1.46 (4)

The total steady mass flux due to chemical diffusion, advec
tion, and mechanical dispersion is the summation of Eqs.~2! and
~3!, known as the advection-dispersion solute flux equation:

qT52~av1D !
]C

]x
1vC (5)

Transient Advection-Dispersion
The dynamic process of chemical transport is a time-dependent
transient process~e.g., from the time we start to induce a constan
concentration in the waste pond to the time a steady chemic
concentration distribution in the aquifer is established!. This tran-
sient process is important in understanding or solving many pro
lems of chemical transport in soils.

If we consider an infinitesimal element in the soil layer shown
in Figs. 1 and 2, neglect irreversible decay of the chemical sp
cies, and apply the mass conservation principle, then the n
chemical mass flux through the element is equal to the change
the chemical concentration in that element

¹•qT52R
]C

]t
(6)

where R is called the distribution orretardation factor, which
reflects the capacity for soil particles to adsorb chemical speci
on their surface. The value of the retardation factor is typicall
between 1 and 5. For a nonretarded system, the retardation fac
is equal to 1.

Substituting Eq.~5! into Eq. ~6! and considering transport in
only 1D leads to the governing equation for transient chemic
advection-diffusion in soils:

~av1D !
]2C

]x2 2v
]C

]x
5R

]C

]t
(7)

The solution of Eq.~7!, together with appropriate initial and
boundary conditions, provides the complete description of chem
JOURNAL OF PROFESSIONAL ISSUES IN ENGIN
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cal concentration in space and time. Given the following typical
boundary conditions for transient advection-dispersion in one di-
mension, the analytical solution of Eq.~7! at some distancex
from the left sourceC0 , at timet, is ~Ogata 1970; Javendel et al.
1984!

C~x,t50!50; C~x50,t !5Co ;
]C~x5`,t !

]x
50 (8)

C~x,t !

C0
5

1

2 H erfcF Rx2vt

2A~av1D !Rt
G

1expS vx

av1D DerfcF Rx1vt

2A~av1D !Rt
G J (9)

whereC(x,t)/C05concentration of the chemical species at point
x and time t relative to the source concentration; and erfc(z)
5complementary error function. The complementary error func-
tion can be obtained using a mathematical lookup table or esti-
mated graphically by using Fig. 3. Given the graphical solution
for the complementary error function, Eq.~9! is relatively simple
for students at the undergraduate level to solve.

Qualitative solutions to Eq.~7! are shown on Fig. 4. Referring
to Fig. 4~a!, at timet5t1 , a short time after imposing a constant
concentration in the left reservoir, the concentration distribution
in the soil layer depends on the relative importance of the princi-
pal transport mechanisms. Similar patterns can be observed in a
later timet5t2 . However, one can observe a wider spreading in
space for both diffusion and dispersion mechanisms. Similarly,
Fig. 4~b! shows a qualitative solution to the transient advection-
dispersion equation for a nonretarded system in two dimensions.
Although the total mass of the chemical species remains the same
at all times, the contaminant plume moves in the direction of the
groundwater flow by advection while simultaneously decreasing
in concentration~or increasing in size! as the time and travel
distance increase under the combined diffusion-dispersion mecha-
nisms.

Fig. 3. Graphical representation of the complementary error function
erfc(z)
EERING EDUCATION AND PRACTICE © ASCE / JANUARY 2004 / 21



Fig. 4. Influence of diffusion, advection, and dispersion on the migration of chemical species in~a! one dimension, and~b! two dimensions~after
Fetter 1994!.
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Laboratory Module: Column Testing Exercise

Column tests for experimentally determining the releva
advection-dispersion parameters have been well established i
field of geotechnical and geoenvironmental engineering~e.g.,
Shackelford 1995!. The basic premise of these tests is to meas
or back-calculate the relevant advection-dispersion parame
which include seepage velocityv, the molecular diffusion coef-
ficient D, the mechanical dispersion coefficienta, and the retar-
dation coefficientR, by determining the rate of transport of
specific chemical species under superimposed water flow in a
column of soil.

In general, however, the established column testing proced
do not readily lend themselves to the undergraduate labora
environment. Notable limitations include the requirement for e
cessively long testing times, particularly for relatively fine
grained materials, which can require days or weeks of testing,
the requirement for expensive and complex analytical equipm
for quantifying the rate of chemical transport through the s
column. For teaching purposes, where cost effectiveness,
effectiveness, simplicity, and interactive student involvement
preferred, the established column testing methods are undesir

A new laboratory module was developed at CSM to provi
students with intimate experience in the fundamental aspect
contaminant transport processes in soil. The laboratory modu
conducted following the previously described lecture modu
ideally within the same week. The module allows the students
make direct measurements of each controlling parameter requ
as input into Eq.~9! for predicting the spatial and temporal dis
tribution of migrating chemical species in a 1D column of so
Emphasis is placed on the simplicity, cost effectiveness, and
sual impact of the laboratory exercise.

Column Apparatus

Five soil columns were constructed for use by groups of stude
numbering from three to five. Fig. 5 shows a schematic draw
22 / JOURNAL OF PROFESSIONAL ISSUES IN ENGINEERING EDUCAT
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of a typical column, comprised of a cast acrylic tube filled with a
compacted sand/clay mixture. The inner cross-sectional area of
the tube is 4.45 cm2 and the length of the soil-filled portion typi-
cally ranges from 10 to 13 cm. A symmetric system of endcaps,
tie rods, rubber stoppers, and springs is used to rigidly hold the
soil in place, forming two small fluid reservoirs on either end of
the column. The left reservoir~or head-water reservoir! is the
upstream side representing a constant contaminant source while
the right reservoir~or tail-water reservoir! represents the down-
stream discharge site or sink. Head and tail water pressures during
testing are measured and controlled using a conventional soil per-
meability testing panel consisting of two air/water interface col-
umns controlled by regulated air pressure.

Simulated Contaminant

For advection-dispersion testing, colored dye~FDA Blue #1! is
used to simulate a contaminant introduced into the head-water
reservoir. The influent source concentrationC0 is prepared by
adding 1 g of dye to 400 g ofdistilled water. The dye solution is

Fig. 5. Schematic drawing of laboratory soil column
ION AND PRACTICE © ASCE / JANUARY 2004
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forced to flow through the saturated sand/clay mixture by increas
ing the hydraulic gradient using the pressure panel. The transpo
of the dye solution under the combined processes of advection
diffusion, dispersion, and retardation is observed by monitoring
the location and color intensity of the dye as it migrates through
the transparent column. The material and flow properties contro
ling these processes~i.e., v, D, a, andR! are directly quantified
by the students using simple and visually oriented analysis pro
cedures described in the following sections.

During the final phase of testing, the color intensity of the dye
solution in the effluent reservoir is monitored and compared to a
calibrated ‘‘color wheel,’’ which allows the students to determine
the dye’s relative concentrationC/C0 as it begins to breakthrough
the soil column. Fig. 6 shows a photograph of the calibrated colo
wheel, which shows vials of dye solution ranging in intensity
from C/C050 ~distilled water! to C/C051 ~1 g dye to 400 g
water!. Students are asked to determineC/C0 in the effluent res-
ervoir as a function of time, generating a concentration ‘‘break-
through’’ curve that can then be compared with a theoretica
breakthrough curve obtained using the measured soil paramete
and the analytical solution for transient advection-dispersion@i.e.,
Eq. ~9!#.

Soil Properties and Preparation

The type of soil for column testing was carefully selected to ob-
tain desirable hydraulic conductivity and retardation properties
Hydraulic conductivity is required to be low enough to cause
observable dispersion, yet high enough to permit the entire testin
procedure to be completed within a 3-h session. In order for th
soil to exhibit significant retardation, a small amount of clay was
required. It was found that a mixture of poorly-graded fine sand
(0.075 mm,D,0.15 mm) and kaolinite clay (D,0.002 mm)
resulted in ideal conductivity (k'131026 m/s) and retardation
properties (R'2 – 3). Mixtures are prepared at a ratio by mass of
95% sand to 5% clay. Prior to the student’s arrival in the labora
tory session, each column is prepared and assembled by compa
ing the sand/clay mixture into the acrylic tubes at a porosity of
approximately 40%. Each is then saturated overnight by forcing
distilled water to flow through the column using the pressure
control panel.

Diffusion Coefficient

The student’s first task is to determine the diffusion coefficient for
the transport of FDA Blue #1 dye through the saturated sand/cla
mixture. Based on diffusion theory, the diffusion coefficientD can
be estimated by the following simple equation:

D'
x2

t
(10)

wherex5average diffusion distance over a period of timet. Ide-
ally, the students are asked to estimateD by injecting colored dye

Fig. 6. Calibrated color wheel for determining relative dye
concentrationC/C0
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into the upstream reservoir, maintaining no-flow conditions~i.e.,
zero hydraulic gradient!, and observing the location of the spread-
ing front of the dye as a function of time. Because the diffusio
process is extremely slow, however, the dye is typically injecte
by the instructor several days prior to the laboratory session usi
an identically prepared soil column.

Hydraulic Conductivity and Seepage Velocity

The student’s next task is to determine the saturated hydrau
conductivity of the sand/clay mixture and the associated seepa
velocity. Hydraulic conductivity is determined by measuring the
effluent fluid flow rate at steady state under a controlled hea
gradient and applying Darcy’s Law~i.e., constant head tech-
nique!. The measured discharge velocityvd is related to the seep-
age velocityv, required for the solution of Eq.~9!, by the known
soil porosityn as follows:

v5
vd

n
(11)

Mechanical Dispersion Coefficient

As the flow of the dye solution from the head-water reservo
proceeds through the column, an empirical equation may be us
to estimate the magnitude of the mechanical dispersion coefficie
a

a'
Dx2

vt
5

Dx2

Dx
5Dx (12)

wherex5dispersion distance~cm! over a period of timet. The
dispersion distance is measured as the length between the loca
of the sharp concentration front and the furthest point along th
column where any trace of dye may be observed. Fig. 7 show
examples of this measurement for a column test at two times.

Retardation Coefficient

Retardation is responsible for a restriction in the velocity of th
dye solution relative to the overall fluid velocity. Generally,

Fig. 7. Example of procedure for estimating the mechanica
dispersion coefficient at~a! t5t1 , and~b! t5t2
EERING EDUCATION AND PRACTICE © ASCE / JANUARY 2004 / 23
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chemical species travel slower than the water in which they ar
dissolved due to the surface adsorption capacity of soil particles
particularly clay particles, which possess surface charge and rel
tively large surface area. The retardation factorR can be defined
as the ratio of the pore-water velocity to the chemical travel ve-
locity:

R5
v
vc

(13)

wherev5seepage velocity~cm/s!; and vc5chemical travel ve-
locity ~cm/s!. Students are asked to estimateR using Eq.~13! by
observing the velocity of the advancing sharp concentration fron
relative to the previously determined seepage velocity. This ca
be accomplished simply by noting the downstream advance of th
dye using a ruler. For the sand/clay mixture,R values ranging
from 2 to 3 were found to be typical.

An interesting side experiment can be conducted by the stu
dents by injecting FDA green dye into the soil column under
flowing conditions. It can be observed that the blue component o
the green dye is retarded by the sand/clay mixture while the yel
low component is not. Continued injection of green dye results in
a distinctive and thought-provoking separation phenomenon.

Breakthrough Testing

As the dye solution begins to break through the soil column and
into the tail-water reservoir, the students are asked to monitor th
color intensity of the effluent dye as a function of time by com-
parison to the calibrated color wheel~Fig. 6!. The effluent is
periodically sampled allowing it to flow into a small glass vial.
Each vial is held up to the calibrated color wheel so that its
relative dye concentrationC/C0 may be estimated. The relative
dye concentration is then plotted as a function of time elapse
since the introduction of the dye into the head-water reservoir
i.e., the ‘‘breakthrough’’ curve. The students are then asked to
calculate the theoretical breakthrough curve for the system usin
the parameters measured in the previous exercises and Eq.~9!.
Because the students are monitoring the effluent dye concentr
tion, the value ofx in Eq. ~9! is set equal to the length of the soil
column. Fig. 8 shows an idealized comparison between exper

Fig. 8. Comparison of theoretical and experimental dye
concentration breakthrough curves
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mental and theoretical breakthrough data. The theoretical curve is
based on the soil and flow parameters shown.

Student Assessment

The effectiveness of the chemical transport lecture and laboratory
modules was assessed through a student questionnaire. Student
enrolled in the CSM ‘‘Soil Mechanics’’ course were asked to
answer several questions regarding the structure, relevance, diffi-
culty, and effectiveness of the new modules. Table 1 summarizes
these questions and the student responses. The majority of stu-
dents felt that the new modules were useful and relevant to their
future careers. All agreed that the laboratory module was helpful
in further developing their understanding of contaminant transport
phenomena. A common criticism of the lecture module was the
requirement for ‘‘too much math.’’ Many also felt that the amount
of time required for complete testing, which approached 3 h, was
too excessive.

Summary and Conclusions

The engineering concepts necessary for describing subsurface
contaminant transport have been largely neglected by traditional
undergraduate civil engineering curricula in the United States,
creating a growing disparity between education and professional
practice. To address this problem, a new lecture module and labo-
ratory experiment for demonstrating chemical transport phenom-
ena in soils has been developed for undergraduate civil engineer-
ing students at the Colorado School of Mines. This paper has
described these new modules.

Emphasis in the development of the laboratory session was
placed on maximizing cost and time effectiveness, simplicity, and
visual impact. Excluding a pressure control panel, which is al-
ready in the possession of most typical geotechnical laboratories,
the total cost of developing the laboratory exercise was on the
order of $500. The exercise can be conducted within a 3-h labo-
ratory session, although a significant amount of prelaboratory
setup time~about 8 h! is required by the instructor or teaching
assistant. Simple colored dye is used to simulate a contaminant in
a flowing soil-water system, thus precluding the requirement for
expensive and complex analytical equipment involved in tradi-
tional chemical transport testing and creating a highly visually
oriented learning environment. Student assessment of the new
modules, obtained through an informal questionnaire, was gener-
ally positive.

Table 1. Summary of Results from Student Questionnaire

Question
Positive

responses
Negative
responses

Do you feel that the chemical transport
lecture and lab modules are useful for
your future career?

23 8

Do you feel that the modules are appropriate? 22 1
Do you feel that the modules are difficult

to learn?
12 10

Do you think the laboratory module
is relevant to the lecture module?

27 3

Do you feel that the laboratory module is
helpful in understanding the principles
discussed in the lecture module?

29 0
N AND PRACTICE © ASCE / JANUARY 2004



a
n
e
y
-

y

’s

h
u
-

t

a

-

Acknowledgments

Financial support for this research was provided by the Nation
Science Foundation, Department of Undergraduate Educatio
under Grant DUE-9980866. The writers gratefully acknowledg
the support and valuable input from the members of the Rock
Mountain Section of the American Society of Engineering Edu
cation ~ASEE!.

Appendix. Example Problems

Example 1: Diffusion Example

If a 2M solution of trichloroethylene~TCE! is maintained in the
left reservoir~or waste pond! of Fig. 1 and the right reservoir~or
flowing stream! is maintained with free water, the length of the
aquifer is 100 m, and the diffusion coefficient is 1029 m2/s, what
is the discharge rate of TCE into the stream at steady state?

Solution: The gradient of TCE across the aquifer at stead
state is

]C

]x
5

2Fmol

L
G20

02100@m#
520.02Fmol

L•m
G

The steady state flux of TCE into the stream, according to Fick
Law ~1! is

qD52~1029!Fm2

s
G~20.02!Fmol

L•m
G

5~1029!Fm2

s
G~0.02!Fmol

m4 G~103!

5231028F mol

s•m2G
50.63F mol

year•m2G
One mole of TCE is equivalent to 131.4 g. Therefore, eac

square meter of the stream adjacent to the aquifer will leach abo
83 g of TCE per year due purely to the chemical diffusion pro
cess.

Example 2: Advection Example

If the difference in water level for the left waste pond and righ
stream shown on Fig. 2 ish51 m, the chemical concentrations in
the pond and stream are the same as in the previous example,
the hydraulic conductivity of the aquifer isk51028 m/s, what is
the steady state advective flux of TCE into the stream?

Solution: The seepage velocity is described in terms of hydrau
lic conductivity k and hydraulic gradienti according to Darcy’s
Law as

v5ki5~1028!FmsG 1@m#

100@m#
51310210Fm

s
G

According to Eq.~2!, the steady state advective flux of TCE is

qA5~1310210!

3FmsG~2!Fmol

m4 G~103!5231027F mol

s•m2G56.31F mol

year•m2G
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The advective flux is about 10 times the diffusive flux from the
previous example. Under most circumstances, contaminant trans-
port in soils by advection is faster than by diffusion.

Example 3: Dispersion Example

What is the steady-state diffusive TCE discharge into the stream
for Example 1 if mechanical dispersion is also considered?

Solution: The dynamic dispersivity at the right stream 100 m
from the source pond, according to Eq.~4!, is

a50.0175~100!1.46@m#514.56@m#

The effective diffusion coefficientD* is

D* 5av1D

5~14.56!Fm#~10210!Fm
s
G1~1029!Fm2

s
G

52.45631029Fm2

s
G

The steady-state diffusive flux including mechanical dispersion,
according to Eq.~3!, is

qD5~2.456!~1029!Fm2

s
G~2!~1022!Fmol

m4 G~103!

54.91231028F mol

s•m2G
51.54F mol

year•m2G
indicating that the mechanical dispersion increases the process of
diffusion by a factor of 1.456.

Example 4: Steady State Advection-Dispersion
Example

What is the total annual discharge of TCE into the stream due to
diffusion, advection, and dispersion for the problem defined in
Examples 1–3?

Solution: Applying Eq. ~5! leads to

qT52~av1D !
]C

]x
1vC

51.54F mol

year•m2G16.31F mol

year•m2G57.85F mol

year•m2G
indicating that for every year and square meter of the stream
adjacent to the aquifer, approximately 1,032 g of TCE will be
leached from the aquifer.
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