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SOIL SCIENCE AND POLLUTION

Syllabus:

1) Origin and composition of soils.

2) Soil structure.

3) Chemical and physical properties of soil.

4) Soil permeability and flow of water through soils.
5) Soil behavior under stress.

6) Compressibility.

7) Shear strength.

8) Environmental geo-technology.

9) Soil erosion and pollution.

10) lon exchange in soils.
11) Soil as an aid to waste disposal.
References:

1) Contaminant Hydrogeology (1999) by Fetter.
2) Geo-environmental Engineering (2000) by Reddi.

1) Origin and composition of soils

No construction material has both engineering and physical properties
which are more variable than the ground. These properties vary both
laterally and vertically and often by large order of magnitude. These
properties include:-

1) Strength parameters (stress-strain modulus, shear modulus,

Poisson’s ratio, cohesion and angle of internal friction).

2)  Compressibility indexes (deformation, settlement).

3) Permeability

4)  Gravimetric-Volumetric data (unit weight, specific gravity, void

ratio and water content).
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Some knowledge about these properties allows the engineer to make
estimate for:-

1) Bearing capacity.

2) Settlement including both the amount and rate.

3) Earth pressure including both vertical and lateral.

4) Pore pressure and dewatering quantities.

Most of soils have been formed by the disintegration of rock as a result of
weathering processes (mechanical or chemical).

« Mechanical weathering: - is the fragmentation of the rock by
physical forces [temperature, stresses, formation of ice, wind]. It
leaves the crystal structure of material unchanged and clearly
identifiable will that of the parent rock.

¢ Chemical weathering: - is the fragmentation of the rock as a result
of attack on the rock minerals by [water, oxygen, acid dissolved in
the soil water, alkaline].

The soils can be classified according to origin into two types;

1) Residual soils are formed in site by weathering of the

original rock.
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2) Soil structure (constituents)

Any soil will be found to contain some or all of the following:-
A) Soil (solid) phase

I.  Primary rocks minerals (produce by mechanical
weathering).

ii.  Clay minerals (produce by chemical weathering).

li.  Inter-granular cement (the mineral cement between the
particles increasing the shear strength and reducing the
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compressibility of the soil. Calcite, iron oxide and silica
are examples of cementing materials.

Organic matter (the soil derived from plant or animal
remains in the top 0.3-0.5 meter of the soil, but leaching
may carry it down much further in permeable soil.

B) Liquid phase

Water (change in the water content of the soil is lead to
the variation of the engineering properties; such as
shear strength, compressibility and permeability, which
are all, directly or indirectly, related to the water
content).

Dissolved salts (when the water of the river passes
through the soil, it can transport salts in solution).

C) Gaseous phase

Air and sometimes other gases (not all soils are fully
saturated; i.e. the voids between the soil particles are
not entirely filled with water. The air may be expelled
by an influx of water into the voids causing a reduction
in shear strength, particularly, in the case of the clay
soils).

Water vapor (the vapor pressure may vary from place to
place because of difference in temperature or for other
reasons. If the degree of saturation is low, so that the air
spaces are mainly continuous, there may be
considerable migration of water in the form of water
vapor).

The soils can be classified into two types; 1) Course grained soil
(cohesionless soil) such as Boulders, Gravel and Sand. 2) Fine grained
soil (cohesive soil) such as silt and clay.
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Particle arrangement
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Preview of soil behavior (nature and cause of soil deformation)
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3) Physical properties of the soil
3-1) Soil volume and density relationship

Saturated Dry

v Water vV =v Gas vV =v
Water Vv

Three-phase system Two-phase system

VT :Va+VW+V5
WT:WW+W5

*Unit weight vy is the ratio of the weight of the soil to the corresponding
volume with units of force per unit volume.

W
=y

*Unit density p is the ratio of the mass of the soil to the corresponding
volume with units of mass per unit volume.

M

PEV

*Dry unit weight yq is the ratio of the weight of the solid to the volume.
W

VdZVS

*Saturated unit weight ysa. : - Obtained when W+ is based on a state when all
the soil voids are filled with water.
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W, +Vi7,
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*Buoyant (Effective or submerged) unit weight ysu., yb. 5’

Yoo = Vsat. —Vw
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*Void ratio e is the ratio of the volume of voids to the volume of solids in a

given volume of the material.

VV
e [

Vs
*Porosity n is the ratio of the volume of voids to the total volume Vr of a
soil mass.

n=—
VT

*Water content o is the ratio of the weight of water W,, in a given soil mass
to the weight of soil solids Ws.

*Deqgree of saturation S, is the ratio of the volume of water to the volume of
soil voids.

S, =X Where Si=0 % for dry soil.

Sr=100 % for fully saturated soil.

*Specific gravity G is the ratio of the unit weight of a material in air to the
unit weight of distilled water.

The average specific gravity of the mass of the soil grains Gsis computed
as:-

G, =7, puw=1gm/cm?or 1000 kg/m?.

T Y
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Percentage of air content A= \%xloo

t

*Relative density Rp

In the case of the sand and gravel, the relative density is used to express in
the relationship between the void ratio in the field and the limiting value.

€rax ~ Ciield
R =™ ¥
° €rex ~ Ehin
Where emax(Loosest state) and emin(Densest state). Rp<0.33 —Loose,
0.67>Rp>0.33 —Medium, 1>Rp>0.67 —Dense.
When:- efiels=emax—Rp=0 Loose state
erieli=emin—Rp=1 or 100% Dense state
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Either:- e, >e1 —shrinkage (+) ; Or eo<ei; —swelling (-)
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Where:-
eo=Initial void ratio and e;=void ratio at the end of the test (e,=ei+Ae).

Homework

Q1) Derive the following equations:-

et 1 so)n-1- P pga- o ;ays -
W, Gy,V l+e e
W - G7/ - l+w . 4
5) yy=—— 3 6) y, =2 7)) y=Gy,——n §8)y, =t
)7 =Vire) 07T P DG 8
G, +5.¢ - —n . G, +e
9) 7d _Wyw ’ 10) A_n(l Sr) 7 11) 7/sat - 1+e 7w

G . G-1
12) 7d:m7w ’13) 7sub:7w( j

1+e

0Q2) A fully saturated sample has a volume 60cc and porosity 0.37. After
drying, the total volume becomes 45cc of Gs=2.6. Find initial water content,
air content in the dry state and S.L? (Where: _S'szv\\llw )

S

10
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Q3) The soil sample has the following properties: - V1=460cc, W=793gm,
W,=735 and Gs=2.68. Find e, n, ® and S;?

0Q4) A fully saturated sample has: - G&=2.65, ®=40%, Wt=130gm n=0.35
(after drying). Find €initial, yaand S.L?

0Q5) Given 1870gm of wet soil compacted into a mold with a volume of
1000cc. The soil put in the oven and dried to a constant weight of 1677gm.
The specific gravity Gsis assumed to be 2.66. Find ®, yq4, N, Sy and ysa?

06) Find the void ratio and dry unit weight for the soil which n=0.32 and
Gs=2.77

Q7) Soil sample has e=1.2, Sr=70% and Gs=2.65. Find air and water
content?

08) The saturated unit weight of the clay is 1.95gm/cm3, After drying unit

weight becomes 1.62gm/cm? and Gs=2.65, find the volumetric change?

Q9) The saturated clay sample put into the wax with unit density of
0.8gm/cm3 and its weight 8gm. The total volume of the sample 227cm? and
its weight 394gm, find the unit weight of the clay?

11
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3-2) Particle size distribution in soils

There are adopted unified systems for classified of soils. These systems
are:-

1) Coarse-Grained Soil;
2) Fine-Grained Soil;
3) Highly-Grained soil.

The range of particle sizes in engineering of soils is very large. Several
systems for classification of particle size exist in use. They are basically the
same, but differ in details only. The particle size distribution for a Coarse-
Grained Soil can be determined by the Dry Mechanical Analysis (Sieve
test). While, the particle size distribution for a Eine-Grained Soil or the
Fine-Grained fraction of a Coarse-Grained Soil can be determined by the
Wet Mechanical Analysis  (Hydrometer test or method of
Sedimentation).

Soils can be classified according to particle size, gradation or
compressibility for agriculture, geologic or engineering purposes:-

12
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0.074mm (No.200) 4.76mm (No.4)

Clay| Silt Sand | Gravel |Cobbles | Boulders

fine |mediumjcoarse | fine Jmediumfcoarse | fine Jmediumjcoarse

0.002 0.006 0.02 0.06 0.2 0.6 2 6 20 60 200

Particle size in (mm)

The particle size analysis of a soil sample involves determining the
percentage by weight of particles within the different size ranges. The
weight of soil retained in each sieve is determined and the cumulative
percentage by weight passing each sieve is calculated.

3-2-A) Dry Mechanical Analysis (Sieve test)

Pass the soil sample through the set of standard sieves from No.4 to
No0.200 to obtain the percentage of passing (% of finer) from certain opening
with respect to total dry weight of the sample; this called the percentage of
finer by weight or in sometimes the percentage of cumulative passing.

US Standard Retained on Cumulative Cumulative Soil Texture
Sieve Retained Passing Classification

Sieve Opening in gm % gm % gm % Designation Sizein
No. mm mm
4 0 0 0 0 200 100

4,76
10 2.84 1.42 2.84 1.42 197.16 98.58 §

2 2 g
20 5.66 2.83 8.5 4.25 191.5 95.75 o

0.84 2
40 46.04 23.06 54.54 27.27 145.96 72.72 =

0.42 2 | o
60 44 22 98.54 49.27 101.48 50.73 § §

0.25
100 23.64 11.82 122.18 61.09 77.82 38.91

13
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0.149 e
140 11.26 5.63 133.44 66.72 66.56 33.28 é
0.105 >
200 63.16 31.58 196.6 98.3 3.4 1.7
0.074 g
pan 3.4 1.7 200 100 [
200 100%
.;
>
silt & clay
Particle size versus accumulation curve
Gravel Sand Silt Clay
; ~N
80 \ \
2 ., \ RRE
8 . \
s, N
o
X @
:0 — |
100 1 QH?m 1 03714&’ (No‘zoog)l 0.001 0.0001 0.00001
Sieving o ézeogi%entation

Particle size (diameter,d) in mm

-dio or Do (10% from total weight has particle size less than d
(=0.0033mm))

- Semi-logarithmic relationship:-the semi-log plot is used so that the grain
diameter scale is extended to give all grain size.

-A Coarse-Grained Soil is described as Well Graded if there is no excess
of particles in any size range and if no intermediate size are lacking. In
general, a well graded soil is represented by a smooth concave distribution
curve.

- A Coarse-Grained Soil is described as Poorly Graded if;
e A high proportion of the particles have sizes within narrow limits (a
uniform soil).

14
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e A particles of both large and small sizes are present but with a
relatively low proportion of the particles of intermediate size (a_gap-
Graded soil).

-Effective Size (dio) is the size such that 10% of the total weight of particles
have smaller than that size denoted by D1g. Other sizes such as D3p&Dgo can
be defined in a similar way.

-The general slope and shape of the distribution curve can be described by
means of the Coefficient of Uniformity, Cu.

D
Cu= GV
Do

For Well-Graded sample;
e Cu>4 for gravel.
e Cu>6 for sand.

- The Coefficient of Curvature, Cc

2
CC — D30
Dy, x Dy

A Well-Graded soil has Cc between 1& 30.

EX: Percentage finer by weight (N) and diameter of grains (D in mm)
shown below:-

% of | 100 92 72 60 32 11 7
finer

Diameter 2 0.5 0.1 0.06 0.02 0.002 | 0.0001
(mm)

Draw the particle size curve and calculate the Coefficient of Uniformity, Cu
and classify the sample?

Solution:-

15
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100 .\

NG

90

80 \
7 ]

60

50 \

40
30 \

N
20 N

10 h

L

Percent of passing, by weight

0

10.0000  1.0000 0.1000 0.0100 0.0010 0.0001
Diameter of sieve opening (mm)

Dy _ 006 _ 334

Cu= =
D, 0.0018

2 2
C.= D _ (0.018) ~3 Well-Graded
D, xD,, 0.0018x0.06

3-2-B) Wet Mechanical Analysis (Hydrometer test or method of
Sedimentation)

e The particle size distribution of a FEine-Grained Soil can be
determined by the method of sedimentation.

e This method is based on Stokes law which governs the velocity at
which spherical particles settle in a suspension.

e The law doses not applied to particles smaller than 0.0002mm.

e The method of Stokes law states that the velocity of spherical particle
sinking in a still fluid as:-

V:Erg[yp_?/fj
9 n

16
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Where: - r=radius of the particle, yp, vs= the unit weight of the particle and
the fluid respectively and n= the viscosity of the fluid. Then,

D:[ 187h ]%
(yp_yf jE

Where: - D=the diameter of particle and h= the distance of filler in time t.

3-3) Atterberg (or consistency) limits

The limits of soil consistency are based on water content and they are
shown below:-

A <0 I 1 |.>1
Saoil is non plastic Plastic range Soil is viscous fluid -|
(1)) (Plastic state) (Liguid state)
m
(ﬂ Solid state Semi-solid
==
(-
O
Wws W L 0 ’
P W%

Water content (increasing)

e Liquid limit @_:-is the » at which 25 blows of the liquid machine
close a standard groove cut in the soil pat for a distance of 12.7cm.

e Plastic limit mp:-is the ® at which a thread of the soil, when rolled
down to a diameter of 3mm, will just crumble.

e Shrinkage limit os:-is the @ at which there is no longer shrinkage in
volume upon further drying.

e Liquidity index I.:- is the relationship between o, ®p and on as
below (it varies from zero for soils at the plastic limit to 1 for soils at

the liquid limit as in above fig.)

. 0, -0, 0, -0,
L= =
W, — Op I

p
Where I, is plasticity index and on is the natural water content.

17
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Soil type state I oL
Sand Non-plastic 0 20
Silt Low-plastic <7 25
Silt-Clay Medium-plastic 7-17 40
Clay High-plastic >17 70

4) Soil permeability and flow of water through the soils

4-1) Modes of occurrence of water in soil (Znker)
a. Absorbed water
GRS aal 6815 Auasll saalll GVl e Ala Jiad 1) s dolial) ciluall daleal oluadl
" " A A ) A aa 38

b. Hydroscopic soil moisture
Al el 8 Jady ) gsall o) gedl ey A gall sliall (e Al Lpatiad Al Ay gha ) o
Geaili Cua 110°C A doad 3)1oa Aaodl Cadaily VI cilpall (e Lebiad Sy Y
el 5 5eSIh QAlall Jady sl

c. Gravitational water

et s Andlad) Jady 45 yiall daca Y1 oLl

e Free water

S gam (uplift pressure) Silsome i s Al 4l Jaly gl (Al olll
A5 Ul il S a5 A&

e Ground water
4 sl olaall (5 gine Jray Jiaiall (Sl g ynell Jiall ld olpall @l (5 50 0 sSaa Ll pos (55 *
Aol i) dals
L5l (e dandie 4da (Ground Water Table (G.W.T)) 4 sall sbaall srhass (1 gusia slay *
lepsind Al cle) i) (e 40 gSall 5 Aleaiall 4y pedl) a1 Jaks 458 sl slall pli ) s
.(Capillary action)i =&l dpalall Jad) 4, 5

Ay Jully 4 gl degriy 48 ae ailiia (Capillary Rise) =il bl gla ) ) & *
A8l saad cle ) jall e A8 KAl A il iyl

Aas g gann OS5 Al clall e ol sel) Lead 2 gl Annlin e Ada dapiial) AGdal) glas *
Lol fina = o) i 4 5 Akl el glayg (g yalll g li 3 (6 gl Aapiiall e 5 Raplial) A
Jara A oAl Jae ae caalily Al (5 sina Gy ) mhas e (Dry) <l g S

:\%M\DL&AX\&WJ\
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S aa sall (5 el o su¥) Al 50 Sy dadli pall 4 el oyl Gl 33 Al al
P (Upward fome)

T £ (Surace tension]

IU:I

Height of capillary ise

| |— 3 Capillanytube

s> Weight of water

Upward force (P) =S coso=2x.r.Ts.cosa
Downward force (G) =y.n.r?.h

Upward force (P) = Downward force (G)
2T, cosa

n
Ts=surface tension

Hence, h=

Pa
-y he|

hc

BRI (MR

o e e e = =

19
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It is represented the Stress Diagram for water, as the drying increase the
capillary pressure increase while as the saturation level increase the capillary
pressure decrease.

4-2) Factors effecting on permeability

1) Grain size of the particles
The flow (which is represented by the coefficient of permeability (k))
is directly proportional to the square of pore size (which is specified
by the shape and size of particles, (D10)) as in the following formula:-

k =100D}, For sandy soil (Do ranged between 1.1-1.3)

2) The properties of the pore fluid
The water is the fluid will deal with in the soil. This fluid has constant
unit weight. The increase of temperature of this fluid will lead to
decrease of viscosity and consequently the coefficient of permeability.
So, the measurement of coefficient of permeability must be at 20°C.

3) The void ratio of the soil
Y5 el s clall s 5 e iy C of cle .
+€
B ity i C ol Al 4 01 L (Bl )ASaiall e ol Al | 1,5 i
83 jaal) e ) Jall aas 30k ) (g3 S A il Analias ae byl A3l Jalas iy e dl)
kol sl daliall 30l 5 )

3

4) Structure arrangement of the soil 4l clpad JASel) s il

alaal) e iy Ml s 4 il & e 8l IS5 5 i 5 uad ) g2 (L) Jasdl ¢

8 BLAD olaiWL 400 jelat ad gall (8 3y i) dapda A0 e fimo s g5 C
(8Y ) ALY Gl ) @l 5 a5 Y oVl e s Laa

5) Organic materials
elogll 2gay Y ANy A 5 pm Aial) plad) nd Al AN Gasd o) al e
Agalail) JBy 5 gl ) J8 a4 sazanl) G0l 51 5 ) geaniall
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4-3) Permeability of the soil (Definitions and Darcy’s Law)

21
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Compaction

It is the application of mechanical energy on the soil to rearrange the
particles and to reduce the void ratio by driving out air. Hence, the purpose
of this process is to obtain the smallest possible void ratio because:

1) The maximum shear strength can occur approximately at the
minimum void ratio.

2) Large air voids may lead to subsequent compaction under working
loads causing settlement of the structure during service.

3) If large air voids are lift in the soil, they may subsequently be filled
with water which may reduce the shear strength of the soil. Also, this
increase in water content may be accompanied by swelling and loss of
strength in some types of clay.

Factors affecting on compaction process

22
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Compaction is measured in terms of the achieved dry density (yq) and it to
be function for following factors:

1) Water content (®); 2) Compactive effort applied to the soil; 3) Nature of
the soil.

1) Water content
Adding water to the soil during compaction acts as a softening
agent on the soil particles. The soil particles slip over each other
and move into a densely packed position.
» Add water gets better compaction.
» A little more water - a little better compaction,
» Even more water — Soil begins to flow.

The values of determined y4 can be plotted against the
corresponding moisture contents to obtain the maximum dry unit

weight and the optimum moisture content for the soil.
125 o
- 195

— 19.0
120 —

Zcro-air-void curve (G, = 2.69)
— 18.5

Maximum v,

115 S
— 18.0

unit weight, v, (kN'm#)

Dry unt weight, y, (v 1i7)
3

Dry

L 175
110 4

L 170

S

Optimum maisture content
105 T T 165

5 10 ] I8
Moisture content, w (%)

2) Compactive effort applied to the soil
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The compaction effort can be calculated as follows:

_ (# blows/layer)(#layers)(weight of hammer)(height of drops)
B volume of mold

CE

As the compaction effort increased, ygmax) is increased and the
optimum moisture content decreased to some extent.

125 - - 19.85
Zeso-uir-void curve (G, = 2.7)

120 - - 19.00
ey G
a 115 - k]
= - 1800 3
ﬁ b4
) »
¥ 3
- -
2 110 g
5 &
Q

- 17.00

105
- 16.00
10 12 14 16 8 20 2 24

Moisture content, w (%)
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3) Nature (type) of the soil
The type of soil (grain-size distribution, shape of grains, Gs and
amount and type of clay minerals) has a great influence on Yq(max)

and wpt.

> [ine grain soil needs more water to reach wqp; and
> coarse grain soil needs less water to reach wop:.

128

120)- -

104

06

6

w, %
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Soil pollution
Environment
< A 4
Living elements Non-living elements
Y \ 4
— Human Air
Plants Dynamic equilibrium Water
Animals ) Soil
Micro-organisms

v

Development (Water consumption, Resources depletion, Food production from

agricultural activities, Waste generation)

Waste materials are a part of the high standard of living to which we have
become accustomed in an industrialized society. The manufacture of
products that we use in everyday life results in the generation of wastes,
some of which may be persistent, toxic, flammable, corrosive, or explosive.
The soil pollution can be produced by: -
1. Soil spreading: waste liquids especially lubricating oils and other
petroleum residues were commonly spread on soil and unpaved roads.
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These liquids are aromatic hydrocarbons which are one of the
hazardous compounds.

2. Underground storage tanks (USTSs): through the twentieth century,
approximately 5 million USTs were installed to hold gasoline, jet fuel,
solvents and other industrial compounds. Unfortunately, soil is
corrosive environment and after a relatively short period of time the
tanks rust, corrode and leak. According to the Environmental
Protection Agency (EPA) records, there are 1.8 million underground
storage tanks were and still in use in the United States. EPA estimates
are that 280000 tanks are leaking and discharging their contents
directly into the soil and groundwater.

3. Pesticide rinse and formulation areas: agricultural chemicals have
been used widely throughout the world. Pesticides have been received
by farmers in concentrated form and then diluted onsite for
application. Because of the remote nature of these sites and the lack of
regulatory control, spillage and improper disposal of the rinsate
(water, containing low concentrations of contaminants, resulting from
the cleaning of containers etc) have become common issue; so, these
areas were contaminated.

4. Sanitary landfills: every sanitary landfill that was designed to accept
newspapers, cans, bottles and other household wastes also received
waste petroleum products, solvents, pesticides and other products. If
these sanitary landfills are unlined so the wastes have often migrated
to the groundwater and reached to surface water.

Clayey soil suitable for agricultural activities

Soil layer

Sand and gravel (30
cm for aerobic

Leachate collection system mcte soil
degradation)

30 cm compacted clay (liner)

Figure explained the components of Ideal Sanitary Landfill
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Organic contaminants

Non-Aqueous Phase Liquids (NAPLs) are organic fluids that are only slightly
miscible with water. As a comprehensive term they may be referred to as “oil”. These
organic fluids form a serious threat to groundwater resources, for example one liter of oil
can significantly affect the quality of 100000 liters of water and consequently this water
cannot be used.

Two types of oil (or NAPLs) can be distinguished: - oil that is lighter than water,
such as kerosene, benzene and jet fuel, so that it may accumulate on the groundwater
level. This type of oil is called LNAPL, where the “L” stands for “lighter” than water.
The other type of oil is denser than water, such as Trichloroethylene (TCE), so that it may
percolate much deeper into the soil layers through the groundwater. This type of oil is
called DNAPL, where the “D” stands for “denser” than water.

When the oil leaks above an unconfined aquifer, the oil migrates through the
unsaturated zone as a separate phase under the dominant influence of gravity and
capillary forces towards the groundwater. Hence, the unsaturated or vadose zone is
represented the first line of defense in protecting the groundwater aquifer system.
Consequently, the ability to estimate the time of travel through the vadose zone can help
ensure that enough time is available to respond to and hopefully alleviate the oil entering
the aquifer. In the subsurface, much of the oil (or NAPL or contaminant) represents: - (1)
the immobile phase, which is the contaminant portion retained in the pore spaces and, (2)
the mobile phase, which is the contaminant portion mostly spreading in the body of water
for DNAPL or spreading over the water table for LNAPL. Once oil introduced in the

groundwater system, estimates of contaminant plume migration over time is necessary in
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order to design an efficient and effective remediation program. Groundwater modeling
serves as a quick and efficient tool in setting up the appropriate remediation program.

The reason why the BTEX, entering soil and groundwater system, are considered
such a serious problem is that they all have some acute and long-term toxic effects. In
addition to the toxicity, benzene is known to be a carcinogen.

Percent BTEX In Gasoline
(" weight)

GCther BTEX
Hydracarbans 189,

F2%

(a)

BTEX Components of Gasoline
(% weight)

Ethylbenzens Benzens
p-sylene 11% 11%
9%
Toluens
26%

m-Hylens o-Hylene
1% 129

(b)
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Fig: Composition of gasoline.

Above ground storage tanks and pipelines in oil refinery.
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Oil spillage in gasoline stations.

Oil spillage caused by fracture of pipelines.
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Oil spillage from joints of pipelines.

Accidental spill.
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Spill
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Governing Equation for Mass Transport
This section develops a general differential equation, describing the

transport of a dissolved constituent, subject to physical and chemical
transport processes. Consider the elemental control volume shown in Figure

1. The mass conservation equation for this volume may be expressed as:
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J}'
> " Qi S

Figure 1: Elemental control volume for mass flux (Reddi and Inyang,
2000).

(Rate of mass input) - (rate of mass output) * (rate of mass production or

consumption) = rate of mass accumulation Q)

This equation can be written mathematically as:

N (P P L
6x+3y+az tr dat (2)

where J is the mass flux of solute per unit cross-sectional area transported in
the direction indicated by the subscript x, y, or z; r is the rate of mass
production/consumption given by the kinetic model of reaction, n is the
porosity of the medium, and c is the solute concentration expressed as mass

of solute per unit volume of solution.
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The two mass transport processes of advection and dispersion govern J
in Eq.2. The transport of dissolved contaminants follows that of water via
advection and is therefore related to the velocity of water flow. The direction
of hydraulic gradients specifies the extent of the dissolved contaminant
transport. If advection is the only mechanism of transport, the pore velocity
(Darcy velocity divided by porosity) is an indicator of the transport of
dissolved contaminants. In reality, however, there are other mechanisms
incorporating with advection. The saturated soil possesses concentration
gradients in addition to hydraulic gradients because of the localized presence
of the dissolved chemical. These concentration gradients provide an
additional mechanism of transport namely, diffusion. The effect of diffusion
Is represented by spread out of contaminant in all directions in response to
concentration gradients. The relative contributions of advection and
diffusion are therefore dependent on the magnitudes of velocity and the
concentration gradients. The diffusion of chemicals in soils is typically
grouped with another important transport mechanism known as mechanical
dispersion. The mechanical dispersion is the effect of advective velocities
which, when sufficiently high, cause a mixing of the chemical in the porous
medium. Accordingly, the mass flux (J) due to advection and dispersion in

the x direction may be expressed as (Reddi and Inyang, 2000):

dc
}’advectimi, = %TLC & ]dLS‘perSion = _ana (3)

Where Vy is pore velocity in the x direction. Note that Dy includes the two
components of molecular diffusion and mechanical dispersion. Summing up
the contributions from advection and dispersion, the mass fluxes are

substituted into the Eq.2 and the resultant will be:
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_[%((L;;nc ana)] [ay(Vnc nﬂya)] [az(Vnc nDZa )]-i—
_ nc

dat

(4)

By assuming that the velocities are steady and uniform and that the
dispersion coefficients do not vary in space. It is also assumed that the
porosity of the medium is constant in time and space. One dimensional mass
transport of solute in the saturated zone of the soil which well-known

advection-dispersion equation (ADE) can be established as follows:

C T
Do Veoatn o ©)

The exact form of the ADE depends on the mass transfer processes
accounted for in the term r. One of the dominant mass transfer mechanisms
occurring during mass transport is sorption which represents the
fundamental mechanism for the operation of the reactive permeable barriers.
Incorporating sorption can be achieved by using Linear, Langmuir, or
Freundlich isotherm. However, the simplest way for incorporation is the

linear sorption isotherm as below:
5= ch (6)

Where S is the quantity of mass sorbed on the surface of solids and Ky is the
distribution coefficient. The rate expression r is equal to the product of time
derivative of S and dry mass density, py. Thus,

as E
T:pbazf{dpba_i (7)

Substituting Eq.7 in the Eq.5 and rearrangement of terms yields:

d2c dc de
— -V —=R— 8
Z gz2 Z oz ot (8)
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Where R (=1+ppKqg /n) is known as the retardation factor since it has the
effect of retarding the transport of adsorbed species relative to the advection
front.

For inert medium like sand, the retardation factor (R) equal 1 and Eq.8 will

be as follows:
ac a%c ac
9 = Dzgz— Vg, 9)

Analytical solution of this equation will be as follows:
C(Z t) B _[ng ( w. zt) + x',U( ) f (:+;Z )] (10)
C(z,t) _—[ rfc (2 72 )] (11) because the second term is very

2,/Dzt

small

EXAMPLE// Large wooden vats are contained a brine. One of these vats has
been leaking directly to into the water table. The concentration of chloride in
the brine is 1575mg/L. The flow in the aquifer that receives the brine is
essentially one-dimensional and has the following characteristics; hydraulic
conductivity=2.93x10*m/sec, hydraulic gradient =0.00678 and effective
porosity (n.)=0.259. The estimated effective diffusion coefficient for
chloride is 2x10° m?/sec. Calculate the concentration of chloride above any
background value at distance 125m from leaking vat 0.5years after the leak
began.

Solution:

1) We must apply the Eq.11, ¢(z,¢t) __[mﬂf (z Vot )]

2,/Dzt

2) Now, we must calculate the parameters of Eq.11 as follows:

a) Calculate V;,

=K 29X 00678 = 7.67 x 10-¢ /
2= 0t T T 0259 ' - mis

b) Calculate D,
D,=a,V;+D"

a, = 0.83(logz)>*1* (z must be in m)
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a, = 0.83(log125)>414

a, = 4.96m

D, =4.96m x 7.67 x 10 °m/s + 2 x 10 °m?/s

D,=38%X10"°m?/s +2x 10°m?/s the second term can neglect
because it is very small

D,=3.8x10"°>m?/s

1575 125-7.67X10 "6 X0.5X365X24 X3600
3) ¢(125m,0.5year) = — [erfc( , _ )]
2 24/3.8%10 73 0.5%365X24x 3600

C(125m, 05year) = =~ [erfc(0.0816)]
C(125m,0.5year) = 715mg/L
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erf (0)

Values of the Error Function and Complementary Error Function

X erf x erfc x X erf x erfc x
0 0 1.0 10 0842701 0.157299
(.05 0.056372 0.943628 1.1 0.880205 0.119795
0.1 0.112643 (.BBT537 1.2 0910314 (.089686
(.15 0.167996 (.823004 1.3 08934008 (.065992
0.2 0.222703 0.777297 1.4 08952285 0.047715
0.25 0276326  0.723674 1.5 08996105  0.033895
0.3 0.328627 (.6T1373 16 0976348 0.023652
(.35 0.379382 0.620618 LT 08983790 0.016210
0.4 0.428392 (.5T1608 1.8 0.98909] 0.010909
(.45 0.475482 0.524518 19 08992790 0.007210
0.5 0.520500 0.479500 20 08995322 0.004678
(.55 0.563323 0.436677 2.1 0.997021 0.002979
0.6 0.603856 0.396144 22 08998137 0.001863
(.65 0.642029 0.357971 23 0998857 0.001143
0.7 0.677801 0.322199 24 0999311 0.000689
0.75 0.711156 (.288844 25 0999593 0.000407
0.8 0.742101 (.257899 26 0999764 0.000236
(.85 0.770668 0.229332 27 0.999866 0.000134
0.9 0.796908 0.203092 28 0999925 0.000075
(.95 0.820891 0.179109 29 0999959 0.000041

30 0999978 0.000022

iz x
4 .
erfx [:r) Exp( z) dz
0

0; erf(e=)=1; erf(-x)=-erf(x); 1-erf(x)=cerf(x)
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