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ABSTRACT 

Many of the organic compounds of environmental interest which are commonly found 

at contaminated sites have the effect of lowering the surface tension of water in proportion 

to their aqueous concentration. Laboratory studies were conducted to investigate the 

effects of reduced surface tension on instruments commonly used to measure pressure 

head in the vadose zone. Gypsum block electrical resistance sensors and heat dissipation 

probes were calibrated in tap water and in butanol solutions. A scaling relationship was 

used to correct pressure head measurements taken in liquids of reduced surface tension. 

The results indicate that the these measurements would be in error in that they would 

underestimate pressure head for solutions of lower surface tension to the same factor by 

which surface tension was reduced. This would result in pressure head gradient and flux 

being underestimated as well. Therefore, surface tension effects on these instruments 

should be considered when measuring pressure head in soils contaminated with organic 

compounds. 
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1.0 INTRODUCTION 

Pressure Head is measured in contaminated vadose zones for the purpose of 

determining the magnitude of pressure head gradients, which cause vertical flux from the 

surface to the water table. Once determined, the rate of vertical flux can then be used to 

predict when a plume of contamination will reach the water table and contaminate the 

aquifer. If this time frame is known, a remediation strategy can be planned which will 

remove the contaminant before contamination of the aquifer occurs. 

Gypsum block electrical resistance sensors and heat dissipation probes are commonly 

used for the measurement of pressure head in unsaturated porous media. These 

instruments measure a resistance (gypsum blocks) or a temperature change (heat 

dissipation probes) and relate it to pressure head through a calibration curve which is 

measured in the laboratory. Therefore, it is critical that the calibration curve is correct if 

an accurate pressure head measurement is to be inferred from these instrument readings. 

These instruments are calibrated by measuring the resistance or temperature change at 

a series of known pressure heads in a sealed pressure chamber known as a pressure pot. 

The accuracy of measurements made with these instruments is dependant upon the 

assumption that the surface tension of the soil water is the same as the surface tension of 

the liquid used to calibrate the instrument (usually tap water). Thus, for a given pressure 

head, the water content of the probe is assumed to be the same in the field as it is during 

the calibration. This assumption has been considered valid for agricultural applications of 

these instruments, where soil water generally contains minimal concentrations of organic 

solutes. However, it has been shown that the surface tension of water contaminated with 



many organic chemicals of environmental interest is often much lower than that of 

uncontaminated water (Adamson, 1967; Bikerman, 1970). 
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A reduction in surface tension causes a porous medium to hold less water at a given 

pressure head. This would cause an instrument in a contaminated soil to be less saturated 

at a given pressure head than it was during calibration. Therefore, the resistance or 

temperature change measured by the gypsum block or heat dissipation probe respectively 

would be greater at a given pressure head when surface tension is reduced. This increase 

in resistance would correspond to a decrease in the measured pressure head. Therefore a 

calibration curve measured with uncontaminated water would be in error when used to 

infer a pressure head from a measurement taken in a contaminated soil water with reduced 

surface tension. Errors in pressure head measurements would lead to errors in the 

calculated pressure head gradient, causing errors in the calculated vertical flux. 

Tensiometers are commonly used in contaminated sites to measure pressure heads on 

the wet end of the moisture retention curve (>-800 em). These instruments provide a 

direct measurement of pressure head, thus, measurements taken with tensiometers are not 

biased by changes in surface tension. However, these instruments are not useful below the 

air entry pressure of the porous cup through which soil water moves when equilibrating 

with the surrounding soil. If the porous cup becomes saturated with a soil water of 

reduced surface tension, the air entry pressure will become higher (less negative). If a 

tensiometer is used in a soil solution with very low surface tension, the air entry pressure 

may exceed the lower measuring limit ( -800 em), decreasing the useful range of these 

instruments. 
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Another problem arising from reduced surface tension occurs when using a moisture 

characteristic curve to infer a water content of a contaminated soil from a pressure head 

measurement. Drainage curves are normally measured in the laboratory by saturating a 

soil sample with uncontaminated water and measuring the amount drained during 

equilibration with a series of known pressure heads. Wetting curves are determined by 

allowing the sample to rewet with uncontaminated water at a series of known pressure 

heads. Contaminated soil solutions with reduced surface tension will allow a porous 

medium to hold less water at a given pressure head than is indicated by the clean water 

moisture characteristic curve. Therefore, water contents in organically contaminated soils 

would be overestimated when inferred from pressure head measurements for either the 

wetting curve or drainage curves cases. 

Because unsaturated hydraulic conductivity K(8) is directly related to water content, 

overestimating water content would lead to overestimating unsaturated hydraulic 

conductivity. However, if only pressure head data existed, unsaturated hydraulic 

conductivity K(tJ!) would normally be calculated directly from pressure head. If the 

pressure head measurements were unbiased, as is the case with tensiometer readings, then 

K(lJ!) can be overestimated as well. 

Unfortunately, the surface tensions of water containing various concentrations of 

organic contaminants are not widely reported in the literature. Tschapek et al. ( 1978) 

found that surface soils with an organic carbon content above about foc=0.005 produced 

soil waters with surface tensions of approximately 63-64 dyn/cm. This is significantly less 

than the surface tension of pure water which is 73 .05 dyn/cm at 18°C (CRC Handbook, 
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1991 ). This reduction was attributed to the presence of dissolved soil humus and humic 

acids. However, the same study determined that soil water from subsoils had no reduction 

in surface tension. Smith (1995) reported that water in equilibrium with petroleum based 

mixtures such as gasoline, kerosene, diesel fuel and creosote will have a surface tension of 

about one-third that of pure water. Water saturated with the organic compound TCE has 

a surface tension of about 85% that of water (Conklin, personal communication 1997). 

Figure 1 shows the surface tension of water as a function of the concentration (by weight) 

of 1-butanol . This curve shows a rapid decrease in surface tension with increasing 

concentration. This is because 1-butanol, like most hydrophobic, organic substances, is a 

surface active molecule and is strongly adsorbed at the liquid surface (i.e. the air-water 

interface). This surface adsorption is caused by hydrophobic interactions between the 

organic molecules and the water molecules. The extent of this adsorption is determined 

by the lack of polarity and the asymmetry of the solute molecule. Longer chain lengths 

cause greater surface adsorption and a greater reduction in surface tension with increasing 

concentration (Bikerman, 1970). Butanol has a 4 carbon chain and therfore is relatively 

surface active and has a relatively low surface tension. 

Leverett ( 1941) proposed a scaling factor for pressure head which would correct for 

the effects of changes in surface tension. This theory proposed that the pressure head 

which would exist under reduced surface tension conditions can be predicted by 

multiplying the reference pressure head by the ratio a/a0, (where a is the reduced surface 

tension, and a0 is the reference surface tension which is typically that of uncontaminated 

soil water). Further investigation of this scaling function by Busby (1995), concluded that 
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the scaling relationship is accurate for some solutes and some porous media such as sands, 

however, for other porous media, particularly those with high clay content, the scaling 

relationship is less accurate. Furthermore, he suggested that solutes which are less 

reactive with the porous medium show better agreement with the scaling relationship. 

Demond (1991) suggested that Leverett's function could be improved by incorporating 

ratios of contact angle and roughness coefficients. 

This study will test the validity of this scaling relationship in a silty sand and in porous 

heat dissipation probes and gypsum blocks using the solute 1-butanol. The hypothesis is 

that heat dissipation probes and gypsum blocks underestimate pressure head in 

unsaturated porous media by a factor of a cia due to the scaling of the moisture retention 

properties within the probe. The second hypothesis is that a reduction in surface tension 

causes the moisture characteristic curve of the Berino Sand to scale along the pressure 

head axis by a factor ofo/o0, and consequently that Leverett's function (Leverett, 1941) 

applies to a butanol solution in Berino Sand. 
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2.0 THEORY AND EQUATIONS 

At equilibrium, the capillary pressure difference (P J across a liquid interface is given by 

the Laplace equation of capillarity as (Dullien, 1992), 

(1) 

Where o is the surface tension of the interface [M!f2
], r 1 and r 2 are the principal radii of 

curvature of the liquid interface [L ], P NW is the pressure of the non wetting fluid [MIL T2
], 

and P w is the pressure of the wetting fluid [MIL T2
]. If the interface is assumed to be 

spherical, (1/r1 + 1/r2) is normally replaced by 2/r m' where r m is the effective mean radius of 

curvature [L]. This equation does not require a solid surface to be present. 

Assuming a spherical interface, the aqueous phase pressure head ( lfT) of a porous 

medium [L] can be related to surface tension (o) by the equation (Dullien, 1992), 

W = -P c = _ 2o cos P 
pg pgrm 

(2) 

Where p is the liquid density [M/L3
], g is acceleration due to gravity [Lff2

] , p is t~e 

contact angle, and r m is the effective mean radius of curvature, commonly assumed to 

equal the radius of the pores in which the interfaces are present. Because r m in equation 

(2) is redefined as the radius of the pore, it is necessary to include the cosP term which 

takes into account the contact angle (p) between the interface and the solid surface in 

order to define the radius of the liquid interface. 
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Water content (6) is commonly related to pressure head with the empirical equation 

developed by van Genuchten (1980), 

e - e 
6(lJT) = s r 

(1 +lawl")m 
+6 r (3) 

Where e. is saturated water content, er is residual water content, and a, m, and n are curve 

fitting parameters which are soil-specific. In this study, m was always set equal to 1-1/n 

for the purpose of simplification. This relationship gives a good fit to observed moisture 

retention data for most soils, with the only exceptions being soils with very distinct 

bimodal pore-size distributions (van Genuchten, 1991). 

For a solution of constant density, equation ( 1) suggests that pressure head will scale 

relative to the ratio of aqueous phase concentration-dependant surface tensions. We can 

define a scaling relationship based on Leverett's ( 1941) work such that, 

(4) 

Where 'P is scaled pressure head [L ], o0 is the reference surface tension at the reference 

solute concentration ( c0), and o is the surface tension at some other solute 

concentration (c) (Smith, 1995). 

Water content can be expressed as a function of both lJ1 and c by replacing tiT in (3) 

with scaled pressure head 'P from (4). This model assumes that both saturated water 
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content and residual water content are constants. This yields the equation (Smith, 1995), 

(5) 

This relationship causes the water content-pressure head relationship to shift along 

pressure head axis in response to changes in surface tension. Again, this relationship does 

not take hysteresis into account. 

The unsaturated hydraulic conductivity of a soil can be determined from the water 

content-pressure head relationship with Mualem's Theory (van Genuchten, 1991). 

Applying Mualem' s model to equation (3) with the restriction that m = 1-1/n yields the 

empirical relationship (van Genuchten, 1991 ), 

1 

K(Se) = K
1
S:[I-(1-Sem)m]2 (6) 

Where K(Sc) is the unsaturated hydraulic conductivity [LIT], Q is a constant which is set 

equal to 0.5 for most soils (van Genuchten, 1980). Sc is the effective saturation defined by, 

e-e S = r 

e e - e 
.s r 

(7) 

Mualem's model is based on pore size distribution and so it is assumed that the pore 

structure of the porous medium is constant. 
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Equation (3) can then be rewritten in terms of effective saturation as, 

(8) 

The dependance of unsaturated hydraulic conductivity on fluid properties and 

permeability can be expressed by extending the function for saturated hydraulic 

conductivity (Bear, 1972) to the unsaturated case, 

K(6) = k(6)pg = k(6)g 
Jl v 

(9) 

Where k(6) is the intrinsic permeability which is a function of water content, Jl is the 

absolute viscosity, p is the liquid density, and v is the kinematic viscosity. It follows that 

when viscosity changes due to solute concentration, the unsaturated hydraulic 

conductivity is expected to scale by the relation, 

(10) 

Where V0 is the kinematic viscosity at the reference concentration c0 at which K(6) was 

determined, and v is the kinematic viscosity at concentration c. Smith ( 1995) showed that 

Equation (I 0) is a good approximation for determining the unsaturated hydraulic 

conductivity of a 7% butanol solution relative to that of water. 

Unsaturated hydraulic conductivity can also be expressed as a function of pressure 

head by applying Mualem's Theory to equation (3). Mualem's model is based on pore 

size distribution and so it is assumed that the pore structure of the porous medium is 
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constant. This yields the empirical relationship developed by van Genutchen (1980), 

K [I - (atlf)mnp + (awtrm]2 
~tlf)=----s ____________ _ 

[I + ( atlf y]mQ (11) 

Where a is the same fitting parameter used in equation (3). This relationship indicates that 

K( tV) [Lff] is expected to scale as pressure head scales due to changes in concentration-

dependant surface tension. However, K(Se) as defined in equation ( 6) will not scale due 

to changes in surface tension. 

The relationship between surface tension and concentration for nonionized organics at 

equilibrium is described by the following relationship (Adamson, I960): 

c a( c) = a0(c0)[I- bin(-+ I)] 
a 

(12) 

Where a is the surface tension at some concentration c, a0 is the surface tension at the 

reference concentration c0, a and b are constants specific to the type of organic 

compound. 

If the Darcy equation for volumetric flux is extended to describe unsaturated flow in 

the vertical direGtion we can write the following equation known as the Darcy-

Buckingham Flux Law (Bear, 1972), 

q = -K(tlf)(d\11 -I) 
dz 

Where q is vertical flux (positive downward), and z is the vertical space coordinate. 

(13) 



Surface tension-induced biases in pressure head measurements lead to biases when 

determining the pressure head gradient (dllfldz), causing biases in the calculated vertical 

flux. 

The experiments conducted in this study will assess the validity of the scaling 

relationships presented in equations ( 4) and (5) with respect to the moisture retention 

properties of the porous gypsum used in gypsum blocks and the porous ceramic used in 

heat dissipation probes. These scaling relationships will also be assessed with respect to 

the moisture characteristic curve of a sand sample and the air entry pressure of 

tensiometer cups. 

21 
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3.0 MATERIALS AND :METHODS 

3. 1 Introduction 

Experiments were conducted for the purpose of quantifying the effects of 

concentration-dependant surface tension on pressure head measurements made with 

electrical resistance sensors (gypsum blocks) and heat dissipation probes. Experiments 

were also conducted to demonstrate the dependance of the air entry value of tensiometers 

on surface tension. In addition, experiments were performed to measure the effects of 

surface tension on the moisture characteristic curve so that a scaling relationship could be 

determined in order to correct the water content-pressure head relationship for surface 

tension changes. These experiments were intended to demonstrate a relationship between 

surface tension and surface tension-dependant measurement bias. 

3.2 Materials: 

The solute 1-butanol was used as a surface tension reduction agent. The butanol used 

in these experiments was produced by Columbus Chemical Industries. This is the same 

solute used in similar experiments conducted by Smith (1995) for the following reasons: 

( 1) it can be safely used outside a fume hood and has few health and safety considerations 

(2) it causes a relatively large decrease in surface tension (3) it has a low vapor pressure 

and a dimensionless Henry's Law air/water partitioning coefficient of only 0. 003, thus 

reducing concerns about vapor losses (4) it has a high solubility (7.4% by weight at 25° C) 

and thus was not expected to be significantly retarded by sorption onto sand with a low 

fraction of organic carbon and (5) data on the properties of aqueous solutions of butanol 
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are available in the literature (Smith, 1995). 

Solutions of 2% and 7% butanol by weight in tap water were used in these 

experiments. Figure 1 shows the relationship between surface tension and concentration 

by weight of aqueous solutions of butanol. The data are from Bikerman {1970) and were 

confirmed in this study using a du-Nouy ring tensiometer. The data are fit with equation 

(12) using a value of0.322 %wt for a, and a value of0.208 for b. Changes in kinematic 

viscosity as a function of aqueous concentration can also change the value ofK(tlf) as 

shown in equation (10). Experimental data from Smith (1995) show that at 25°C, the 

kinematic viscosity of water is 0.9017 centistokes and the kinematic viscosity of7% 

butanol is 1.205 centistokes. Smith ( 1995) also reported the relative density of 7% 

butanol to be 99.00% that of pure water at 25°C. In this study, experiments in which 10 

ml of liquid were weighed from a pipette indicate a relative density of98.9% at 20°C. 

The soil used in the water retention experiments was Berino Sand. This sand was 

taken from near Las Cruces, New Mexico. This sand was chosen because it was relatively 

uniform, and it was assumed to have a low organic carbon content because it is not a top 

soil. The particle ·size distribution was obtained by the dry sieve method specified by 

ASTM C-778-91 and is listed in Table (1). Cores were packed at a water content of 

5.09% by weight (8.50% by volume) to a density (wet) of 1.80 g/cm3
. The average dry 

bulk density of the cores was 1.66 g/cm3
. The average porosity was approximately 0.33 . 
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Table 1 Grain size distribution of Berino Sand 

Sieve diameter Percent Percent 

(micrometers) retained greater than 

850 0.34 0.34 

425 8.91 9.25 

250 29.17 38.41 

106 45.76 84.17 

75 8.13 92.30 

<75 7.69 100.00 
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Methods 

3.3.1 Surface Tension Measurements: 

The surface tensions of all liquids used in these experiments were measured using a du 

Nouy ring tensiometer. The instrument was calibrated using the method outlined by 

ASTM D 1331-89. The tensiometer used for this study was manufactured by the Roller

Smith Company, in Bethlehem Pennsylvania and was manually operated. The tensiometer 

was calibrated in the following manner. The dial was set to 0 and the rear adjusting screw 

was turned until the balance needle was level. A 500 mg weight was then placed on the 

torsion arm. The dial was turned until the needle was again balanced. If the measured 

weight was below 500 mg, the length of the arm was increased. If the measured weight 

was above 500 mg, the length of the arm was decreased. This entire procedure was 

repeated until the dial recorded a weight of exactly 500 mg. 

Surface tension measurements were taken by pouring at least 8 ml of liquid into an 

aluminum dish 6.5 em in diameter. The dish was placed in the instrument and the door 

closed to reduce volatilization. With the dial set at 0, the liquid level in the dish was 

slowly raised until it first contacted the bottom of the ring. The dial was then slowly 

turned, raising the ring until the liquid first detached from the ring. The reading on the dial 

was recorded in dynes/em. This value was multiplied by a correction factor which was 

necessary to compensate for the weight of the liquid pulled above the surface. 

The correction factor (F) was calculated using the following equation taken from 

ASTM 01331-89, 
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I 

F = 0. 7250 + [ 0.0 1452P +0.04534 1.679 r i2 
C 2 (D-d) R 

(14) 

Where P is the apparent value of surface tension [Mff2
], D is the density of the liquid 

phase [M/I}], dis the density of the gas phase [M/I}], C is the circumference of the ring 

[L], r is the radius of the ring wire [L], and R is the radius of the ring measured to the 

center of the wire [L]. The average temperature of the lab during the surface tension 

measurements was 19° C. 

To compare these measurements to surface tension measurements made at other 

temperatures, it would be necessary to add a temperature correction of -0.14 dyn/cm°C 

for water (Bikerman, 1970). It was assumed that this is a good approximation for butanol 

solutions. For example, to compare a surface tension measurement taken here at 19°C to 

a published value taken at 25°C, it would be necessary to add the product of 

(6°C)(-0.14dyn/cm°C) or -0.84dyn/cm to the measured value. To compare these surface 

tension measurements with measurements made at lower temperatures, it would be 

necessary to subtract the temperature correction term. 

3.3 .2 Saturated Hydraulic Conductivity: 

The saturated hydraulic conductivity (K.) was determined for all soil cores used in the 

moisture retention experiments. This was accomplished using the constant head method 

outlined by ASTM D 2434-68. A diagram of this apparatus is shown in Figure 2. The 
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cores had an average length of7.60 em, an average internal diameter of 4.91 em, and an 

average volume of 144.30 em. Darcy's law was used to calculate the hydraulic 

conductivity from the volume of liquid which flowed through the soil core during a 

measured time period under a measured hydraulic head which ranged from 8.0 to 9.0 em. 

Four K. measurements were taken for each core over a period of several days. The K. 

data is presented in Appendix C. The values for all the cores were averaged to a final K. 

which was used as a parameter for determining K(8) versus water content and K($) 

versus pressure head relationships. The K. of cores containing 7% butanol solution were 

estimated by running constant head experiments with tap water and then converting the 

average K. value by multiplying by the ratio of the kinematic viscosities as shown in 

equation ( 1 0). 

3.3.3 Air Entry Value ofTensiometers: 

Tensiometers are composed of a saturated porous cup connected to a pressure 

measuring device. When the tensiometer is inserted into the soil, water moves through the 

porous cup. This continues for the duration of the response time of the instrument (which 

is dependant upon the type of porous cup being used) until equilibrium is reached, at 

which point the negative pressure of the water in the bottom of the tensiometer is equal to 

the pressure head in the soil. The tensiometer tube is connected to a vacuum gauge or a 

manometer which measures the negative pressure of the water in the top of the tube 

shown in Figure 3. The pressure head in the soil is obtained by subtracting the change in 
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pressure head in the instrument (the vertical distance in -em from the center of the porous 

cup to center of the measuring gauge) to the measured pressure. This compensates for the 

decrease in pressure head which occurs along the tensiometer tube as shown in Figure 3. 

Tensiometers often fail as a result of the degassing of water after it enters the 

instrument. For this reason it is necessary to periodically purge the excess air from these 

instruments in the field . Tensiometers also fail due to a lower measuring limit, which is 

caused by the tendency of air bubbles to penetrate the porous cup at lower pressure heads. 

This lower measuring limit or air entry value occurs at higher pressure heads in soil waters 

with lower surface tensions. The relationship between capillary pressure difference and 

surface tension given by equation (1) is expected to determine the relationship between air 

entry pressure and surface tension. In other words, air entry pressure is expected to scale 

by the ratio of surface tensions. 

Experiments were conducted to determine a relationship between surface tension and 

the air entry pressure of tensiometer cups. The bubbling pressures (air entry values) of 6 

tensiometer porous cups were determined using tap water, 2% and 7% aqueous butanol 

solutions. This was accomplished by fitting an air hose into the open end of the saturated 

tensiometer cup and connecting the air hose to a pressure regulator. The cup was ·then 

immersed in the water or butanol solution and the pressure was slowly increased until 

small bubbles first began to rise from the cup. The pressure at this point was recorded as 

the air entry value. 

The porous cups were saturated by vacuum infiltration for 24 hours. This was done by 

placing the probes in an airtight container of water from which air was continuously 
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evacuated. The tap water had a measured surface tension of69.3 dynes/em. Cups were 

saturated with 2% butanol by first saturating them with tap water and then allowing them 

to soak for 4 hours in a covered jar containing a solution of 2% butanol to which a small 

quantity of pure butanol was added to compensate for the volume of tap water contained 

in the porous cups. Tensiometer cups were saturated with 7% butanol using the same 

method. 

3.3.4 Calibration of Gypsum Blocks and Heat Dissipation Probes: 

Gypsum blocks consist of two electrodes with porous gypsum in between them. The 

gypsum blocks used in the experiments were Campbell Scientific, Delmhorst soil moisture 

blocks. A cross-section of this type of gypsum block is shown in Figure 4. The gypsum 

block is wired to a data logger, which produces an electrical current which passes through 

the porous gypsum between the two cylindrical wire mesh electrodes. The resistance 

provided by the porous gypsum is then recorded by the data logger. This resistance 

increases with decreasing water content of the block. The water content of the block is a 

function of pressure head as shown in equation (3). Thus, resistance can be calibrated as a 

function of pressure head. 

Heat dissipation probes are constructed of a germanium junction diode wrapped in a 

heating element and encased in a cylinder of porous ceramic material. The heat dissipation 

probes used in these experiments were produced by Campbell Scientific, Inc.. A cross

section of these instruments is shown in Figure 5. The heat dissipation probe is wired to a 

data logger which receives a temperature reading from the germanium junction diode in 
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the center of the probe. Following the temperature reading, a heat pulse is applied to the 

heating element. In these experiments, the heat pulse was applied for a period of 20 

seconds. A second temperature reading is then taken immediately after the heat pulse. 

The difference between the two temperature readings ( dT) is then recorded by the data 

logger. The lower the pressure head, the drier the porous ceramic is, thus heat is less 

rapidly dissipated. If the heat is dissipated less rapidly during the heat pulse, then more 

heat stays near the center of the probe, causing a greater difference ( dT) between the 

initial and final temperature readings. 

Gypsum blocks and heat dissipation probes are calibrated in the laboratory at a series 

of fixed pressure heads using uncontaminated water. When used to measure pressure 

head in the field, the instruments are buried in the soil, which is partially saturated with a 

soil water solution. When the porous probe reaches equilibrium with the surrounding soil, 

the pressure head in the porous probe is the same as that of the surrounding soil. 

However, the equilibrium water content of the porous probe will be different than that of 

the soil because the pore structure of the gypsum or ceramic is different than the pore 

structure of the soil. 

Calibration curves for gypsum blocks and heat dissipation probes were determined with 

tap water, 2% butanol, and 7% butanol. Calibrations were conducted by inserting the 

saturated probes into a saturated silica flour which was pressed between two 5 bar 

pressure plates inside a I bar pressure pot. The pressure plates and the Pressure Pot were 

manufactured by Soil Moisture Equipment, Inc.. The silica flour was manufactured by 
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Pineo, Inc. in Minneapolis, MN. Two plates were used so that the system would 

equilibrate more rapidly. The probes were wired to a Campbell Scientific data logger 

model 21 X which was connected to a personal computer used to record the data. This 

apparatus is shown in Figure 6. Measurements were taken at pressure heads ofO, -0.1, 

-0.4, -0.7, and -1.0 bars (1 bar= 1020 em). Several measurements were made at each 

pressure head to determine when the probes had reached equilibrium. The probes were 

allowed to equilibrate for at least 48 hours at each pressure head. Care was taken to 

ensure that there were no leaks in the pressure pots where the probe wires were inserted, 

as this would have reduced the relative humidity in the pressure pot and dried the system. 

The probes and silica flour were saturated with tap water for the first calibration, 2% 

butanol for the second calibration, and 7% butanol for the third. Seven percent butanol 

was chosen because of the low surface tension (27.5 dynes/em), and because it shows very 

little change in surface tension with concentration as shown in Figure 1. In other words, 

the slope of the surface tension versus concentration function is relatively flat at high 

concentrations of butanol, thus the effects of butanol volatilization would be minimized. 

Two percent butanol was chosen because it represents an intermediate value of surface 

tension (43.8 dynes/em) at 20°C. This value is similar to that which was measured in this 

study for water in contact with gasoline at 20°C (48.5 dyn/cm). The probes were vacuum 

saturated by placing them in a jar containing the solution of interest and allowing them to 

soak for 24 hours under negative pressure inside a vacuum chamber. This was done to 

minimize the amount of entrapped air in the saturated probes. 
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3.3 .5 Soil Moisture Characteristic Curve: 

The moisture characteristic curve for Berino Sand and tap water was determined using 

the method outlined by Klute (1987). Three cores, saturated with tap water from the 

constant head experiments, were weighed and screened on one end. The cores were then 

placed on a hanging water column where they were allowed to equilibrate for at least 48 

hours at pressure heads of approximately -20, -50, -100, and -150 em. The hanging water 

columns consisted of a saturated porous plate, hydraulically connected to a burette as 

shown in Figure 7. At the end of each equilibration period, the cores were removed from 

the hanging columns and weighed. Equilibrium pressure heads were measured as the 

vertical distance in em between the midpoint of the soil core and the water level in the 

burette. 

The cores were then placed in a pressure plate apparatus where three points at -510, 

-1020 and -3060 em were measured using the method outlined by Klute (1987). A 

diagram of the pressure plate apparatus is presented in Figure 8. The screened end of the 

cores were hydraulically connected to the porous plate through a thin layer of saturated 

micaceous earth. The lid of the pressure pot was then sealed shut and the pressure was 

then adjusted to the desired level with a pressure regulator. The water drained from the 

cores was removed from the pot by a small tube. The cores were allowed to equilibrate 

for a minimum of70 hours at each pressure head at which point they were removed from 

the pressure pot and weighed individually to determine water content. 

Wetting curves were then determined for the samples by placing them back onto the 

hanging columns shown in Figure 7, where they were allowed to equilibrate at pressure 
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heads of approximately -70, -30, -10, -5, and 0 em. It was assumed that equilibration was 

reached if the sample did not draw any water from the burette in a 24 hour period. The 

wetting curve points took considerably longer to equilibrate (up to 18 days) than the 

drainage curve points. For this reason, points approaching residual saturation could not 

be obtained for the wetting curves. 

When the last point on the wetting curve was measured, the cores were then oven 

dried for a period of 24 hours and then weighed in order to determine the weight of dry 

soil. Gravimetric water contents were determined for each point by subtracting the dry 

weight of the soil core and screen to determine the mass of the moisture within the core 

and then dividing this by the mass of the dry soil within the core. Volumetric water 

contents were then determined by multiplying the gravimetric water content by the ratio of 

bulk density (1.66 g/cm3 on average) to the liquid density (0.995 g/cm for water, 0.984 

g/cm for 7% butanol solution). 

The wetting and drainage curves for Berino Sand were determined with 7% butanol 

solution using a similar method. However, the cores were prepared differently. Soil cores 

were first drained of tap water in a pressure plate at a pressure head of -3 bars. They were 

then saturated with 7% butanol using a falling head permeameter. The falling head 

permeameter consists of a vertical tube, hydraulically connected to the sample core. 

Butanol solution was repeatedly added to the tube in order to maintain a hydraulic head on 

the core. The maximum hydraulic head on the cores was kept below 20 em in order to 

prevent changes in the pore structure from occurring. Over three pore volumes of 

solution were passed through each core to ensure that no residual tap water was left in the 



4'1 

core. 

Experiments were conducted to determine if the organic matter in the Berino Sand 

would cause a decrease in the concentration of butanol over time. A jar of Berino Sand 

was saturated with 7% butanol solution and allowed to stand for 14 days. A centrifuge 

was then used to remove the butanol solution from the sand. No change was observed in 

the surface tension of the soil water. 

When measuring the butanol wetting curve, the water in the hanging columns was 

replaced with 7% butanol solution. The porous plate in the cup of the column was 

saturated with this solution. Care was taken to reduce the losses due to the volatilization 

ofbutanol while these experiments were being conducted. The cups of the hanging 

columns were sealed at the tops with plastic to prevent the volatilization of butanol which 

would have reduced the concentration of the butanol solution. For Ottawa Graded Sand, 

Smith (1995) did not observe a change in residual saturation between water and 7% 

butanol solution. Therefore, the residual saturation for these samples was assumed to be 

the same as that for the tap water drainage curve. This assumption was made because a 

precise value of residual saturation was not determined and it would simplify the 

comparison of the curves if the values were consistent. The consistent grain size 

distribution of the Berino sand also suggests that there would not be significant differences 

in residual saturation among different samples. 

The moisture retention data were fit using the RETC program (van Genuchten, 1991). 

The model uses equation (8), with the option to fit the parameters 81 , en a, n, and m to 

the moisture retention data. The option (m = 1 - 1/n) was chosen and leads to the K(Se) 
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and K(l}T) functions shown in equations (6), and (11) respectively. 
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4.0 RESULTS 

4.1 Air Entry Values ofTensiometers: 

Data were obtained from experiments where the air entry values were determined for 

tensiometer cups saturated with tap water, 2% butanol, and 7% butanol. These data are 

presented in Table 2. Six cups were tested at each surface tension. The 95% confidence 

limits for each of the three surface tensions were within 0. 02 bars of the mean air entry 

values. Surface tensions are plotted against air entry values in Figure 9. A linear 

regression ofthe plotted data reveals an r value of0.996, and a slope (m) of0.0370 

dyn/cm2
• They-intercept (b) was fixed at 0 dyn/cm. 

Figure 10 shows a plot ofthe ratio Wairentry llJ10 airentry versus cr/cr0 for the experimental 

data. A linear regression of this reveals an r of0.9991 and a slope of0.9992 with a y-

intercept of -0.0103. The good fit of this data indicates that the two ratios are very nearly 

equal and can be described by, 

W air entry = ~ 
Woair entry 0 o 

(15) 

This equation is consistent with equations (4) and (2) and can be used to estimate·the air 

entry value of a tensiometer in a soil water of known surface tension. It can also be used 

to estimate the surface tension of a soil water if the air entry value of a tensiometer placed 

in that soil is known. 



Table 2 Tensiometer Air Entry Values 

A.E.V. (bars) A.E.V. (bars) 
Tap H20 Temp (C) 2% Butanol Temp (C) 

1.80 19 1.21 19 
1.82 19 1.20 19 
1.80 19 1.19 19 
1.79 19 1.16 19 
1.79 19 1.16 19 
1.83 19 1.18 19 

1.81 average 1.18 average 

A verge Measured A verge Measured 
Surf. Ten. (dyn/cm) 69.3 Surf. Ten. (dyn/cm) 43.8 

S.T./ A.E.V. 37.87 S.T./ A.E.V. 37.12 

Scaled A.E.V. 1.81 Scaled A.E.V. 1.87 

A.E.V. (bars) 
7% Butanol 

0.76 
0.78 
0.77 
0.76 
0.76 
0.75 

0.76 

Averge Measured 
Surf. Ten. (dyn/cm) 

S.T./ A.E.V. 

Scaled A.E.V. 

Temp (C) 
19 
19 
19 
19 
19 
19 

average 

27.5 

36.67 

1.91 

~ 
~ 
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4.2 Gypsum Block Calibrations: 

Two gypsum blocks were calibrated in tap water, and in 2% and 7% butanol solutions. 

Measured surface tensions for these liquids when in contact with the gypsum blocks at 

20°C were 64.9, 43.8, and 27.5 dyn/cm respectively. The surface tensions of2% and 7% 

butanol were consistent throughout the study, however the surface tension of tap water 

was reduced from 69.3 to 64.9 dyn/cm when it came in contact with dissolved gypsum 

block material. This reduction may be due to the organic glue which holds the gypsum 

block together and is not expected to be caused by the presence of the dissolved gypsum. 

The data from these calibrations were transformed from sensor resistance (R,.) to the 

ratio of signal voltage to excitation voltage (V/V J which is the proper form for creating a 

calibration curve. This was accomplished with the relationship provided in the user's 

manual for the Campbell Scientific Delmhorst Soil Moisture Block, 

(16) 

The V/Vx data from gypsum blocks 1 and 2 were averaged for each pressure head. The 

averaged results are presented in Table 3. These results were then plotted against 

pressure head and fit with the following equation, 

v v 
s - ( s) + a(11r - 11r )b V - V sat 'f 'f AEV (17) 
X X 

Where (V/VJsat is the value of V/Vx at saturation and was held constant. The parameters 
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Table 3 Averaged Results From Calibration Experiments 

Gypsum Block Average VsNx 
Pressure head (-em) Tap Water 2% butanol 7% butanol 

0 0.148 0.164 0.176 
102 0.125 0.116 0.195 
408 0.510 0.584 0.728 
714 0.685 0.765 0.837 

1020 0.748 0.827 0.913 
2391 0.895 

Heat Dissipation Probe Average dT 
Pressure head (-em) Tap Water 2% butanol 7% butanol 

0 0.613 0.613 0.628 
102 0.633 0.625 0.687 
408 1.317 1.451 1.530 
714 1.480 1.570 1.672 

1020 1.573 1.657 1.763 
2391 1.797 
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a and b are curve fitting parameters and are unique for each curve. tV AEv is the estimated 

air entry pressure of the probe for a given surface tension. 

Because the exact air entry values could not be determined from the experimental data, 

it was necessary to estimate the air entry values. The measured Vs/Vx of 7% butanol is 

slightly higher than the measured Vs/Vx for both tap water and 2% butanol at -102 em, 

suggesting that the air entry pressure for 7% butanol is slightly less than -1 02 em. Based 

on this observation, an air entry value of -100 em was estimated for 7% butanol. This 

value was then scaled by the ratio of surface tensions, yielding air entry values of -158.2 

em for 2% butanol, and -236.0 em for tap water. 

Because equation (17) is nonlinear, it was necessary to linearize the data with a natural 

log transformation so that the parameters a and b could be fit using a linear regression 

analysis. The values of all fitting parameters along with the r values for each regression 

are presented in Table 4. Figure 11 shows the calibration results (average for the two 

gypsum blocks) and the best fit curve for each surface tension. 

The data below the air entry pressure showed very little response to changes in 

pressure and therefore have little significance. The data at pressure heads of -408 em, 

-714 em, and -1020 em show a scaling effect. This scaling is due to the change in· pressure 

head due to reduced surface tension. 

Figure 12 shows the tap water calibration data and best fit line along with the 2% and 

7% butanol data with pressure head scaled using equation ( 4). An additional point at 

-2391 em was measured for the tap water calibration in order to better define this curve 

for scaling purposes. In theory the scaled points should plot on the tap water fit curve. 



Table 4 Curve Fitting Parameters For Calibration Data 

Gypsum Block Average (2 probes) 

Mass Fraction Butanol Surface Tension VsNx (sat) Air Entry Pressure (-em) 
Oo/o 64.9 0.160 236.0 
2°/o 43.8 0.160 159.2 
7o/o 27.5 0.160 100.0 

Heat Dissipation Probe Average (3 probes) 

Mass Fraction Butanol Surface Tension dT (sat) Air Entry Pressure (-em) 
Oo/o 69.3 0.613 251.9 
2°/o 43.8 0.613 159.2 
7% 27.5 0.613 100.0 

a b 
0.0661 0.3322 
0.0541 0.3758 
0.1301 0.2573 

a b 
0.2636 0.1943 
0.3176 0.1756 
0.2802 0.2070 

Scale Factor 
0.000 
1.481 
2.360 

Scale Factor 
0.000 
1.582 
2.519 

Vl 
0 
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All of the 7% butanol data scaled close to the fit curve, indicating that equation ( 4) is a 

good approximation of surface tension effects on these instruments for this range of 

pressure heads. The scaled 2% butanol data also scaled close to the fit curve. 

A statistical analysis was preformed on the linear form of the scaled results shown in 

Figure 12 to test the hypothesis that the scaled butanol results are equivalent to the tap 

water results. This hypothesis will be accepted if the P value for the six scaled butanol 

results is greater than 0. 05. 

The standard error of estimate along they-axis (Sesr) was determined for the tap water 

regression line with the relation, 

[(Y- Y')2 

(N-2) 
(18) 

Where Y is the value of the data point on the y-axis, Y' is the value of the regression line 

on they-axis at the same location on the x-axis, and N is the number of observations in the 

data set. The resulting Sesry was equal to 0.0597. 

The prediction interval for a future value of Y has been defined using a conservative 

simplification of the equation used by Devore (1982, p. 445), wherein the additive factor 

expressing the variance due to the uncertainty in the regression equation has been 

eliminated: 

Prediction interval= f ±t<a.J2, n-2)Sest Y (19) 

Where f is the y-value of the regression line, n is the number of observations used to 
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calculate the linear regression, and a is the probability that a future value of y will fall 

within the prediction interval. In order to estimate the significance of simultaneous 

prediction intervals for the 6 scaled values, the conservative simplification was made 

which produced a smaller prediction interval. Several values of a were tried in equation 

(19) to determine the largest a (smallest prediction interval) which would contain all 6 of 

the scaled butanol values in Figure 11 . This value of a, called the P value (Devore 1982, 

p. 246, 271), was determined to be 0.20, which corresponded to at-value of 1.98. Thus, 

the prediction interval defined by equation (19) and shown in Figure 13 is defined as: ~ ± 

0.113. 

The significance of the 6 simultaneous predictions was obtained through the use of the 

equation from Gibbons (1994), 

a·= I- (I- at (20) 

Where a· is the probability that k values will fall within the prediction interval. Since the 6 

scaled butanol values fell within the a= 0.2 prediction interval, a· is equal to 0. 738. 

Therefore, the hypothesis that the scaled butanol results are equivalent to the tap water 

results for gypsum blocks is accepted at the 0.05 significance level. Note that the P value 

is 0. 738. 

The absolute bias of a pressure head measurement taken with a gypsum block in 

contaminated soil water with a surface tension equal to that of2% butanol (43 .8 dyn/cm) 

can be taken as the horizontal distance along the x-axis from the 2% butanol calibration 
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curve to the tap water calibration curve. This is based on the assumption that the 2% 

butanol calibration curve would give unbiased pressure head measurements for gypsum 

block readings taken in a soil water with that same surface tension (43 .8 dyn/cm) and that 

the tap water curve is biased in that it would underestimate pressure head for:- all field 

measurements of Vs!Vx in contaminated soil water with this reduced surface tension. The 

magnitude of this bias increases in proportion to the magnitude of the pressure head. 

However, the percent bias should remain constant. 

The absolute bias in -em for a field gypsum block measurement was determined as a 

function of pressure head using the following method. A 'true' pressure head was chosen 

in 50 em increments and inserted into equation ( 1 7), along with parameters for the 2% 

butanol curve in Table 3, in order to obtain a 'measured' value of V /Vx. This is the 

approximate value of Vs!Vx that a gypsum block would indicate at the chosen pressure 

head in the contaminated soil. Equation ( 17) was then solved for lJ1 with the following 

result, 

v;v - (VjV) .!. 
ljT = ( x X sat) b + ljT AEV 

a 
(21) 

The 'measured' value of V IVx was inserted into this equation along with the other 

parameters from the tap water calibration curve (table 4). This yields an apparent 

pressure head which would normally be obtained by using a standard tap water calibration 

curve. Subtracting this apparent pressure head from the initial true pressure head yields 

the absolute bias in -em for that chosen pressure head. The percent bias was then 
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calculated by dividing the absolute bias by the true pressure head and multiplying by 1 00. 

The result is plotted as a function of true pressure head in Figure 14. 

The percent bias for the 7% butanol calibrations was calculated using this same 

method, substituting the 7% butanol parameters from Table 3 for the 2% butanol 

parameters. The percent biases for 7% butanol are plotted in Figure 14. These biases 

approximate the measurement biases which would be expected in an organically 

contaminated soil water with a surface tension identical to that of 7% butanol solution 

(27.5 dyn/cm). The reason why the calculated biases for 7% butanol in Figure 14 do not 

show a zero slope is possibly due to a slow reduction in butanol concentration due to a 

reaction with gypsum during the experiment, however the positive slope of the calculated 

biases for 2% butanol does not support this. 

Pressure head has been shown to scale by the ratio of surface tensions in these 

instruments. Thus, in theory, the percent bias in pressure head could be estimated by 

determining the ratio of surface tensions as follows, 

a 
%Bias= (__!-1) 100% 

a 
(22) 

This would predict a constant percent bias of 48.2% for 2% butanol, and 136.0% for 7% 

butanol. In other words, a gypsum block measurement taken in a soil water with a surface 

tension equal to that of2% butanol (43.8 dyn/cm) would underestimate pressure head by 

approximately 48 .2%. The predicted percent biases for 2% and 7% butanol solutions are 

indicated by the dashed lines in Figure 14. The average calculated bias was 2.3% lower 
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than predicted by equation (22) for 2% butanol and 2.8% lower than predicted for 7% 

butanol. The reason for the average calculated bias being slightly less than the predicted 

bias could possibly be attributed to the fact that the electrical resistance of butanol 

solutions is lower than that of water. The electrical resistivity of pure butanol is 1.25x106 

ohm.cm while that of water is 2.5x106 ohm.cm. Based on these differences, and assuming 

a linear relationship between concentration and electrical resistance, the calculated bias 

would be 1% lower than predicted for 2% butanol, and 3. 5% lower than predicted for 7% 

butanol. If electrical resistivity is taken into account, the average calculated bias is within 

1.3% of the predicted bias for both the 2% and the 7% butanol calibrations. 

4.3 Heat Dissipation Probe Calibrations: 

Heat dissipation probes were calibrated in tap water, 2% butanol, and 7% butanol. 

Surface tensions measured for these liquids at 20°C were 69.3, 43 .8, and 27.5 dynes/em 

respectively. The calibration data from the three probes were averaged and are presented 

in Table 3. The raw data are presented in Appendix A. The data are fit with an equation 

ofthe same form as (15), i.e., 

(23) 

Where dT is the change in temperature reading from the heat dissipation probe, and dTsat 

is the reading from the probe at saturation. 

Again, a natural log transformation of equation (23) was necessary to convert the data 



to a linear form so that it could be fit with a linear regression. The fitting parameters for 

these curves are provided in Table 4. A graph showing the fit calibration curves and the 

average data from probes 1, 2, and 3 is presented in Figure 15. This graph indicates that 

there is a significant shift in the calibration curve due to surface tension changes. 
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The air entry value of the heat probe (the pressure head where dT begins to increase) is 

scaled for reduced surface tension by estimating an air entry value of -1 00.0 em for 7% 

butanol. This estimate appears to be reasonable based on the fact that the dT value for 

7% butanol is slightly higher than the dT values for both 2% butanol and tap water at a 

pressure head of -1 02 em, sugggesting that air entry for 7% butanol occurs slightly below 

-102 em. This estimated air entry value was then multiplied by the ratio of surface 

tensions to obtain air entry values of -251.9 em, and -158.2 em for tap water and 2% 

butanol respectively. 

Figure 16 shows the tap water calibration data, the 2% and 7% butanol data, and the 

tap water fit curve versus scaled pressure head. An additional point at -2391 em was 

measured for the tap water calibration in order to better define this curve for scaling 

purposes. In theory, the scaled data should plot on the tap water curve. The data show 

very good agreement with the theory, with all of the scaled data plotting very close to the 

tap water calibration curve. 

A statistical analysis was preformed on the linear form of the scaled results shown in 

Figure 16 to test the hypothesis that the scaled butanol results are equivalent to the tap 

water results. This hypothesis will be accepted if the P value for the six scaled butanol 
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results is greater than 0.05. 

The standard error of estimate for the linear regression of the tap water values was 

determined using equation {18) and was found to equal 0.00464. Equation {19) was then 

used to determine the largest value of a for a prediction interval which would include all 6 

of the scaled butanol values. This a was determined to be 0.01, which corresponds to at

value of9.92. By inserting this value into equation {19), the prediction interval shown in 

Figure 17 is defined as: t ± 0.0460. 

Since the 6 scaled butanol values fell within the a = 0. 01 prediction interval, a • is equal 

to 0.059 from equation (20). Therefore, the hypothesis that the scaled butanol results are 

equivalent to the tap water results for heat dissipation probes is accepted at the 0.05 

significance level. Note that the P value is 0.059. This is a much lower P value than that 

obtained for the gypsum blocks, largely due to the fact that there was a very small scat y in 

the tap water regression for the heat probes. 

A graph illustrating the percent bias in pressure head measurements as a function of 

actual pressure head for heat dissipation probes is presented in Figure 18. This graph was 

determined with the same method used for gypsum blocks. Equation {21) predicts a 

constant percent bias of58.2% for 2% butanol and 152.0% for 7% butanol, as indicated 

by the dashed lines in figure 18. These values are somewhat higher than those calculated 

for gypsum blocks because unlike gypsum blocks, heat dissipation probes do not 

themselves cause a reduction in the surface tension of tap water ( o0), thus the ratio of ocfo 

is larger. This was determined by measuring the surface tension of tap water before and 
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after being in contact with heat dissipation probes for a 26 hour period. No change in 

surface tension was observed. 

66 

Figure 18 indicates that the calculated biases are lower than predicted for both the 2% 

and 7% butanol experiments. The deviations are quite consistent for 7% butanol, 

averaging 27.9% below the predicted biases. The deviations increase slightly with 

decreasing pressure head for 2% butanol, averaging 22.2% below the predicted biases. 

The reason why the calculated biases were lower than predicted by equation (22) could be 

due to the fact that the thermal diffusivity of butanol solutions is higher than that of water. 

The thermal diffusivity of pure butanol is 1150.6 mollm.s while it is only 124.0 mollm.s 

for water. A higher thermal diflfusivity would cause more heat to be dissipated and a 

lower dT than predicted. These differences are consistent with the trend of higher 

discrepencies between observed and predicted biases with increasing butanol 

concentration. The discrepencies may also be caused by an evaporation effect. Because 

butanol has a higher vapor pressure than tap water, more evaporation may have occurred 

during the heating of the probe in the 2% and 7% butanol experiments. This would cause 

increased cooling, which would lead to a lower measured dT than predicted by the scaling 

relationship. However, this effect would become greater at lower pressure heads due to 

the increased surface area at lower saturations. In Figure 18, the negative slope of the 

calculated biases for 2% butanol supports this explaination, however the lack of slope for 

the 7% butanol calculated biases does not suggest an evaporation effect. 
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4.4 Moisture Characteristic Curves: 

Wetting and drainage curves were measured for the Berino Sand using both tap water 

and 7% butanol solution. The data from these experiments are listed in Appendix B and 

shown on Figures 19 and 20, along with the fitting curves generated by the RETC 

program. The model used equation (8) with the restriction (m = I - 1/n). Residual 

saturation was kept variable when fitting the tap water drainage curve. The obtained 

residual saturation of0.120 was then fixed for all other curves. No data below pressure 

heads of -80 em were obtained for the wetting curve. Measurements on the dry end of the 

wetting curve took up to 18 days to equilibrate due to very low unsaturated hydraulic 

conductivity. 

Values of the van Genuchten parameters along with r values for each of the four 

fitted curves are presented in Table 5. The fit of the drainage curve data was not as good 

as that ofthe wetting curves. The drainage curve rvalues were 0.9714, and 0.9746, for 

the tap water and 7% butanol curves respectively. A better fit was achieved for wetting 

curve data, as evidenced by rvalues of0.9972, and 0.9968, for the tap water and 7% 

butanol curves respectively. 

The data show that there is significant scaling of the moisture characteristic curve due 

to reduced surface tension. This result compares favorably with the effect documented by 

Demond ( 1991 ), where a significant scaling effect was observed in the Borden Sand when 

interfacial tension was reduced by four different organic solutes in three phase systems. 

For example, the Demond study showed that for an air-(n-dodecane)-water system, the 
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Table 5 van Genuchten Parameters for Moisture Characteristic Curves 

Tap Water Drainage Curve 
Value 95% confidence intervals 

lower upper 
residual water content 0.1200 
saturated water content 0.3254 0.3096 0.3413 
n 1.903 1.696 2.110 
alpha 0.0263 0.0184 0.0342 
r squared 0.9719 

7% Butanol Drainage Curve 
Value 95% confidence intervals 

lower upper 
residual water content 0.1200 
saturated water content 0.3097 0.2991 0.3204 
n 1.692 1.529 1.855 
alpha 0.0868 0.0554 0.1182 
r squared 0.9746 

Tap Water Wetting Curve 
Value 95% confidence intervals 

lower upper 
residual water content 0.1200 
saturated water content 0.3073 0.3005 0.3141 
n 2.624 2.382 2.867 
alpha 0.0375 0.0336 0.0415 
r squared 0.9972 

7% Butanol Wetting Curve 
Value 95% confidence intervals 

lower upper 
residual water content 0.1200 
saturated water content 0.2922 0.2855 0.2989 
n 2.491 2.1 97 2.785 
alpha 0.0780 0.0671 0.0888 
r squared 0.9968 
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drainage curve scaled by an average factor of 1.26 as compared to the factor of 1.3 8 

predicted by the ratio of interfacial tensions. The wetting curve for this system scaled by a 

factor of2.06 as compared to the predicted factor of 1.38. All four of the chemical 

systems used in the Demond study scaled less than predicted by the surface tension ratio 

for the drainage curves and more than predicted for the wetting curves. The relative error 

between the observed versus predicted scale factors ranged from 9.5% to 47.2% for the 
I 

drainage curves and from 22.9% to 44.8% for the wetting curves. 

The results from this study, where butanol was used to reduce surface tension in a two 

phase system, indicate a closer agreement with the scaling relationship and show little 

difference between the degree of scaling of the drainage and wetting curves. 

Smith (1995) observed a pressure head scaling in the Ottawa Graded Sand when 

surface tension was reduced by 7% butanol solution as was done in these experiments. In 

the Smith study, the data scaled slightly more than predicted by the ratio of surface 

tensions in both drainage and wetting curves, particularly at higher saturations. 

There was little difference between the rewetted and initial saturated water contents for 

any given core. However, there was a significant range of saturated water contents 

measured in the various soil cores. This was most likely due to differences in the amount 

of entrapped air in the various cores. For this reason, the data were plotted as effective 

saturation (given by equation (7)) rather than water content. The data are easier to assess 

in this format because differences in saturated and residual water content among the 

various soil cores are absorbed by equation (7), making it easier to assess the scaling 



relationship. This approach has been commonly used in studies in which the effects of 

surface tension on saturation-pressure relationships have been examined (Lenhard and 

Parker, 1987; Busby, 1995; Demond, 1991). 
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Equation ( 4) is a scaling relationship of pressure head as a function of relative surface 

tension. Figures 21 and 22 show plots of the data and fit curves using this scaled pressure 

head for the drainage and wetting curves respectively. There appears to be good 

agreement with the scaling relationship for both the drainage and the wetting curve data. 

An RETC fit of the scaled data was preformed in order to determine if there is a 

significant difference between the tap water fit curves and the scaled 7% butanol fit 

curves. The 95% confidence intervals of the fitting parameters 81, n, and a for these four 

curves are provided in Table 6 (8r is not listed because it was fixed and therefore was not 

a variable curve fitting parameter). The confidence intervals significantly overlap for all 

three fitting parameters for the drainage curves. This suggests that there is no significant 

difference between the scaled 7% butanol drainage curve and the tap water drainage 

curve, indicating that the scaling relationship is valid within experimental error for the 

drainage curve. The confidence intervals for the wetting curve fitting parameters n, and a 

6.4% lower for the 7% butanol cores than for the tap water cores. This means that there 

was more entrapped air (residual non wetting phase) for the 7% percent butanol solution. 

This is likely due to the fact that viscosity and surface tension differ between the two 

liquids. Dullien (1992, p.425) documented an increase in the residual nonwetting fluid 

saturation (entrapped air) in response to a decrease in capillary number (1t), where 
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Table 6 Confidence Intervals and Statistics for RETC Fit Curve s 

Saturated water cont. 
alpha 
n 

Saturated water cont. 
alpha 
n 

Saturated water cont. 
alpha 
n 

Saturated water cont. 
alpha 
n 

Drainage Curve (unsealed tap water data) 
95% confiden ce intervals 

value SE coef. T-value lower 
0.3254 0.00771 42.20 0.3096 
0.0263 0.00386 6.80 0.0184 
1.9031 0.10092 18.86 1.6962 

Drainage Curve (scaled 7% butanol data) 
95% confiden 

value SE coef. T-value lower 
0.3108 0.00507 61.33 0.3004 
0.0361 0.00624 5.79 0.0233 
1.6808 0.07560 22.24 1.5626 

Wetting Curve (unsealed tap water data) 
95% confiden 

value SE coef. T-value lower 
0.3073 0.0029 106.62 0.3005 
0.0375 0.0017 22.44 0.0336 
2.6240 0.1025 25.60 2.3823 

Wetting Curve (scaled 7% butanol data) 

upper 
0.3413 
0.0342 
2.1102 

ce intervals 
upper 

0.3212 
0.0489 
1.8360 

ce intervals 
upper 

0.3141 
0.0415 
2.8670 

95% confiden ce intervals 
value SE coef. 

0.2922 0.00316 
0.0310 0.00205 
2.4850 0.13890 

T-value 
92.36 
15.11 
17.90 

lower 
0.2855 
0.0266 
2.1890 

upper 
0.2990 
0.0354 
2.7810 
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capillary number is defined by, 

0 
1t =-

JlV 
(24) 

Where Jl is dynamic viscosity [MILT], defined as the product of kinematic viscosity and 

density, and vis the Darcy velocity [Lff]. Assuming a constant Darcy velocity, it was 

determined that tap water has a 1t which is 3.33 times higher than that of7% butanol. 

This difference is large enough that it could have caused the observed differences in 

residual saturation. 

Demond (1991) proposed that scaling relationship used here (equation (4)) could be 
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improved with the addition of a contact angle function, expanding the scaling relationship 

to, 

o0 cosP0 'I'= tV 
ocosp 

(25) 

Where Po is the contact angle of the reference liquid, which in this case is tap water and is 

assumed to be zero, and P is the contact angle of some other liquid, which in this case is 

7% butanol. The cos Po term is equal to 1.0. Because P must be greater than or equal to 

zero, cos p must be less than or equal to 1. 0. Therefore, the inclusion of a contact angle 

function could not decrease the scaling factor and would not improve the accuracy of the 

wetting curve scaling. In order to determine if a contact angle function was appropriate 
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for the drainage curves, the 7% butanol fit curve was scaled using various values of P in 

order to determine if a more accurate scaling could be achieved. The accuracy of the 

scaling was assessed by summing the difference in water content between the two curves 

for 18 different values of pressure head. The results of this test indicated that the scaling 

relationship could only be improved by slightly decreasing the scaling factor, which again 

is not possible with the contact angle function proposed by Demond (1991). Therefore, it 

was concluded that the scaling relationship shown in equation (23) does not improve the 

scaling of the moisture characteristic curve of the Berino Sand and that equation ( 4) is a 

sufficient scaling relationship. 

This effect of changes in surface tension caused by organic contamination would result 

in significant errors when estimating water contents from pressure head measurements 

made in contaminated water with a standard moisture characteristic curve, i.e., produced 

with uncontaminated water. If the pressure head data were not first scaled by the ratio of 

surface tensions as in equation ( 4), water content would be significantly overestimated, 

particularly in the middle range of the function, where the slope of the curve is large. 

The water characteristic function of the Berino Sand was significantly affected by 

hysterisis for both the tap water and the butanol curves. The two wetting curves had 

steeper slopes than the two drainage curves. At the wet end of the moisture characteristic 

curve, the shift along the pressure head axis resulting from a 60.3% reduction in surface 

tension was between two and three times larger than the shift caused by hysterisis. At the 

dry end of the moisture characteristic function, the shift caused by hysterisis was about 
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twice as large as the shift caused by a 60.3% reducion in surface tension. This shows that 

the effects of reduced surface tension are relatively important on the wet end of the 

moisture characteristic curve as compared to hysteresis. 

4.5 Unsaturated Hydraulic Conductivity: 

Graphs showing the predicted relationship between hydraulic conductivity and water 

content (K(8) ), and hydraulic conductivity and pressure head (K( lJ1)) are presented in 

Figures 23 and 24. These relationships were determined using equations ( 6) and ( 11) 

respectively. K. was obtained by direct measurement from constant head experiments with 

tap water. Values of n and a were obtained from the RETC fit of the moisture retention 

data. A value of0.5 was used fore in equation (11), as suggested by Van Genuchten 

(1991). 

The relationship between K(8) and water content is not expected to be affected by 

reduced surface tension. However there is some scaling of this relationship due to the 

increased kinematic viscosity of 7% butanol. This scaling can be represented by equation 

(10). Smith (1995) determined that the ratio of the kinematic viscosities of water to 7% 

butanol solution was 0. 748 at 25°C. Although both kinematic viscosities would have been 

higher at the lab temperature of 20°C, it was assumed that the ratio remained constant. 

Consequently, the K. of 7% butanol was calculated as 74.8% that of tap water. 

The K( lJ1) versus pressure head relationship does exhibit significant scaling due to 

reduced surface tension. This is because at a given pressure head, the sand holds less 
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moisture if the surface tension is reduced. The lower water content results in a lower 

unsaturated hydraulic conductivity. This is reflected in equation (II) by the change in 

values entered for nand a. Surface tension effects on K(\fr) are quite significant. For 

example, at a pressure head of -I 00 em in the Berino Sand, an uncontaminated soil water 

would have a K(\fr) of7.87xi0-7 while a contaminated soil water with a surface tension of 

27.5 dyn/cm would have a K(\fr) of only 4.73xi0-9
, a decrease of over two orders of 

magnitude. 

If K( lJr) were determined based on an unbiased pressure head measured in a low 

surface tension soil solution with a tensiometer, and using the van Genuchten parameters 

for a clean water characteristic curve, then K( lJr) would be overestimated by equation ( 11) 

as in the above example. However, assuming that the surface tension scaling relationship 

is correct, a heat dissipation probe pressure head measurement, which underestimates 

pressure head by a factor of oJo under reduced surface tension conditions, would provide 

an accurate measure ofK(\fr) when inserted into the biased equation (1I). In other words, 

the biased pressure head compensates for the bias in the equation. 
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5.0 DISCUSSION 

The results from this study indicate that there is a bias in pressure head measurements 

taken with gypsum blocks and heat dissipation probes in soils contaminated with organic 

solutes in that they will underestimate pressure head in contaminated soils. The percent 

magnitude of this bias can be approximated by equation (22) which was derived from 

equation (4). However, it should be noted that the graphs in Figures 14 and 18 should 

show a constant percent bias for there to be perfect agreement. The fact that these graphs 

do not show zero slope indicates that there may be a lack of precision in the fitting 

equation or a lack of precision in the data. It may also be caused by changes in contact 

angle at different surface tensions, and by concentration-dependant changes in electrical 

resistivity for gypsum blocks and thermal diffusivity and rate of evaporation for heat 

dissipation probes. However, the validity of equation (4) was supported on a 73.8% 

significance level for gypsum blocks and on a 5. 9% significance level for heat dissipation 

probes. 

The absolute bias in such a pressure head measurement can be obtained by subtracting 

the actual pressure head in the soil, which increases with decreasing surface tension, from 

the apparent pressure head indicated by the instrument. This can be approximated by the 

equation, 

(26) 
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Where !1 tiT is the absolute bias in pressure head, tiT is the true pressure head, o0 is the 

reference surface tension of the water used to calibrate the instrument, and a is the soil

water surface tension. For example, a soil water saturated with toluene would have a 

surface tension of approximately one third that of pure water (Busby, 1995). A gypsum · 

block or heat probe measurement taken in this soil water would indicate a pressure head 

approximately three times lower than the actual pressure head. In other words, if the true 

pressure head (tiT) were -100 em, a heat dissipation probe would measure a pressure head 

of approximately -300 em, underestimating pressure head by approximately -200 em. 

In many vadose zone monitoring sites, a tensiometer may be nested with a gypsum 

block or heat dissipation probe or both. Because a tensiometer measures pressure head 

directly, they are not subject to the same systematic errors in measurements due to 

reduced surface tension. Therefore, in contaminated soils, a tensiometer will measure a 

different value of pressure head than a gypsum block or heat dissipation probe. For 

example, in a case where a tensiometer is placed next to a gypsum block or a heat probe in 

an uncontaminated soil, both instruments should accurately measure pressure head. If 

that soil were to become contaminated with an organic pollutant, the pressure head in the 

soil would increase in proportion to the decrease in surface tension according to equation 

(2). This increase in pressure head would be indicated by the tensiometer as shown in 

Figure 25. However, heat dissipation probes and gypsum block measurements are based 

on the water content of a porous probe and are related to pressure head through a 

calibration curve measured in uncontaminated water. Ignoring any transients in the rate of 
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contamination of the probes, i.e. instantaneous equilibrium, the decrease in surface tension 

would not change the water content of the soil or the porous probe, thus the pressure head 

measured by these instruments would not change in response to a decrease in surface 

tension, as indicated by the horizontal arrows in Figure 25. These measurements would 

become biased in that they would underestimate pressure head according to equation (26). 

In general, the pressure head measured by tensiometers will increase while the pressure 

head measured by gypsum blocks and heat dissipation probes will stay the same in 

response to a contamination front when the water content remains unchanged. 

The ratio of the tensiometer measurements lJI, and the heat probe or gypsum block 

measurements lJIP can provide a measure of surface tension of the soil water by, 

Wr 
0 = 0 (-) 

0 liT 
p 

Where o is the soil water surface tension and o0 is the surface tension of the water in 

which the gypsum block or heat dissipation probe was calibrated. For example, if a 

tensiometer measures a pressure head (lJIJ of -50 em and an adjacent heat dissipation 

(27) 

probe measures a pressure head (Wp) of -100 em, and the heat probe was calibrated in 

distilled water, ( o0 = 72 dynlcm), the soil water surface tension ( o) would be 36 dynlcm. 

This relationship assumes that the scaling relationship oJo is perfect. The relationship 

would provide an approximation of soil water surface tension if no other methods were 

available. 
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Although tensiometers do, under the assumption of equilibrium, provide an accurate 

measure of pressure head regardless of surface tension, these instruments generally have a 

range limited to the wet end of the moisture characteristic curve (approximately 0 em to -

870 em) (Klute, 1986). This is not generally due to the air entry value of the probe, which 

was approximately -1846 em for the probes tested in this study. However, this value is 

reduced if the soil water is contaminated with an organic chemical that substantially 

reduces surface tension, in which case air entry can become a limiting factor. There is 

some overlap in the effective ranges of tensiometers and gypsum blocks or heat probes 

(gypsum blocks and heat dissipation probes have an effective range of approximately -300 

em to -10200 em) (Klute, 1986). Surface tension estimates made with equation (25) are 

consequently limited in terms of effective pressure head range to pressure heads between 

approximately -300 em to -870 em. 

A scaling relationship which corrects heat dissipation probe and gypsum block 

measurements for the effects of reduced surface tension is approximated by the equation, 

0 
tJ1 true = tJ1 measured(-) 

oo 
(28) 

This relationship assumes that the pressure head scaling relationship given in equation ( 4) 

is valid for heat dissipation probes and gypsum blocks, thus the similarity between the two 

equations. In equation {28), tJ1 measured is equivalent to scaled pressure head ('P) in equation 

(4). Neither Wmeasurednor 'Pare sensitive to changes in surface tension. For example, ifthe 
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surface tension of the soil water is 34 dyn/cm and the heat probe was calibrated in water 

with a surface tension of72 dyn/cm, all pressure head measurements should be multiplied 

by a factor of0.472 in order to correct for the effects of reduced surface tension. If the 

heat probe indicates -200 em, the true pressure head would be -94.4 em. 

The bias in a pressure head measurement can be expressed as a function of measured 

pressure head by inserting (28) into (26). This yields the expression, 

0 
fllJI = Wmeasured(I - -) 

oo 
(29) 

Where Wmeasured is the pressure head indicated by the heat probe or gypsum block. For 

example, if a heat dissipation probe indicates a w measured of -300 em in a soil water with a 

· surface tension ( o) of 38 dyn/cm, assuming that the probe was calibrated in distilled water 

(o0 = 72 dyn/cm), the bias in the measurement (lllJI) would be -142 em. 

When using gypsum blocks, care should be taken to determine the effect of dissolved 

gypsum block material on the surface tension of the water used to calibrate the instrument. 

Although gypsum itself is inorganic and is not expected to significantly affect the surface 

tension of the water within the block, the organic glue contained in gypsum blocks does 

seem to affect surface tension. In this study, it was found that dissolved gypsum block 

material reduced the surface tension of tap water by 4.4 dyn/cm while it had little or no 

effect on the surface tension of 2% or 7% butanol solutions. Therefore it is important to 

assess this effect when determining the value of o0. Different types of gypsum blocks may 
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have different effects on surface tension. 

Unfortunately, it is often difficult to obtain the surface tension of soil water, and there 

is not enough data available in the literature to derive an accurate measure of surface 

tension from the concentration of most organic chemicals. This problem can be overcome 

to some extent if there is appropriate tensiometer data available, in which case equation 

(25) can be used to estimate the soil water surface tension. 

The vertical propagation of an organic solute through the vadose zone was shown by 

Smith and Gillham {1994) to cause a substantial flow perturbation along the solute front. 

This is caused by the surface tension gradient associated with the concentration changes in 

the solute front. This increases the hydraulic gradient, leading to an increase in flux. If 

the solute front reaches the capillary fringe, the thickness of the capillary fringe will be 

reduced by a factor of the ratio of the surface tensions ( a/a0), where a is the surface 

tension of the contaminated soil water and a0 is the surface tension of the uncontaminated 

soil water. The drainage could cause the water table to rise, depending on the boundary 

conditions and the flow properties of the aquifer. A nearby impermeable boundry would 

contribute to a rise in the water table in response to the drainage event. 

Surface tension-induced measurement biases can have many implications on predicting 

flow rates in the vadose zone. Two hypothetical vadose zone profiles are presented here 

for the purpose of illustrating these implications. Figures 24 through 27 depict 

hypothetical situations where both heat dissipation probe and tensiometer data are 

available along a vadose zone profile from 0 to 20 meters in depth. 
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The following steps were used to construct the profiles: 1. An arbitrary water content 

vs. depth profile was plotted along with an arbitrary butanol concentration profile. 

Butanol concentrations were converted to surface tensions with equation {12) (see Figures 

26a and 26b ); 2. K(Se) was determined as a function of depth from the water content 

profile using equations (6) and (7) (see Figure 26c). The van Genuchten parameters used 

in equation ( 6) are from the fitted tap water drainage moisture characteristic curve for the 

Berino Sand; 3. Equation (3) was arranged to determine the pressure head profile, 

unsealed for surface tension effects as would be measured by a heat dissipation probe 

(indicated by the solid line, see Figure 27a); 4. Equation (5) was arranged to determine 

the pressure head profile scaled for surface tension effects as would be the true values and 

those measured by a tensiometer (indicated by the dashed line); 5. The hydraulic gradients 

(dh/dz) for the hypothetical data was calculated and plotted as a function of depth (see 

Figure 27b). Depth was plotted as negative in the downward direction relative to an 

arbitrary datum located at the surface; 6. Volumetric flux was determined by inserting the 

pressure gradients which would have theoretically been measured for each instrument into 

equation {13) (see Figure 27c). 

The scenario depicted by figures 26 and 2 7 represents a simple but unrealistic vadose 

zone profile for the purpose of illustrating the effects of surface tension without changes in 

conductivity. Figure 26a shows a linear concentration gradient ranging from 7% by 

weight at 0 em depth, to 0% by weight at 1400 em depth and below. This corresponds to 

a non-linear surface tension gradient from 0 em to 1400 em depth. Figure 26b shows that 
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water content is held constant at 0.20 along the profile, causing K(8) in figure 26c to be 

constant at 5.12 x 1 o-s em/min. 
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The reduced surface tensions in this contaminated interval would theoretically cause 

pressure head to increase according to equation (4). This increase in pressure head would 

be measured by the tensiometer (indicated by the dashed line in the pressure head profile 

in Figure 27a). However, the heat dissipation probe would not measure the increase in 

pressure head. This is because these instruments measure pressure head indirectly by 

relating it to the water content of the porous probe. Because the equilibrium water 

content of the probe is not affected by changes in surface tension (i.e. concentration), the 

surface tension induced increase in pressure head would not be indicated by the heat 

dissipation probe (the solid line). 

The constant pressure head indicated by the heat dissipation probe would lead to the 

erroneous conclusion that the hydraulic gradient is constant with depth indicated by the 

solid line in Figure 27b, where in fact the magnitude of the hydraulic gradient increases 

nonlinearly as would be indicated by the tensiometer (dashed line). The magnitude of the 

hydraulic gradient would reach a maximum at a depth of 1400 em, at which point it would 

be 20.0% higher than the gradient that would be indicated by a heat dissipation probe. 

The spike in the hydraulic gradient would lead to a similar spike in the volumetric flux 

at this depth indicated in Figure 27c. The volumetric flux profiles for the two instruments 

show that at 1400 em depth, a tensiometer would indicate a flux 23.3% higher than a heat 

dissipation probe. In other words, the heat dissipation probe would underestimate flux by 
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19.2%. This sudden increase in flux corresponds to the location ofthe solute front and is 

caused by the substantial surface tension gradient at this depth interval. This flow 

perturbation is documented by Smith (1995) in a study where both column experiments 

and numerical modeling were performed to determine the effects of reduced surface 

tension on unsaturated flow. 

A more realistic hypothetical vadose zone profile is presented in Figures 28 and 29. In 

this case, the shape of the butanol concentration profile shown in Figure 28a is similar to 

that of an actual solute front, where there is a rapid ·decrease in concentration with depth. 

Water content increases linearly from 0.14 to 0.19 along the profile as shown by Figure 

28b. This corresponds to a non-linear increase in K(6) from 6.90E-8 em/min to 2.67E-5 

em/min, a range of almost 3 orders of magnitude (Figure 28c). 

In Figure 29a, the pressure head indicated by a heat dissipation probe (solid line) would 

not initially be affected by surface tension and therefore would have a smooth, nonlinear 

increase with depth. The tensiometer (dashed line) would reflect surface tension effects 

with an initial increase in pressure head with depth, followed by a decrease in pressure 

head in the depth interval where surface tension increases rapidly (the solute front). The 

two lines converge at a depth of 1100 em where the surface tension becomes zero. At this 

point, pressure head increases to the bottom of the 20 meter interval. 

The magnitude of the hydraulic gradient in Figure 29b shows an effect similar to the 

previous example, with the tensiometer indicating a spike in the magnitude of the 

hydraulic gradient in response to the sharp increase in surface tension along the solute 
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front. 

The solute front is represented on the volumetric flux profile in Figure 29c by where 

the dashed tensiometer profile shows the maximum deviation from the solid heat 

dissipation probe profile. This occurs at a depth of 1050 em, where the heat dissipation 

probe underestimates volumetric flux by 43 .1 %. This discrepency is much greater than 

the 19.2% maximum discrepency in the previous example due to the steeper increase in 

surface tension with depth in this example. 
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Both of these hypothetical examples clearly illustrate that both heat dissipation probe 

and gypsum block measurements will fail to indicate the changes caused by the surface 

tension gradient associated with the solute front. For this reason, it is recommended that 

heavily contaminated sites should not be monitored with these instruments alone. 

However, when combined with tensiometers, which are not subject to surface tension 

induced biases, these instruments can provide an estimate of the location of the solute 

front. The solute front occurs at the depth where the tensiometer and the heat dissipation 

probe (or gypsum block) measurements converge. If the pressure head in the 

contaminated soil is below the effective range oftensiometers (< -870cm), then the surface 

tension of the soil water should be determined at each monitoring location and then 

equation (27) should be used to correct the gypsum block or heat dissipation probe 

measurements. 

The scaling of the moisture characteristic curve due to changes in surface tension 

causes a significant bias when estimating effective saturation (or water content) from 
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pressure head. For example if a tensiometer was used to measure a pressure head of -30 

em in the Berino Sand with a soil water surface tension equal to that of7% butanol (27.5 

dyn/cm), a tap water drainage curve would indicate an effective saturation of0.7914, 

while the 7% butanol drainage curve would indicate a much more accurate effective 

saturation of0.4789, a discrepancy of65%. Ifhysterisis were considered and the soil was 

wetting, the tap water wetting curve would indicate an effective saturation of0.5357, 

while the 7% butanol wetting curve would indicate a much more accurate effective 

saturation of0.1547, a discrepancy of246%. Because it is standard practice that moisture 

characteristic curves are measured using uncontaminated water, when possible, equation 

( 4) should be used to scale pressure head before inferring effective saturation or water 

content. This example illustrates that biases in inferred effective saturation are larger for 

wetting curves than for drainage curves. This is because of the steeper slope of the 

wetting curves. 

Demond ( 1991) showed that the scaling of pressure head due to surface tension effects 

is often greater for wetting curves than for drainage curves. Furthermore, the study 

showed that in many cases a contact angle ratio, which effectively increases the scaling 

factor, can improve the scaling relationship. In this case, the inclusion of a contact angle 

ratio would not have improved the scaling relationship. 
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6.0 CONCLUSIONS 

Two types of instruments commonly used to measure pressure head in unsaturated 

porous media, heat dissipation probes and gypsum blocks, are affected by changes in 

surface tension produced by dissolved organic compounds. This is because these 

instruments measure pressure head indirectly by relating it to the water content of the 

porous probe. Concentration-dependant changes in surface tension shift the relationship 

between water content and pressure head in the probe, creating biases in the 

measurements. Gypsum block measurements can be corrected for variable surface tension 

by multiplying the measured pressure head by the ratio of surface tensions o/o0, where o is 

the surface tension of the soil water and o0 is the surface tension of the water with which 

the instrument was calibrated. The surface tension-dependent scaling of heat dissipation 

probe readings can also be approximated by this relationship. 

Unfortunately, the relationship between surface tension and aqueous-phase solute 

concentration is not reported in the literature for many organic compounds. However, 

general statements can be made for some classes of compounds. For example, water 

saturated with alcohols or petroleum hydrocarbons such as gasoline, kerosene, diesel fuel, 

and creosote has a surface tension about one-third that of pure water (Smith, 1995). 

Meissner and Michaels (1949) found that, 

"Generally speaking, the surface tensions of saturated water solutions of the higher 
monobasic acids, alcohols, esters, ketones, etc., are but a few dynes per centimeter higher 
than the surface tensions of the pure solutes themselves" 

which is generally quite low. Surface tension was reduced in this study using butanol 
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which, when dissolved in water at 7% by weight, reduced surface tension to 3 5. 8% that of 

pure water. Therefore, the measurement biases found here would be similar to those 

which could be expected to occur at sites contaminated with many common organic 

compounds. 

Experiments preformed in order to determine the effects of variable surface tension on 

the moisture characteristic curve showed that the scaling of pressure head can be 

approximated by the relationship o/o0 in contaminated soils. The scaling of the moisture 

characteristic curve causes water content to be significantly lower at a given pressure head 

in contaminated soils. This effect is larger than the effect of hysteresis on the wet end of 

the moisture characteristic function and smaller than the effect of hysteresis on the dry end 

of the function. A reduction in water content at a given pressure head causes a large 

reduction in unsaturated hydraulic conductivity. 

Pressure head measurement biases will have several implications on models of 

unsaturated flow in the vadose zone. In contaminated soils, heat dissipation probes and 

gypsum blocks will greatly underestimate pressure head. If a concentration gradient 

exists, it would create a surface tension gradient which would cause the magnitude of the 

hydraulic gradient to change. This would lead to errors in calculated volumetric flux. 

These implications illustrate the importance of using a surface tension-dependant 

scaling factor to correct for measurement bias. When monitoring relatively wet soils, . 

these biases can be avoided by using tensiometers to measure pressure head. Because 

tensiometers provide a direct measure of pressure head, the measurements are not 
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sensitive to surface tension changes. However, the useful range of tensiometers can be 

slightly reduced in soil solutions of low surface tension as shown by the results of this 

study. Based on these results, it is recommended that a site be monitored with both a 

tensiometer and a gypsum block or heat dissipation probe at each monitoring location. In 

this way, it can be determined when the solute front reaches the monitoring location by 

when the pressure heads indicated by the two instruments begins to diverge. At this point, 

the heat dissipation probe or gypsum block data becomes biased and only the tensiometer 

data should be used to calculate the flux. A crude estimate of the surface tension of the 

soil water can be determined using the difference between the measurements from the two 

instruments. From this, the concentration of the organic contaminant could be estimated. 

If the surface tension of the soil solution at a monitoring location is known, the moisture 

characteristic curve could be scaled to provide an unbiased estimate of effective saturation 

from the tensiometer readings. 
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APPENDIX A: Data From Calibration Experiments 

Calibration Data (equilibrium values in bold text) 
(pressure head in bars) 

Tap Water Calibration 
Heat Dissipation Probe Data Gypsum Block Data 

Date Time Probe # Press. Hd. dT Press. Hd. Rs VsNx 
3/6/97 16:00 1 0 0.829 0 0.459 0.315 

2 0.754 0.486 0.327 

3 0.771 0.586 0.369 

3nt97 15:00 1 0.1 0.829 0.1 0.332 0.249 

2 0.753 0.265 0.209 

3 0.754 0.375 0.273 

3/10/97 13:00 1 0.1 0.795 0.1 0.329 0.248 
2 0.720 0.291 0.225 
3 0.720 0.360 0.265 

3/11/97 12:00 1 0.4 1.396 0.4 0.945 0.486 

2 1.254 1.038 0.509 

3 1.246 2.276 0.695 

3/12197 12:00 1 0.4 1.410 0.4 0.971 0.493 

2 1.280 1.120 0.528 

3 1.260 2.310 0.698 

3/13/97 12:00 1 0.7 1.580 0.7 1.850 0.649 

2 1.430 2.030 0.670 

3 1.380 4.390 0.814 

3/14/97 10:00 1 0.7 1.590 0.7 1.900 0.655 
2 1.430 2.500 0.714 
3 1.420 4.990 0.833 

3/18/97 leaking 1 1 1.740 1 2.980 0.749 
2 1.560 3.710 0.788 
3 1.520 7.250 0.879 

3/21/97 12:00 1 1 1.690 1 2.410 0.707 
2 1.530 3.740 0.789 
3 1.490 7.250 0.879 

3/24/97 13:00 1 0 0.665 0 0.177 0.150 
2 0.582 0.171 0.146 
3 0.591 0.166 0.142 

4/16/97 13:00 1 0 0.630 0 0.2019 0.168 
2 0.588 0.1852 0.156 
3 0.604 0.1706 0.146 

4/18/97 13:00 1 0.1 0.654 0.1 0.152 0.132 

2 0.620 0.134 0.118 
3 0.629 0.123 0.110 

5/27/97 new run 1 2.34 1.907 2.34 7.292 0.879 

2 1.751 10.124 0.910 

3 1.732 
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APPENDIX A: cont. 

2% Butanol Calibration 
Heat Dissipation Probe Data Gypsum Block Data 

Date Time Probe# Press. Hd. dT Press. Hd. Rs VsNx 

3/24/97 17:00 1 0 0.669 0 0.199 0.166 

2 0.577 0.194 0.162 

3 0.594 0.190 0.160 

3/25/97 13:00 1 0.1 0.670 0.1 0.151 0.131 

2 0.595 0.151 0.131 

3 0.620 0.128 0.113 

3/26/97 12:00 1 0.1 0.661 0.1 0.137 0.120 

2 0.603 0.125 0.111 

3 0.611 0.116 0.104 

3/27/97 9:00 1 0.4 1.600 0.4 1.075 0.518 

2 1.341 1.751 0.636 

3 1.367 2.305 0.697 

3/28/97 12:30 1 0.4 1.590 0.4 1.108 0.526 

2 1.365 1.791 0.642 

3 1.399 2.294 0.696 

3/31/97 17:30 1 0.7 1.740 0.7 2.630 0.725 

2 1.470 4.160 0.806 

3 1.500 4.840 0.829 

4/1/97 12:00 1 1.0 1.847 1.0 3.804 0.792 

2 1.539 5.247 0.840 

3 1.548 5.787 0.853 

4/2/97 13:00 1 1 1.863 1 4.130 0.805 

2 1.546 5.657 0.850 

3 1.563 6.128 0.860 
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APPENDIX A: cont. 

7% Butanol Calibration 
Heat Dissipation Probe Data Gypsum Block Data 

Date Time Probe# Press. Hd. dT Press. Hd. Rs VsNx 

4/2/97 18:00 1 0 0.689 0 0.225 0.184 

2 0.690 0.201 0.167 

3 0.681 0.196 0.164 

4/3/97 14:00 1 0.1 0.694 0.1 0.212 0.175 

2 0.811 0.178 0.151 

3 0.861 0.187 0.158 

4/4/97 15:00 1 0.1 0.720 0.1 0.226 0.184 

2 0.971 0.260 0.206 

3 1.004 0.242 0.195 

4nt97 14:00 1 0.4 1.694 0.4 2.126 0.680 

2 1.461 3.477 0.777 

3 1.463 3.406 0.773 

4/8/97 15:00 1 0.7 1.876 0.7 3.913 0.796 

2 1.601 6.025 0.858 

3 1.577 5.487 0.846 

4/9/97 13:00 1 0.7 1.861 0.7 4.260 0.810 

2 1.594 6.412 0.865 

3 1.562 5.747 0.852 

4/13/97 15:00 1 1 1.912 1 9.368 0.904 

2 1.698 10.260 0.911 

3 1.595 10.680 0.914 

4/14/97 14:00 1 1 1.924 1 10.11 0.910 

2 1.703 10.76 0.915 

3 1.633 10.93 0.916 

4/15/97 12:00 1 1 1.947 1 10.22 0.911 

2 1.704 10.91 0.916 

3 1.693 10.95 0.916 



APPENDIX 8 Moisture Characteristic Curve Data 

Tap Water Drainage Data 

Pressure head (-em) 
0.0 

25.5 
44.0 
105.5 
162.0 
510 
1015 
2754 

Pressure head (-em) 
0.0 

26.0 
50.5 
104.5 
159.0 
510 
1015 
2325 

Pressure head (-em) 
0.0 

26.0 
48.5 
103.5 
156.5 
510 
1015 
2448 

Pressure head (-em) 
0.0 

27.0 
51.0 
102.5 
150.5 
510 
1015 
2346 

Core 1 
Volumetric Water Content 

0.332 . 
0.319 
0.259 
0.193 
0.176 
0.158 
0.144 
0.126 

Core 2 
Water Content 

0.309 
0.302 
0.229 
0.178 
0.168 
0.148 
0.133 
0.128 

Core 3 
Water Content 

0.302 
0.299 
0.239 
0.189 
0.177 
0.156 
0.138 
0.129 

Core 4 
Water Content 

0.335 
0.322 
0.234 
0.189 
0.174 
0.153 
0.138 
0.127 

Effective Saturation 
1.000 
0.939 
0.656 
0.344 
0.264 
0.179 
0.113 
0.028 

Effective Saturation 
1.000 
0.963 
0.577 
0.307 
0.254 
0.148 
0.069 
0.042 

Effective Saturation 
1.000 
0.984 
0.654 
0.379 
0.313 
0.198 
0.099 
0.052 

Effective Saturation 
1.000 
0.940 
0.530 
0.321 
0.251 
0.153 
0.084 
0.035 

104 
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APPENDIX B: cont. 

7% Butanol Drainage Data 
Core 1 

Pressure head (-em) Water Content Effective Saturation 

0.0 0.308 1.000 

16.3 0.235 0.612 

38.6 0.184 0.340 

76.2 0.172 0.277 
144.5 0.162 0.223 
510 0.149 0.154 
1020 0.135 0.080 
3060 0.122 0.011 

Core 2 
Pressure head (-em) Water Content Effective Saturation 

0.0 0.293 1.000 
19.8 0.225 0.607 
39.1 0.184 0.370 
72.7 0.173 0.306 
142.6 0.162 0.243 
510 0.148 0.162 
1020 0.1 35 0.087 
3060 0.124 0.023 

Core 3 
Pressure head (-em) Water Content Effective Saturation 

0.0 0.295 1.000 
17.3 0.228 0.617 
39.1 0.179 0.337 
69.3 0.170 0.286 
146.5 0.160 0.229 
510 0.146 0.1 49 
1020 0.133 0.074 
3060 0.122 0.011 

Core 4 
Pressure head (-em) Water Content Effective Saturation 

0.0 0.304 1.000 
7.4 0.288 0.913 

Core 5 
Pressure head (-em) Water Content Effective Saturation 

0.0 0.318 1.000 
7.7 0.305 0.934 
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Core 6 
Pressure head (-em) Water Content Effective Saturation 

0.0 0.320 1.000 
8.4 0.309 0.945 

Tap Water Wetting Data 
Core 1 

Pressure head (-em) Water Content Effective Saturation 
64.2 0.163 0.239 
45.5 0.189 0.383 
24.8 0.244 0.689 
14.3 0.289 0.939 
4.5 0.300 1.000 
1.0 0.300 1.000 

Core 2 
Pressure head (-em) Water Content Effective Saturation 

73.3 0.157 0.197 
47.5 0.185 0.346 
25.7 0.246 0.670 
14.1 0.294 0.926 
5.5 0.308 1.000 
1.0 0.308 1.000 

7% Butanol Wetting Data 
Core 1 

Pressure head (-em) Water Content Effective Saturation 
89.1 0.133 0.069 
34.7 0.154 0.181 
20.8 0.192 0.383 
13.9 0.236 0.617 
5.0 0.279 0.846 
1.0 0.308 1.000 

Core 2 
Pressure head (-em) Water Content Effective Saturation 

86.6 0.135 0.090 
33.7 0.156 0.217 
19.8 0.191 0.428 
13.4 0.234 0.687 
4.5 0.276 0.940 
1.0 0.286 1.000 
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Pressure head (-em) 
89.1 
36.6 
21.3 
13.9 
5.0 
1.0 

Core 3 
Water Content 

0.134 
0.153 
0.184 
0.229 
0.278 
0.295 

Effective Saturation 
0.080 
0.189 
0.366 
0.623 
0.903 
1.000 

107 



108 

APPENDIX C: Data From Constant Head Experiments 

Ksat of Soil Cores Used In Tap Water Moisture Retention Experiments 

Core# Date Temp(C) Head(cm) Volume(cm"3) Time(s) Ksat 

1 2/12/97 19 8.2 15.63 2755 2.78E-04 

1 2/12/97 19 8.1 14.04 2320 3.00E-04 

1 2/12/97 19 8.4 18.15 3170 2.74E-04 

1 2/13/97 19 8.5 13.37 1920 3.29E-04 
Average= 2.95E-04 

2 2/12/97 19 7.8 17.72 2750 3.33E-04 

2 2/12/97 19 7.6 15.11 2320 3.46E-04 

2 2/12/97 19 8.0 22.26 3255 3.45E-04 

2 2/13/97 19 8.2 15.95 1930 4.07E-04 
Average= 3.58E-04 

3 2/12/97 19 7.7 11.31 2750 2.11 E-04 

3 2/12/97 19 7.5 9.53 2290 2.20E-04 

3 2/12/97 19 7.9 14.50 3350 2.17E-04 

3 2/13/97 19 8.0 10.15 1930 2.60E-04 
Average= 2.27E-04 

4 2/12/97 19 8.7 24.28 2580 4.31E-04 

4 2/12/97 19 8.5 19.97 2280 4.11E-04 

4 2/12/97 19 8.8 27.57 2937 4.25E-04 

4 2/13/97 19 8.8 15.96 1767 4.09E-04 
Average= 4.19E-04 

Ksat of Soil Cores Used In 7% Butanol Moisture Retention Experiments 
Core# Date Temp(C) Head(cm) Volume(cm"3) Time(s) Ksat 

5 2/20/97 21 8.7 25.02 4025 2.88E-04 

5 2/21/97 19 8.6 22.17 3545 2.93E-04 

5 2/21/97 19 8.5 17.34 2580 3.08E-04 

5 2/21/97 19 8.4 28.45 3980 3.43E-04 

5 2/22/97 18 8.5 17.56 2395 3.48E-04 
Average= 3.16E-04 

6 2120197 21 8.7 16.86 4040 1.92E-04 

6 2/21/97 19 8.5 13.26 3575 1.75E-04 

6 2/21/97 19 8 28.11 6600 1.94E-04 

6 2/21/97 19 8.4 18.23 3980 2.19E-04 

6 2/22/97 18 8.5 11 .06 2405 2.17E-04 
Average= 1.99E-04 



109 

APPENDIX C: cont. 

Core# Date Temp(C) Head(cm) Volume( cm"3) Time(s) Ksat 

7 2/20/97 21 8.9 26.24 4050 2.92E-04 

7 2/21/97 19 8.9 23.34 3585 2.94E-04 

7 2/21/97 19 8.9 14.57 1880 3.50E-04 

7 2/21/97 19 8.6 31 .28 4020 3.64E-04 

7 2/22/97 18 8.5 19.49 2435 3.78E-04 
Average= 3.36E-04 

Average of all 7 cores= 3.12E-04 
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