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ABSTRACT 
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Measuring the difference between the measured hydrocarbon 

thickness in an observation well and the actual hydrocarbon 

thickness in a formation has been a major hinderance in 

estimating the volume of free product in aquifers. The 

thickness of hydrocarbons in some observation wells is as much 

as four times greater than in the formation. 

A three-dimensional sandbox model was used to determine 

linear relationships between the height of hydrocarbon in an 

observation well to the thickness of hydrocarbon above the 

water table. A fine-grained sand was used to calibrate the 

system, then two soils were characterized and modeled. 

The results of the sand and natural soil runs were 

compared with three models found in the literature. The 

linear relationships developed from the sandbox experiments 

compared favorably with the models in the literature. Further 

investigation with a more accurate petroleum thickness 

detection method will result in site-specific linear 

relationships. 
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CHAPTER 1 

INTRODUCTION 

In this country, ground water is one of our most valuable 

resources. It also happens to be one of the least protected 

resources. Over 110 million people depend on ground water as 

their primary water source. In rural areas, 95 percent of the 

domestic water supply comes from ground water. In the future 

the demand for ground water will increase (Nielsen, 1984). 

The American Petroleum Institute (API) has estimated that 

there are over 1 million underground storage tanks in use in 

the U.S. and at least 10 to 15 percent of these tanks are 

leaking (Quince, 1983). Most underground storage tanks store 

automobile gasoline. Consequently, ground water is at risk 

wherever there are service stations. This makes the 

prevention and/or early detection of hydrocarbon levels a high 

priority. As is usually the case, legislation has lagged 

behind the problem. It has only been in the last 4 years that 

stringent regulations and monitoring have been in effect. 

Escaped fluids from leaking underground tanks are present 

in the subsurface in four phases (Brenoel and Brown, 1985): 

• The vapor phase 
• The free-product phase 
• Contaminated soil (absorbed phase) 
• Ground water contamination (dissolved phase) 
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In some cases of hydrocarbon leakage depending on the 

product type and settings, the long-term ground water 

degradation aspects are overshadowed by the more immediate 

potential for explosions and fires, caused by the vapors that 

accompany the volatile hydrocarbon (Yaniga, 1982). The 

experiments in this thesis are concerned with the free product 

phase. The free-product phase is of major concern where 

ground water contamination is the issue, as it can represent 

over 60 percent of the entire spill (Brenoel and Brown, 1985). 

The first priority after a hydrocarbon contamination site 

has been found is to stop the source of the leak. A series of 

observation wells is often installed to determine the lateral 

extent of the contamination and the thickness of any free 

product layer. It has been estimated that the height of 

hydrocarbons in the observation well can be up to 4 times 

greater than the thickness of hydrocarbons on top of the water 

table (de Pastrovich et al (1979) hence forth referred to as 

CONCAWE, 1979). 

The experiments presented in this thesis are an attempt 

to develop an empirical relationship between the thickness of 

hydrocarbon in an observation well and the actual thickness 

above the capillary fringe. An accurate estimate of the 

thickness and volume of the free product is important in the 

design and performance monitoring of the recovery system. 

Knowledge of the hydrocarbon thickness allows the design of 

the recovery well's pumpage rate. The drawdown at the 
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recovery well should be just enough so the hydrocarbons will 

flow into the well. Over-pumping can cause excessive 

drawdowns which may smear hydrocarbons across a wider vertical 

zone. If the thickness is not properly estimated, the 

recovery system will not operate efficiently, which may effect 

the time and cost of site remediation. 
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CHAPTER 2 

LITERATURE REVIEW 

An accidental spill of a hydrocarbon product can occur in 

a large single accident or over a long period from a slow 

leak. Slow leaks are more difficult to detect and may cause 

extensive damage before a cleanup is initiated. The first 

step once a spill has been detected, and the source stopped, 

is to determine the migration path of the product (American 

Petroleum Institute, 1980). 

Hydrocarbon Migration 

Hydrocarbons follow the most permeable zones such as 

artificial fills, pipeline trenches, foundation fills, etc. 

These excavations are commonly filled with more permeable 

material than the native soil, thus offering a low-resistance 

migration route (Blake and Lewis, 1982). 

Hydrocarbons spilled into a soil tend to flow downward 

with some lateral spreading. The downward flow of 

hydrocarbons is dependent on product viscosity, soil 

properties, and the leakage rate (American Petroleum 

Institute, 1980). 

Soils with a high clay content have a very low 

permeability, and hydrocarbons may not penetrate these soils 

to any great depth. However, a porous, sandy soil may permit 
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rapid flow of hydrocarbons. A soil survey is required at each 

spill site to evaluate the possible flow path of the 

hydrocarbons (American Petroleum Institute, 1980). 

As the hydrocarbons come into contact with greater 

quantities of water in the vadose zone, flow becomes 

controlled by relative permeability. Relative permeability 

describes the flow behavior of two immiscible fluids existing 

in the same porous medium. As the saturation of one fluid 

decreases relative to the second fluid so will its flow 

capacity (Blake and Hall, 1984). Figure 2.1 shows the 

relative flow rates for product (hydrocarbon) movement in the 

capillary zone (American Petroleum Institute, 1980). 

The relative permeability curves for oil and water (shown 

in Figure 2.2) indicate that water does not begin to flow 

through the example soil matrix until its water saturation 

exceeds 25 percent. Water within the example soil matrix at 

low saturation percent is called interstitial or "pore" water, 

and is held in the example soil matrix by capillary forces. 

The interstitial or "pore" water preferentially wets the 

example soil matrix and fills the finer pores. As water 

saturation increases from 5 to 20 percent, hydrocarbon 

saturation decreases from 95 to 80 percent. At these 

hydrocarbon saturations, the example matrix will allow only 

hydrocarbons to flow. Where the two curves cross, the 

relative permeability is the same for both fluids; both fluids 

will flow, but at a level of less than 30 percent of maximum 



13 

PRODUCT 
MOVEMENT IS: 

UNRESTRICTED 

MODERATE 
10-10% WATIRI 

CAPILLARY ZONE 

SOIL MOISTURE 
PRODUCT 

MOVEMENT |M&etena 
PORES PARTIALLY 
FILLED WITH 
MATER 

ZONE OF 
> AERATION 

VERY BLOW 
CAPILLARY H0%-70* CAPILLARY 

ZONE I 

r WATER TABLE 

MM? 

GROUND WATER ZONE OF 
SATURATION 

GROUNDWATER 
ZONES 

NOT MOV1NO 
I>70* WATERI 

Figure 2.1 

Illustration of Water Rising In Capillaries of Varlng 
Diameters and the Restricting Effect on 

Product Movement Through the Zone 
(from API 1628) 



14 

o 
5 

t.o 1 0 0  9 0  S O  

o.e 

0 . 6  

0 . 4  

0 . 2  

OIL SATURATION -  PERCENT 

7 0  6 0  S O  4  0  3  0  2  0  10 

\ 
V / 

/ 
\ 
X f 

> 

* 

/ 
* 

X 
/ 

r 

0  1 0  2 0  3 0  4 0  5 0  6 0  7 0  0 0  9 0  1 0 0  

W A T E R  S A T U R A T I O N  -  P E R C E N T  

Figure 2.2 

Relative Permeability Curves for Oil and Water 

(after Lavorsen, 1967) 



15 

flow. When the hydrocarbon saturation decreases to 10 

percent, the hydrocarbons become immobile. 

Hydrocarbon Movement Into Observation Wells 

The thickness of free hydrocarbon product as measured in 

a monitoring well is an apparent thickness rather than a 

"true" or formation thickness (Blake and Hall, 1984). The 

difference between the apparent thickness in a monitoring 

well and the true hydrocarbon thickness is generallly 

attributed to the presence of a capillary fringe above the 

water table surface. The capillary fringe is a zone above the 

water table surface where the capillary forces between the 

grains pull water upward from the water table surface. The 

majority of the capillary fringe is at or near full saturation 

by water. When hydrocarbons are leaked into the unsaturated 

zone they migrate vertically downward until they reach the 

capillary fringe. Since water and petroleum hydrocarbons are 

immiscible fluids and petroleum hydrocarbons have a lower 

specific density than water, the petroleum hydrocarbons 

collect above the capillary fringe. This relationship is 

clearly shown in Figure 2.3. 

Once the formation has been breached by a monitoring well, 

the formation matrix at the well can be described as a large 

"macro pore" (the size of the casing diameter). The 

monitoring well has locally destroyed the capillary fringe. 
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Therefore, there is virtually no capillary rise inside the 

casing (Huges, Sullivan, Zinner, 1988). The height of water 

within the well (with no free-product layer present) 

represents the surface in both the aquifer and the well at 

which the pressure is equal to the atmospheric pressure. The 

pressure within the capillary fringe decreases vertically from 

the water table upwards (Huges, Sullivan, Zinner, 1988). 

Since the pressure within the capillary fringe is less than 

atmospheric pressure, no water moves into the well from the 

capillary fringe. Therefore, the height of the water table 

will be lower than the height of the capillary fringe. If 

free hydrocarbons are perched on top of the capillary fringe 

and the well is screened to this layer, free hydrocarbons will 

flow into the well. The hydrocarbon layer within the well 

will rise to the same elevation as the top of the hydrocarbon 

layer perched on top of the capillary zone. The weight of the 

hydrocarbons within the well will depress the water table 

until the buoyant force counters the weight of the 

hydrocarbons (see Figure 2.3). For example, if a 1-foot 

thickness of light oil having a specific gravity of 0.8 was 

resting on the water table surface, 0.8 feet of the oil would 

be below the level of the original water table surface (Blake 

and Hall, 1984). 

Once the levels of hydrocarbon product within the well 

and the formation have stabilized, the effects of the missing 
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capillary zone within the well have been compensated. The 

exaggeration process has now been completed, any additional 

volumes of hydrocarbons that enter the system will accumulate 

equally in both the formation and the well. If an extra foot 

of hydrocarbon is added to the formation, the thickness in the 

well will increase by a foot also (Huges, Sullivan, Zinner, 

1988). 
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CHAPTER 3 

HYDROCARBON MOVEMENT 

This chapter is divided into two basic sections. The 

first section develops the basic equations of hydrocarbons 

movement in the unsaturated zone. The second section presents 

four theories for estimating the thickness of hydrocarbon 

ponded on the water table using monitoring well hydrocarbon 

thickness data. The four theories can be divided into 

theoretically derived equations (CONCAWE, 1979 and Schiegg, 

1985) and experimentally derived (empirical) equations (Hall 

et al., 1984 and Blake and Hall, 1984). 

Three of the four theories presented in this chapter will 

be evaluated using the experimental data produced in the sand 

box experiments presented in Chapter 5. 

Hydrocarbon Movement in The Unsaturated Zone 

The equations for hydrocarbon movement in the unsaturated 

zone are known, but a solution to the equations has not yet 

been solved. The problem is defined as a "multi-phase flow of 

immiscible fluids". The three phases of concern are water, 

air, and hydrocarbon. The solution requires the use of the 

following principles: Continuity Equation of Mass (3 

equations), Darcy's Law Equations (9 equations). State 

Equations (3 equations), Saturation Equations (1 equation). 
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and Capillary Pressure Equations (2 equations). The solution 

requires that 18 unknowns be solved using 18 equations. 

Dr. George Pinder of the University of Vermont is working to 

obtain a solution to this problem (Personal communication, 

1988). The following is a list the variables necessary for 

solving this question. 

Variables: Ci = density of fluid i 
P± = pressure of fluid i 
Si = saturation of fluid i 
uxi = velocity of fluid i in the x-direction 
Uyl = velocity of fluid i in the y-direction 
Uzl = velocity of fluid i in the z-direction 
W = porosity of the soil matrix 
SiW = volume fraction occupied by phase i 
Vi = velocity vector for fluid i 
\i± = viscosity of fluid i 
K± = intrinsic permeability for fluid i 
p! = compressibility of water 
Poi = initial pressure of water 
C01 = initial density of water 
Mz = molar mass of air 
T = temperature 
R = perfect gas constant 
C03 = initial density of hydrocarbon 
p3 = compressibility of hydrocarbon 
Pcy = capillary pressure of water 
Peh = capillary pressure of hydrocarbon 
g = acceleration of gravity 

where: i = 1 (water); i = 2 (air); i = 3 (hydrocarbon) 

and the following assumptions apply: 

a) No mixing of fluids 

b) Isothermal conditions 

c) K± (intrinsic permeability) of all fluids conform to 
experimentally derived curves 
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Base Equations 

1) Continuity Equation (of Mass) (1 equation for each fluid) 

DIV (Z±V±) + - 0 (1) 

2) Darcy's Law (each direction (X, Y, Z) must be combined 
w i t h  e a c h  f l u i d :  3 x 3 = 9 )  

v± - + Ci^VZ) (2) 
I1 i 

3) State Equations (one per fluid) 

Water: - f01e"Pl<Poi"-Pl) (3a) 

Air: C2 ~ (i^2P2/i?r) (3b) 

Jfydrocarion: C3 - f aJe"Pa(1'03~P3) (3c) 

4) Saturation Equation (the sum of all fluids must equal 1) 
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JEl-SI-1 
i-l * 

( 4 )  

5) Capillary Pressure (relationship of air with water and 
hydrocarbon) 

Pew ~ P2-P1 < 5 a >  

PCH-Pz-Pz < 5 t >) 

The above base equations can be reduced by making the 

following assumptions: 

a) Air phase is immobile: V2 = 0 

b) Water, soil, and hydrocarbon are incompressible Ci = 
constant, £3 = constant 

c) Define head as h = P/C<J + Z 

d) Since £ is a constant, divide and cancel it in 
Continuity Equations 

DIV (v i)+-A(01)-o (6a) 

DIV (v3)+-^(e3
)-o (6b) 

where: 0 = moisture content (S±W) 

e) Darcy's equation can be simplified down to the 
following by substituting in 
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Kfu 
Ki = g 

Vx - -JCl (0!) Vii (7a) 

V3 - -iC, (03) VA (7b) 

The modified Darcy's equations are substituted into the 

continuity equations to create the coupled equations (8a and 

8b) presented below. The two equations are interdependent 

through the ratio of water-hydrocarbon in a given volume and 

are coupled through the saturation equation. The coupled 

equations are solved as follows: 

• Initialize solution with initial known ratio of air, 
oil and water 

• Increase time step; iterate all three equations until 
they balance (i.e., converge) 

• Repeat until required number of time steps have been 
reached. 

DIV (^(e.JV/i) - 6lSr (8a) 

DIV (^3(63) Vh) - bzg (8b) 
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3 
X 
i-1 

- 1 ~ 

3 
T 
i-l W" 

- 1 
(8C) 

The solution to hydrocarbon movement within the unsaturated 

zone appears to be easily solved. The problem is defining the 

parameter of fluid permeability (K± = f(6)). The fluid 

permeability of oil, air and water are affected by the soil 

matrix. The range of K0r0jW = f(0) is extremely large and 

appears to be linked with soil properties such as particle 

size and relative permeability. Negative fluid permeabilities 

have been calculated for some soil matrices. This makes the 

solving of eguations 8a and 8b extremely difficult. 

CONCAWE Model 

The most commonly used method and estimate of hydrocarbon 

thickness uses the CONCAWE factor, presented in the paper 

Protection of Groundwater from Oil Pollution by de Pastrovich 

et al. and published in the CONCAWE Reports in the March 1979 

issue (de Pastrovich et al, 1979). 

The CONCAWE factor is a derivation of an equation relating 

actual and apparent thickness proposed by Zilliox and Muntzer 

(1975) and is presented below: 
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Ah - H-h - .. . Pc°f . (9) 
( C w  -  C a ) g  ( C 0  -  C a )  f l r  

Where: H 
h 
Ah 
P * run 

Cw, Co, Ca g 

= apparent product thickness, measured in well 
= average product thickness in soil near well 
= difference in thickness 

= capillary pressure between water and oil at 
their interface 

= capillary pressure between oil and air at this 
interface 

= density of water, oil and air 
= gravitation acceleration 

de Pastrovich et al. modified the above equation as 

follows: 

H _ H~ 3 _ &CWO { Co-Ca)Sr PqWO Co — ̂  ̂CWO ( J 
h h-a Pcoa (Qw-t0)g Pcoa 1-C0 P, coa 

Where h = actual product thickness including product fringe 
a = product thickness - saturated portion of h 

The CONCAWE factor of 4 used to estimate the volume of 

s pills came from the following assumptions that Co = 0-8 Cw, 

that the Co » Ca Co - Ca - Co/ a**d that ^*cwq " ̂coa • 

Thus, the CONCAWE factor varies with hydrocarbon fluid 

densities, with hydrocarbon densities ranging from 0.695 (some 

gasolines) to 0.920 (# 2 fuel oil), the CONCAWE factor ranges 

from 2.3 to 11.5. Table 3.1 contains CONCAWE factor ranges 

for various petroleum products (Hampton and Miller, 1988). 



Table 3.1 

CONCAWE Factor Ranges For Various Petroleum Products 

Similar Product Dentity, po CONCAWE 
Product Typef (g/ol) (po/l-po) 

high 0.781 3.6 
gasoline low 0.695 2.3 

ave. 0.735 2.8 

high 0.836 5.1 
# 1 fuel oil low 0.790 3.8 
or kerosene ave. 0.814 4.4 

high 0.920 11.5 
# 2 fuel oil low 0.804 4.1 
or dieset ave. 0.852 5.B 

high 0.800 4.0 
JP—4 low 0.752 3.0 

ave. 0.763 3.2 

high 0.838 5.2 
JP-5 low 0.791 3.8 

ave. 0.813 4.4 

All data comes from various topical reports by the National 
Institute for Petroleum and Energy Research (NIPER), 

(After Hampton & Miller, 19B8} 
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H.O. Schiegg Model 

A mathematically derived estimate of the height of product 

on top of the water table was proposed by H.O. Schiegg in 

1985. Schiegg attempts to obtain a height estimate by 

explaining the relationship between the water-air saturation 

curve and the saturation curves for water-oil and oil-air as 

expressed by the scale factor Q. Using these basic 

relationships and a number of assumptions and experimentally 

derived estimates, he developed the following equation for 

product formation thickness: 

& Hmin — 2 • hcvirg 

Where: H = mean height of oil layer in observation 
well 

limiu = denotes the minimum oil column height in 
the formation 

hcvirg = denotes the mean capillary height of the 
water-air saturations curve, which is 
encountered by the propagating oil 

The Schiegg model starts with three saturation curves: 

water (W), oil (0), and air (A). A saturation curve 

demonstrates the difference in concentrations of two fluids, 

with regard to each other, within a soil matrix. The three 

saturation curves are mathematically represented below in 

Equation 11: 
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HCWA-hc (SM); water-air saturation curve (lla) 

HCOA-hc \Q (SO) ; oil-air saturation curve (lib) 

HCWO-hc\ff (SW) ; water-oil saturation curve (llc) 

While these saturation curves can be determined 

experimentally, they can be derived mathematically by taking 

advantage of the Laplace capillary equation and the 

relationship between curvature radius and capillary radius. 

Thus the saturation curves between oil-water and water-oil can 

be expressed as follows in Equation 12: 

Q | A _  
'0 

° w • COBX ̂  

(12a) 

fi 1° 
w 

\° 
xw C °C I c w  

c « oc 
ft (C»-C„) 
w  

(12b) 

Where: Q = Scale factor which represents the Laplace 
equation in capillarity and the relationship 
between curvature radius and capillary radius 

o = surface tension 
y = interface tension 
« = wetting angle 
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£ = density 

Schiegg had previously determined values for 

I 0 I A Q I and Q I in hydrophilic porous medium as: 
W 0 

fig- 0.6 for inhibition; 0.4 for drainage (13a) 

Q 1^. - -1 for inhibition; 2-3 for drainage 

To this point, we have not considered the effects of oil 

on the water-air system. An oil film will change the surface 

tension (o) and wetting angle («) of the meniscus between 

water and air. Once oil reaches the capillary fringe, you 

have been transposed into a double-meniscus system (water-oil 

and oil-air). To simplify the mathematics, a new term is 

created to combine the two capillary pressures: 

Pcpoll - 'o £ + <14> 

Where: PCpoii = polluted capillary pressure 

I A Pc I = oil-air capillary pressure 
0 
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I 0 Pc I = water-oil capillary pressure 
W 

Capillary pressure is defined as: 

Pa - <CW-Cni,> ' ST' hc (15) 

Where: g = gravity acceleration 
"w" = wetting 
"nw" = non-wetting 
he = capillary height 
C = fluid density 

Combining Equations 14 and 15 and assuming fA = 0 and Cw 

= 1 and it follows that the polluted capillary height is: 

_ & jfl + h f • (1 - C ) (16) 
ncpo2J — nc 'O ^ ° c 'f/ * o' 

Now that a basic understanding of how the oil-air-water 

system is expressed within the soil matrix, equations must be 

derived to express the oil-air-water system within a 

monitoring well. 

The following assumption is made: 

Ca (( Co ( Cw f 
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thus the height of the oil-column in a monitoring well (Kj) 

can be expressed as: 

(17) 

The height of the oil-column (Hj.) can be expressed as a 

function of fluid potentials. Since we are dealing with 3 

fluids, we will derive 3 combinations (water-air, oil-air and 

water-oil) of equations to define their potential for H = H^, 

where: 

Using the fact that the pressure difference between two 

fluids is equal to zero at their interface, the following 

equations can be derived: 

$ - P + £'9*hT (18) 

Where: 4 = fluid potential 
hp = monitoring well height 

(19a) 
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h 1^ - ^ ° (19b) 
T °  ( C A - C 0 ) f f  1  }  

(19c) 

Inserting Equations 19b and 19c into Equation 17 results 

in: 

- 4>0 4>0 - <frw 
( C A  -  C o )  3  ( C c  -  c„)9 

ht - ,7* 7,° _ - ,;° (20) 

This indicates that the height of the intermediate fluid 

(oil) column is dependent on the potential of its adjacent 

fluids as well as its own fluid potential. 

Equation 20 can be modified to make it independent of the 

potential of water and air by making the following 

assumptions. That the potential of water and air equal zero, 

since atmospheric pressure is commonly assumed to equal zero, 

since CA ((Co (£w Thus, the water potential can be set to 

zero if its reference point is established at the air-water 

interface. The one additional concept needed is to define 

relative potential ($r) as the oil potential at the air-water 

interface (the reference point necessary to set the water 

potential to zero). Based on these assumptions and with = 

1, Equation 20 reduces to: 
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lT- * n 1 r ) 1 ~ZT (21) C0 (l - f0) g 

if you insert values of 0.85 gm/cm3 for f0 and 981 cm/s2 for gi 

Hncrn) ~ -^5 ' ̂riexg/cm3) (22) 

Basic equations have been developed to express the height 

of oil in the formation and within a tube. Now we must modify 

these equations so that we can express the height of oil in 

the monitoring well to the height within the formation. 

The following equation describes the relationship between 

the formation and monitoring well oil heights: 

H - H r + h c Q - h c  \° ( 2 3 )  

Where: H = mean height of oil-layer in observation well 
!£,. = height of oil-column in observation well 

- I A hc I = height between average oil-air saturation 
O and the top of oil layer 

-I 0 hc 1 = height between average water-oil saturation 
W and the bottom of oil layer 

When combined with modifications of Equation 12 yield: 
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H - Ht + Q - fi 1^. * 1^ (24) 

Inserting the values from Equation 13 and assuming the 

propagation of oil along a steady-state ground water table, 

the oil-air interface is considered to be imbibition (IM) for 

the water-oil interface and is considered to be draining (DR) 

for the water-oil interface and Equation 24 can be expressed 

as follows: 

H ~ HT + 0.6 • hzfy IM - 2.5 • h^^DR (25a) 

It is assumed that: 

1% $ JAf ~ 0.5 'hz§DR (25b) 

and that: 

hz^DR - hzvlrgDR (25c) 

(the virgin saturation curve for water and air) 

Thus, 

H ~ Ht - 2 • vixg DR (25c) 
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Hall et al. Model 

The Hall et al. model (Hall at al., 1984) is the result 

of a series of sandbox experiments on coarse, medium, and fine 

sands (U.S. Bureau of Reclamation Grain Size Scale). They 

determined that a correlation factor dependent on pore size 

and the surface tension of the hydrocarbon could be found for 

each classification of sand. They determined experimentally 

that a correlation factor was most dependent on the pore size. 

They refer to the correlation factor as the "Formation 

Factor". The results of their study are shown below: 

* Based on U.S. Bureau of Reclamation Grain Size 
Scale 

The formation factor is used to determine the height of 

hydrocarbon in the aquifer in the following manner: 

H = Hj - F 

CLASSIFICATION* 

MINIMUM 
HYDROCARBON 
THICKNESS 

FORMATION 
FACTOR 

Coarse Sand 
Medium Sand 
Fine Sand 

8 cm (3 in) 5 cm (2 in) 
15 cm (6 in) 7.5 cm (3 in) 
23 cm (9 in) 12.5 cm (5 in) 

Where: H = height of hydrocarbon in the formation 
He = height of hydrocarbon in the observation well 
F = formation factor 
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While no experimentation was carried out on non-sand soils, 

the authors predict that formation for field sites will range 

from 2 to 6 inches (coarser to finer-grained soils). 

Blake and Hall Model 

The Blake and Hall model (Blake and Hall, 1984) suggests 

that a true estimate of the height of the hydrocarbons in the 

formation can be determined by knowing the height of the 

hydrocarbons in the observation well and the height from the 

water table as measured in the observation well (before 

contamination) to the bottom of the gasoline layer. They have 

produced the following relationship: 

H = Hj - (Dm + Hm) 

Where: H = height of hydrocarbon in the formation 
Hr = height of hydrocarbon in the observation well 
Dm = depth of hydrocarbon in observation well below 

the original water table 
Hm = distance from the water table to the bottom 

of the hydrocarbon layer 

The Blake and Hall model depends on two variables that 

combine to create a formation factor. The first, Dra, requires 

knowledge of the undisturbed water table elevation and the 

second Hm requires an estimate of the capillary fringe within 

the unsaturated zone. 
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CHAPTER 4 

PROCEDURE 

The remediation of a hydrocarbon leak consists of three 

stages. The first is to determine the extent of the problem 

by identifying and stopping the source of the leak, then 

determine the configuration of the plume. The second step 

requires the removal of free product from the top of the 

aquifer. The last step is to remove the hydrocarbon from the 

soil and the ground water using some bioreclamation or vapor 

extraction system. 

This experiment is concerned with the second step. The 

volume of a hydrocarbon spill in most cases is unknown as 

proper inventory control is seldom used. The use of 

observation wells to delineate the hydrocarbon plume provides 

the only information available on the volume of hydrocarbon 

ponded on top of the aquifer. If enough observation wells 

have been installed the hydrocarbon plume can be contoured and 

the volume of free product estimated. 

There is only one problem with using a contour map derived 

from observation well data; the height of hydrocarbon in an 

observation well has been estimated to be 4 times higher than 

the height of hydrocarbon in the formation (CONCAWE, 1979). 

While this fact has been known for a long time, methods of 

estimating the actual height of hydrocarbon in the formation 
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have been few. Knowing the volume of the free product on top 

of the aquifer is important for the design of an extraction 

system. As the removal of the free product must be completed 

before remediation of the soil or ground water can be started, 

the extraction system needs to be very effective. If the 

volume estimate is taken from the observation well data, the 

extraction system will have a higher capacity than is 

necessary, thus increasing its cost. If a poor estimate 

results in under-estimating the volume of the free product, 

the system built will either be swamped by too much 

hydrocarbon or take much longer than anticipated to remove all 

the free product. 

A method of using the hydrocarbon heights in the 

observation well and some property found in the soil formation 

to determine the thickness of hydrocarbon on top of the 

aquifer is of some economic importance. The use of a sandbox 

model where the properties of the soil, the height of 

hydrocarbon in the observation well, and the thickness of 

hydrocarbon in the soil are all known, could result in the 

development of a series of curves from which an estimate of 

hydrocarbon thickness in the formation could be determined 

from observation well data. 

A sandbox can be designed to simulate a two- or three-

dimensional approach to this problem. Both approaches have 

advantages and disadvantages in terms of developing the height 
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of hydrocarbon in the observation well versus the height of 

hydrocarbon in the soil. 

The two-dimensional approach has the following advantages. 

The experiment is easier to set up as the size of the sandbox 

is much smaller than a three-dimensional sandbox as boundary 

effects are not considered. In the two-dimensional sandbox the 

heights of hydrocarbon in the observation well and the soil 

can be measured against the side of the sandbox. 

The major disadvantage is the boundary effect. A true 

estimate of hydrocarbon rise in the soil can not be estimated 

if the hydrocarbon is allowed to interact with the sandbox 

wall. The difference in the surface tension of the glass wall 

and the soil causes the hydrocarbon to creep up the side of 

the wall giving inaccurate height readings. 

The three-dimensional approach has the following 

advantages. By increasing the size of the container the soil-

water-hydrocarbon interactions will behave more like an actual 

aquifer. The distance of the observation well from the 

sandbox walls eliminates the possibility of boundary 

interferences. The major difficulty in using the three-

dimensional approach is the measurement of the heights of 

hydrocarbons in both the soil and the observation well. 

A three-dimensional approach was used in this experiment 

as the boundary effect in the two-dimensional approach was 

estimated to be larger than the detection of hydrocarbon 

height error. Two methods of detecting hydrocarbon heights 
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were considered. The most promising was the use of 

differences in dielectric constants. In studies of 

electromagnetic wave propagation, three properties of the host 

medium are important: dielectric constant, electrical 

conductivity, and magnetic permeability (Scott, Carroll and 

Cunningham, 1967). The electrical capacitance (C) of a pair 

of electrodes with soil between them is related to the 

dielectric constant (K) by: 

C = (AB)K 

where: A = constant based on electrode geometry 
B = permitivity of the vacuum (Selig et al., 1975) 

Using the above formula, an instrument has been made that 

will determine the dielectric constant (K). The instrument is 

calibrated by inserting the two electrodes into a beaker of 

distilled water. The dielectric constant of distilled water 

is 80 Farad/meter. 

The instrument is then used by inserting two long iron rods 

(they serve as the electrodes) into the sandbox. The 

dielectric constant should change as the electrodes pass 

through the sand-hydrocarbon and hydro carbon-water interfaces . 

By raising and lowering the electrodes the thickness of the 

hydrocarbon layer can be measured. 

A successful application of the dielectric constant method 

was presented in a paper by D. Keech (Keech, 1988) who 

described using a portable dielectric logging system. 
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developed by Chevron Oil Field Research Company, to determine 

the thickness of hydrocarbon on top of the capillary fringe. 

The portable dielectric logging system used by Keech required 

a 4" logging well being installed adjacent to the monitoring 

well. 

D. Keech (Keech, 1988) determined that the formation 

dielectric constants for the water-saturated zone was 17.2 

Farad/meter, for the hydrocarbon zone it was 3.9 Farad/meter, 

and for the air saturated zone it was 3.2 Farad/meter. The 

portable dielectric logging system used by D. Keech was 

sensitive enough to detect the hydrocarbon-air interface. The 

portable probe used in this thesis was unable to determine the 

hydrocarbon-air interface so the method was abandoned. 

The second detection method used a water-sensitive paste 

and chalk. An iron probe was covered with chalk on one side 

and a commercial product named Kolor Kut® on the other side. 

The iron probe was inserted into the soil and removed. On the 

chalk side, wherever the chalk encountered liquid it 

dissolved. On the Kolor Kut® side, wherever it encountered 

water the orange paste changed color to red. By measuring the 

distance between the end of the red paste to the start of the 

chalk, the height of the hydrocarbon was determined. The 

heights of water and hydrocarbon in the well were also 

measured and recorded. 



Experimental Setup 

Three 55-gallon drums were used in this experiment. They 

were modified in the following manner (see Figure 4.1). Three 

1-inch diameter holes were drilled into the sides of each 

drum. The first hole was drilled 14 inches above the base of 

the drum. The second and third holes were drilled at 18 and 

22 inches, respectively, above the base of the drum. A valve 

was attached to each hole. Garden hose was attached to both 

sides of the valve. The garden hose connected inside the drum 

was slotted to allow hydrocarbon to drain into the soil. 

Three observation wells were constructed from 2-inch, 

schedule 40, type 1, PVC pipe. Each observation well was 5 

feet long and was completely slotted for the first 2.5 feet. 

The observation well was screened by wrapping several lengths 

of a fine mesh screen around the slotted end of the 

observation well, see Figure 4.2. The completed observation 

wells were glued to the bases of the 55-gallon drums. 

The soil was added to the drum to a height of 11 inches. 

The soil was then completely saturated with water. The water 

ponded on top of the soil was drained and three inches of soil 

was added to the drum. A 2-foot length of slotted garden hose 

was attached to the first valve and encircled the observation 

well at a 3-inch radius from the well's outer dimension. 

Four more inches of soil was added and the second slotted 
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«< 2-inch Schedule 
40 Type 1 
PVC Pipe 

Screened with 
Netting 

Figure 4.2 

Observation Well Design 

0.1-inch Slots 
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garden hose was installed. The same process was repeated for 

the third valve. Once the third valve was hooked up the drum 

was filled to a final depth of 3 feet with soil. 

Two types of soil and one clean sand were used in the 

experiment. The Brazito Sandy Loam and the Gila Silty Loam 

were both collected at the University of Arizona Agricultural 

Experimental Farm located at the intersection of Cambell and 

Roger Roads in Tucson, Arizona and were both used in one test 

run. A clean quartz sand was sieved to an average grain size 

of 60-microns and was used in two test runs. 

Measurement Procedure 

After allowing an equilibrium time of 1 hour, the iron 

probe was prepared with chalk on one side and Kolor Kut® on 

the other and was inserted into the observation well. The 

initial water height within the well was recorded. The iron 

probe was cleaned and prepared with chalk and Kolor Kut® and 

inserted to the bottom into the soil at the distance of 4 

inches from the well (OD). The height was recorded and the 

process repeated to get an average height of water. The 

process was repeated at a distance of 6 inches from the well 

(OD) and the height of water recorded. Two quarts of Texaco 

regular unleaded gasoline was injected (by gravity feed) 

through a garden hose through the bottom valve. Two to four 

hours ecpiilibration time was allowed before the iron probe was 

inserted (using the methods described above) into the 
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observation well and the soil. After average heights had been 

determined in the soil, 1 quart of gasoline was added through 

the bottom valve. This process was repeated as long as 

reliable data was obtained. 

Laboratory Experiments 

A number of laboratory experiments were carried out to 

determine field parameters necessary to apply the three 

hydrocarbon thickness theories. The analytical methods and 

results are presented in Appendix A. The results of these 

experiments are presented in Table 4.1 (Density and Porosity 

Data), Table 4.2 (Capillary Rise Data), and Figure 4.3 

(Brazito and Gila Loam Soil Distribution). 



Table 4.1 

Density And Porosity Data 

Parameter Sand Gila Brazlto 

pb 1.45 g/m! 1.22 g/ml 1.30 g/ml 

ps 2.65 g/ml 2.60 g/ml 2.63 g/ml 

nt 0.45 0.53 0.51 

pb b Bulk density 
ps e Partical density 
nt - Porosity 
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Table 4.2 

Capillary Rise Data 

Time He—— 
Saod Gila Bruzito 

(minutca) (inches) 

0.5 3.15 0.25 1.57 

1.0 4.13 1.00 2.17 

2.0 5.32 1.77 2.56 

4.0 6.50 2.17 3.15 

8.0 8.66 2.95 4.61 

16.0 9.37 3.50 5.12 

32.0 10.43 5.11 6.18 

64.0 11.46 5.91 6.30 

128.0 12.60 7.52 6.81 

He = Capillary height of water 

Soil Type Capillary Radius (r) 

Sand 0.0018 in. 

Gila 0.0030 in. 

Brazito 0.0008 in. 
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\S Brazito soil 

Claj Silt Sand 

Type of particle 

Figure 4.3 

Brazito and Gila Loam Soil Distribution 
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CHAPTER 5 

INTERPRETATION OF RESULTS 

Three successful runs were completed in this study. Two 

of these runs used 60-micron quartz sand. Of the two natural 

soils tested (Brazito Sandy Loam and the Gila Silty Loam) only 

the data obtained from the Brazito Sandy Loam run was usable. 

First Sand Run 

This experiment was run from 7 February to 28 February at 

the Water Resource Center Experimental Station located at 

Prince Road and 1-10. As described in Chapter 4, a 55-gallon 

drum was filled with 60-micron sand. Installed in the center 

of the drum was a 2-inch PVC observation well. The bottom 

foot of sand was saturated with water. Hydrocarbon was 

injected into the sand above the water table through a slotted 

garden hose. 

Information on the height of hydrocarbon and water was 

obtained from the observation well, the sand 4 inches from the 

observation well, and the sand 6 inches from the observation 

well. The results of this experiment are shown in Table 5.1. 

As expected, the hydrocarbon height in the observation well 

was always higher than the height in the sand (both 4 and 6 

inches) . The height of the hydrocarbon in both the 

observation well and in the soil did not rise as high as 
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Table 5.1 

First Sand Run Data 

Well- Soil Volume 
Date Hw Hg Hw Hw Hg Hg of gas 

4 in. 6 in. 4 in. 6 in. 

2/7 3.00 9.00 9.00 11.00 7.00 B.50 2 qt 

2/9 3.00 10.00 10.00 12.00 7.50 8.50 1 qt 

2/11 2.50 9.75 8.50 10.75 7.80 8.00 1 qt 

2/15 3.00 11.00 9.00 11.25 8.25 8.50 1 qt 

2/17 3.15 10.25 9.50 12.00 7.25 8.00 1 qt 

2/18 3.00 11.00 10.00 12.25 9.00 9.00 1 qt 

2/23 2.75 9.25 8.75 10.75 7.00 7.75 1 qt 

2/26 3.00 9.50 9.00 10.50 7.25 8.00 1 qt 

2/27 3.00 10.50 9.75 11.25 8.25 8.75 1 qt 

2/28 3,00 10.75 9.00 11.00 9.00 9.25 1 qt 

Hw • Height of water from base of drum to bottom of gasoline (inches) 
Hg e Height of gasoline is from top of water to top of gasoline (inches) 

Correlation coefficient 

4 inch data 0.75 
6 inch data 0.43 
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expected. This was due to the lateral dispersion of 

hydrocarbon in the sand. This is illustrated by the vast 

difference in the height of water in the observation 

well and the surrounding sand. This difference indicates a 

large capillary fringe. The long seepage face caused by the 

capillary fringe facilitated the migration of hydrocarbon into 

the observation well. 

In Figure 5.1 the height of hydrocarbon in the observation 

well was plotted against the height of hydrocarbon in the sand 

at both 4 and 6 inches from the observation well. Although 

there is a great deal of scatter present in both sets of data, 

the correlation coefficient for the 4-inch data was higher 

than the 6-inch data (0.75 and 0.43, respectively). 

Therefore, the 4-inch data were used in the model comparisons. 

A relationship can now be established between the height of 

hydrocarbon in the observation well vs. the height of 

hydrocarbon in the sand. 

4-Inch Data 6-Inch Data 

Ht = 0.82H + 3.71 Ht = 0.97H + 0.43 
H = 1.22Ht - 4.52 H = 1.03Ht - 0.44 

where Ht = height of hydrocarbon in observation well 
H = height of hydrocarbon above the water table 

It is assumed that the relationship between hydrocarbon 

rise in the observation well and the rise in the soil is 

linear, because of the relationship between the capillary 

fringe height and the formation particle size. This linear 
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relationship in sandy aquifers has been noted in the 

literature (Hall et al., 1984; Blake and Hall, 1984). 

Second Sand Run 

This experiment ran from 12 April to 16 April at the Water 

Resources Research Center Experimental Station. Readings were 

taken in at least 2-hour intervals. The results of this 

experiment are shown in Table 5.2. The data obtained in this 

experiment was more scattered than the first sand run. Three 

readings of the 6-inch data showed a higher hydrocarbon height 

in the sand than in the observation well. There was only one 

data point in the 4-inch readings that showed a higher sand 

height than observation well height. 

If these data points are ignored, the correlation between 

the height of hydrocarbon in the observation well and the 

height of hydrocarbon in the sand increases by a factor of 2. 

Throwing out 3 data points for the 6-inch data may be 

unscientific, as 2 of those 3 points seem within the normal 

spread of data. Only the 14 April 8 a.m. height of 

hydrocarbon in the observation well data is 

uncharacteristically low. With that data point deleted 

(Figure 5.2), the following statistics were determined: 

4-Inch Data 6-Inch Data 

Correlation Coeff. = 0.52 
Ht = 0.44H +6.25 
H = 2.27Ht - 14.20 

Correlation Coeff. =0.37 
Ht = 0.36H +5.10 
H = 2.78Ht - 14.17 
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Table 5.2 

Second Sand Run Data 

Date Time 
—wen— 

Hw Hg Hw 
4 In. 

Soil— 
Hw 
6 In. 

Hg 
4 In. 

Hg 
6 In. 

Volume 
of gas 

4/12 4 PM 1.00 7.50 7.00 6.00 3.67 6.00 2qt 

4/12 7 PM 1.00 8.00 7.00 e.oo S.67 6.83 1 qi 

4/13 SAM 1.25 8.50 6.00 8.00 7.17 7.00 1 Qt 

4/13 10 AM 1.50 10.50 7.00 8.00 7.50 8.00 iqt 

4/13 4 PM 1.50 10.00 6.00 8.00 7.17 . 7.00 1Q1 

4/13 7 PM 1.75 10.50 6.00 8.00 8.00 8.00 1 qt 

4/14 BAM 2.00 6.50 6.00 8.00 8.00 8.30 iqt* 

4/14 10 AM 2.00 10.00 7.00 6.00 8.00 7.00 Iql 

4/14 12 PM 2.00 9.50 8.00 6.50 S.OO 10.50 iqt 

4/14 2 PM 2.00 0.50 6.00 8.00 9.00 10.00 1 qt 

4/16 £fAM 2.00 8.00 7.00 10.00 8.50 8.00 1 qt 

4/16 10 AM 2.00 10.50 6.00 12.00 8.00 10.00 1 qt 

4/16 12 PM 1.00 11.00 6.00 12.00 8.50 10.00 Oqt 

Hw • Height of water (inches) 
Hg - Height of gasoline (inches) 
* • Data point excluded in calculations 

Correlation Coefficient for 4 inch corrected data: 0.S2 
Correlation Coefficient for 6 inch corrected data: 0.37 



12.00 -

11.00 
£ « 
(0 ® 
g <5 
2 c 
•£ 3 10.00 

CO — 

°! 
s 5 
>» c 
X o 9.00 

5 ° 
2 n 
o o e.oo 

o o 4 inch 

6 inch 

7.00 •!> i I I | I T'~' TT I I I i ' ' ' ' I ' » ' • I » ' ' ' I I I I I | I I i i t 
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 

Height of Hydrocarbons In Soil (Inches) 

LEGEND 

• 4 inch data 

0 6 inch data 

Fjgure 5.2 

Second Sand Run Ht. vs. H. Plot 



57 

COMPARISON OF FIRST AND SECOND SAND RUNS 

Plots of the first and second sand runs do not show a great 

deal of similarity. The first sand run has a much higher 

correlation coefficient than the second sand run. One 

possible explanation for this discrepancy is that the first 

run was completed in February and the second run in April. 

The climatic differences (hours of daylight, temperature, and 

humidity) may have caused the lower correlation coefficient in 

the second sand run. Another possible explanation for the poor 

correlation was the difference in sampling time. In the first 

run there was at least 24 hours between each sampling time. 

During the second sand run there was as little as 2 hours 

separating sample times. Possibly 2 hours was not long enough 

for the water-hydrocarbon interface to equilibrate. This 

could have resulted in higher hydrocarbon heights in the soil 

readings than would have been recorded if equilibrium had been 

achieved. 

The third possible explanation for the poor correlation was 

that the two sand formations were different. Comparing Tables 

5.1 and 5.2 shows a 2-inch difference in original water table 

height between the two runs. The second run had the lower 

water table height. Possibly the sand in the second run was 

not completely saturated. This lack of saturation could have 

caused the migration of hydrocarbon away from the observation 

well into low areas in the capillary fringe. This migration 
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would have created higher hydrocarbon readings in the sand in 

the second sand run than in the first. 

Brazito Sandy Loam Run 

A test on the Brazito Sandy Loam was conducted from 12 

April to 16 April at the Water Resource Research Center Field 

Station. This run was an attempt to apply the sand procedure 

to a non-homogenous soil. The Brazito Sandy Loam is composed 

of 68% sand, 23% silt, and 9% clay. The soil was screened 

through a 1-mm screen. The 55-gallon drum was set up exactly 

as previously described in the sand runs. 

The results of this experiment were poor. Looking at Table 

5.3 shows that the height of hydrocarbon in the observation 

well and the soil tended to fluctuate during early 

observations. After some time had elapsed, there was little 

difference between observation well and sand heights. The 

data in Table 5.3 is plotted in Figure 5.3. This graph is of 

limited use as the data points are almost randomly 

distributed. The following statistics were obtained: 

correlation coeff. = 0.26 
Ht = 0.37H +7.09 
H = 2.7OHt - 19.16 

The correlation of this data is so poor that neither of the 

above equations can be used to predict hydrocarbon heights. 

All this data can be used for is to establish the trend of the 

observation well-sand heights. 
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Table 5.3 

Brazito Sandy Loam Data 

Date Time 
Well-

Hw Hg Hw 
4 in. 

-SoU 
Hg 

4 in. 

Volum 

of gas 

4/12 4 PM 2.00 8.00 9.00 4.00 2 q t  

4/12 7 PM 2.00 11.50 7.00 7.00 1 qt 

4/13 8 AM 3.00 9.00 8.00 6.00 1 qt 

4/13 10 AM 3.00 10.00 8.00 7.00 1 qt 

4/13 ' 4 PM 4.00 10.00 8.00 6.50 1 qt 

4/13 7 PM 4.00 9.00 8.00 8.00 1 qt 

4/14 S A M  6.00 10.00 8.00 8.00 1 qt 

4/14 10 AM 3.00 12.00 5.00 9.00 1 qt 

4/14 12 PM 4.00 9.50 5.50 8.50 1 qt 

4/14 2 PM 5.00 10.00 7.00 9.00 1 qt 

4/16 8 AM 2.50 10.00 5.00 8.75 1 qt 

4/16 10 AM 3.00 9.25 5.00 8.50 0 qt 

Hw • Height of water from base of drum to bottom of gasoline (inches) 
Hg » Height of gasoline is from top of water to top of gasoline (inches) 

Correlation coefficient 

A inch data 0.26 
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There are two possible reasons for the poor results of this 

experiment. The first is the soil hydrocarbon detection 

method. The dark colored soil clung to the Kolor Kut® paste 

completely masking any color change. The soil had to be 

removed from the Kolor Kut® paste to determine where the water 

ended and the hydrocarbon started. Due to this difficulty, a 

large number of trials had to be taken until an informed 

average (which consists of throwing out the high and low 

values and averaging the middle values) could be made. 

The second possible error source was the short sampling 

intervals. With the large percentage of clay and silt 

contained in the Brazito Sandy Loam a longer equilibration 

time may have been. The large fluctuations in the observation 

well heights were the result of rapid drainage of hydrocarbon 

into the observation well without allowing enough time for the 

hydrocarbon to laterally disperse into the soil. 

Gila Silty Loam Run 

A test of the Gila Silty Loam was attempted on 12 April 

1987 at the Water Resources Research Center Field Station. 

This was another attempt to obtain a relationship between 

hydrocarbon height in a observation well with the height in a 

non-sand soil. The Gila Silty Loam is composed of 54% sand, 

36% silt, and 10% clay. The soil was screened through a 1-mm 

screen and deposited into a 55-gallon drum in the same manner 

as the sand runs. 
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The experiment failed for two reasons. The first was due 

to the large capillary rise. The capillary rise was not 

constant throughout the drum. It was much higher in some 

sections than in others. Compounding this problem was the 

capillary rise of the injected hydrocarbon. The large clay 

and silt concentrations caused the hydrocarbon to migrate more 

vertically than horizontally. For these reasons it was 

difficult to get any consistent readings and the height of 

hydrocarbon in the soil was always a poor average. The final 

blow was that each reading showed much higher heights of 

hydrocarbon in the soil than in the observation well, 

disproving the original theory. 

The second reason was again the near impossibility of 

determining the actual height of hydrocarbon in the soil. The 

clay and silt content made it extremely difficult to detect 

the color of the Kolor Kut® paste along with the high 

irregularity of the capillary fringe made consistent readings 

impossible. After the first day the experiment was abandoned. 

COMPARING ACTUAL DATA TO SCHIEGG MODEL 

In order to apply Schiegg's model, the mean capillary 

height of virgin saturation curve for water and air during 

drainage must be determined. This parameter is not readily 

determined in the laboratory; instead, a simple capillary rise 

experiment was carried out (see Appendix A). The results of 

these capillary rise experiments are located in Figure 5.4. 
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The hvirgDR (the virgin saturation curve for water and air) 

term was approximated as the 2-minute capillary rise value. 

A value for hvirgDR was obtained for # 2 grade sand from the 

literature (Hampton and Miller, 1988) to more accurately apply 

Schiegg's model to the sand data. 

Applying Schiegg Model To First Sand Run 

The hvirgDR value obtained for # 2 sand is 3.38 inches. 

The results of Schiegg's model is presented in Table 5.4. If 

this model was a perfect fit, the correlation coefficient for 

the plot of actual hydrocarbon height in the sand vs. 

theoretical hydrocarbon height in the sand. Figure 5.5, would 

be equal to one. In this case the correlation is 0.75. The 

data obtained from the Schiegg model appears to underestimate 

the thickness of hydrocarbon on top of the capillary fringe on 

average by 4.5 inches. As the hvirgDR parameter is difficult 

to obtain, this model is of limited use in the field. 

Applying Schiegg Model To Second Sand Run 

Table 5.5 has the theoretical hydrocarbon heights (Heal) 

predicted by the model. These Heal values again 

underestimated the thickness of the hydrocarbon on top of the 

capillary fringe. The difference between H and Heal varies 

much more in the second sand run, possible due the greater 

fluctuations in the monitoring well thicknesses, compared to 

formation thicknesses. Figure 5.5 shows the plot of H vs. 
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Table 5.4 

Scheigg Model vs First Sand Run Data 

Date Ht H Heal 

2/7 9.00 7.00 2.24 

2/9 10.00 7.50 3.24 

2/11 9.75 7.80 2.99 

2/15 11,00 8.25 4.24 

2/17 10.25 7.25 3.49 

2/18 11.00 9.00 4.24 

2/23 9.25 7.00 2.49 

2/26 9.50 7.25 2.74 

2/27 10.50 8.25 3.74 

2/28 10.75 9.00 3.99 

Ht Height of product in the well 
H = Product thickness in the formation 

Where: Heal = Ht - (2 * 3.38) 
Correlation coefficient: 0.75 
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Table 5.5 

Scheigg Model vs Second Sand Run Data 

Date Time Ht H Hc«l 

4/12 4 PM 7.50 3.67 0.74 

4/12 7 PM 9.00 5.67 2.24 

4/13 8 AM 6.50 7.17 1.74 

4/13 10 AM 10.50 7.50 3.74 

4/13 4 PM 10.00 7.17 3.24 

4/13 7 PM 10.50 8.00 3.74 

4/14 8 AM 6.50 8.00 -0.26* 

4/14 10 AM 10.00 8.00 3.24 

4/14 12 PM 9.50 9.00 2.74 

4/14 2 PM 9.50 9.00 2.74 

4/16 6 AM 9.00 8.50 2.24 

4/16 10 AM 10.50 9.00 3.74 

Ht • Height of product in the well 

H - Product thickness in the formation 

* » Data for Ht deleted from statistics 

Where: Heal « Ht - (2 • 3.38) 

Correlattbn coeffient uncorrected data: 0.46 
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Heal. The correlation between these two values is 0.41, if 

the 14 April 8 a.m. data point is deleted. 

Applying Schiegg Model To Brazito Sandy Loam Run 

Using Figure 5.4, it was found that at time equal to two 

minutes the capillary rise was 2.56 inches. This value was 

used for the hvirgDR parameter in Schiegg's model. The 

results of the Schiegg model are shown in Table 5.6. The Heal 

values determined were all positive. These values ranged from 

2.88 to 6.88 inches. Figure 5.5 shows the plot of H vs. Heal. 

The correlation between H and Heal was 0.26, this is barely 

above random chance. A true test of this model will require 

a saturation curve (that shows hysteresis) for the Brazito and 

the quartz sand to determine an accurate hvirgDR (the quartz 

sand hvirgDR value used was developed using the Brooks-Corey 

model for saturation-pressure head curve (Hampton and Miller, 

1988)) . 

COMPARING ACTUAL DATA TO HALL GT AL. MODEL 

The Hall et al. model was applied to data obtained from 

both sand runs and to the Brazito Sandy Loam run. 

Applying Hall et al. Model To First Sand Run 

The sand used in this experiment has a median size of 60 

microns. According to the U.S. Bureau of Reclamation Grain 
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Table 5.6 

Scheigg Model vs Brazito Sandy Loam Data 

Date Time Ht H Heal 

4/12 4 PM 8.00 4.00 2.88 

4/12 7 PM 11.50 7.00 6.38 

4/13 8 AM 9.00 6.00 3.BB 

4/13 10 AM 10.00 7.00 4.88 

4/13 4 PM 10.00 6.50 4.88 

4/13 7 PM 9.00 8.00 3.88 

4/14 B AM 10.00 8.00 4.88 

4/14 10 AM 12.00 9.00 6.88 

4/14 12 PM 9.50 8.50 4.38 

4/14 2 PM 10.00 9.00 4.88 

4/16 B A M  10.00 8.75 4.88 

4/16 10 AM 9.25 8.50 4.13 

Ht « Height of product in the well 

H » Product thickness in the formation 

Where: Heal - Ht - (2 * 2.56) 

Correlation coefficient: 0.26 
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Size classification, this is a fine-grained sand. A fine sand 

has a formation factor of 5 inches associated with it. Table 

5.7 contains the model's predicted hydrocarbon height in a 

fine sand. This model seems to predict hydrocarbon heights 2 

inches lower than the heights found in the sand. 

Figure 5.6 shows the plot of actual hydrocarbon height in 

sand vs. theoretical hydrocarbon height in sand. The best fit 

line running through these data points shows a good fit. The 

correlation between actual and predicted heights is 0.75. 

From this information the model seems to be a consistent 

measure of hydrocarbon height in the sand. 

Applying Hall et al. Model To Second Sand Run 

Using the same sand as the first sand run, the formation 

factor is again 5 inches. The results of the model are 

located in Table 5.8. If the 14 April 8 a.m. data point is 

thrown out as not being consistent with the surrounding 

hydrocarbon heights recorded in the observation well, the 

predicted hydrocarbon heights are on average 3 inches too low. 

As can be seen in Figure 5.6, the correlation between H and 

Heal is significant at 0.52. A correlation of 0.52 is 

important as it gives trend information. This trend 

information can help in free product removal design 

considerations. 
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Table 5.7 

Hall et al Model vs First Sand Run Data 

Date Ht H Heal 

2/7 9.00 7.00 4.00 

2/9 10.00 7.50 5.00 

2/11 9.75 7.80 4.75 

2/15 11.00 8.25 6.00 

2/17 10.25 7.25 5.25 

2/18 11.00 9.00 6.00 

2/23 9.25 7.00 4.25 

2/26 9.50 7.25 4.50 

2/27 10.50 8.25 5.50 

2/28 10.75 9.00 5.75 

Ht • Height of product in the well 
H « Product thickness in the formation 

Where: Heal = Ht - 5 
Correlation coefficient: 0.75 
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Table 5.8 

Hall et al Model vs Second Sand Run 

Date Time Hi H Hc«l 

4/12 4 PM 7.50 3.67 0.25 

4/12 7 PM 9.00 5.67 4.00 

4/13 8 AM 8.50 7.17 3.50 

4/13 10 AM 10.50 7.50 5.50 

4/13 4 PM 10.00 7.17 5.00 

4/13 7 PM 10.50 8.00 5.50 

4/14 BAM 6.50 8.00 1.50* 

4/14 10 AM 10.00 B.00 5.00 

4/14 12 PM 9.50 9.00 4.50 

4/14 2 PM 9.50 9.00 4.50 

4/16 BAM 9.00 B.50 4.00 

4/16 10 AM 10.50 9.00 5.50 

4/16 12 PM 11.00 9.50 6.00 

Ht * Height of product in the well 

H • Product thickness In the formation 

* « Data for Ht deleted from statistics 

Where: Heal a Ht - 5 

Correlation coefficient for uncorrected data: 0.25 

Correlation coefficient for corrected data: 0.52 
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Applying Hall et al. Model To Brazito Sandy Loam Run 

The Hall et al. model did not specifically cover any other 

soil than sand, but they did mention that they thought that 

the formation factor for field sites would range between 2 to 

6 inches. Table 5.9 shows Heal values from 2 to 5 inches. 

While the Hall et al. model states that the most important 

component in the formation factor is the mean particle size, 

a formation factor of 4 inches was used in Figure 5.6 even 

though the median particle size of the Brazito Sandy Loam is 

smaller than the fine sand. Four inches was used as the 

results of the capillary rise experiment, Figure 5.4, showed 

that the Brazito Sandy Loam acted more like a medium sand. 

The predicted hydrocarbon heights in soil were on average 

2 inches less than the actual hydrocarbon heights in the soil. 

Inspection of Figure 5.6 shows that there is a very small 

correlation between H and Heal. With a correlation of 0.26, 

the results could have been affected by the difficulty in 

obtaining accurate values for the actual height of hydrocarbon 

in the soil. A better method of detection must be determined 

before this model (or estimate) can be used for non-sand 

soils. 

COMPARING ACTUAL DATA WITH BLAKE AND HALL MODEL 

The Blake and Hall model was applied to data from both sand 

runs and the Gila Sandy Loam. 
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Table 5.9 

Hall et al Model vs Brazito Sandy Loam Data 

Date Time Ht Heal Heal Heal Heal H 

• 2 in* 3 in* 4 in* S in* 

4/12 4 PM 8.00 6.00 6.00 4.00 3.00 4.00 

4/12 7 PM 11.50 9.50 8.50 7.50 6.50 7.00 

4/13 E AM 9.00 7.00 6.00 5.00 4.00 6.00 

4/13 10 AM 10.00 8.00 7.00 6.00 5.00 7.00 

4/13 4 PM 10.00 8.00 7.00 6.00 5.00 6.50 

4/13 7 PM 9.00 7.00 6.00 5.00 4.00 8.00 

4/14 8 AM 10.00 8.00 7.00 6.00 5.00 8.00 

4/14 10 AM 12.00 10.00 9.00 8.00 7.00 9.00 

4/14 12 PM 9.50 7.50 6.50 5.50 4.50 8.50 

4/14 2 PM 10.00 8.00 7.00 6.00 5.00 9.00 

4/16 BAM 10.00 8.00 7.00 6.00 5.00 8.75 

4/16 10 AM 9.25 7.30 6.30 5.30 4.30 8.50 

Ht « height of product in well (inches) 

H • product thickness in formation (inches) 

* - Formation factor represented in inches of capillary fringe 

Heal - Ht - 4 

Correlation coefficient: 0.26* 

"" All correlation coefficients - 0.26 
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Applying Blake and Hall Model To First: Sand Run 

The results of the Blake and Hall model can be seen in 

Table 5.10. The predicted heights of hydrocarbon show on 

average less than 1 inch difference from the actual heights. 

Figure 5.7 is a plot of actual gasoline height in the sand (H) 

vs. the height predicted by the model (Heal). The best fit 

line through the data points shows how good a fit the model 

is. The correlation between the H and Heal is 0.64. This 

correlation is supported by the close values of the average H 

and average Heal. 

This model seems to work quite well if good estimates of 

the distance from the water table to the bottom of the 

hydrocarbon layer (Hm) and the depth of hydrocarbon in the 

observation well below the original water table (Dwt) are 

available. In most field situations, this kind of information 

would not be available. 

Applying Blake and Hall Model To Second Sand Run 

The results of the model applied to the second sand run are 

located in Table 5.11. When the 14 April 8 a.m. data was 

deleted from the data base due to poor fit with surrounding 

observation well hydrocarbon heights, the average difference 

between H and Heal was less than 1.5 inches. The plot of H 

vs. Heal is presented in Figure 5.7. The correlation between 

the two parameters is 0.68. This is the only model that has 

a good correlation and fit for both sand runs. 
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Table 5.10 

Blake and Hall vs First Sand Run Data 

Date Ht Heal H Dwt -(Dwt+Hm) 

2/7 9.00 6.00 7.00 0.00 -3.00 

2/9 1P.00 7.00 7.50 0.00 -3.00 

2/11 9.75 6.25 7.80 0.05 -3.50 

2/15 11.00 8.00 8.25 0.00 -3.00 

2/17 10.25 7.40 7.25 -0.15 -2.85 

2/1B 11.00 8.00 9.00 0.00 -3.00 

2/23 9.25 6.00 7.00 0.25 -3.25 

2/26 9.50 6.50 7.25 0.00 -3.00 

2/27 10.50 7.50 8.25 0.00 -3.00 

2/28 10.75 7.75 9.00 0.00 -3.00 

Ht «• Height of product in the well 

H » Product thickness in the formation 

Dwt = Blake and Hall parameter (see text) 

Hm s Blake and Hall parameter (see text) 

Heal =» Ht - (Dwt + Hm) 

* Assume Hm « 3 

Correlation coefficient: 0.64 
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Table 5.11 

Blake and Hall Model vs Second Sand Run Data 

Daia Tlma Ht Heat H Dwt -{Dwt+Hm) 
4/12 4 PM 7.50 3.50 3.67 1.00 -4.00 
4/12 7 PM B.OO 5.00 5.67 1.00 -4.00 
4/13 S A M  8.50 4.75 7.17 0.75 -3.75 
4/13 10 AM 10.50 7.00 7.50 0.50 -3.50 
4/13 4 PM 10.00 6.50 7.17 0.50 -3.50 

4/13 7 PM 10.50 7.25 8.00 ' 0.25 -3.25 

4/14 B A M  6.50 3.50 8.00 0.00 -3.00" 

4/14 10 AM 10.00 7.00 8.00 0.00 -3.00 
4/14 12 PM 9.50 6.50 9.00 0.00 -3.00 

4/14 2 PM 9.50 6.50 9.00 0.00 -3.00 

4/16 8 AM 9.00 6.00 8.50 0.00 -3.00 

4/16 10 AM 10.50 7.50 9.00 0.00 -3.00 

4/16 12 PM 11.00 7.00 9.50 1.00 -4.00 

H t «  H e i g h t  o f  p r o d u c t  I n  t h e  w e l l  
H m Product thickness in the formation 
Dwt m Blake and Hall parameter (see text) 
Hm • Blake and Hall parameter (see texi) 
* * m Data for Ht deleted from statistics 

Heal - Ht - 5 
* Assume Hm > 3 

Correlation coefficient for uncorrected data: 0.44 
Correlation coefficient for corrected data: 0.68 
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Applying Blake and Hall Model To Brazito Sandy Loam Run 

A Hm value of 3 inches was used in this run also. The 

existence and magnitude of the hydrocarbon-water interface was 

difficult to determine, which could account for the scattered 

results. The results of the Blake and Hall model are 

presented in Table 5.12. A comparison of H and Heal showed 

mixed results. While the differences between their averages 

were less than 1.5 inches, the two sets of data had spreads of 

over 3 inches. This is reflected in the plot located in 

Figure 5.7. The correlation between H and Heal is 0.45. A 

correlation of 0.45 is sufficient for giving trends. Trend 

information in this case is very useful as the original height 

of hydrocarbon in the soil data is not highly reliable. A 

more reliable detection method must be developed before the 

applicability of this method can be determined. If the 

accuracy of the two sand runs can be carried over to non-sand 

soils, the extra work to determine the parameter's Hm and Dwt 

would be worthwhile in free product removal savings. 

DISCUSSION 

All of the methods discussed in this chapter had 

disadvantages to their successful application. The strengths 

and weaknesses of each methodwill be examined in this section. 

The important thing to note is that all the methods failed to 

obtain accurate and/or consistent results for natural soils 
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Table 5.12 

Blake and Hall Model vs Brazito Sandy Loam Data 

Date Time Ht Hu) H Dwt 

4/12 4 PM S.00 3.00 4.00 2.00 -5.00 

4/12 7 PM 11.50 G.50 7.00 2.00 -5.00 

4/13 6 AM 9.00 5.00 6.00 1.00 -4.00 

4/13 10 AM 10.00 6.00 7.00 1.00 -4.00 

4/13 4 PM 10.00 7.00 6.50 0.00 -3.00 

4/13 7 PM 9.00 6.00 e.oo 0.00 -3.00 

4/14 B A M  10.00 9.00 8.00 -2.00 -1.00 

4/14 10 AM 12.00 e.oo 9.00 1.00 -4.00 

4/14 12 PM 9.50 6.50 e.50 0.00 -3.00 

4/14 2 PM 10.00 e.oo 9.00 -1.00 -2.00 

4/16 8 AM 10.00 5.50 8.75 1.50 -4.50 

4/16 10 AM 9.25 5.25 8.50 1.00 -4.00 

Ht • Height ol product in the well (inches) 
H m Product thickness in the formation (inches) 
Dwt * Blake and Hall parameter (see text) 
Hm • Blake and Hall parameter {see text) 

Heal - Ht - (Dwt • Hm) 
" Assume Hm • 3 
Correlation coefficient: 0.45 
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like the Brazito Sandy Loam (this could also be the result of 

inaccurate field data). 

When the data from the first two sand runs were combined, 

the overall correlation was 0.54 and the best fit line 

obtained was Ht = 0.58H + 2.55. In this case, the results 

obtained by inserting the values of Ht (the height of 

hydrocarbon in the observation well) into the equation and 

solving for H (the thickness of hydrocarbon on top of the 

aquifer) were poor. All the H values predicted were higher 

than the original Ht values. This is a direct contradiction 

of the basic premise on which this and all other models are 

based, that Ht is greater than H. 

The results of the sand runs would be improved if they had 

been conducted concurrently. Multiple simultaneous sand runs 

would allow the type of control required to get good results. 

The data from the two sand runs show the effects which 

temperature, humidity, and capillary rise may have on the Ht 

vs. H relationship in a sandbox, although the exact cause of 

the variation in data quality is not known. The equilibration 

time for hydrocarbon injection into the sandbox is another 

parameter that needs to be addressed. There is a fine line 

between the amount of time necessary to give consistent 

readings and having evaporation of water and hydrocarbon 

becoming a problem. 

The major problem with the Schiegg model is that hvirgDR 

can not be easily measured. The development of a hysteresis 
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curve is complicated and expensive. Another flaw is that in 

most cases the soil is not homogenous, thus, an hvirgDR value 

is difficult to estimate. The parameter hvirDR was not 

measured in this study. Instead, an estimate of hvirgDR was 

taken using information obtained from a capillary rise 

experiment and an estimate supplied by the Brooks-Corey model 

for saturation-pressure head curves for a # 2 sand (Hampton 

and Miller, 1988). The results obtained using the Brooks-

Corey model hvirgDR estimate showed a strong correlation 

coefficient in the first sand run of 0.75, and a second sand 

run correlation coefficient of 0.46. While both sand runs 

showed a linear correlation between the calculated height of 

hydrocarbon in the formation and the measured height of 

hydrocarbon in the formation, the calculated height of 

hydrocarbon in the formation underestimated the thickness of 

hydrocarbon in the formation by 3 to 5 inches. A better fit 

might possibly result from a hvirgDR value obtained 

experimentally. 

The results obtained using the Hall et al. model were 

encouraging as the correlation coefficients obtained from the 

model were identical to the coefficients obtained from the 

experimental data. Figure 5.6 indicates that the H vs. Ht 

derived equations were a better fit than the Hall et al. model 

derived equation. But the Hall et al. model requires using 

only one equation. By comparison, if one universal equation 
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is developed from all the experimental sand data points, the 

results are not nearly as good as the Hall et al. model. 

The results obtained from the Blake and Hall model are 

interesting as the results are dependent on the parameter Hm. 

Hm was not calculated but was estimated after studying the 

experimental data. If the estimate of Hm was accurate, then 

this model performed the best of all the models tested. If 

the actual value of Hm was higher or lower, then the resulting 

correlation coefficient and data fit would not have been as 

impressive. 

From the data and statistics obtained from the various 

models and experiments, the Blake and Hall model would appear 

to be the best choice, as it produced the best fit with the 

measured Ht values. But since the parameter Hm is hard to 

obtain both experimentally and theoretically, the use of this 

model along with the Schiegg model is limited. Any model that 

requires the estimation of many parameters would not work well 

in the field. The Hall et al. model does not require the 

determination of any parameter other than particle size. 

Although the model has not yet been applied to cases other 

than sand, the experimental process to determine the formation 

factor is explained in detail in the original paper (Hall et 

al., 1984). An estimate of the formation factor could be 

determined in bench-scale tests on an individual site basis. 

This formation factor would allow a good estimate of the 

volume of free product in the formation. 
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The development of a series of curves like the ones done 

in this experiment is the best approach to this problem. The 

method developed in this study will be unreliable until a more 

accurate method of determining the height of hydrocarbon in 

the soil in a three-dimensional box is found. Once this 

detection method is developed, a whole series of curves for 

different types of soils could be produced. Then an accurate 

estimate of hydrocarbon thickness in the soil could be 

determined by using the curve that most resembles the soil in 

which the spill occurred. 
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CHAPTER 6 

CONCLUSIONS 

The results of this study confirmed the variation in 

product thickness between a well and the adjacent formation. 

The results were not conclusive, however, in establishing a 

linear relationship between the product thickness in the well 

and formation. While the results of this study were 

inconclusive, research in this area is important. Given the 

number of potential hydrocarbon sites in the U.S., a method to 

quickly and accurately estimate the thickness of the 

hydrocarbon on top of the water table is necessary. Even with 

good inventory documentation, the amount of hydrocarbon 

absorbed by the soil matrix is unknown, so, an estimate of the 

free product is very hard to determine. 

The approach used in this study made use of a three-

dimensional sandbox model. This allowed the soil-water-

hydrocarbon system to react similarly to a real, contaminated 

aquifer. The use of a three-dimensional model assumes that an 

accurate detection method is available. In this study, the 

measurement of hydrocarbon thickness on top of the water table 

was less accurate than initially expected. Due to 

variableness of the height of the capillary fringe and rod 

measuring errors, the hydrocarbon thickness in the soil could 

differ from the true value by as much as an inch. To use this 
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system in non-sand soils a more accurate measurement technique 

must be determined. The technique used in this study proved 

to work adequately with the two sand runs. The errors between 

the two sand runs can be attributed to the differences in 

climate and the differences in equilibration time between 

sampling intervals. 

The experiments show that if runs were done under 

controlled conditions (i.e., indoors where temperature and 

humidity remain constant) that a series of curves can be 

determined for different grades of sands. The experiments 

done on natural soils show the weakness of these models in the 

non-ideal natural situation. More study needs to be done on 

how the different type of soil particles (clay, silt, and 

sand) along with pore size affect the hydrocarbon in the 

observation well and the hydrocarbon in the soil relationship. 

These studies can not be done until another detection method 

is developed. 

The empirical model developed in this study was equally 

effective in predicting H values as the models presented by 

other authors. The experiments done by Hall et al. were 

similar to the ones done in this study. The major difference 

being that they used a two-dimensional model. Their model 

predictions of hydrocarbon thickness in the soil were much 

more accurate than in this study. However, the error in their 

empirically derived formation factors due to boundary effects 

in the two-dimensional sandbox is unknown. The major 
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advantage of using the technique proposed in this study is the 

fact that only the average properties of the soil need to be 

known. These average properties include the composition of 

the soil and the average pore size. Once these average 

properties have been determined, the curve derived from a soil 

of similar average properties can be used to estimate the 

thickness of the hydrocarbon on top of the water table. 

The results of the two sand runs show that consistent 

results are possible and that even with a measurement system 

not 100-percent accurate, strong correlations can be made 

between the two sand runs. The fluctuations in the second 

sand run are attributed to the shorter periods of time between 

the additions of hydrocarbon to the sand and, consequently, 

less equilibration time. This study has shown that it is 

possible to estimate hydrocarbon thickness in a sand aquifer. 

A better measurement system is required before this method can 

be tried with natural soils. 
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APPENDIX A 

LABORATORY EXPERIMENTS 

This appendix contains the procedures for three laboratory 

analyses. These analyses were required in order to evaluate 

the three formation hydrocarbon thickness theories presented 

in Chapter 3. The procedures and methodologies are presented 

below. 

Porosity 

The porosity had to be determined as it was used in the 

particle size distribution calculations. Porosity is a 

measure of the void volume to the total volume of the soil. 

Porosity can be determined by using the following formula: 

nt = 1 - pb/ps 

where: nt = total porosity 
pb = bulk density = solid mass/total volume 
ps = solid density = solid mass/solid volume 

The particle or solid density was determined using the 

pycnometer procedure (Blake and Hartage, 1986). The 

pycnometer is a tapered, glass vessel with a glass top. The 

glass top contains a capillary tube which enables excess water 

to escape when filling the pycnometer and ensures that water 

is added to the same level every time. All weights include the 

stopper. 
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Steps 

1) Weigh a clean, dry pycnometer (10 ml) in air (Wa) 

2) Add 10 g of soil and weigh the pycnometer and soil (Ws'J 

3) Oven-dry a soil sample to determine the Moisture Content 
Correction Factor (MCCF). 

4) Fill the pycnometer about half full with distilled water 
and boil the soil water to remove any air. 

5) Cool the pycnometer to room temperature and add cool, 
boiled, distilled water until the capillary tube 
overflows. Dry the outside of the pycnometer, weigh it 
(Wsw), and record the temperature of the water. 

6) Empty and thoroughly wash the pycnometer, fill it with 
cool, boiled, distilled water, weigh it (Ww), and record 
the temperature. The particle density is calculated from 
data collected in steps 1-6. 

MCCF = (Dried Soil + Beaker) - Beaker/(Ws' + Beaker) -
Beaker 

Corrected Soil Weight (Ws) = MCCF * Ws' 
pb = pw(Ws - Wa)/[(Ws - Wa) - (Wsw - Ww)] 
where pw = Density of Water 

and all other parameters defined in steps 1-6 

The results of ps for all three soils is located in Table 

4.1. 

Bulk Density 

Bulk density (pb) is most accurately determined from an 

undisturbed field soil sample. In the lab, the weight of an 

uncompacted soil sample is divided by its volume to obtain an 

estimate of bulk density. 

Steps 

1) Weigh an empty 100-ml beaker 
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2) Fill the beaker with 100 ml of soil and weigh 
pb = (Beaker + Soil) - Beaker / 100 ml 

The results of pb for all three soils are located in 

Table 4.1. 

Using the results of ps and pb, the total porosity nt was 

determined and reported in Table 4.1. 

Capillary Rise 

The capillary rise data was used in place of the 

saturation curve drainage cycle information required by the 

Schiegg model. In an unconfined aquifer, capillary rise 

occurs from a free surface such as a water table according to 

the "capillary model". This model treats the soil as a system 

of capillary tubes. The equilibrium height of capillary rise 

he is given by: 

he = 2AcosB / rpwg (Todd, 1980) 

where: A = surface tension of the liquid 
B = angle of wetting between liquid and gas (assume 

B = 0) 
g = acceleration of gravity 
pw = density of water 
r = capillary radius of the tube 

The Capillary Rise experiment is usually used to 

determine the capillary radius (r) of the soil sample. The 

capillary radius (r) was determined for each soil and is 

reported in Table 4.2. The steps for the capillary rise 

experiment are: 
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1) Fill column with soil (use a piece of cloth to support 
soil) 

2) Insert column into beaker of water 

3) Measure the average height of capillary rise at the 
following time intervals: 0.5, 1, 2, 4, 8f 16, 32, 64, and 
128 minutes 

The results of this experiment are presented in Table 4.2 

and plotted in Figure 5.3. 

Particle Size Distribution 

The particle size distribution allows the Brazito Sandy 

Loam and the Gila Silty Loam to be completely characterized. 

The ability to estimate a relationship between the height of 

gasoline in an observation well and the height of gasoline in 

the soil depends on the knowledge of the average particle 

size. 

The particle size distribution is determined using the 

hydrometer method (Gee and Bauder, 1986). A hydrometer is a 

device which is used to measure the relative densities of a 

fluid suspension of soil over time. The buoyancy of the 

hydrometer is determined by the amount of soil in suspension 

which is displacing the fluid medium. 

Procedure 

1) Prepare a 50 g/1 sodium-hexametaphosphate solution (HMP) 
and add 100-ml of the HMP and 900 ml distilled water to a 
sedimentation cylinder. 

2) Calibrate the hydrometer to this blank solution by placing 
it in the cylinder and recording the water level on the 
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hydrometer scale and the corresponding solution 
temperature. 

3) Weigh 40 g of soil sample into a beaker and add hydrogen 
peroxide in small ml quantities to bubble off the organic 
matter. Bubbling will also occur due to carbonate 
presence (Gee and Bauder, 1986). 

4) Add 250 ml distilled water and 100 ml HMP solution to the 
soil, transfer it to a dispersing cup, and mix for 5 
minutes. 

5) Transfer all dispersion cup contents to the sedimentation 
cylinder by rinsing with a squirt bottle. Fill the 
sedimentation cylinder to 1 liter with distilled water. 

6) Record temperature in the cylinder after allowing the 
dispersion to thermally equilibrate. 

7) Mix the dispersion thoroughly with a plunger and take 
hydrometer readings at 0.5, 1.5, 3, 10, 30, 60, 90, 120, 
and 1,440 minutes after mixing stops. 

The calculations to create the graph of percent of 

particles vs. type of particle are long and involved. The 

equations necessary to determine the percentage of each size 

particle are located in "Methods of Soil Analysis", pages 404-

407. Figure 4.1 is a bar graph showing the percentage of 

clay, silt, and sand that the Brazito and Gila loams contain. 

The U.S. Bureau of Agriculture Grain Size Scale was used to 

classify the percent of each soil type. 
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