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Abstract

Since the inception of Soil Vapor Extraction (SVE) as a viable 

contaminated soil restoration strategy, operators of these systems have struggled 

with determining the best date to terminate operation of their systems. Using 

principles of soil-gas flow and mass transport through unsaturated soils, stochastic 

hydrogeology, uncertainty analysis, and a cost/risk decision model, a procedure 

that can determine the appropriate time to discontinue operation of SVE systems 

was developed. Modeling of physical characteristics and determination of mass 

removal of a SVE system was accomplished using statistical realizations of 

permeability (uncertainty model) and a 2D advective-dispersive finite element 

vapor transport program (VapourT). The results from subsequent Monte Carlo 

analysis of the mass removal simulations are then subjected to a cost/risk analysis 

(decision model) to determine the appropriate termination time for the system 

based on costs and the probability that the system will fail to reach the regulatory 

standard. The decision model provides information on the cost benefits associated 

with either the continued operation of a SVE system, or its replacement with a 

more economically feasible remediation system. The intention of this research is 

to validate a framework for the estimation of termination time for the operational 

phase of a selected soil vapor extraction system.
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Chapter 1: Introduction:

In recent years soil vapor extraction (SVE) systems have become an accepted 

method for volatile organic carbon (VOCs) removal from contaminated unsaturated soils. 

A study of remediation technologies throughout the United States for leaky underground 

storage tanks (LUSTs) shows that the use of soil vapor extraction has increased 

significantly from 9% to 18% from 1995 to 2001 respectively (Kostecki, 2003). Soil 

vapor extraction is widely utilized because it can provide a relatively inexpensive, easily 

implemented, and flexible in-situ remediation technology for volatile compounds in 

unsaturated soils. Another advantage of SVE systems is that it is easily adaptable to 

situations where structures, roadways, and other facilities have congested the 

contaminated area. SVE systems can be installed around and under existing structures 

and can be configured to reduce or avoid the exposure of the public to hazardous or toxic 

chemical contaminants. The flexibility of SVE systems allows the operator to fine tune 

the system to optimize contaminant mass removal throughout the period of operation. 

SVE systems can be relatively efficient at removing large amounts of easily volatilized 

compounds from hydrocarbon mixtures, such as benzene, toluene, ethylene, and the 

xylene suite (BTEX) however, there efficiency drops as contaminant concentrations 

decrease. These compounds are of primary concern to operators and designers of these 

systems due to their risk to human health.

The two main physical processes that control the mass removal of contaminant 

are mass transport and mass transfer. Mass transfer is the movement of a contaminant 

from one phase to another phase at a specific location (i.e. liquid phase to vapor phase). 

Mass transport is the actual relocation of the contaminant from the mass transfer location. 

The mass transport of a contaminant in the vapor phase is predominantly due to 

advection, which is the result of the pressure gradient established by the SVE wells

Estimation of Operation Time for Soil Vapor Extraction Systems
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applied vacuum. Research, coupled with field and laboratory tests, has shown that the 

mass removal rate of VOCs by SVE systems slows significantly with increasing 

operation time (Crow, 1987). This decrease in removal rates, predominantly due to mass 

transfer and mass transport limitations, usually results in inefficient removal of the 

remaining mass of VOC in later stages of operation. The costs associated per unit weight 

of contaminant removed increases significantly with operation time (Figure 1.1). From 

Figure 1.1 it becomes evident that a point in time will be reached where the cost of 

operating and maintaining a system outweighs the benefit of operating the system. 

Although the annual costs of operation and maintenance remain relatively constant 

throughout the operation of SVE systems, the cost to remove a unit mass of contaminant 

increases drastically.

The challenge to designers of SVE systems is to predict the mass removal rate 

such that a system can be designed that has a high probability of achieving the regulatory 

cleanup goal in a reasonable length of time and is economically feasible to operate. The 

challenge for operators of SVE systems is to justify the expense for continued operation 

of systems that have low mass removal rates but have not removed sufficient amounts of 

contaminant from the soil to satisfy the regulatory cleanup standard. Until recently no

Figure 1.1. Relationship between fraction of VOC remaining in the soil with time and 
removal cost ($/mass) with respect to time for a typical operating SVE system.
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method of predicting the length of time a SVE system should operate that takes into 

account the inherent uncertainties in mass removal rates has been documented. The 

purpose of this thesis is to field test a method for predicting the length of time a SVE 

system should operate and, for operating systems, the appropriate times that the system 

should be shut off based on system performance and economic costs associated with 

either replacing the system or continued operation of the system.

The effectiveness of a SVE system to remove volatized contaminant mass is a 

function of the distribution of soil permeabilities, soil moisture content, and pressure 

gradients established by the well. Research by Gelhar (1993) has shown that the 

characterization of porous media in almost all hydrologic systems is heterogeneous in 

nature. Large-scale laboratory testing by McClellan (1991) and column studies (Ho and 

Udell, 1992) indicated that knowledge of these uncertainties, or heterogeneities, are 

useful in the designing of SVE systems. The ability to model or design the system 

precisely would require an extensive understanding of the spatial values of permeability 

and soil-water contents. Since this is a nearly impossible task, the need for a basic 

understanding of spatial soil property values becomes important for designing of the 

system, determination of the system’s efficiency, and numerical modeling of contaminant 

mass removal.

Other considerations such as costs of system installation, costs of annual 

operation, and non-compliance costs associated with the system’s failure to meet the 

regulatory standard have also had limited consideration in designing and operating SVE 

systems. The ability to predict the probability of a system to meet the desired regulatory 

standard coupled with a cost/risk analysis of future and current costs can enable the 

designer or operator to determine the most economical design alternatives, costs of 

overall operation, and can be used as a basis for adjustment or redesign of SVE systems.
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A framework for designing SVE systems was developed by Barnes and 

McWhorter (2000) in order to account for the uncertainties of mass removal inherent in 

SVE systems and to select the best design alternative based on the economic costs of 

success or failure of the system. The overall framework includes an uncertainty model for 

numerical modeling of spatial soil properties, a soil-gas flow and transport model 

(VapourT), and a decision model that takes into account economic considerations for 

design or operational efficiency. Concepts utilized in the framework include: stochastic 

hydrology, principles of uncertainty of spatial soil properties, soil-gas flow and mass 

transport through porous media, and a cost/risk analysis.

This design concept was first presented by Massman and Freeze (1987a) for 

engineered systems that impact the saturated zone. Presented in this thesis is a detailed 

explanation of each individual portion of the framework and an example of its application 

for modeling a SVE system and for determining when a system should be shut off will be 

presented. The utilization of the proposed framework can have very important influences 

on design, implementation, and closure of the SVE systems. The ability to stochastically 

model the mass removal of a SVE system before implementation could provide a useful 

tool for SVE designers for the determination of the required blowers for maximum well 

influence, estimation of the system’s radius of influence (ROI), and for determining the 

ability and length of time required for the system to meet the regulatory standard. Results 

from the development of the overall framework indicate a direct relation between the cost 

of failure of the system to reach the regulatory limit and the current interest rate. The 

methodology incorporated here provides a designer/operator of SVE systems a tool for 

the determination of where to best allocate funds for the maximization of earning 

potential based for either continued SVE operation or replacement with a more 

economically feasible alternative.
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Following is the hypothesis field tested in this thesis.

The optimum length o f time a SVE system should operate can be estimated by 

comparing the cost o f  replacing a SVE system, the annual costs o f  operating the system, 

the current interest rate, and the probability that the system will not achieve the 

regulatory cleanup goal.

Since the inception of SVE as a viable contaminated soil restoration strategy, 

operators of these systems have struggled with determining the best date to terminate 

operation of their systems. The objective of this research is to validate, through field 

testing, the proposed framework for the stochastic modeling of mass removal, estimation 

of SVE performance and probability of failure to meet the regulatory standard, and the 

determination of how to best utilize capital for either continued system operation or 

system replacement based on interest rates.
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Chapter 2: Background and Literature Review

2.1 Immiscible Fluid Flow in Unsaturated Media

In order to understand and develop a numerical solution predicting the mass 

removal by SVE systems, consideration has to be given to the sources, contaminant type, 

movement, and fate of the contaminants in the unsaturated zone. In a report entitled 

“Protecting the Nations Groundwater from Contamination”, the Office of Technology 

Assessment (OTA, 1984) of the U.S. Congress listed over 30 different sources for 

possible soil contamination. Sources of contamination include: leaky underground 

storage tanks and pipes, leaky above ground storage tanks and pipes, improperly designed 

impoundments, leaky landfills, septic tanks, and accidental spills. Although chemical 

properties and soil properties vary from site to site, the principles governing the fate and 

transport of contaminants are basically the same.

Compounds found in contaminated soils can exist in several phases such as: 

sorbed, gas, dissolved, or liquid (NAPL) phases. Most chemical contaminants are liquid 

in nature but are relatively insoluble in water and are considered immiscible or nearly 

immiscible. Immiscible organic liquids called dense non-aqueous phase liquids 

(DNAPLs) are denser than water and include compounds such as halogenated organic 

compounds, polychlorinated biphenyl mixtures (PCB), some pesticides, and several 

substitute aromatic and phthalate compounds (Pankow et al., 1996). Conversely, lighter 

than water liquids are called light non-aqueous phase liquids (LNAPLs). Petroleum 

hydrocarbons are the predominant LNAPL found in contaminated soils. DNAPLs and 

LNAPLs are generally grouped together and called NAPLs for simplicity.

Non-aqueous phase liquids form a separate liquid phase in the subsurface whose 

migration is governed by volume of NAPL released, density and buoyancy of the NAPL, 

time duration of the release, area of infiltration, and properties and capillary forces of the
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soil (Mercer and Cohen, 1990; Bedient et al., 1994). In the initial stages of 

contamination, when there is a sufficient source of NAPL, the hydrostatic pressure on the 

body of NAPL is sufficiently high and forces the mobile NAPL body to move downward 

into the soil and into the pores of the soil matrix. When the source has been depleted or 

has moved a significant distance from origination of the source, the pressure on the 

NAPL body is significantly reduced. This causes the NAPL to begin snapping off 

discrete volumes of contaminant (blobs and ganglia) leaving residual amounts in the 

pores of the soil held by capillary forces. Thus, residual saturation is defined as the 

fraction of total pore volume occupied by the disconnected or snapped-off NAPL under 

ambient groundwater conditions and is dependent on the type of contaminant, structure 

and hydrogeologic characteristics of the soil/aquifer matrix, and the location of the 

mobile NAPL body in the vadose zone.

As the NAPL migrates downward toward the groundwater table it also spreads 

laterally due to influences of soil permeability, capillary forces, and flow paths through 

the porous media. The amount of liquid NAPL that reaches the groundwater table is 

usually much less than the initial spill due to the loss of mass in the pores of the soil 

matrix (residual saturation). As the NAPLs migrate downward they can accumulate or 

pool on top of areas with lower permeable layers, bedrock intrusions, or ice lenses. The 

lower permeable layers or lenses can act as a repository for the NAPL and can store 

NAPL for long periods of time. The NAPLs diffuse into the lower permeable layers due 

to differences in the concentration gradients and become entrapped by capillary forces in 

the layers. The storage of NAPLs in low permeable lenses has a direct influence on the 

efficiency and operational time required for an SVE system to reach the regulatory 

cleanup standard.

As DNAPLs continue to migrate downward and reach the capillary fringe they 

begin to accumulate. They continue to pool on the capillary fringe until they have 

sufficient pressure to displace the water from the pore space and they then begin to
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progress through the capillary fringe and eventually into the groundwater table. Given 

enough pressure LNAPLs will enter the capillary fringe and progress downward to the 

groundwater table where they will then spread horizontally and can actually cause a 

depression of the water table.

The presence of NAPLs in the saturated or unsaturated zone has been shown to be 

a significant factor in reducing the effectiveness of selected remediation techniques 

(USEPA, 1992). Once the mobile NAPL has been removed or depleted, the residual 

NAPL left in the pores of the soil can act as a continuous source of contamination for 

long periods of time. The residual saturation and pooling of NAPLs gives rise to 

migrating vapor plumes that partition to both the water and soil phases, thereby enlarging 

the zone of contamination. This can directly influence the efficiency of a SVE system to 

remove sufficient mass to meet the regulatory standard.

2.2 Soil Vapor Extraction

The use of soil vapor extraction systems for environmental restoration began in 

the early 1970’s (USEPA, 1991). Since then, SVE systems have been used at RCRA 

(Resource Conservation and Recovery Act) sites, leaky underground storage tanks 

(LUSTs) sites, and many Superfund sites throughout the United States. These systems are 

used primarily for the removal of volatile organic compounds (VOCs) from the 

unsaturated zone. Contaminants are removed by increasing the volatilization or mass 

transfer of contaminants by establishing airflow pathways through the porous media and 

replacing contaminated soil-gas (vapor) held in the pores of the soil with relatively fresh 

air. Common SVE system design encompasses either a horizontal or vertically installed 

well or series of wells that are screened to allow air passage. Blowers are selected to 

provide the required vacuum to the well for the capture of volatized contaminants. The 

contaminated air is drawn to the SVE well by the established air pressure gradient 

provided by the pressure reduction at the well and transferred to the surface where it is
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treated and released into the air. Vapors extracted by the SVE process are typically 

treated using carbon adsorption, incineration, catalytic oxidation, or condensation 

(USEPA, 1996). Other off-gas treatment methods, such as biological treatment and 

ultraviolet oxidation, also have been used with SVE systems. The type of treatment 

system selected depends on which contaminants’ are present, their concentration, the 

contaminants’ phase, and regulatory concerns to exposure and human health. Carbon 

adsorption is the most commonly used treatment for contaminated vapors and is 

adaptable to a wide range of volatile organic compounds.

Soil vapor extraction is often coupled with air sparging units to increase airflow, 

contaminant volatilization, and bioremediation. Air sparging is an in situ remedial 

technology that reduces concentrations of volatile constituents in petroleum products that 

are adsorbed to soils and dissolved in groundwater. Air sparging is also known as air 

stripping or in-situ volatilization. Air sparging involves the injection of contaminant-free 

air into the subsurface saturated zone, enabling a phase transfer of hydrocarbons from a 

dissolved state to a vapor phase. The air is then vented through the unsaturated zone and 

drawn towards the SVE well. When properly designed and operated, SVE is a safe, low 

maintenance process for the removal of VOCs.
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Figure 2.1. Typical soil vapor extraction system.

2.2.1 SVE design

The focus of this research is on systems that incorporate horizontal wells and that 

are not coupled with air sparging units (Figure 2.1). For these systems, the design criteria 

required are the number of wells, well depth, well spacing, well flow rate, and vacuum 

pressure at the extraction well. There are several methods utilized to design SVE systems. 

One method requires knowledge of the wells radius of influence (ROI). The ROI of each 

well is determined by one of three methods: an empirical selection, a graphical approach, 

or a semi-analytical approach. A critical review of this method by Johnson and Ettinger 

(1994) reveals that a design of SVE systems based on a well’s ROI does not take into 

account the mass removal rate or the resulting system’s performance.

Another method is a screening level design approach proposed by Johnson et al. 

(1990), Johnson et al. (1991), and the USEPA (1993). This method takes into 

consideration the amount of air required to volatize a known mass of contaminant under
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equilibrium conditions. In many cases, this approach has been used for full-scale design, 

which was not the intent of the procedure. Recently, numerical modeling of soil-gas flow 

and transport has been combined with linear and nonlinear programming optimization 

techniques to aid in the design of SVE systems (Barnes, 1997). One such probabilistic 

optimization approach was presented by Shock (1994) that utilizes a version of the 

framework presented by Freeze et al. (1990) for the unsaturated zone. Shock’s overall 

framework encompasses a geologic uncertainty model, a spill distribution model, vapor 

flow model, and a mass removal model. The framework presented by Freeze et al. (1990) 

is also utilized and adopted in the proposed framework developed by Barnes and 

McWhorter (2000a) and is detailed more extensively in Barnes (1997). The Barnes and 

McWhorter (2000a) framework encompasses an uncertainty model, a soil-gas flow and 

transport model, Monte Carlo analysis, and a decision model based on economic costs of 

failure and current interest rates. The design framework proposed by Barnes and 

McWhorter (2000b) differs in several ways from the design framework proposed by 

Shock (1994). The most notable differences are the incorporation of soil-water contents 

to better simulate the removal of VOCs by SVE systems and the addition and formulation 

of the decision model. Other differences lie in the soil-gas and mass transport model 

chosen to represent the SVE operation and removal of contaminant mass. In this thesis 

the approach developed by Barnes and McWhorter (2000b) for SVE design was adopted 

for use in determining the appropriate length of time SVE systems should operate based 

on economic feasibility (Barnes, 2003).

2.2.2 SVE efficiency

Contaminants are removed by SVE as a result of increased volatilization or mass 

transfer of contaminants to established airflow pathways through the porous media and 

subsequent replacement of contaminated soil-gas (vapor) held in the pores of the soil 

with relatively fresh air. The replacement of the contaminated soil-gas from the pores 

allows for the mass transfer processes to occur due to differences in concentration
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gradients between the contaminant and the fresh air. Research by McClellan (1991) 

indicated that the mass removal rate may be limited by restrictions of mass transfer 

between the liquid, sorbed, dissolved, and vapor phases of the contaminant.

The mass transfer (or phase change) and subsequent transport of the NAPL by 

SVE systems is limited by the rate of diffusion of a contaminant from areas of low 

permeability. Diffusion controls how fast the contaminant transfers from liquid or sorbed 

phases in layers of lower permeability or high soil-water contents. The diffusion rate is 

dependent on the concentration differences established between the liquid or sorbed 

contaminant and the air occupying the pores. As the contaminant vaporizes and is 

transferred into the soil-gas phase, it becomes subject to the airflow pathways established 

by the SVE well and is transported toward the well. The continued operation of the SVE 

well increases the amount of relatively fresh air available in the pores of the soil. This, in 

turn, increases the differences of the contaminant’s concentration gradients and 

subsequently increases the diffusive fluxes out of the contaminated soil. Diffusion is a 

continual process of contaminant transfer and directly influences the effectiveness of a 

SVE system to remove sufficient contaminant to meet regulatory standards. The rate at 

which mass transfer can occur is dependent on temperature, pressure, humidity, 

properties of the contaminant, characteristics of the porous media, and SVE system 

efficiency.

Efficiency for an SVE system to remove VOCs is also dependent on other factors 

such as contaminant chemical characteristics, vapor pressure, soil sorption coefficients, 

Henry’s law constants, soil properties (i.e. structure and composition), air permeability, 

and soil-water contents. SVE systems are very efficient in areas with loose soils 

comprised mostly of sand and gravel and for contaminants that have high rates of 

volatilization.
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In the initial operating phase of SVE systems large amounts of contaminant mass 

are removed in a relatively short period of time. As the system continues to operate, the 

rate of mass removal decreases sharply (Figure 1.1). This tailing effect is thought to be 

predominantly due to diffusion, which is the dominant mechanism for the removal of 

contaminants from regions of low permeability and high soil-water contents in 

heterogeneous media. Thus, it becomes important to take into consideration spatial 

permeability values and soil-water contents for the design and operational efficiency of 

SVE systems.

2.2.3 Operation lengths o f SVE systems

To date, limited consideration has been given to design and operation of SVE 

system based on economic costs of operation or the probability of a SVE system to 

achieve the regulatory standard for the contaminants in question. The time required to 

clean a particular site utilizing SVE systems depends on the amount and distribution of 

contaminants in the subsurface and the rates at which mass transfer and mass transport 

occur (Shock, 1994). Typically, determining the length required for operation is a 

troublesome task and is carried out in a deterministic fashion versus a stochastic fashion. 

The framework tested in this thesis consists of a stochastic process of soil-gas flow and 

transport modeling that considers uncertainties in soil parameters, and a decision model 

that incorporates knowledge of economic costs of SVE systems for the determination of 

the appropriate time to terminate the system.

2.3 Uncertainty Model

The design and implementation of SVE systems is oriented around knowledge of 

soil and contaminant properties in the porous media. Uncertainties in cleanup time for 

SVE systems are primarily due to uncertainties in the amount and distribution of 

subsurface contaminants and airflow through the porous media (Shock, 1994) due to a
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lack of knowledge about spatial variations of permeability. Since almost all systems are 

considered to have heterogeneous soil properties, a model or numerical ability to estimate 

the spatial variations of soil properties is needed to account for the uncertainties in a 

stochastic analysis. The two most common methods for these estimates are Bayesian 

methods and geostatistical methods. For this research the geostatistical methods were 

used. The following sections will describe designing systems under conditions of 

uncertainty, the statistical representation of porous media properties, geostatistics, and 

stochastic modeling.

2.3.1 Design o f  Systems Under Conditions o f Uncertainty

The design of SVE systems under these conditions of “uncertainty” can be 

accomplished in several ways. One way is to over-design the system by ignoring the 

heterogeneity of the porous media. This can be a relatively haphazard way of designing 

and will most certainly not be economically sound. Another option would be the 

generation of a map of zonal representations, such as zones of similar permeability, by 

direct measurement and modeling the mass removal using a numerical vapor flow and 

contaminant transport model. This method can also be a costly and time-consuming 

endeavor and may not be fully representative of the actual conditions. A third method, 

and the one presented in this research, is the geostatistical determination of spatial porous 

media properties conditioned with directly measured properties. The resulting map of 

statistical uncertain properties (here permeability) is then compared to borehole data in 

order to condition the realizations through kriging to the actual field permeability values. 

The overall goal is to generate statistical realizations that correlate with the reported and 

measured soil properties of the selected field-testing SVE site and incorporate them into 

the soil-gas flow and transport model, Vapour T, for subsequent Monte Carlo analysis.
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2.3.2 Stochastic Representation o f Porous Media Properties

A stochastic analysis is one in which there is a statistical uncertainty in the input 

parameters and the outcome of the simulation or model. The probabilistic nature of this 

outcome is due to the fact that there is uncertainty in the value and distribution of the 

underlying porous media properties, such as the distribution and value of permeability, 

porosity, correlation lengths, residual saturation, and fraction of organic carbon. 

Sensitivity analysis was performed by Barnes (1997) to examine the porous media 

properties sensitive to the overall system’s ability or probability to remediate to the 

desired goal. Barnes (1997) concluded that due to the lack of sensitivity, an exact value 

for correlation length is not required for a good estimate of the systems ability to achieve 

the required regulatory goal. He also found that the higher the porosity values were, the 

higher the initial mass removal rates were. This trend was found to diminish over time 

and is not a sensitive parameter for systems operating over long periods of time. Values 

for residual saturation and pore-size distribution were also found to have a minimal 

impact on the system’s probability of success. Laliberte et al. (1966) showed that over a 

range of porosity values the pore-size distribution varied only slightly, resulting in the 

assumption that the pore size distribution can be considered a constant without incurring 

large errors. The fraction of organic carbon (foe) was found to be the most sensitive 

parameter for modeling contaminant mass removal rates when the time of operation is 

relatively small. When the operation time is increased, VOC removal becomes diffusion 

limited and is not as greatly affected by foe- Of the parameters tested for sensitivity, foe 

was considered to be the most sensitive towards a system’s ability to remove sufficient 

mass to be accepted by regulatory agencies (Barnes, 1997). The estimation and 

determination of these parameters will be discussed in the methodology section on soil 

testing (section 3.2).

In hydrological stochastic processes, an assumption is often made that 

permeability is the only random variable. Barnes and McWhorter (2000a) showed that
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the uncertainty in mass removal increases or decreases with an increase or decrease of 

either the mean or standard deviation of permeability. It is well known that in areas of 

high soil-water saturations relative permeabilities to airflow are correspondingly low. 

Since most hydrologic systems are considered heterogeneous, it becomes important to 

statistically model the sensitive heterogeneous properties, in particular permeability and 

soil-water contents.

A stochastic representation of a heterogeneous porous media can be created by 

considering a property to be a collection of spatially oriented random variables (Yeh and 

Stephens, 1988). The description of aquifer heterogeneity implies that hydraulic 

properties of the porous media can be viewed as random variables (Yeh and Stephens, 

1988). A random variable (RV) is defined as a function whose values are real numbers 

and that depends on probability (Yeh and Stephens, 1988). By expanding the random 

variable concept to all heterogeneous porous media, at any one point in a medium, the 

value of the heterogeneous property is assumed to exhibit a randomness that can be 

described by a probability density function (PDF). The PDF is described by the mean 

and the variance of the soil properties measured and is represented by curve whose peak 

is equal to the mean and whose spread is defined by the variance. This concept is valid 

for both sampled and unknown points throughout the porous medium. In general, 

heterogeneous properties can be described as a collection of random variables that all lie 

within the PDF bell shaped curve. A detailed explanation of this stochastic representation 

for spatial soil parameters and methodologies can be viewed in Joumel and Huijbregt 

(1978), De Marsily (1986), and Neuman (1982).

2.3.3 Geostatistics

Geostatistics provides a method for the determination and spatial distribution of 

the incompletely observed random variable. The two key aspects of geostatistics utilized 

in this research are variogram analysis and kriging. Through variogram analysis, the
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spatial structure of the random variable is defined. Kriging is a mathematical means of 

interpolating the value of a spatially distributed variable from neighboring values while 

taking into account the spatial structure of the variable (Yeh and Stephens, 1988). 

Kriging is employed to condition the permeability realizations to measured soil properties 

representative of the soils found at the site selected for modeling.

The structure of the spatial soil parameters is quantified by variogram analysis. 

Variograms have two main characteristics: the sill and the range. If a variance of a 

random variable is finite, then the variogram tends towards an asymptotic value equal to 

the variance, this is termed the sill. The separation distance required to reach the sill is 

called the range and is equivalent to the correlation length. Several functional 

relationships have been found that best fit variogram data. De Marsily (1986) presents 

some of the most common functional relationships. For the variogram analysis presented 

here, a spherical model represented by Equation (2.1) was utilized.

In this equation, C is the sill of the variogram, a is the range, and h is an incremental 

distance.

In geostatistics, kriging is used to estimate spatial values for heterogeneous 

porous media at unsampled locations. Equations for kriging can be developed for cases in 

which the mean is known and second-order stationarity is assumed (simple kriging), and 

for cases in which the mean is not known and where the intrinsic hypothesis is assumed 

(ordinary kriging). For detailed explanation on the development of the knging equations 

consult De Marsily (1986). Ordinary kriging will be utilized in this thesis. Knging

m = c h > a (2.1)
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estimates the heterogeneous porous media properties by a weighted sum of available 

sample data.

2.3.4 Stochastic Modeling

The process of stochastic modeling utilized in this thesis incorporates the 

principles of Monte Carlo analysis. The principle of Monte Carlo analysis is relatively 

straightforward. Given the statistical characteristic of the random variable and any 

measured data points, a number of equally likely representations of the random variable 

can be generated (Barnes, 1997). Each representation is subsequently used for input into 

the soil-gas flow and transport model. The generation of representations from the 

uncertainty model can be performed in either a conditional or unconditional manner. 

Unconditional realizations are generated from statistical parameters that are obtained 

subjectively or from measurements from which the value of the random variable is 

acknowledged but the location is unknown. Conditional representations are generated 

using values and locations of measured or known data points. The conditioned 

representations are created by first generating an unconditional realization then 

conditioning it to known values at known physical locations through kriging.

The generations of the conditioned representations in this thesis are performed 

utilizing a program called Hydrogeologic Decision Support System (HDASS) developed 

by Rahman (1995). HD ASS incorporates the turning band method to estimate the spatial 

random soil properties either conditionally or unconditionally (Matheron, 1973; Journal 

and Huijbregts, 1978; Mantoglou and Wilson, 1982). The concept of turning bands is to 

transform a multidimensional simulation into the sum of a series of equivalent 

unidimensional simulations. As stated previously, realizations for the heterogeneous 

porous media will be input into the soil-gas flow and transport model and then analyzed 

in a Monte Carlo fashion.
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2.4 Soil-Gas Flow and Transport Model

There are several numerical codes that have been developed to solve the partial 

differential equations for the flow of soil-gas through the unsaturated zone and the 

transport of volatile compounds in the soil-gas. The numerical code utilized in this thesis 

is called Vapour T (Mendoza, 1995). VapourT is a two-dimensional advective-dispersive 

finite element modeling program whose numerical solutions of the flow and transport 

equations are based on the Galerkin finite element technique (Huyakom and Pinder, 

1983). VapourT utilizes triangular elements and incorporates linear based functions for 

the solution of flow and transport equations. The solution domain can be either cartesian 

or axial symmetrical. The reader is referred to Mendoza (1989), Mendoza and Frind 

(1990) and Mendoza (1995) for the numerical formulation and development of the flow 

and transport equations. A description of the soil-gas flow and transport equations 

utilized in VapourT, boundary conditions, assumptions inherent in the VapourT program, 

and the use of an empirical relationship for displacement pressure and soil-water contents 

to calculate spatial values for relative permeability will be discussed in this section.

2.4.1 Soil-Gas Flow and Transport Equations

The governing equations describing the flow of soil-gas in the unsaturated zone 

was developed from mass continuity equations and Darcy’s Law (Darcy, 1856). Using an 

equivalent head formulation (Frind, 1982), the flow equation in cartesian coordinates 

(Mendoza and Frind, 1990) is solved by VapourT and is as follows (Equation 2.2):
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where x and z are the horizontal and vertical coordinate directions, respectively, p0 is the 

density of the uncontaminated soil-gas, g is the acceleration due to gravity, p is the
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viscosity of the gas mixture, p is the fluid density, kxx and kzz are the intrinsic 

permeabilities aligned in the x and z directions, respectively, h* is the equivalent head gas 

mixture, Q is the soil-gas extraction rate, and Ss is the specific storage term.

In Equation (2.2) kr is the relative permeability, which is defined as the ratio of 

the permeability to soil-gas at any particular soil-water content to the maximum 

permeability to soil-gas. Since the relative permeability is dependent on soil-water 

content, a functional relationship between permeability and soil-water was required and 

was developed by Barnes and McWhorter (2000). This relationship will be discussed in 

greater detail in section 2.4.4.

The equivalent head of the gas mixture (h*) in equation (2.2) is given by the 

following equation:

h*= — + z (2.3)
Po g

where P is the fluid (gas) pressure relative to atmospheric pressure. This formulation 

accounts for the differences in the pressure potential and the elevation potential (Frind, 

1982). The specific storage term is defined by:

Ss = 0 gPog7a (2.4)

where 0g is the gas filled porosity, and ya is the compressibility of air.

For SVE systems, it can be assumed that a steady state is reached relatively 

quickly compared to the overall operational time. This assumption is valid with soils 

comprised mostly of sands and silts and usually invalid for soils containing lower 

permeable clays (Barnes, 1997). Thus, under steady state conditions the right side of the 

equation (2.2) is equal to zero.
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The equation that governs the advective-dispersive mass transport in the vapor 

phase and infiltrating water is given by Equation (2.5):
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where c is the gas concentration in units of moles per volume. In the above equation Vx 

and Vz are the interstitial velocities in the x and z directions and are given by the 

following equations:

V =  =

V = ^  =

PoS, Sh*
6. M 5x

k X  P0g
d x  p n

(2.6)

(2.7)

where q is the gaseous Darcy flux in either the x or z axial direction. Also in Equation 

(2.5), Dy is the gaseous dispersion tensors and is given by Equation (2.8).

, y v :

where (Xt and (Xl are the transverse and longitudinal dispersivities, respectively, I V I is 

the magnitude of the interstitial velocity vector, 6y is the Kronecker delta, Da is the 

effective gaseous diffusion coefficient, and t  is the tortuosity given by the Millington- 

Quirk empirical relationship, x =( 07/3)/<|)2 where <|> is the porosity (Millington and Quirk, 

1961). The retardation factor, R, in Equation (2.5), is given by the following equation:



where 0W is the volumetric soil-water content, H is the dimensionless Henry’s law 

constant, pb is the bulk density of the porous media, and K<i is the distribution coefficient. 

The Henry’s law constant is a means of relating the equilibrium concentration of a 

volatile compound in an aqueous state to the concentration of the compound in a gaseous 

state. The distribution coefficient, K<j, describes the partitioning of the compound 

between the aqueous and solid phases and can be described by the Fruendlich isotherm 

as:

Kd = f ^  (2.10)

where foe is the soil organic carbon content, and Koc is the organic carbon-partitioning 

coefficient. Research by Barnes (1997) indicates the distribution coefficient, particularly 

f o e ,  was the most sensitive parameter in the numerical evaluation of a SVE systems 

probability of reaching the desired regulatory standard.

2.4.2 Boundary Conditions

The establishment of boundary conditions allows a user to increase the validity 

and accuracy of the numerical model and is required for the finite element solution of the 

soil-gas flow and transport equations. The boundary conditions are applied to a 

representative finite element grid (FEG) of the system modeled (Figure 2.2). The FEG 

used for the numerical modeling of SVE systems was based on physical characteristics of 

the porous media and the influence of the SVE well on the surrounding area. The 

development of the FEG will be discussed later in the chapter 3 (section 3.3).
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The boundary conditions (Figure 2.2) for the flow equations should be properly 

defined in terms of equivalent head, but because the elevation of a specific point is fixed 

in time and space, the boundary conditions can be specified in terms of pressure 

(Mendoza, 1992). This can be accomplished in two ways: by using either a specified 

pressure (Type I) or a specified pressure gradient (Type II).

Extraction well
P P0 or Q Q0 P = Patm qz = q jnf c = 0

Ground surface

qr = 0 

8c
Sr = °  

8r

= o
x = 0 Top of the Capillary Fringe gz

qr = 0

^ = 0 
8r

0
St

Figure 2.2. Boundary conditions and finite element grid for the soil-gas flow and
transport model VapourT.

The vertical limits of the FEG are the ground surface and the top of the capillary 

fringe. Generally, the ground surface for SVE systems will be either open to the 

atmosphere (P = Patm), or covered by a low permeable cap giving the ground surface a 

normal pressure gradient of zero. The top of the capillary fringe is impermeable to gas 

flow and can described by a zero normal pressure gradient. VapourT also allows the user 

to define a water table (or in this case capillary fringe) boundary flux to consider the 

partitioning of the aqueous phase of the contaminant into the groundwater. Fluxes that 

occur at the surface, between the soil-gas and the surface air, can also be considered and 

incorporated into the VapourT model. The exit or lateral extents of the grid are placed at 

a distance so that they are unaffected by the flow and transport, and are specified as 

constant pressure boundaries.
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The transport equations also utilize the type I and type II boundaries. In this case, 

the constant and specified fluxes are based on contaminant concentrations and dispersive 

fluxes, respectively. The exit or lateral boundaries are generally represented by a zero 

dispersive flux.

The extraction wells can also be specified in two ways: by using a known 

volumetric withdrawal rate, or by specifying a pressure drawdown at the well. Since this 

thesis is primarily focused on modeling an operational SVE system, the volumetric flow 

rate was used.

Contaminants are represented by a constant concentration boundary (constrained 

nodes). The specified concentrations correspond to the equilibrium vapor pressure of the 

contaminant itself. For a finite mass of contaminant, the source will become depleted 

over time. VapourT accounts for this by having an option to unconstrain the source nodes 

and thus, allow the source of contaminant to deplete when the initial source mass has 

been vaporized.

2.4.3 Modeling Assumptions Inherent in VapourT

Several assumptions have been incorporated into the VapourT program in order to 

simplify the solution process. For SVE systems, it can be assumed that a steady state is 

achieved relatively quickly compared to overall simulation time. This assumption is valid 

for soils comprised mostly of sands and silts. Another assumption inherent in VapourT is 

that local phase equilibrium between the NAPL and the contaminated vapor in the pore 

space is established. Johnson et al. (1990) showed with a simplified example that under 

typical SVE conditions, phase equilibrium is reached in a distance of several pore 

diameters from the extraction well. This allows for the value of local vapor 

concentrations to be dependent solely on the vapor pressure of the NAPL held in the
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pores. The vapor held in the pores is also assumed to be essentially incompressible. 

Massman (1989) showed that for vacuum extraction scenarios that this assumption is 

valid for pressure drawdowns of up to 0.2 atmospheres. This assumption may be a 

limitation for many practical applications but it is applicable to most SVE systems since 

the drawdown pressure of 0.2 atmospheres is relatively high (20,265 N/m2, or 81.4 inches 

of water).

In order to model the soil-gas flow through the unsaturated zone, it is assumed 

that Darcy’s law is valid (Darcy, 1856). This assumption requires that the soil-gas flow 

be laminar and be absent of gas slippage-effects (Klickenberg effect). If the porous media 

is not too fine grained the assumption of no gas slippage is justified (McWhorter, 1990). 

Other assumptions include: no infiltrating water, no biological degradation, constant 

temperature, constant barometric pressure, and constant soil moisture contents with time. 

The water table is also set to a constant level, this would limits the models ability to 

accurately account for smearing of the contaminant in the area of fluctuating water table 

resulting in longer operation periods to reach the regulatory standard. An addition to 

VapourT was developed by Barnes and McWhorter (2000) to included the variable soil 

moisture contents in their soil-gas flow and transport model and will be discussed in 

greater detail in the following section. For detailed descriptions of the modeling 

assumptions or boundary conditions consult Mendoza (1992).

2.4.4 Displacement Pressure, Soil-Water Contents, and Relative Permeability

In order to model the soil-gas flow in the unsaturated zone, the relative 

permeability of the porous media to soil-gas needs to be taken into account. This is 

accomplished by using relationships between capillary pressures, displacement pressures, 

and soil-water contents. One of the more common relationships between relative 

permeability and soil-water contents was developed by Brooks-Corey (1964). The 

equation is as follows:
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kr = (l -  Se)(l -  Se(2+X)/X) (2.11)

where kr is the relative permeability to the non-wetting phase (soil-gas), Se is the effective 

soil-water content, and X is the pore size distribution index. The Brooks-Corey equation 

for effective soil-water content is:

fu  V
s  =

Se = l

v hc /

h c < h d

h c > h d

(2.12)

where h<j is the entry pressure head, he is the capillary pressure head. In a static air-water 

two phase system, the capillary pressure head can be approximated using the following 

equations:

Pc = P wgh 

or (2.13)

h = = z
P wS

where Pc is the capillary pressure, pw is the density of the wetting fluid, and z is the 

vertical distance measured from the groundwater table. The effective soil-water contents 

can be further expanded to:

■ $ , - (2. i4)
<p-Sr

where Sw is the soil-water content and Sr is the residual soil-water saturation, and <f) is 

equal to one. VapourT assumes that the soil moisture contents of each element in the
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FEG are constant over time, primarily because the soils are generally assumed to be at 

field residual saturation levels. VapourT allows the user to define a constant value for soil 

moisture saturation and residual saturation to calculate effective soil-water contents 

(Equation 2.14). VapourT then uses these input variables to calculate the relative 

permeability to soil-gas (Equation 2.11) of each element in the FEG in accordance with 

the Brooks-Corey empirical relationship (Equation 2.12) between effective soil-water 

saturation and capillary pressures (Brooks-Corey, 1964).

In order to incorporate spatial changes in relative permeability, Barnes and 

McWhorter (2000a) developed a methodology to calculate variable soil-water contents 

with respect to nodal location and thus, the calculation of relative permeabilities for each 

node in the FEG. In order to accomplish this, a relationship between hydraulic 

conductivity and displacement pressure that was presented by McWhorter and Nelson 

(1980) was used to calculate displacement pressure head. The McWhorter and Nelson 

(1980) equation for displacement pressure head is:

hd = 9.66
/ x-.0.401
f  K A (2.15)

where the displacement pressure head (h<j) is in units of cm, and K is the hydraulic 

conductivity in units of cm/sec. For each element of the GEG, the displacement pressure 

head is calculated using Equation (2.15) and input into Equation (2.12) along with a 

calculated value for capillary pressure head (he) from equation (2.13). The displacement 

pressure head is then used in Equation (2.12) to determine the effective soil-water 

content. The calculated effective soil-water saturation for each element is then used to 

determine the relative permeability for that particular element assuming a constant pore 

size distribution coefficient for the modeled soil horizon. The result is a FEG with spatial 

variations of relative permeability due to the calculated values of soil-water contents and 

displacement pressure head for each element.
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2.5 Decision Model

The decision model presented by Barnes (2002) for SVE design operation is a 

distinguishing characteristic of this research. The original framework developed by 

Massman and Freeze (1987) and Freeze (1990) was a framework for geotechnical or 

waste-management applications in the saturated zone. Barnes (1997) and Barnes and 

McWhorter (2000b) developed a decision model based on Massman and Freezes work 

for contaminant removal in the unsaturated zone, specifically for SVE systems. Bames 

(2003) then extended the decision model to the operational phases of SVE systems. The 

use of the proposed decision model could result in the selection of design alternatives, 

testing of operational economic feasibility, and the determination of SVE system shut-off 

times based solely on economic costs associated with a systems failure to reach a 

required regulatory contaminant goal and the current interest rate. In this section a 

description of the adapted decision model will be discussed. For further information on 

risk-based decision theory in the saturated zone, consult Massman and Freeze (1987a and 

1987b) and Freeze et al. (1990).

2.5.1 Design and Operational Decision Models

The overall decision model can be separated into two models covering the entire 

SVE implementation/operation phases: the design decision model, and the operational 

decision model (ODM). The design model allows a designer to select the most 

economically feasible design from a suite of alternatives based on installation costs, 

operational costs, and a noncompliance costs associated with the system’s failure to reach 

the required regulatory goal. With the results from the stochastic modeling of soil-gas 

flow and transport of a contaminant, decision theory enables the designer to choose from 

a host of economically feasible alternatives based on the designer’s professional 

judgment.
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The operational model gives the operator a useful tool for predicting when a SVE 

system has reached a point where it is no longer economically feasible to operate the 

system. The only real difference between the design and operational models is the 

inclusion of installation costs in the design model to incorporate expenses of system 

implementation and the costs of the first year of operation. Since the capital costs are 

already incurred for an operating system, it is not essential to include them into an 

analysis of a system’s operating costs. Because the focus of this thesis is the actual field- 

testing of an operational SVE system, the operational model will be utilized and 

discussed in greater detail than the design portion of the model. For further information 

and description of the design portion of the decision model consult Barnes and 

McWhorter (2000b).

2.5.2 Operational Decision Model

The object of the operational decision model (ODM) is to provide a tool for the 

determination of system economic feasibility throughout the systems operational period. 

Through stochastic modeling and Monte Carlo analysis, an operational systems ability to 

remove contaminants can be modeled relatively accurately. The results of the Monte 

Carlo simulations for contaminant mass left in the system are compared with the 

regulatory goal and determined to either meet the cleanup standard or fail it. The 

probability of failure is defined as the number of realizations that fail to meet the 

regulatory standard divided by the total number of realizations performed. Using the 

operational decision model, the optimum length of operation can be estimated by 

determining the cost of failure that minimizes the objective function (Equation 2.16) as a 

function of time. The objective function is given by:

= £ 7 r ^ r [ pr(tM c f)Cf(t)]
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where Or is the operational objective function value until the end of year T, Pf is the 

probability of failure for each time step t, C/(t) is the cost of failure at any time step up to 

the final year T, C/(T) is the cost of failure if the system is not able to achieve the cleanup 

standard by the end of the final year of operation, and y is a utility function, which is a 

measure of the operators risk-aversion. For a risk-neutral stance, utility is set to one 

(Massman and Freeze, 1987; and Freeze et al., 1990). For a risk-averse behavior, utility is 

greater than one. The cost of failure (C/(t)) for each time step is simply the cost to operate 

and maintain the SVE system in the following time step. For example, if a SVE systems 

fails to meet the regulatory standard after a year, then the cost of failure for that year is 

the next years costs associated with maintaining and operating the system, monitoring 

costs, and costs associated with the SVE system (i.e. expansion, re-development, and 

replacement of equipment). The ultimate cost of failure (C/(T)) is the cost associated with 

the SVE system failing to meet the required standard in the final year of operation. This 

ultimate cost of failure could include: costs of implementing another remediation system, 

costs associated with failure to meet the remediation goal, and subsequent failure to sell 

the property due to contamination.

The use of the operational decision model to predict the optimum operating period 

requires the assumption that a point in time will be reached where the cost of operating 

and maintaining a system outweighs the benefit of operating the system (Figure 1.1). If 

this assumption holds true, then the operation of the SVE system should be terminated 

when the costs to operate the system outweigh the benefits of operation. The ODM is 

utilized to predict the objective functions for every year of operation to determine a 

minimum value of the objective function for the time period being modeled. The 

minimized objective function will have a corresponding cost of failure (C/(T)) that can be 

used to determine the most feasible cost for implementing a new remediation system 

based on present-worth calculations. It can also be used to judge how capital should be 

invested, either in the implementation of a new remediation system or the investment of 

capital for the earning of interest.
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Bames (2003) carried the derivation of the ODM even further by considering the 

trends of SVE system mass removal over time. Equating the objective function for year T 

to T+l (for consecutive possible final years of operation) and solving for the ratio 

C/(T)/A ratio results in the following:

C&.S,  ' P'(T>_______ (2.17)
A (l + i)P ,(T )-Pr(T + l)

The trend of mass removal for SVE systems operating over long periods of time 

tends to become asymptotic (Figure 2.3) to a certain local value for mass remaining in the 

soil. Bames (2003) illustrated that the probability of failure for a SVE system also 

approaches an asymptotic value.
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Figure 2.3. Typical trends for mass remaining in the soil and probability of failure for
operating SVE systems.

In these cases when the probability of failure has become asymptotic over time (when 

Pf(t) = Pf(T+l)), Equation (2.17) becomes the simplified ODM:
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^  < i '1 (2.18)
A

If, for any year of SVE operation, the ratio of the ultimate cost of failure of a SVE 

system to the annual cost of operating the system is less than or equal to 

Pf(T)/[(l+I)Pf(T)-Pf(T+l)] here called cost ratio beta (Pt), or in special cases (i.e. Pf(T) 

= Pf(T+l)) the reciprocal of the interest rate (here called Pimax), then the continued 

operation of the system is not economically justified. Knowing the cost ratio (Pt) for each 

year of simulated operation and the total cost of an alternative treatment (C/(T)), the 

optimum length of operation for a SVE system can be determined. In order to make this 

decision, a maximum cost of failure is first calculated (C/rmax= Pt * A) for each year of 

operation. The maximum cost of failure (C/(T)max) is then compared with the present 

worth cost of installing and operating an alternative treatment method (C/(T)). If the total 

cost of an alternative is less than the maximum cost of failure (C/(7)max), then the system 

should be shut off and the soil tested for regulatory compliance and an alternative method 

of remediation should then be installed if the system has failed to remove sufficient mass 

to pass the regulatory standard. Alternative remediation methods include: system re

development, SVE system equipment replacement, contaminated soil removal for ex-situ 

treatment or incineration, natural attenuation, or the installation of another in-situ 

remediation method. For more detailed descriptions and examples, consult Barnes 

(1997).

The simplicity and usefulness of the ODM should provide operators a tool for 

determining the economic feasibility of operating systems when the mass removal rate 

and the probability of failure of the system to meet the regulatory standard has become 

asymptotic to a local value. Historically, the inclusion of a cost/risk-based decision model 

for mass removal remediation technologies has had very limited consideration. The main 

objective of this thesis is to validate and incorporate the ODM into a stochastic modeling 

approach to determine the economic feasibility of an operating SVE system.
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Chapter 3 Methodology

In this chapter a discussion on the site selection, methodologies of soil testing, 

development of finite element grid, uncertainty model, calibration of soil-gas flow and 

transport model, and Monte Carlo analysis of model results will be addressed.

3.1 Site Selection

The selection of an SVE site to model was based on limitations of the selected 

soil-gas flow and transport model (VapourT). Two limitations inherent in the soil-gas 

flow and transport model are the two-dimensional restriction and the inability to model 

air sparging. So in brief, the selected site must encompass a horizontal well with either a 

non-functional air-sparging unit or a SVE system completely devoid of an air-sparging 

unit. The site utilized for this thesis was selected because the system incorporates a 

horizontal well and has an air-sparging unit that has not been in operation since 1998 

(Hart Crowser, 2001). The site chosen for this research is located on Ft. Wainwright, a 

U.S. Army Post located in Fairbanks, Alaska.

Figure 3.1. Location of Operation Unit # 5, Ft. Wainwright, Alaska (Hart

Crowser, 2001).
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The remediation site (SVE system) is located in the West Quartermasters Fueling 

Station (WQFS). The WQFS area covers approximately 50 acres and is located (Figure 

3.1) between taxiway #18 and the Chena River, and between building #1595 and the 

railcar offloading facility (HLA, 1997).

3.1.1 Sources o f Contamination

Contamination in the WQFS area consists of surface and subsurface releases of 

petroleum (diesel range organics (DROs) and gasoline range organics (GROs)) 

hydrocarbons that have migrated downward through the vadose zone to the ground water 

(HLA, 1997). Once the contaminant reached the groundwater table, it began to spread 

horizontally and vertically due to groundwater table fluctuations and gradients.

Modeling performed by HLA (1997) suggests that the mass of contaminants in 

the subsurface exceeded 453,592.4 kilograms in the WQFS area. Sources of the 

contamination are primarily fuel storage and fuel transfer oriented. Various fueling 

system components located within the source area include (HLA, 1997):

- Two 500 gallon underground storage tanks (South of Front Street).

- Three upright above ground storage tanks (ASTs): AST #342 -94,000

gallons of gasoline, AST 343 94,000 gallons of diesel, and one 25,000 gallon diesel AST.

- Two 25,000 gallon AST (one gasoline, one diesel) and a truck fill stand located between 

Front Street and Gaffney Rd.

- A 21,000 gallon (500 barrel) diesel AST near the south side of Gaffney Rd.

- Dispenser island and fill stands on either side of Front Street.

- Underground fuel pipelines connecting the system to Birch Hill tank farm.

- A network of aboveground and belowground fuel piping connecting the fuel 

system components.
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Historical records also indicate that at least three large spills occurred at the 

WQFS area. These spills were due to breaks in the fuel lines from the storage tanks to the 

dispensing pumps. Between February 5th and February 8th of 1971, a spill of 30,000 

gallons of diesel was reported. In March of 1971, another spill occurred releasing 16,000 

gallons of gasoline (HLA, 1997). Soil testing in the area indicated that the levels of 

GROs, DROs, and particularly the BTEX suite of contaminants, exceeded the ADEC soil 

cleanup levels.

3.1.2 Soil Vapor Extraction Development

In August of 1990, Ft. Wainwright was placed on the National Priorities List 

(NPL) under the Comprehensive Environmental Response, Compensation, and Liabilities 

Act (CERCLA). As a result, environmental assessment and remediation actions began in 

order to comply with CERCLA, as amended by the Superfund Amendments and 

Reauthorization Act (SARA) of 1986. These activities were also performed to comply 

with Federal Facilities Agreement (FFA) between the U.S. Environmental Protection 

Agency (USEPA) and the Department of the Army, and the Alaska Department of 

Environmental Conservation (ADEC). Subsequently, the FFA divided Ft. Wainwright 

into five operational units (OUs) and outlined the investigative and remediatory 

procedures of all five of the operational units. In 1992, a two party agreement was signed 

by the ADEC and the U.S. Army to outline the procedures for investigation and cleanup 

of petroleum contaminated sites located on Ft. Wainwright.

In 1996, the 6th Infantry Division (Light) requested the Alaska District U.S. Army 

Corps of Engineers (USACE) to perform treatability studies at the WQFS source area. 

Subsequently, the USACE assigned the WQFS sub-area 1 (Operational Unit #5 included 

in WQFS 1, hereafter OU5) horizontal well treatability study to Harding Lawson 

Associates (HLA). Results from the treatability studies and a detailed study of remedial 

system selection options for the area led the developers to the conclusion that a combined
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air sparging/SVE (AI/SVE) system was appropriate to remediate the site. Installation and 

development phases of the AI/SVE horizontal well was performed by HLA and 

subcontractors and took place between April 1st and April 25th, 1997. The SVE well at 

OU5 was designed to have a 502 ft (153 meters) long screened section in order to 

maximize contaminant capture. Well depth was determined by examining the 

groundwater table fluctuations in the area and was set to 2.43 m (8 ft) below the ground 

surface (ftbgs), roughly two feet above the highest water table fluctuation. Baseline 

testing for the AI/SVE system was carried out from July 7th to the 14th, 1997. Additional 

testing (re-development of the extraction well August 4th through August 7th) and 

respiration testing was conducted August 19th through August 27th. On August 27th, 1997 

the AI/SVE system commenced continuous operation.

3.1.3 Site Geology

Operational Unit #5 (OU5) is located on an alluvial plain situated between two 

major river systems: the Chena River, and the Tanana River. The alluvium consists 

primarily of layers of sand and gravel, sandy silt, and silt. The alluvium plain is underlain 

with a sand and gravel aquifer that is confined in areas of permafrost and unconfined in 

areas lacking permafrost. The Ft. Wainwright area is generally underlain by 

discontinuous permafrost of low ice content in inorganic soils. Permafrost that is in the 

area has been reported to have receded to 20 feet or more in depth primarily due to 

extensive surface reshaping (HLA, 1995).

Due to the sensitive nature of some of the soil parameters needed for the soil-gas 

flow and transport model, laboratory testing of certain soil properties was conducted in 

order to verify published data and increase the accuracy of the model.
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3.2 Soil Testing

To properly model the mass removal induced by the SVE system and to reduce 

errors associated with the sensitive soil properties mentioned previously, certain soil 

properties needed to be determined to increase modeling accuracy. These properties 

include: bulk density, particle density, porosity, hydraulic conductivity (permeability), 

soil water retention, fraction of organic carbon, residual saturation, pore size distribution 

coefficient, and displacement pressure heads. The actual collection of samples from OU5 

proved to be very problematic due to concerns of exposure to dangerous levels of 

contaminants. To collect samples that were representative of OU5, the selection of an 

alternate sample collection site was necessary. A construction site (new Ft. Wainwright 

hospital), operated by Dick Pacific Construction Ltd that is located within 1 km to OU5 

was selected as a source of representative samples. Because of the alluvial nature of the 

Ft. Wainwright area soils and the construction site’s close proximity to the selected SVE 

site for modeling, an assumption was made that the samples taken were representative of 

the OU5. Two locations at the construction site were chosen for sampling. A total of nine 

samples were taken, five from the one location and four from another. Borehole logs 

from OU5 (HLA, 1997) were used to compare and select soil types present at the 

construction site. Samples were collected on May 20, 2002, with the aid of Julie Ahem 

from the University of Alaska Water and Environmental Research Center (WERC) and 

Paul Winkler of Dick Pacific Construction. Soil testing was conducted utilizing current 

soil testing methodologies and ASTM standards.

3.2.1 Dry Bulk Density

Soil bulk density (pb) is the ratio of the mass of dry solids to the bulk volume of 

the soil. Bulk density was calculated (Klute, 1986) during the water retention testing and 

is reported in Table 3.2, which can be found on page 60.
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3.2.2 Particle Density

Particle density (pp) refers to the density of the solid particles collectively. It is 

expressed as the ratio of the total mass of the solid particles to their volume. Testing was 

performed using the pycnometer method (Klute, 1986, p. 378; ASTM, 1958, p. 80). 

Results for the soils tested can be viewed in Table 3.2.

3.2.3 Porosity

The structure of soil is related to many important soil physical characteristics, 

especially those pertaining to water retention and transport of fluids and heat. The soil 

structure can be measured in many ways, but is perhaps the most meaningful when 

evaluated through some knowledge of the amount, size, configuration, or distribution of 

soil pores. Within the soil matrix lies a complex array of cavities, which vary in size, 

shape, tortuosity, and continuity. Precise estimations of the soils’ porosity are virtually 

impossible due to the soils’ heterogeneous nature. However, the total pore space may be 

calculated with relatively high precision (Klute, 1986). Total porosity {(/>,) can be

calculated using the particle density and the bulk density of a soil sample using the 

equation:

where pb is the bulk density and pp is the particle density. Results for porosity estimation 

can be seen in Table 3.2 (pg 60).
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3.2.4 Intrinsic Permeability

The two main soil properties that determine the behavior of soil water flow 

systems are hydraulic conductivity and water retention characteristics (Klute, 1986). 

Permeability (k) can be calculated by first measuring hydraulic conductivity. Hydraulic 

conductivity is measured using a constant head permeameter (McWhorter and Sunada, 

1999). The general equation used to determine the hydraulic conductivity can be traced to 

experiments performed by Darcy (Darcy, 1856). Following the constant head 

permeameter method, the hydraulic conductivity can be calculated by:

K = - ^  (3.2)
AH

where K is the hydraulic conductivity (units of length/time), Q is volume of liquid 

passing through the soil sample volume (volume/time), L is the sample length, A is the 

sample cross sectional area, and H is the hydraulic head gradient (difference between 

head entering system and head exiting system). Hydraulic conductivity is related to 

intrinsic permeability (k) by:

k = * *  (3.3)
flg

where k is the intrinsic permeability (units of length squared), p is the viscosity of the 

wetting fluid, p is the density of the wetting fluid, and g is the acceleration due to gravity. 

Hydraulic conductivity was measured using a Soil Test K-605 Combination 

Permeameter. The K-605 satisfies the ASTM standard for rigid wall permeameters and 

can be used in either falling head or constant head testing. Results can be viewed in Table 

3.2.
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The ability for a soil to retain water affects the transport of soil-gas and soil- 

water. Water retention is primarily dependent on the texture, particle size distribution, 

and the arrangement or structure of the soil particles. Water retention is also dependent 

on the amount of organic matter, which has a direct influence on the retention function 

because of its hydrophilic nature.

Traditional methods for determination of soil-water retention involve establishing 

a series of equilibria between a soil sample and a body of water. The soil-water system 

remains in hydraulic contact with the body of water via a water saturated porous plate or 

membrane. The volumetric water content (0W) of the soil is calculated for every 

equilibrium point and graphed with its corresponding value for matric pressure head (hm), 

determined from the pressure in the body of water and the air phase pressure in the soil. 

In order to be consistent with the Brooks-Corey equation, the water retention 

characteristics were measured on the primary drainage cycle. Results can be seen in 

(Figure 3.1). A graphical method, described in Brooks-Corey (1964), was followed to 

estimate 0r, hd, and k. The curve-fitting program Retention Curve (RETC) was used to 

confirm the values obtained graphically.

The program RETC uses the parametric models of Brooks-Corey (1964) and Van 

Genuchten (1978) to represent the soil water retention curve, and the theoretical pore-size 

distribution models of Mulam (1976) and Burdine (1953) to predict the unsaturated 

hydraulic conductivity function from observed soil-water retention data. The program can 

be used to predict hydraulic conductivity and to fit analytical functions to observed water 

retention and hydraulic data. Several key features of the program include: flexible choice 

of hydraulic parameters to be included in the parameter optimization process, direct 

evaluation of hydraulic functions when the model parameters are known, and the 

possibility of evaluating the model parameters from observed conductivity data rather

3.2.5 Water Retention Testing
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than retention data, or simultaneously from measured hydraulic conductivity or retention 

data.

A drainage curve (Figure 3.2) is determined by establishing a series of equilibria 

from zero pressure head (where hc=0 and Saturation = 1.0). Saturation is directly related 

to the volumetric content and measured porosity of the sample and is as follows:

Sw = %  <3*4)<p

where Sw is the saturation of the soil sample (ranges from 0 to 100).

S a tu ra tio n  (S )

Figure 3.2. Typical water retention drainage curve with Sr and Pd (hd) determination
points labeled.

Laboratory testing for soil retention typically involves three different testing 

methods. These methods are the weighable cell (Tempe Cell), pressure cell (pressure 

plate testing), and the vapor sorption technique (dessication method). The selection of the 

testing method is based on the range of matric potentials required to generate the 

complete drainage curve. Each method tests a different range of matric potentials 

dependent on the soil’s ability to retain water. Some soils may require the use of all three 

methods, while some soils may require only two of the above-mentioned methods to 

characterize the soil’s water retention. Typically, readily drainable soils such as sand will
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most likely require only the weighable cell and the pressure cell methods to complete the 

water retention curve. The testing methods are performed in conjunction with each other 

to give a complete drainage curve graph (Figure 3.2).

In the weighable cell (Tempe Cell) method, the wet soil is in hydraulic contact 

with the bulk water through a porous plate (0-0.2 bar of matric potential or 0-203.95 cm 

of H2 O) and drainage of the sample is initiated by raising the cell in relation to a 

reference body of water. During the pressure cell or pressure plate testing, the bulk water 

under the porous plate is kept at atmospheric pressure and the gas plate pressure in the 

cell is increased above atmospheric pressure (0.2-15 bars of matric potential or 203.95- 

15,295.74 cm of H2 O). The vapor sorption technique equilibrates the soil samples with a 

vapor phase that is maintained at some constant pressure using osmotic solutions and 

covers any matric potential above 15 bars. Results for the testing of soil samples can be 

seen in the figure below (Figure 3.3). For further explanation and description of testing 

procedures consult Klute (1998).

Figure 3.3. Water retention curve for two representative samples 5ftbgs (sitel) and 3.5
ftbgs (site2).

3.2.6 Fraction o f  Organic Carbon

The fraction of organic carbon is directly related to the retardation of volatile 

organic contaminant movement and soil-water retention due to the hydrophilic nature of



57

these compounds. Bames (1997) conducted a sensitivity analysis of foe and the 

probability of an SVE system to fail its remediation goal (Pf). It was found that Pf is most 

sensitive to foe when the required removal time was small. At larger removal times, the 

removal of VOCs becomes diffusion limited and is not as greatly affected by foe- Due to 

the sensitive nature of foe on a contaminant removal system and the detailed testing 

procedures, a qualified specialist at a University of Alaska laboratory performed the 

testing for the determination of foe. Quinton Costello of the Water and Environmental 

Research Center, University of Alaska Fairbanks conducted testing to determine the foe of 

the representative soil samples utilizing a Costech ECS 4010 Elemental analyzer. Results 

for all soil samples analyzed for foe can be seen in Table 3.1. To provide a best estimate 

of foe for the system, the fraction of organic carbon was weighted (weighted average) by 

the thickness of the various soil types. Determination of soil type thickness was estimated 

by comparing published borehole logs from HLA (1997).

Table 3.1. Fraction of organic carbon in OU5 soil samples 
Note- text in bold print signifies representative soil samples 

used for modeling purposes.

Sample %C
4 ftbgs(l) 0.07
5 ftbgs(l) 0.031
6 ftbgs( 1) 0.006
7 ftbgs(l) 0.177
2 ftbgs(2) 0.245
3 ftbgs(2) 0.453
3.5 ftbgs(2) 0.031
4 ftbgs(2) 5.46
5 ftbgs(2) 0.084
5 ftbgs(2) rel 0.082

*This sample is beyond the instruments calibration 
range, and may indicate a contaminated sample.
All values are reported as a weight percentage g/lOOg.
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In order to properly weight the values of foe for total number of samples taken, the 

soil types were grouped according to grain size, hydraulic conductivity, and water 

retention ability. From this sorting procedure, it became apparent that there were three 

main types of soils located at OU5; these are the sand, sand/silt, and the silt. These 

representative soil samples can be seen printed in bold in Table 3.2. Samples were 

weighted using the following formula:

f.
f  f D + fAPcrtMrl conH focsand sand Docsilt/sand silt/sand (3.5)avg
V /

where D is the depth of the soil layer determined from borehole data. From this 

determination, the weighted average value of foe was determined to be equal to 0.031.



Table 3.2. Soil properties for the Operational Unit #5 area.

Laboratory Soil Testing Results

Particle Bulk Calculated Hydraulic Intinsic Permeability Residual Displacemnt
Sample # Type of Density Density Porosity Conductivity k Saturation Pressure head

Soil (g/cm3) (g/cm3) (n) (cm/sec) (cm2) S r Hd (cm)
K variance

4ftbgs (1) sand 2.635 1.356 0.485 0.003817 2.72E-10 3.90233E-08

5 ftbgs(l) sand 2.683 1.660 0.474 0.027038 3.24E-06 2.76451E-07 0.060 23.064

6 ftbgs (1) sand/silt 2.683 1.417 0.472 0.007442 6.26E-08 7.60871E-08

7ftbgs (1) sand 2.638 1.413 0.464 0.012188 5.2E-08 1.24618E-07

2 ftbgs (2) silt 2.618 1.371 0.476 0.000598 2.11E-10 6.1098E-09

3 ftbgs (2) silt 2.680 1.331 0.503 0.000369 3.72E-10 3.77295E-09

3.5 ftbgs(2) sand/silt 2.629 1.679 0.459 0.00544 7.55E-10 5.56163E-08 0.080 50.600

4 ftbgs (2) silt 2.565 1.153 0.550 0.000105 1.15E-11 1.07387E-09

5 ftbgs (2) sand 2.641 1.409 0.466 0.01482 5.82E-09 1.51527E-07

* Note: Values represented with bold type were chosen as best representative sample for that soil type.
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3.3 Finite Element Grid

The process for development of the finite element grid (FEG) began with the soil 

sampling and testing for input parameters into both the uncertainty model and the soil-gas 

flow and transport model VapourT. In order to properly define a FEG for the system, 

several factors and characteristics of the system were investigated. Because both the 

VapourT and uncertainty models utilize the same FEG, development of the FEG 

preceded any of the modeling efforts. Since the soil-gas flow and transport model is a 

two-dimensional triangular finite element model, the depth and length of the system are 

required to establish a properly sized grid for minimization of error in calculations. Given 

that the transport model is two-dimensional, the third dimension length is set to unity. 

The objective of the following sections is to explain in greater detail the procedures 

utilized to establish a representative FEG of the SVE well for incorporation into the 

uncertainty model and VapourT program.

3.3.1 Development o f the Finite Element Grid

The horizontal extent (length from the well) of the FEG was based on analytical 

pressure solutions for the extraction well. The objective of the analytical pressure 

solution presented here is to aid in the determination of the system’s radius of influence 

(ROI) for utilization as the horizontal length component of the FEG. To determine the 

pressure exerted by the sink source located at the SVE well, the method of images was 

used (McWhorter and Sunada, 1999). The solution for pressure at any point on the x and 

z axis can be derived from a solution to the Laplace equation (Equation 3.6):

p = f - ^ i l l n r  + C (3.6) 
{2 t± J
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where Q is the well vacuum rate (extraction rate), fj. is the air viscosity, k is the intrinsic 

permeability of the soil, r is radial distance from the well to any given point on the x and 

z axis, and C is a constant value of integration. Note: values for input variables should 

have units based on the unit of pressure desired. In this case, the pressure solution will be 

in the unit of Pascals (Pa) for simplification in the comparison with the vapor transport 

model results, which also outputs pressures in Pascals.

Using the method of images, the Laplace Equation (3.6) can be solved for the 

spatial distribution of pressure resulting from a pressure sink or source bounded by a 

constant pressure or no flow boundaries. According to the method of images, if the well 

to be analyzed (real well) is a sink, then no-flow boundaries are replaced with image 

wells acting as sinks and constant pressure boundaries are replaced with image wells 

acting as sources. The image well pattern repeats until the solution converges (usually 

after 7 wells). For further explanation and derivation of the method of images consult 

McWhorter and Sunada (1999). Figure 3.4 is an illustrative example of the method of 

images. For this method the pumping well is located in the center of the diagram 

surrounded by no-flow and constant head boundaries. The distances between the wells, D 

and d, are the depth to the well from the surface (constant head boundary) and the depth 

from the well to the groundwater table (no-flow boundary) respectively.

2d

No Flew Boundary"

♦  o ' *
2 D D

Constant head boundary 

# • 0 0
2d 2 D 2d

4  2 1 3  5

£  Source W ell Q  Sink ^  Rim ping W ell

Figure 3.4. Method of images utilizing source and sink wells.

For the application of this solution to SVE wells, consider the cross section of a 

horizontal SVE well in Figure 3.5.
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Constant Head Boundary Ground surface
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! Groundwater table elevation! ■ !i ; ; No Flow Boundary;

Figure 3.5. A simplified diagram of an extraction well.

By combining the source and sink wells into the Laplace Equation we get:

P =
v2x7T,

(lnr -  lnr, -  lnr3 -  lnr4 -  lnr6 + lnr2 + lnr5 )+C (3.7)

Which can be simplified to:

In order to evaluate the constant C it is assumed that both distances D and d are 

much greater than the radius of the SVE well. Solving the above equation at the known 

pressure (where z = 0, P = atmospheric pressure or zero gage pressure), C calculates to be 

equal to zero in equation (3.7).

(3.9)
\2 irr )  ^r,r3r4r6
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By substituting cartesian coordinates for radial distances (r) we get Equation (3.10):

f QM l n
/

x2 + (z -D )2 x2 + (z -  (D + 2d))2 x2 + (z + (3D + 2d))2 x2+(z + (3D + 4d))2
in

^2T7!y
V

x2 + (z + D)2 x2 + (z + (D + 2d))2 x2 + (z -  (3D + 2d))2 x2 + (z -  (3D + 4d))2

(3.10)

The other input variables were determined from data published by Harding 

Lawson Associates (HLA, 1997). Since the vapor transport model is a two-dimensional 

representation, the overall extraction rate was determined by dividing the exhaust rate by 

the overall screened section length of the well (502 ft or 153.0096 m). The input values 

for Equation (3.10) were either measured in the laboratory or determined from published 

values (HLA, 1997). The vacuum rate, or discharge rate, was taken as 500 cfm (14.19 

m3/m) which, when divided by the wells length becomes 0.0925 m3/mAmin. The value 

for air viscosity used was 2.88x1 O'7 PaAmin. The intrinsic permeability was measured in 

the laboratory and was described earlier in the soil sampling and testing sections; here, 

the mean value was used.

Figure 3.6. Analytical Pressure Solution in atmospheres. 
(Note: horizontal and vertical distances are in meters.)

The solutions for pressures were calculated using a spreadsheet and were plotted 

using Surfer™ (Figure 3.6). Note: Figure 3.6 is presented in atmospheres for ease of 

viewing and is shown with positive pressure solutions due to the statistical methods



64

(kriging) applied in Surfer™. The analytical pressure solution coupled with the finite 

element grid can be seen in Appendix D. As expected, the pressures are highest close to 

the well and taper off with increased distance from the well. This solution was used to 

determine the horizontal extent, and the radius of influence (ROI) of the system for finite 

element grid development, grid spacings near the well, and to test the validity of the 

published extraction rate (Harding Lawson, 1997) for the SVE system located in 

Operation Unit #5.

The vertical extent (depth) of the FEG is subject to several variables; groundwater 

table elevation changes, and capillary fringe height. It is well understood that SVE 

systems become inefficient in areas of relatively high saturation due to low relative 

permeabilities to air flow, resulting in the dependence of aqueous phase diffusion to 

remove the contaminant. Bear (1972) describes the capillary fringe as roughly the zone 

above the groundwater table that is 75% or greater in saturation. Since the ability for soil- 

gas to flow through porous media can be directly related to saturation and groundwater 

depth, it becomes important to properly determine the soil parameters to identify the 

height of the capillary fringe.

The determination of the groundwater elevation was accomplished using data 

provided by the Water and Environmental Research Center of the University of Alaska 

Fairbanks (http://www.uaf.edu/water). Using data from a well (#6012) located within 

OU5, a histogram of groundwater elevation changes was constructed from the past two 

years of data. The groundwater depth was chosen as roughly 5.186 m (17ft) based on the 

most frequent elevation shown in Figure 3.7.

http://www.uaf.edu/water
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Figure 3.7. Histogram analysis of well number 6012 located on Ft. Wainwright Alaska.

The groundwater elevation (17 ft) is then used as the basis for the estimation of 

capillary fringe height. Using Bear’s definition and assuming hydrostatic conditions, 

Barnes (1997) established a criterion to determine the height of the capillary fringe from 

measured soil properties. If the system is in hydrostatic equilibrium, the elevation above 

the groundwater table that defines the top of the capillary fringe is a locus of points. At 

and below this elevation, there is a 50% probability that the saturation is at least 0.75. 

This can be expressed as:

where S is the saturation, Z is the groundwater elevation from the ground surface, and Zf 

is the elevation at which the saturation is 0.75. The equation to determine the capillary 

fringe height was derived utilizing relationships between capillary pressure, effective 

soil-water saturation, and displacement pressure head determined from the empirical 

equation presented in McWhorter and Nelson (1980). The equation is as follows:

p[z < Z f \= 0.50
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(3.11)
M f l  -  Sr)

where Zf is the height of the capillary fringe (cm), py is the mean log permeability, pw is 

the viscosity of water, and g is the acceleration due to gravity (Barnes, 1997).

This estimation of the capillary fringe height is coupled with the groundwater 

elevation chosen from the histogram analysis. The vertical extent of the FEG is then 

simply the most frequent groundwater elevation (17 ft, or 5.186m) minus the estimated 

capillary fringe height (2.3 ft, or .701m). This gives a depth where the soil-water 

saturation in the vadose zone is roughly 0.75. The estimation for the capillary fringe 

height can be seen in Appendix A. The finite element grid was given a vertical extent (z 

axis) of 15 ft (4.572 m) and a horizontal extent (x axis) of 173.8 ft (53 m). Grid spacings, 

or individual cell length and heights, were also estimated with the analytical pressure 

solutions and were validated through VapourT trial simulations.

To provide an accurate solution, Peclet and Courant numbers are calculated in 

VapourT. Peclet and Courant numbers are dimensionless numbers that can be used as an 

indication of the stability of two or three-dimensional models (Huyakom and Pinder, 

1983). For solution of the advective-dispersive equation when advection dominates over 

dispersion, the Galerkin finite element solution will tend to exhibit numerical oscillations 

at the concentration front (Huyakom and Pinder, 1983). In these situations, Daus (1985) 

shows that the most accurate solutions occur when Pe< 2 and Cr < Pe/2 = 1. The Peclet 

and Courant equations are as follows:

(3.12)

(3.13)
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where v is the advective velocity, D is the hydrodynamic dispersion coefficient, AL is the 

characteristic flow length, and At is the time step. Grid spacings were selected based on 

the ROI of the SVE well and a representative grid can be seen in Figure 3.8 (Selected 

FEG can also be seen in Appendix D). Spacings for cells located within the ROI were 

assigned horizontal lengths of 0.5 meters. Areas outside of the wells ROI were assigned 

horizontal cells lengths of 1.5 meters. Vertical cell size was set to 0.1524 meters. Trial 

simulations of VapourT with both a homogeneous case and a heterogeneous case had 

solutions for Peclet and Courant numbers well below the required solutions for stability 

(when Pe< 2 and Cr < Pe/2 =1).

4.572 m

ft*
1.5 m

53 meters

Soil Vapor Extraction Well

0.1524 m

Figure 3.8. Simplified example of finite element grid spacings.

3.4 Uncertainty Model

The development of the FEG is followed by the assignment of statistical values 

for permeability utilizing the uncertainty model. The FEG is assigned horizontal and 

vertical coordinates for each node of the grid. The grid incorporates 1953 nodes and 

3906 triangular elements. The uncertainty model assigns a permeability value to each
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element. As stated in the literature review section for the uncertainty model, the input 

parameters required for the model are: mean permeability, log permeability variance, 

horizontal and vertical correlation lengths to consider the anisotropic nature of these 

soils, and spherical variogram analysis (Table 3.3).

Table 3.3. Uncertainty model input parameters.

Input Variable Value

Mean Permeability 8.16 x 10'12 m2 (measured directly)

Log Permeability Variance

Measured value 0.8 

Values used in modeling effort 

3.61 and 4.41 (taken from literature)

Correlation Length (horizontal, vertical) 20 m, 0.5 m

Laboratory measurements for permeability indicated a mean permeability of 8.16 

x 10'12 m2 and a log permeability variance of 0.8 for all nine samples tested. By 

reviewing literature on soil property values based on measured hydraulic conductivity, it 

was determined that the measured value for log permeability variance, although within 

the range for these types of soils, was on the lower end of the reported log permeability 

variance range (Gelhar, 1993) and may not be representative of the site. Research by the 

Tennessee Valley Authority (1985) indicates that the permeability range for these types 

of soils can vary from 10'6 to 10'12 m2. To incorporate more variance into the uncertainty 

model, values were chosen from Hufschmied (1986) and Rehfeldt et al. (1989) to better 

represent the log permeability variances possible in the types of soils found in fluvial 

sand and gravel aquifers (Table 3.3). A discussion of the use of the different log 

permeability variances and their effect on modeling SVE mass removal can be seen in 

section 3.5.2. Simulations of the uncertainty model were performed using both of these 

variances; 250 realizations with a log permeability variance equal to 3.61, and 250
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realizations with a log permeability variance equal to 4.41. Results for both log variances 

were input into the soil-gas flow and transport model. Horizontal and vertical correlation 

lengths were also taken from Hufschmied (1986).

To better understand and model the spatial structure of the permeability in the 

area modeled, a spherical variogram was developed and incorporated into the uncertainty 

model (Figure 3.9). The horizontal correlation length taken from Hufschmied (1986) is 

simply the range of the variogram (when h = 20). The spherical variogram is incorporated 

into the uncertainty model as input data in order to consider the spatial structure of the 

permeability values.

The next step is to condition the model to match local geology and published 

borehole data. Kriging is then employed to condition the simulation from known values 

of soil parameters taken from published data. Borehole logs taken from HLA (1997) were 

utilized to condition the model. The permeability values for the soils tested during the 

borehole logging were utilized and input into the uncertainty model along with the 

boreholes location relative to the SVE well.
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Once the input data was assembled, 250 simulations were performed to be input 

into the soil-gas flow and transport model VapourT for Monte Carlo Analysis. Figure 

3.10 is an example simulation for spatial permeability values.

Figure 3.10. A Typical spatial representation of permeability (length and height are in 
meters). Darker shaded areas indicate lower permeable soils, lighter shaded areas indicate

higher permeable soils.

3.5 Calibration o f Soil-Gas Flow and Transport Model

Each spatial representation of permeability simulation from the uncertainty model 

is input into the soil-gas flow and transport model. As stated previously, a realization is 

defined as one solution of SVE mass removal for each spatial representation of 

permeability. So, 250 permeability representations were created with the uncertainty 

model for each log permeability variance, resulting in 500 realizations of the soil-gas 

flow and transport model. Published data for mass removal of the SVE system chosen for 

modeling was utilized to calibrate the model. Data sets for the selected SVE well 

historical performance from Hart Crowser (2001) and CH2M Hill (2003) were used and 

set as the limits for the model realizations (Figure 3.11).

The flexibility of VapourT allows the modeler a multitude of options for the 

solution to the advective-dispersive equations. Input variables are measured directly, 

taken from well-know published values, or calculated independently. Input variables 

utilized in VapourT and example input files are summarized in appendix B. The 

calibration of the model was performed by varying the sensitive or key parameters



71

inherent in the soil-gas flow and transport model. These parameters include: the 

extraction rate of the well, log permeability variances of the soil, selected source volume, 

and the initial contaminant mass in the source volume.

0.006 I

6/19/97 11/1/98 3/15/00 7/28/01 12/10/02 4/23/04

Date

Figure 3.11. Published data for benzene mass removal from 
CH2M Hill (2003) and Hart Crowser (2001).

3.5.1 Extraction Rate Determination

The mass removal trends of the published data (Figure 3.11) shows peaks and 

troughs (pulse patterns) of higher and lower mass removal at certain times of operation. 

These trends are primarily due to the use of multiple blowers, variable blower extraction 

rates, and seasonal on/off times. The modeling efforts, presented in this research, for the 

prediction of the mass removal were focused primarily on the overall trend of SVE 

systems mass removal. Because of this, the modeling of pulse patterns was neglected. 

Figure 3.12 shows the mass removal trend compared to the number of blowers utilized. It 

can be seen from the figure that the number of blowers in operation directly affects the 

mass removal rate of the system by providing a higher extraction rate. Modeling of the 

on/off times and variable extraction rates can be accomplished in the soil-gas flow and
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transport model VapourT. For this research, it was determined that it was not necessary to 

model the initial stages of the systems operation precisely as long as the overall trend of 

the mass removal rates was modeled and calibrated correctly.
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Figure 3.12. Comparison of the number of blower in operation to mass removed per day.

To estimate a suitable extraction rate for the SVE well to be used in the final 

modeling efforts, a historical record of the SVE well extraction rate was needed. 

Published extraction rates for monthly monitoring events of the SVE exhaust gas varied 

from 237 cfm to 829 cfm (Hart Crowser, 2001) due to the use of multiple blowers, 

variable flow rates of the blowers, and seasonal on/off times. Published data from CH2M 

Hill (2003) was used to estimate an appropriate flow rate for the SVE well (Figure 3.13). 

A best estimate of flow rate was achieved by averaging the monthly monitored extraction 

rates (an average of 533 cfm) and by subsequent calibrating of the soil-gas flow and 

transport model to published values for mass removal rates.
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Figure 3.13. Historical extraction rate for SVE system modeled.

It was determined that the higher the flow rate, the faster the contaminant was 

removed in the early (advective transport dominated) stages of extraction due to higher 

soil-gas velocities. As stated earlier, most SVE systems will become diffusion limited in 

the later stages of operation due to the heterogeneous nature of the soil, which creates 

preferential airflow pathways. It is important to balance the extraction rate with the 

selected source volume in order to better predict and match the model with the actual 

mass removal of contaminant. Figure 3.14 shows a comparison of extraction rates for 

similar source mass (100 kg of benzene) and log permeability variance equal to 3.61. The 

actual selection of an extraction rate for the model was performed in conjunction with the 

selection of the initial source mass and source volume to be input into the soil-gas flow 

and transport model. An estimate of 500 cfm (14.16 m Amin) was chosen as the best 

representative flow rate for the modeling of the SVE system.
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Figure 3.14. Comparison of extraction rates for input into soil-gas flow and
transport model.

3.5.2 Log Permeability Variances

The measured log permeability variance (0.8) and published values for log 

permeability variance (Gelhar, 1993) were input into trial runs of the soil-gas flow and 

transport model to determine the variance that best fit the published mass removal data. 

Figure 3.15 illustrates the difference in the range for mass of benzene removed per day 

for 50 realizations of each log permeability variance (extraction rate, source volume, and 

initial contaminant mass are held constant). The scale in Figure 3.15 was adjusted to 

allow for ease of viewing the diffusion-limited portion of the SVE mass removal trend. 

As stated previously, most SVE systems become diffusion limited towards the later 

stages of the mass removal process. The object of the calibration efforts presented here is 

to model both the advective and diffusive portions of the operational phase of SVE 

systems in order to predict the probability of failure of the system. The approach for 

modeling both the advective and diffusion processes of mass removal in the system is to 

cover the entire range of published values with the realizations generated by the soil-gas 

flow and transport model. It can be seen that the lower the log
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Figure 3.15. Comparison of log permeability variances (0.8, 3.61, & 4.41) utilized in the
soil-gas flow and transport model.
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permeability variance, the lower the range between the maximum realization (realization 

with the highest mass of benzene removal) and the minimum realization (realization with 

the lowest mass of benzene removed).

For this research, log permeability variances (3.61 and 4.41), which are larger 

than the measured log permeability variance of 0.8, were used in order to predict the in- 

situ permeabilities more precisely and give a broader range of solutions of the soil-gas 

flow and transport model for subsequent Monte Carlo analysis. A review of relevant 

literature shows that the log permeability variance in soils similar to the type of soil 

found at OU5 can range from 0.6 to 5.29 (Gelhar, 1993). This reported range justifies the 

use of a larger variance to give a better representation of the in-situ conditions.

3.5.3 Source Volume and Initial Contaminant Mass

The main calibration efforts focused on the source volume and mass of 

contaminant. Because of its inherently dangerous nature, risk to human health, the high 

levels present at the site, and the contaminants high retardation benzene was chosen as 

the contaminant of interest (COI) for modeling and calibration of the soil-gas flow and 

transport model. Input parameters for the chemical properties of benzene and the 

properties of the porous media can be seen in Tables 3.4 and 3.5 (Montgomery, 2000), 

respectively. In order to compare the published data with the model results, the amount of 

benzene removed per day needed to be calculated from the total VOC mass removed per 

day as reported by Hart Crowser (2001) and CH2M Hill (2003). To determine the amount 

of benzene removed per day published data (CH2M Hill, 2003) indicating the mole 

fraction of benzene (7.89%) found in the VOCs removed by the system was utilized to 

calculate the amount of benzene removed per day.



77

Table 3.4. Benzene chemical properties used in VapourT (Montgomery, 2000).

Benzene Chemical Properties Value

Viscosity of Pure Benzene 

Molecular Weight 

Gaseous Diffusion Coefficient 

Aqueous Diffusion Coefficient 

Dimensionless Henry’s Law Constant 

Organic Carbon Partitioning Coefficient

9.1 x 1 O'6 Pa/sec 

78.11 g/mol

9.1 x 10’6 m2/s

9.1 x 10'10 m2/s 

0.08

48.98 ml/g

Table 3.5. Porous media properties used in VapourT.

Porous Media Properties Value

Mean Permeability (py) 8.16 x 10'12m2

Log Permeability Variance (cty ) 3.61 and 4.41

Horizontal Correlation Length 20 meters

Vertical Correlation Length 0.5 meters

Porosity 0.42

Longitudinal Dispersivity 1.0 m

Transverse Dispersivity 0.1 m

Fraction of Organic Carbon 0.031

Bulk Density 1.35 gm/cc

Brooks-Corey Pore Size

Distribution Factor 2.3

Residual Soil-water Saturation 0.086

Realizations were performed and analyzed to determine the ability of the system 

to remove contaminant mass from differently sized source volumes input into the soil-gas 

flow and transport model. The realizations were compared with the published mass 

removal to determine how well the model results fit published data. To best fit the
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published data, it was determined that the lateral extent of the source volume must be 

kept quite large in comparison to the wells ROI. By increasing the lateral extent of the 

initially contaminated soil, thus increasing the source volume size, a higher rate of mass 

removal is achieved in comparison to the relatively smaller source volume. This 

comparatively higher rate is a result of a greater volume of flowing soil-gas coming into 

contact with the benzene-contaminated soil. Initially, a small source volume (22.098 m ) 

was input and as a result advective transport was the dominating transport mechanism. 

By enlarging the source volume (32.76 m3), diffusion became more prevalent as a 

transport mechanism (Figure 3.16), which in turn increased the mass removal rate in the 

later stages of the mass removal process. The extraction rate (500 cfm), initial source 

mass (150 kgs), and log permeability variance were held constant (note: the scale in 

Figure 3.16 was changed for ease of viewing).

Figure 3.16. Comparison of selected source volume for soil-gas flow and
transport modeling.

Once the source volume and extraction rate were determined, the next step was to 

vary the initial source mass (kg) in trial runs of the soil-gas flow and transport model 

VapourT. The estimation of the initial source mass is relatively straightforward and
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based solely on the published data. The source volume was varied from 100 kg to 200 kg 

in the process of estimating an appropriate value. It was determined that the results using 

an initial mass of 150 kg of benzene best fit the published data.

The calibration process was the most time consuming endeavor in this research. 

Results of all the realizations were then tested for convergence based on two criteria. The 

results of the model will be discussed in the next chapter.

3.6 Monte Carlo Analysis

Monte Carlo analysis is relatively simple and straightforward. Given the statistical 

characterization of the random variable (here permeability) and any measured points, a 

number of equally likely representations of the random variable can be generated 

(Bames, 1997). The output of the model can then be statistically analyzed. The number of 

realizations to be generated was based on the convergence of the solutions of the soil-gas 

flow and transport model. Since the probability of failure is the relevant result from the 

Monte Carlo analysis, the number of realizations required was measured against the 

convergence of Pf. To preserve the variance possibilities of permeability of the in-situ 

soil, both log permeability variances were used to generate a different set of realizations.

The realization output files from VapourT contain data on the mass of 

contaminant remaining in the system and vacuum pressures generated at the well by the 

SVE blowers. The mass of contaminant remaining in the system is compared to the 

regulatory standard and determined to either pass or fail the regulatory standard. A 

realization is also determined to fail if the vacuum pressure calculated by the soil-gas 

flow and transport model exceeds the highest possible well vacuum pressure of the actual 

SVE site being modeled. Harding Lawson Associates (1997) determined that the system 

could produce a maximum vacuum o f -12 inches of water (-2989 Pa). The regulatory 

standard determined by the Record of Decision (ROD, U.S. Army Alaska, 1999) was
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based on the ADEC soil cleanup levels under 18 AAC 75 (Alaska Administrative Code, 

Title 18, Chapter 75). The regulatory standard (ROD) for benzene was set at 0.02 mg/kg 

for soil and 5 pg/L for groundwater.
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Chapter 4 Results

4.1 Soil-Gas Flow and Transport Model (VapourT) Results

Results of the calibrated model can be seen in Figures 4.1 and 4.2 for both the 

3.61 and 4.41 log permeability variance, respectively, over the 20-year modeled period. 

The overall trend of the published mass removal and modeled mass removal rates can be 

seen in these figures. To aid visualization, the mean, maximum, and minimum 

realizations were selected from the 250 realizations. The realizations were selected based 

on their spatial occurrence relative to the published data. For example, the minimum 

realization is a realization that has the fastest decline in mass removal rate, while the 

maximum realization has a mass removal rate that reduces more slowly. Hence, for the 

same operational date, the maximum realization has a higher mass removal rate than the 

minimum realization. The mean realization was selected from the realizations that were 

located in the center of the range covered by all 250 realizations.

Figure 4.1. Model results for mean, maximum, and minimum realizations 
compared to published results for log permeability variance 3.61.
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Figure 4.2. Model results for mean, maximum, and minimum realizations compared to 
published results for log permeability variance 4.41.

For Figures 4.3 and 4.4, the time and mass removal date scales were reduced to show the 

calibrated fit of the monitored mass removal seen in Figures 4.1 and 4.2, respectively.

Figure 4.3. Soil-gas flow and transport calibrated model results for 3.6llog 
permeability variance.
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Date

Figure 4.4. Soil-gas flow and transport calibrated model results for 4.41 log permeability
variance.

4.2 SVE System Probability o f Failure

After the calibration of the model, the next step was to compare the amount of 

contaminant left in the soil to the regulatory decision reached in the ROD by the U.S. 

Army Alaska (1999), based on the ADEC soil cleanup levels, to determine the systems 

probability to either pass or fail the regulatory standard for soil contamination. For direct 

comparison, the regulatory standard set by the ROD was converted to mass of 

contaminant that could be left in the system that would allow for the system to pass the 

regulatory standard. This mass (hereafter called the calculated regulatory limit or CRL) 

was calculated for the finite element grid soil volume (lm  x 53m x 4.572m. The CRL 

was calculated to be 0.0065 kg/m, which, if calculated for the entire length of the 

horizontal well is 0.9945kg. Since VapourT is a two-dimensional finite element program, 

the calculated CRL of 0.0065 kg/m will be used. The regulatory limit was calculated in 

order to properly compare the regulatory standard set by the ROD with the volume 

(complete volume of the FEG) of soil subjected to the regulatory standard. A realization 

is also determined to fail if the vacuum pressure calculated by the soil-gas flow and
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transport model exceeds the highest possible well vacuum pressure of the actual SVE site 

being modeled. HLA (1997) determined that the system could produce a maximum 

vacuum o f -12 inches of water (-2989 Pa). The realizations were then compared with the 

standard and a probability of the system to fail the goal was calculated for every year 

(Table 4.1). The asymptotic nature of the P f  for the SVE system modeled can be seen in 

Figure 4.5 for both variance conditions input into the soil-gas flow and transport model.

Table 4.1. Yearly probability of failure for SVE system (log permeability variances 3.61
& 4.41).

Year

Log Permeability Var. 3.61 
CRL 

0.0065 kg

Log Permeability Var. 4.41 
CRL 

0.0065 kg
0 100.0% 100.0%
1 98.4% 100.0%
2 98.0% 99.6%
3 96.0% 96.8%
4 90.0% 93.2%
5 84.0% 88.4%
6 80.8% 83.6%
7 75.6% 81.2%
8 72.8% 80.8%
9 70.8% 77.6%
10 66.8% 76.0%
11 63.6% 74.4%
12 62.4% 72.8%
13 60.4% 72.4%
14 59.6% 70.8%
15 58.8% 70.4%
16 58.4% 69.6%
17 57.6% 68.8%
18 56.8% 68.4%
19 56.4% 67.6%
20 56.4% 67.6%
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Convergence of the soil-gas flow and transport model was achieved by comparing 

the calculated yearly probability of failures. As seen in Figure 4.5, the SVE system being 

modeled has reached a point, after about 18 years, where the probability of failure ( P f )  

does not change from year to year. Thus, the solutions of the soil-gas flow and transport 

model are deemed to have converged at a local asymptotic value. For the 3.61 log 

permeability variance, the P f  became asymptotic at 56.4% for the calculated regulatory 

limit 0.0065kgs/m. For the 4.41 log permeability variance, the P f  became asymptotic at 

67.6%. It can be argued that the calculated probability of failure is relatively high for a 

20-year period of operation. These high values can be attributed to the relatively low 

ADEC regulatory standard set in the ROD (U.S. Army Alaska, 1999). The higher the 

regulatory standard, the lower the probability of the system to fail the standard and the 

sooner it becomes asymptotic to a local value. An example of this can be seen in Section 

5.4.
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Figure 4.5. Yearly probability of failure based on the calculated regulatory limit (log
permeability variances 3.61 and 4.41).
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Chapter 5 Discussion

5.1 Modeling o f SVE Performance Versus Actual SVE Performance

The main objective of the stochastic modeling process and subsequent Monte 

Carlo analysis is to completely predict all possible mass removal rates for the system and 

determine the probability of the system to pass or fail the regulatory goal. The mass 

removal rates calculated by stochastic modeling covered the entire range of limits 

(Figures 5.1 and 5.2), from the lowest to the highest possible mass removal rate without 

extending beyond the published mass removal rates from Hart Crowser (2001) and 

CH2M Hill (2003).

As discussed previously, the SVE system chosen for this modeling effort was 

subjected to seasonal on/off times, extraction rate variance, and the use of multiple 

blowers. As a result, the published mass removal rates showed patterns of sporadic 

increases in mass removal rates followed by subsequent reductions in mass removal rates. 

The modeling efforts here focused on the overall mass removal pattern. The “pulsing” of 

an SVE system is the actual turning off of the system to allow for the diffusion flux of 

contaminant to occur and subsequently increase the mass removal rate when the system is 

restored to operation. When the system is operational, the diffusive flux rate is at a 

maximum because the system is replenishing the contaminated soil-gas with relatively 

fresh air provided by the SVE vacuum. As the system is shut down, the concentration 

gradients between the soil-gas and the contaminant held in the lower permeable layers 

becomes less and less until the contaminated soil-gas is at a concentration equal to that of 

the lower permeable soils. At this point, the diffusive flux of the contaminant ceases. 

Once the system is restored to operation, the mass removal rate is relatively high for a 

short period of time until it reaches a point where the mass removal rate becomes equal to 

the mass removal rate before the pulsing event. Thus, the assumption is that the overall 

trend for mass removal is related directly to the operational periods when the advective
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transport and diffusive fluxes are at their maximum value, regardless of the pulsing of the 

system. Because of this assumption, the modeling efforts focused on modeling the trend 

of the mass removal rates and not the modeling of pulse events.
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Figure 5.1 Model results compared to published mass removal rates for log permeability
variance 3.61.

D a te

Figure 5.2. Model results compared to published mass removal rates for log permeability
variance 4.41.
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In order to verify the relevance and validity of the results, the percent reduction of 

the published mass removal rates was calculated and compared to the percent reduction 

of mass removal for the model realizations. Figure 5.3 illustrates that the mean, 

minimum, and maximum realizations of both log permeability variances fall within the 

calculated percent reduction from published values. This figure also illustrates that the 

mass removal rates for both the actual SVE system and the modeled rates has decreased 

dramatically in the first few years of operation. Because the model results fit both the 

published mass removal rates and the amount of reduction in the mass removal rates, it 

was deemed to be representative of the SVE system chosen for modeling.

Figure 5.3. Comparison of modeled results and actual published data: 
comparison of the % reduction of the mass removal rate (log variance 3.61).
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Figure 5.4. Comparison of modeled results and actual published data: 
comparison of the % reduction of the mass removal rate (log variance 4.41).

The model results also show that during the first few years of operation where the 

percent reduction of the mass removal rate was at a maximum (Figures 5.3), the amount 

of contaminant remaining in the system has also been reduced drastically. Figure 5.5 

illustrates the percent of mass removed by the system for the entire 20-year modeled 

operational period.
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Figure 5.5. Percent of benzene removed by the SVE system.

The efficiency of the SVE system chosen for modeling can be viewed in these 

two figures (Figures 5.3 and 5.4). After roughly five years of operation, the SVE system 

has removed the majority of the benzene. The economic feasibility of the system based 

on the cost/risk decision model can now be calculated.

5.2 Decision Model Results and Discussion.

The calculation of the objective function was accomplished utilizing the equations 

developed by Bames (2003). As discussed previously in Section 2.5.2, the objective 

function is defined as:

,i,i = E 7 r T r [ pf<t) r ( c ,) c r(t)]
t=1 (1 +  1 )

= t = 1’2’3’.....’T ’ 1 (2*16)
(i+O

Cf(T) = Cf(T)
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where O j is the operational objective function value for an operating SVE system for 

year T, Pf is the probability of failure for each time step t, C/(t) is the cost of failure at any 

time step up to the final year T, C/(T) is the cost of failure associated with the 

implementation of another remediation alternative if the system is not able to achieve the 

cleanup standard by the end of the final year of operation, and y is a utility function, 

which is a measure of the operators risk-aversion. For this research a neutral aversion 

stance was taken (y =1).

The calculation of the objective functions for the operational decision model for 

the SVE system begins with the selection of a representative interest rate for the period of 

SVE operation modeled and the determination of annual operation and maintenance 

costs. Because the decision model utilizes a present worth concept, the yearly interest rate 

for use in the decision model has to be set to a constant (Grant et al., 1990). For this 

research an interest rate of 5% was utilized. Interest rates were also varied to determine 

their sensitivity to the overall ODM. A discussion on how sensitive the calculation of the 

objective function is to slight changes of the interest rate will be presented in Section 5.5. 

For the design approach of the decision model, the designer should use best estimates of 

future interest rates based on current economic practices.

The systems present worth annual costs of operation and maintenance were taken 

from CH2M Hill (1998). The first year of operation had an operational and maintenance 

cost of $220,000. For subsequent years, the present worth value of the annual cost of 

operation was $142,000.

The objective functions were calculated using different costs of failure, or cost to 

replace the system, to determine the system termination time based on a range of C/(T) 

values. The optimum length of operation can be estimated by minimizing the objective 

function if a remediation alternative cost (C/(T)) is known. Because the C/(T), or cost of 

replacement of the SVE system, varies with the remediation alternatives available and
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physical characteristics of the site, a range of values was tested to determine the minimal 

objective function for each C/(T). Results of the calculated objective function and 

corresponding C/(T) can be seen in Table 5.1.

Table 5.1. Objective functions and corresponding costs of failure.

C/(T) =$1,500,000 Cfa) =$2,840,000 C/(T) =$1,700,000 C/(T) =$2,840,000
Log Perm Log Perm Log Perm Log Perm

Year Var = 3.61 Var = 3.61 Var = 4.41 Var = 4.41
of Objective Objective Objective Objective

Operation Function Function Function Function
1 $1,405,714 $2,661,486 $1,619,048 $2,704,762
2 $1,460,071 $2,651,182 $1,664,580 $2,694,458
3 $1,490,875 $2,602,116 $1,672,504 $2,625,766
4 $1,469,748 $2,461,927 $1,667,548 $2,541,653
5 $1,446,477 $2,328,415 $1,645,236 $2,434,842
6 $1,452,656 $2,260,598 $1,621,945 $2,333,118
7 $1,435,696 $2,155,645 $1,626,815 $2,284,678
8 $1,441,552 $2,101,823 $1,653,539 $2,276,989
9 $1,453,656 $2,065,209 $1,648,160 $2,218,407
10 $1,445,942 $1,995,468 $1,658,617 $2,190,511
11 $1,444,046 $1,942,333 $1,668,042 $2,163,943
12 $1,457,751 $1,923,356 $1,673,684 $2,135,815
13 $1,464,013 $1,893,234 $1,694,910 $2,132,616
14 $1,478,391 $1,881,758 $1,702,015 $2,109,666
15 $1,491,827 $1,870,830 $1,718,156 $2,104,201
16 $1,507,126 $1,865,626 $1,730,309 $2,093,793
17 $1,518,962 $1,855,713 $1,741,684 $2,083,880
18 $1,530,011 $1,846,272 $1,755,154 $2,079,160
19 $1,542,697 $1,841,777 $1,765,201 $2,070,169
20 $1,556,939 $1,841,777 $1,779,723 $2,070,169

The objective functions highlighted in bold in Table 5.1 are the minimized 

objective functions for the corresponding cost of failure (Cf[T)). For the operational 

approach of the decision model, the lower limit of C/(T), or minimum C/(T), that is equal 

to or lower than $1,500,000 for the 3.61 log permeability variance condition and 

$1,700,000 for the 4.41 log permeability variance condition, indicates that the system 

should have been terminated after the first year of operation or not implemented in the
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first place. The selected remediation alternative, with an implementation cost lower than 

the lower limit of C/(T), should then be implemented. For the design approach of the 

decision model, for C/(t) values equal to or lower than $1,500,000 for the 3.61 log 

permeability variance condition and $1,700,000 for the 4.41 log permeability variance 

condition the systems should not be implemented if a less expensive alternative is 

available. If the C/(T) is $2,840,000 (C/(T)max) or greater, then according to this analysis, 

the system should operate until the regulatory standard is met, meaning that the cost of 

implementing an alternative remediation system is more than the benefit cost of 

operating the remediation system already in place. For C/(T)values between $1,500,000 

and $2,840,000, the objective function should be calculated to determine its minimum. 

The system should then be terminated when the yearly objective function is locally 

minimized. It should be noted that the objective function is minimized for both the 

nineteenth and twentieth years of operation for both log permeability variances for the 

same C/(T) value; this corresponds to the use of the simplified decision model for later 

stages of SVE operation (when C/(T) = A/i). This is due to the convergence of the 

probability of failures around the nineteenth year.

For a more direct comparison of the calculation of termination times and C/(T), 

values for C/(T) between $1,500,000 and $2,840,000 are presented in Table 5.2. Figures 

5.6, 5.7, and 5.8 are illustrations of the minimum calculated objective functions for 

certain C/(T) values. The jumping effect of the estimation of termination times is due 

primarily to significant drops in the probability of failure over time. In the calculated PfS 

for the 3.61 log permeability variance; the probability of failure ( P f )  of the system is 

decreased by 38% from 98.4% to 60.4%, from the first to the thirteenth year of operation. 

A similar pattern for the decreasing of the PfS can be seen for the 4.41 log permeability 

variance where the values of P f  drop significantly (27.2%) from the first year to twelfth 

year of operation (from 100% to 72.8%). This trend can be seen in Table 4.1. For years 

prior to year 3 and after year 14, the PfS values decrease by less than 4%.
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Table 5.2. Various C/(T)s compared to the year determined 
for SVE termination based on the minimized objective functions.

For Years 1997-2013 
Interest Rate = 5%

Log Permeability Variances

CAT)

3.61

Year to end 
Operation

4.41

Year to end 
Operation

$1,500,000 1 1
$1,600,000 11 1
$1,700,000 11 1
$1,800,000 11 6
$1,900,000 13 7
$2,000,000 13 12
$2,100,000 13 12
$2,200,000 13 12
$2,300,000 15 14
$2,400,000 18 17
$2,500,000 19 19
$2,600,000 19 19
$2,700,000 19 19
$2,800,000 19 19
$2,840,000 20 20
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Cost of Failure = $1,500,000 
(Log Permeability Variance 3.61)
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Figure 5.6. Objective Functions for C/(T) = $1,500,00 and $1,700,000,
respectively.
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Cost of Failure = $2,300,000 
(Log Permeability Variance 3.61)
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Figure 5.7. Objective Functions for C/(T) = $2,300,000.
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Cost of Failure = $2,840,000 
(Log Permeability Variance 3.61)
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Figure 5.8. Objective Functions for C/(T) = $2,840,000.

From Table 5.2 the year selected to terminate operation based on various C/(T)s 

can be seen for both different log permeability variances used. For the log permeability 

variance of 3.61, the range of C/(T) values from $1,500,000 to $1,600,000 illustrate that
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the system should be terminated after the first year of operation. From the design 

standpoint, an alternative remediation system should be considered if the cost to 

implement is lower than $1,500,000. For C/(T) values between $1,600,000 and 

$1,800,000 the system should be terminated after the eleventh year of operation. For 

C/(T) values greater than $1,900,000 and less than $2,200,000 the estimation of the 

termination moves to a thirteen-year operational period. As the cost of failure (C/(T)) is 

increased, the estimated length to operate the system is also increased. These increases 

are due to the benefits of operating the system outweighing the relatively higher cost of 

replacing the SVE system. As the C/fT) values increase, it is more economical to 

continue SVE operations until a point has been reached where the implementation of an 

alternative becomes more economically feasible. As mentioned previously, the use of a 

constant interest rate and the reduction in the probability of failure during these 

operational years for the system also affects the determination of operational length. 

From the first through the thirteenth year of operation, the probability of failure ( P f )  of 

the system is decreased by roughly 38%, from 98.4% to 60.4% (Table 4.1). For 

subsequent years, the P f  values were reduced by less than 5% resulting in less significant 

jumps in the estimation of the operation length.

A similar pattern holds true for the log permeability variance 4.41 condition but 

for slightly different C/(T) values. For a C/(T) value of $1,700,000 the system should be 

terminated after the first year of operation, or from the design standpoint not 

implemented. For values of C/(T) greater than $1,700,000 the operational length jumps 

from 6 years (C/(T) = $1,800,000) and 7 years (C/(T) = $1,900,000) to 12 years (C/(T) = 

$2,200,000). This pattern of jumping from the first year to the twelfth year is due to the 

same reason as the progression of yearly of operation time for the log permeability 

variance 3.61. The values of Pf drop significantly (27.2%) from the first year to twelfth 

year of operation (from 100% to 72.8%). Subsequent changes of P f  varied only by 

roughly 6%, resulting in less significant jumps in the estimation of the operation length.
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5.3 Applicability o f the Simplified Decision Model

The applicability of the simplified decision model to determine if an operating 

system should be shut off will be discussed in this section. The trend of mass removal for 

SVE systems operating over long periods of time tends to become asymptotic to a certain 

local value for mass remaining in the soil (Figure 2.3). As stated in section 2.5.2, if for 

any year of SVE operation the ratio of the ultimate cost of failure of a SVE system to the 

annual cost of operating the system is less than or equal to the reciprocal of the interest 

rate (when Pimax = Pt), then the continued operation of the system is not economically 

justified. Figure 2.3 shows the asymptotic nature of the PfS over longer periods of 

operation compared to mass remaining in the system, and Figure 5.9 shows the calculated 

PfS for both log permeability variances used (combined PfS from Figure 4.5). In order to 

determine the applicability of the simplified model as a means of determining if an 

operating system should be shut off, the Pt (Equation 2.17) and Pimax (Equation 2.18) 

values were calculated and compared.

C om p arison  o f  P robab ility  o f  F ailure for  
L og P erm eablity  V ariance 3.61 and 4 .41 .
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Figure 5.9. Comparison of PfS for Both Log Permeability Variances.
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Figure 5.10 shows the calculated Pt and Pimax values and the point at which they 

become asymptotic to each other. From these graphs it can be seen that for both of the log 

permeability variances used, the point at which the Pt functions become equal to each 

other occurs late in the 20 year modeled operation of the SVE system around the 

nineteenth year of SVE operation. Here the C/(T) value that corresponds to the simplified 

model definition (C/(T) = A/I) is $2,840,000. From Table 5.3 it can be seen that the 

minimized objective function corresponding to C/(T) = $2,840,000 occurs at year 

nineteen for log permeability variance 3.61 as well as for the log permeability variance 

4.41. From this it can be deduced that for the diffusion limited stages of operation, the 

simplified decision model (C/(T)/A = i '1) for the estimation of a termination time for SVE 

systems would be appropriate at around year nineteen. It should be noted that the p 

function for year 20 is not calculated because there is no interest incurred for a period of 

time when the operation of the SVE system has been terminated (20 year modeled 

period).

The overall trend of the P f S ,  although converging to a local Pf value, did not 

become asymptotic early enough in the operation of the modeled SVE system for the use 

of the simplified decision model to really be. The applicability of the simplified model 

can only be seen in the last two years of modeled SVE operation, where the Pt and PTmax 

are equal to each other. The challenge to operators is to determine when the simplified 

model is applicable without performing the stochastic portion of the SVE mass removal 

modeling.
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Figure 5.10. Comparison of the calculated p r functions for the 20-year modeled
SVE operational length.

The simplified decision model is based on stages of operation when the 

probability of failure has become locally asymptotic. From Figures 5.4, 5.5, and 5.6, it 

can be seen that the majority of the mass has been removed in a period of five years for 

the site tested in this research. Since the majority of the contaminant has been removed, a
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procedure could be developed that could make a best estimate of diffusive fluxes in the 

soil. When the system is operational, the diffusive flux rate is at a maximum because the 

system is replenishing the contaminated soil-gas with relatively fresh air provided by the 

SVE vacuum. As the system is shut down, the concentration gradients between the soil- 

gas and the contaminant held in the lower permeable layers becomes less and less until 

the contaminated soil-gas is at a concentration equal to that of the lower permeable soils. 

At this point, the diffusive flux of the contaminant ceases. Once the system is restored to 

operation, the mass removal rate is relatively high for a short period of time until it 

reaches a point where the it becomes equal to the mass removal rate before the pulsing 

event. The “pulsing” of the system can be performed in order to determine the diffusive 

flux rates out of the low permeable soil layers. By turning the system off, and then 

restoring the system to operation, the amount of increase in the mass removal rate can be 

used to determine the rate of diffusion. As these diffusive calculations become 

asymptotic to subsequent measurements, the contaminant transfer and transport can be 

deemed to be diffusion limited. Use of the simplified model, coupled with diffusive flux 

testing to determine if the system is diffusion limited, could provide an operating or 

designing engineer with a powerful tool for estimation of system costs associated with 

operation and termination without the extensive modeling effort.

5.4 Regulatory Standard and the Probability o f Failure

The regulatory standard set by the ADEC in the ROD was estimated (constrained 

to 18 AAC 75) to be 0.02 mg/kg. In order to determine the sensitivity of regulatory 

standards to the asymptotic nature of the probability of failure, PfS for various 

contaminant regulatory standards were compared. Comparison of different regulatory 

standards and corresponding probability of failures can be seen in Figure 5.11. From 

Figure 5.11 it can be seen that the higher the regulatory standard for a contaminant, the 

lower the probability of failure for the system to meet that regulatory standard. As the 

regulatory standard is increased, the Pf values become asymptotic at earlier stages of
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yearly operation. Because the determination of the regulatory standard is subject to 

several different variables (18 AAC 75), the exact value of the final regulatory standard 

can vary from site to site. For this research, the regulatory standard was set relatively low 

in comparison to other sites contaminated by the same type of contaminants. If the model 

results were subjected to a higher regulatory limit, then the P f  values would become 

locally asymptotic earlier in the removal process and the error that may be introduced by 

the simplified decision model may be less in comparison to the lower regulatory limit.
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Figure 5.11. Comparison of various regulatory standards and the corresponding
probability of failure.

5.5 Variable Interest Rate Discussion

The modeling efforts presented to this point considered that the interest rate 

between the years 1997 to 2013 (modeled operational period) be a constant 5%. To 

investigate how varying interest rates affect the determination of the optimum operational 

length based on the operational decision model, a comparison using several interest rates 

was conducted. As before, constant interest rates (here 4%, 8%, and 10%) were utilized
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with the same annual costs for the selected SVE site chosen for modeling to calculate the 

objective functions for direct comparison.

The 4% interest rate showed similar results to the 5% interest rate. One of the 

major differences lie in the lower value of the minimum C/(T) ($1,700,00). For the 5% 

interest rate the minimum C/(T) was $1,500,000. By lowering the interest rate, the 

minimum C/(T) was increased by $200,000. Because the interest rate is lower, the cost to 

replace the SVE system can be higher because the amount of money earned by interest 

for that period is less than the amount of money saved by implementing an alternative 

remediation system. When the interest rate is larger than 5%, the minimum value for 

C/(T) is decreased. For both the 8% and 10% interest rates, the minimum C/(T) is 

reduced by $500,000 for both log permeability variances utilized. This indicates that the 

cost of replacing the system should be lower in comparison to the 5% interest rate in 

order to properly allocate funds for the maximization of investment.

Another difference lies in the calculated C/(T)max . For the 4% interest rate, the 

C/(T)max value increased from $2,840,000 (for 5%) to $3,550,000. Since the interest is 

lower, the money would be better invested in the operation of the system where the 

continued operation outweighs the benefits of replacing the system. When the interest 

rate is increased, the calculated CJ(T)max values are decreased. For the 8% and 10% 

interest rates the C/(T)max values were $1,775,000 and $1,420,000, respectively. This 

illustrates that when interest is high, the most economically feasible cost to replace the 

system is lower in order to avoid loss of the potential benefits of investment at the higher 

interest.

Table 5.3 illustrates that for lower interest rates, the remediation system that has 

an implementation cost ranging from $1,700,000 to $3,550,000 should be considered. As 

the interest rate increases, the range of implementation costs for an alternative 

remediation system decreases. For 8 % interest, the range of remediation alternative costs
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is from $1,100,000 to $1,800,000. A similar pattern holds for the even higher interest rate 

of 10%, where the range of economically feasible alternatives lies between $1,000,00 and 

$1,500,000. As the interest rate is increased, the maximum earning potential and benefits 

come from investing the capital and earning interest. The costs to replace the system are 

lowered in order to outweigh the cost of implementation of an alternative remediation 

strategy with the benefits of allocation of the funds where they will achieve the maximum 

cost-benefit.

A similar pattern of the ‘jumping’ of the estimated termination time based on the 

C/(T) values can be seen for all the interest rates used in this research (Table 5.3). This is 

due, as stated before, on the amount of reduction of the Pf values for those years. At a 

lower interest rate the selection of termination time is based on the removal of as much 

contaminant as possible, and the subsequent replacement of it with a more economically 

feasible alternative. When the interest rate is high, the estimated termination time is based 

on the benefits of operating the system until the remediative goal is met, and the 

investment of capital to offset losses inherent in the SVE system.

The selection of the interest rate to be used for this methodology should be based 

on the designer or operators best engineering judgment and on current economic 

prediction practices. For this research, interest rates were held constant in order to utilize 

present worth economics.
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Table 5.3. Comparison of Termination Times based on different interest rates^

C/(T)max = $3,550,000 C/CO,,,** = $1,775,000 Cf(T)max = $1,420,000

4% Interest Rate 8% Interest Rate 10% Interest Rate
Log perm, variance Log perm variance Log perm variance

3.61 4.41 3.61 4.41 3.61 4.41

Year to Year to Year to Year to Year to Year to
end end end end end end

C/(T) Operation Operation Operation Operation Operation Operation

$1,100,000 1 11 6
$1,200,000 - - 11 1 13 12
$1,300,000 - - 11 6 18 17
$1,400,000 - - 13 12 19 19
$1,500,000 - - 13 12 20 20
$1,600,000 - - 18 19 - -

$1,700,000 1 - 19 19 - -

$1,800,000 11 - 20 20 - -

$1,900,000 11 1 - - - -

$2,000,000 11 6 - - - -

$2,100,000 11 7 - - - -

$2,200,000 13 7 - - - -

$2,300,000 13 12 - - - -

$2,400,000 13 12 - - - -

$2,500,000 13 12 - - - -

$2,600,000 13 12 - - - -

$2,700,000 15 12 - - - -

$2,800,000 18 14 - - - -

$2,900,000 18 17 - - - -

$3,000,000 18 19 - - - -

$3,100,000 19 19 - - - -

$3,200,000 19 19 - - - -

$3,300,000 19 19 - - - -

$3,400,000 19 19 - - - -

$3,500,000 19 19 - - - -

$3,600,000 20 20 - - - -
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Chapter 6 Summary and Conclusions

The overall objective of this thesis was to determine the applicability of stochastic 

modeling of a SVE system and to verify the applicability of the proposed decision model 

through field-testing. The use of models to incorporate uncertainties in knowledge of 

spatial soil parameters that govern the flow and transport of contaminants is a relatively 

new concept. As newer and faster computers become more readily available, the 

application of models that can predict and mimic the remediation efficiency and 

performance of SVE systems will become more prevalent for both the design and 

operational phases.

6.1 Stochastic Modeling o f SVE systems.

The ability to model and predict the mass removal characteristics of SVE systems 

is a valued tool for either design or operational phases of SVE systems. Stochastic 

modeling is the modeling of a system when there is a statistical uncertainty in the input 

and output of the model results. By incorporating as much ‘knowledge’ as possible for 

the input parameters, one can diminish the amount of uncertainties inherent in the results 

of the model. A representation of mass removal rates and amount of contaminant left in a 

system after a period of operation can be determined by statistically predicting certain 

soil parameters based on known data, by calibrating the soil-gas flow and transport model 

to real SVE mass removal performance, and by comparing the results in a Monte Carlo 

fashion to determine convergence of the realizations. The results of this field-testing 

indicate that the modeling effort presented in this thesis can be considered a ‘best’ 

representation based on the actual field data for an existing SVE system. From Figures

5.1 through 5.5, one can see that the modeling effort has accomplished the goal of fitting 

the model to the real SVE efficiency and mass removal characteristics. The use of 

stochastic modeling will increase as more and more knowledge of governing properties
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of mass transport and statistical procedures to estimate the uncertainties inherent 

modeling soil properties are achieved.

6.2 Decision Model

The inclusion of the ODM, for either operators or designers of SVE system, 

provides a valuable tool for the estimation of system closure based on costs and economic 

feasibility to operate the system. Historically, the design and operation of SVE systems 

has not considered the use of economics for predicting the termination time of these 

systems. The operational decision model incorporates knowledge of the mass removal 

characteristics of the SVE system, costs associated with its operation, and economically 

feasible costs of replacement based on present worth analysis. The ODM allows for the 

estimation of the best alternative for allocation of capital, whether it is the 

implementation of an alternative remediation system or the investment of the capital at a 

higher interest rate to maximize earning potential. As the interest rate increases the cost 

of failure (cost to replace the system) decreases, this means that the benefits of continued 

operation of the SVE system outweighs the benefits of replacing the system. For lower 

interest rates and subsequent higher costs of failures, the cost of replacing the system 

outweighs the benefit of potential earnings from the interest rate.

The simplified ODM is another useful tool for the prediction of system 

termination. If a SVE system can be deemed to be in the diffusion limited stages of 

operation, either by determination of diffusive flux rates, or by considering the 

asymptotic nature of the amount of mass removed, the simplified decision model can be 

implemented without extensive modeling to provide estimation of economically feasible 

costs for replacement of the system. The calculation for the yearly objective functions, 

for years when pT and Pimax are equal to each other, is identical to the simplified model 

results utilized at the later stages of operation.
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The ODM can be used to estimate or assess the overall cost of a system’s 

operation for any length of time desired. If coupled with the stochastic modeling process, 

a system can be modeled in a predictive or design fashion and the length of time needed 

to meet the standard can be determined. From this, an estimation of the most economical 

time to terminate the system can be achieved.

6.3 Sensitive Parameters o f the Proposed Procedures

Sensitive parameters can be identified for each individual model used for this 

research. The overall objective is to determine a proper value for the sensitive parameters 

in order to eliminate error in subsequent models. Parameters sensitive to each model will 

be discussed in this section.

6.3.1 Uncertainty Model

The uncertainty model, as stated previously, is used to assign statistical estimates 

for permeability to the finite element grid for subsequent input into the soil-gas flow and 

transport model. The model variables can be measured directly or can be determined 

from relevant literature. These inputs parameters include: the mean permeability, log 

permeability variance, and the correlation lengths of the soil types found at the site 

selected. The conditioning of the permeability representations is performed by kriging 

and is based on knowledge of local geology or on information from borehole logs located 

in the area of the system selected. Conditioned data is assigned a location on the FEG 

based on its physical location relevant to the well. Permeability values are then assigned 

to each node subject to the borehole data. The location and values of permeability input 

into the uncertainty model for conditioning directly affect the results of the model. If, for 

example, borehole logs indicate that the permeability values varied slightly for the soils 

tested, then the realizations of the permeability for the entire FEG would vary by a 

similar amount. If a layer of low permeable silt in a borehole was input into the
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uncertainty model for conditioning, low permeable lenses will be assigned to layers with 

the same vertical location to simulate layering of the soils. So, the locations and values 

of low or highly permeable layers input into the uncertainty model for conditioning 

should represent the soil at the site chosen for modeling.

For systems where there is a larger variance of permeability values, it is important 

to determine the complete range for these values in order to consider the degree of 

uncertainty in the knowledge of soil properties. Soil testing of OU5 soils suggested that 

the calculated log permeability variance was most likely not representative of the actual 

variances typical of these soils. Because the calculated log permeability variance was 

relatively low in comparison to published data, the log permeability variances of 3.61 and 

4.41 (Gelhar, 1993) were utilized to try and minimize errors and uncertainties involved in 

the soils located at OU5.

The difference of the two log permeability variances used to determine mass 

removal by the soil-gas flow and transport model can be seen in Figures 5.1 and 5.2. The 

results for mass removal, although both apparently fitting the published data, vary in 

range of maximum to minimum realizations. For this research, both permeability 

variances were utilized and compared throughout the modeling process. In order to 

determine which log permeability variance is indicative of the site, more laboratory 

testing of the soils located at OU5 needed to be performed. Based on this research, the 

log permeability variance of 4.41 seems to fit the data and is considered to be the best 

variance to utilize for these types of soils and the estimation of probability of failure of 

the system to meet the regulatory standard.

6.3.2 Soil-Gas Flow and Transport Model VapourT

The input parameters for the soil-gas flow and transport model are measured 

directly, calculated, or taken from relevant literature. By performing trial runs of the
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model with varying input parameters, the sensitive variables were determined. As stated 

in Section 3.5, the sensitive parameters include: the extraction rate of the well, log 

permeability variances of the soil, selected source volume, and the initial contaminant 

mass in the source volume. Since the actual determination of these parameters can be 

troublesome, a best estimate needs to be determined based on the modeler’s knowledge 

of the data and subsequent calculations to determine the appropriate value. Trial runs of 

the soil-gas flow and transport model, if knowledge of SVE mass removal rates is known, 

can be helpful in determining the appropriate value to use for these key parameters. The 

discussion of the calibration effort and the determination of appropriate values for these 

parameters was discussed in Section 3.5.

6.3.3 Decision Model

The two main sensitive parameters inherent in the decision model are the 

regulatory standard established in the ROD and the interest rates for the period modeled, 

both of which are used for calculation of the yearly objective function. The probability of 

failure is directly influenced by the regulatory standard set by the governing body. As the 

regulatory standard is increased, the probability of the system to fail decreases. Although 

intuitive, this trend has a direct impact on the determination of the time that the objective 

function is minimized, or the point at which the system should be terminated based on a 

known cost of replacement. The regulatory standard also affects the asymptotic nature of 

the P fS . As stated before, the lower the regulatory standard, the longer the system needs to 

operate to reach a point where the difference between the PfS is at a minimum. This can 

be seen in Figure 5.10. When the regulatory standard is increased, the Pf values become 

asymptotic at earlier operation times. For systems with low regulatory standards, the 

minimized objective function can be seen to skip several years (Table 5.3) for slight 

changes in the final cost of failure (C/(T)). This response is primarily due to a large 

reduction of the probability of failure for those years, and the amount of operational time 

needed for the P f  values to become asymptotic. As the regulatory standard is increased
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and the P f  values become asymptotic earlier in the operational period, the large jumps of 

estimated termination times of the minimized objective function are reduced and the 

minimum objective function gradually moves from year to year for varied C/(T) values. 

This allows for the more direct comparison utilizing the simplified ODM of the cost of 

failure divided by the annual cost to the inverse of the interest rate instead of calculating 

the objective function for each year of operation and performing the extensive modeling 

outlined in this thesis.

The interest rate also has a direct influence on the determination of the minimum 

objective function as well. Section 5.4 illustrates the variability in system termination 

times relative to interest rate changes. Changes in the interest rate selected for use in the 

ODM directly impacts the estimated cost of replacing the system, the decision on how to 

best invest capital, and the length the SVE should remain operational.

6.4 Soil Vapor Extraction Systems

Historically SVE systems have been implemented in areas where large or small 

releases of NAPLs have been reported or detected. The use of SVE systems to remove 

mass has been well documented and accepted by regulatory agencies as an efficient and 

low cost remediation technology. The trend for contaminant mass removal of these 

systems is a large removal at early stages of operation followed by a slowing of the mass 

removal rates over time. As seen in Figures 5.3, 5.4 and 5.5, the majority of the mass has 

been removed in a period of five years for the site selected for modeling in this research. 

This result illustrates a typical removal trend for a SVE system, showing a high initial 

rate of mass removal followed by a subsequent decrease in the mass removal rates. The 

slowing of the removal rates dictates the amount of contaminant captured by the well 

during the later stages of operation, primarily because the transfer of contaminant has 

been limited by slow diffusive flux rates of contaminant from areas of low permeability.
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For systems with a high amount of contaminant removed at early stages of 

operation, the prediction of when the system should be terminated can be based on the 

assumption that it has become diffusion limited; therefore the simplified model could be 

applied. Systems that have operated for longer periods of time can be “pulsed” to try to 

determine the diffusive flux of contaminant. Once the diffusive flux has been reduced to 

a relative minimum, the system can be deemed to be diffusion limited. Because the 

diffusive fluxes are relatively small in comparison to the advective transport, the 

exposure and danger to human health is negligible. As indicated in this research, the 

system modeled has removed 98% of the contaminant in the first five years of operation. 

Because of the large mass removed and the calculated probabilities of the system to fail 

the regulatory standard, the argument that the system should be shut down after the 

majority of contaminant is removed could be made. A cost effective remediation 

alternative should then be selected based on the current interest rate and the calculated 

minimum C/(T) value. There are several alternative remediation strategies that could be 

implemented for relatively low costs. Some examples of low cost remediation systems 

that can be easily implemented are monitored natural attenuation and enhanced 

bioremediation.

6.5 Recommendations fo r  Future Research

The objectives at the start of this research were to field-test the stochastic 

modeling of a SVE system and determine the operational length of time based on the 

operation decision model (ODM). The model results indicated that the asymptotic nature 

of the Pfs did not happen until late in the 20-year operation time. Because of this, the 

simplified decision model could not be applied rigorously for this research. The 

asymptotic nature and relevance of the simplified model for later stages of operation were 

illustrated by the values of pT and Pimax becoming equal to each other in the nineteenth 

year. For longer modeled periods of operation the simplified ODM is applicable. The 

ODM was utilized to determine an appropriate date to terminate systems based on
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variable costs of system replacement. For future research, a system that has been closed, 

or deemed to have passed the regulatory standard, should be modeled to determine the 

applicability of the stochastic model methodology, the ODM, and the simplified ODM. 

Another suggestion is the development of a model that could predict, from ‘pulse’ 

patterns, the diffusive fluxes inherent in the low permeable soils. This could allow an 

operator of a SVE system to determine when the mass removal rate has become diffusion 

limited and when the simplified objective model could be applied. Another 

recommendation would be the inclusion of variable yearly interest rates in the ODM for 

the operational period modeled. This would allow for a more precise and accurate 

determination of where capital would be best utilized, either in the replacement of the 

system with an alternative remediation system, or the allocation of capital to maximize its 

use.

6.6 Conclusions

The stochastic modeling efforts presented in this research, although complex, can 

be utilized to predict system efficiency, systems performance, and an estimation of 

termination time based on a cost of implementing a new remediation system. The 

stochastic modeling of a SVE system can be achieved with relative ease and success for 

most SVE mass removal systems. The ability of the model to predict the amount of 

contaminant removed and the subsequent amount of contaminant left in the system can 

be utilized to determine a system closure date based on the regulatory standard set by the 

governing body. By coupling the stochastic modeling and the operational decision model, 

a prediction of site closure can be based on economic costs associated with the systems 

operational costs, systems probability of failure, and the current interest rate. This result 

is important when considering the nature of SVE system operation. SVE systems tend to 

remove large amounts of contaminant relatively quickly, which means that the cost to 

remove a unit mass (kg) of contaminant is significantly increased for later stages of SVE 

operation. From this research it can be seen that the system selected for field-testing
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achieved a large amount of mass removal early in the operation period (after five years). 

Through the operational decision model, a system could be determined to either be 

replaced or be allowed to continue operation based on the interest rate and the cost of 

implementing an alternative remediation strategy. For instance, it has been shown in this 

research that for higher interest rates, it is better to invest the money than it is to change 

remediation strategies for a certain range of alternate remediation costs. For low interest 

periods, it is relatively cost effective to implement a new system based on the C/(T) 

values and the interest rate. An example of this could be the installation of a less 

expensive monitored natural attenuation system to aid in the closure of the system and 

reduce overall costs associated with SVE operation.

By combining the methodologies presented in this thesis, a better understanding 

of environmental remediation economics can be achieved. The use of the decision model 

in the operational phases of SVE systems provides the operator or curator with a tool to 

determine the best allocation of funds based on concrete economic principles. As 

computer applications for the modeling of stochastic systems grow and evolve, the 

application of such methodologies will become more widespread and be applied more 

readily.
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The purpose of this appendix is to explain in greater detail the calculation of the 

capillary fringe height for subsequent determination of the finite element grid vertical 

extent. The mean permeability was measured in laboratory testing and is the basis of the 

estimation for the capillary height.

Using the mean permeability ( Mk) measured in the laboratory:

Mk = exp(/i>, + i/2 <Jy2) 
juk = 8.15866E-08 cm2 
Mk =  8.158666E-12 m 2

Calculation of the mean log permeability (juv)

i ^^ =ln M k - —

g 2
Hy=\n (8.15866E-08)

Variance of log mean permeability ( o 2) from laboratory measurements

o \  = (Exp ( g ]  )-l)* (Exp (2 m}, + cr2y )

c \  = 8.18E-15 cm4 
= 8.18E-23 m4

Derivation of /uy ar>d g 2

cr2 =ln (1+cr^ / juk ) ~  0-8
G 2

My = In (8.15866E-08) — ^  = -16.72 (cm based)

My = -25.93 (m based)

Appendix A

Estimation of capillary fringe height.
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Other Variables required:

p w = 999.9750 (kg/m3) 
g = 980.665 (cm/s2) 
p w =0.001518 (Pa.s)
A = 2.3 (derived from RETC)

<f> =0.422 (derived from RETC)
Qr = 0.0363 (derived from RETC) 
here we let S =.75 (Bear 1972)
Sr = 9r/<t>= 0.086

The corresponding capillary fringe height estimation equation (Bames, 2000) and 
subsequent solution to it is as follows:

" S - S r '
-M X exp {py)pwg~

- 0.401

.1 ~Sr _ _ p M - S r ) _

Z/=72.7 cm 
Z/ = .727 meters
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Appendix B

Uncertainty model input file and variable description.

The input files and a brief description of the determination of certain values will 

be presented here. Note: bold print is an explanation of the variable and determination of 

a value for it.

Uncertainty Model Input File.

SITE MODELED: OU5
GROUP 1 - NUMBER OF REALIZATIONS TO BE GENERATED

50 (50 realizations for each of five different Random Seeds for a total
of 250 for each log permeability variance)
RANDOM SEED

.730678 (Random Seeds are utilized to increase the randomness of the 
unconditioned realization. The random seeds used for this research include: 
0.061424, 0.325806, 0.460286, 0.562068, and 0.730678)
FLAGS FOR CALCULATING AND PRINTING SEMIVARIOGRAMS OF 
REALIZATIONS

1 1 0 (Instructs the model to output a variogram analysis of the input
data)
FLAGS FOR PRINTING REALIZATIONS AND ESTIMATION VARIANCES 

1 1 0 0 0 1 0
GROUP 2 - DIMENSION OF PROBLEM AND NUMBER OF GRID POINTS 

3 1953 (Number of Nodes in finite element grid)
MULTIPLIERS FOR COORDINATES 

1.0 40.0 1.0 (scaling of grid)
GRID POINTS IDENTIFYING NUMBER AND COORDINATES (2 GRID 
POINTS PER LINE)
(Grid number and x and z coordinates in meters)

1 0.75 0.08 0.00 2 2.25 0.08 0.00
3 3.75 0.08 0.00 4 5.25 0.08 0.00
5 6.75 0.08 0.00 6 8.25 0.08 0.00
7 9.75 0.08 0.00 8 11.25 0.08 0.00

9 12.75 0.08 0.00 10 14.25 0.08 0.00
11 15.75 0.08 0.00 12 16.75 0.08 0.00

Note: grid coordinates shortened here for ease of presenting
1947 43.75 4.65 0.00 1948 45.25 4.65 0.00
1949 46.75 4.65 0.00 1950 48.25 4.65 0.00
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1951 49.75 4.65 0.00 1952 51.25 4.65 0.00
1953 52.75 4.65 0.00

GROUP 3 - NSPSEQ 
512 

KSPPWR 
9

SPLINC
1.0

NSPLAG
8

XRCOV (Spherical Variogram analysis of permeability structure)
.850 * LAG = 1.00000
.702 * LAG = 2.00000
.557 * LAG = 3.00000
.416 * LAG = 4.00000
.281 * LAG = 5.00000
.154 * LAG = 6.00000
.036 * LAG = 7.00000

-.072 * LAG = 8.00000
-.168 * LAG = 9.00000
-.250 * LAG = 10.00000
-.317 * LAG = 11.00000
-.368 * LAG = 12.00000
-.401 * LAG = 13.00000
-.414 * LAG = 14.00000
-.406 * LAG = 15.00000
-.376 * LAG = 16.00000
-.322 * LAG = 17.00000
-.242 * LAG = 18.00000
-.135 * LAG = 19.00000
.000 * LAG = 20.00000

GROUP 4 - NUMBER OF VARIABLES 
1

TRANSFORMATION OPTION 
0

TRANSFORMATION PARAMETERS - VARIANCE, MEAN, RANGE, 
NUGGET (Input of permeability variance 3.61 or 4.41)

3.61000 0.29301 20.000 0.00000
GROUP 5 - CONDITIONING PARAMETERS - NUGGET, SILL, RANGE, 
ANGLE, RATIO 

1
0.00000 3.61000 20.0000 0.00000 1.00000 

UNDERSAMPLING DATA 
0
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CONDITIONING DATA (Permeability data from a borehole located in the 
OU5 area utilized to condition the data by kriging (Harding Lawson 
Associates (1997). The data is assigned to a vertical column located on the 
finite element grid at an appropriate distance to the actual borehole)

31
1935 -6.92
1872 -6.92
1809 -6.92
1746 -6.92
1683 -6.92
1620 -6.92
1557 -6.92
1494 -6.92
1431 -7.19
1368 -7.19
1305 -7.19
1242 -7.19
1179 -7.19
1116 -7.19
1053 -7.19
990 -6.92
927 -6.92
864 -6.92
801 -6.92
738 -6.92
675 -6.92
612 -6.92
549 -6.92
486 -6.92
423 -6.92
360 -6.92
297 -6.92
234 -6.92
171 -6.92
108 -6.92
45 -6.92

GROUP 6 - NUMBER OF PLANES FOR SEMIVARIOGRAM 
CALCULATIONS 

1
NUMBER OF DIRECTIONS AND ANGLES FOR EACH DIRECTION IN 
EACH PLANE 

2
0.0 90.0

MAXIMUM NUMBER OF LAGS
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BASIC LAG UNIT 

1.0
DISTANCE TOLERANCE 

0.5
ANGLE TOLERANCE 

1.0
ANGLE TOLERANCE IN NORMAL PLANE

1.0
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Soil-gas flow and transport model (VapourT) input file and variable description.

The object of this appendix is to show the assembly file for the soil-gas flow and 

transport model VapourT. As stated in the literature review of the soil-gas flow and 

transport model, the displacement pressure head and the soil moisture content of each 

element are incorporated into VapourT for a more precise solution. A program named 

AWK (REF) was utilized to assemble the input files. The assembly begins with the 

assignment of permeability values for each node and subsequent set of elements of the 

developed finite element grid from the uncertainty model. A capillary pressure is 

assigned and subsequent displacement pressure head and soil moisture content is then 

calculated for each node. For a description of the input variables utilized in VapourT 

consult Mendoza (1995).

DECLARE SUB elev (k%, Z())
REM This program is a preprocessor to the SVE program VAPOURT 
(ammended)
REM version 1.3 Date: 2/11/03 (63 columns)

REM

REM This program requires 4 INPUT FILES, (1) input and output file names 
REM (2) permeability data (3) porosity data (4) elevation data for 
REM each row. One OUTPUT FILE per realization is generated.
REM

REM

REM VARIABLE NAMES: pk=permeability, por=porosity, SMC=soil moisture 
content,
REM ne=number of elements, nr=number of rows, nc=number of columns,
REM mk=multiplier for permeability data from tumingbands program,

Appendix C



129

REM mp=equivalent to mk applied to porosity data, ntbfile=number of data 
REM input files generated from turning bands program.
REM

jfc sje J|e $ $

REM

REM BEFORE RUNNING PROGRAM check the required location of the input 
files
REM for both permeability and porosity data. Check the following constants 
REM mk, mp, ntbfile, ne, nr, nc, expk. The data for the formatted output 
REM files may need to be changed as well.
REM

3|c s{£ 3{e

REM
REM multipliers for permeability and porosity (change to meet requirements) 
REM

mk = 1E-12 'multiplier for k
por = .422 'porosity
SR = .086 'residual saturation
hf=72.7 'top of capillary fringe (cm)

RWC = por * SR

REM input of input and output file names
REM =■ ■==■ —  ^ -----------------------  ==
REM $ DYNAMIC 

REDIM ofile$(222), kfile$(105)
REM REDIM pfile$(l 11) 

ntbfile% = 250 'CHANGE TO MATCH NUMBER OF REALIZATION 
FILES

nfile% = 0 'setting counter to zero

OPEN "D:\SVE\Pfiles\Process\filesA.in" FOR INPUT AS #1 
INPUT #1, front f$

FOR fl% = 1 TO ntbfile% 'permeability realization files 
INPUT #1, kfile$(fl%)

NEXT fl%
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FOR fl% = ntbfile% + 1 TO 2 * ntbfile% 'output realization files 
INPUT #1, ofile$(fl%)

NEXT fl%
CLOSE #1

5 REM 'beginning of file loop
CLS

REM reset counters 
REM = = = = = = =

count% = 0 
nr% = 0 

rown% = 0 
m% = 0

REM renaming of input files
REM -----------     = --------
PRINT "renaming input files" 

nfile% = nfile% + 1 
kin$ = kfile$(nfile%) 'permeability realization files

ktalk$ = "copy D:\SVE\PFiles\Tumband\" + kin$ + " 
D:\SVE\Pfiles\Process\tbperm.in"

PRINT kin$
SHELL ktalk$

PRINT
PRINT nfile%; " realization"

PRINT 
PRINT "reading input files"

REM input of data 
REM —
OPEN "D:\SVE\PFILES\Process\TBPERM.IN" FOR INPUT AS #2 
'permeability data
OPEN "D:\SVE\PFILES\PROCESS\SVE.OUT" FOR OUTPUT AS #5 
'formated output file

REM input of grid specifications (change to meet requirements)
REM

ne% = 1953 
nr% = 31 

nc% = 63

'1/2 the number of elements 
'number of rows 

'number of columns
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count% = 2 * ne% 
ner% = ne% / nr%

'adjusting to allow for format of input file 
'counter to flag end of each row

REDIM vall(count%), Z(nr%), pk(count%), node(count%)
REDIM SMC(count%), hc(count%), hd(count%), S(count%)

REM loop to assign data from turning bands program
REM —  =
REM INPUT #4, fronte$

FOR i% = 1 TO count%
INPUT #2, val 1 (i%) 'node and permeability values
NEXT i%

CALL elev(k%, Z()) 'elevation data

expk = 2.3 'Brooks&Corey constant

PRINT "calculating diplacement heads and water contents"

REM loop to extract permeability and porosity values
REM ■=-- ====^ ====. ----------- ^ ---------------
FOR i% = 1 TO count%

IF i% / 2# > FIX(i% / 2#) GOTO 10 
pk(i%) = val 1 (i%) * mk 'permeability data

GOTO 15
10 node(i%) = vall(i%) 'node assignments
15 NEXT i%

REM assignment of a capillary pressure to each element

i% = 0
FOR k% = 1 TO nr%

m% = i% + 1
FOR i% = m% TO count%

IF i% / 2# > FIX(i% / 2#) GOTO 25 
hc(i%) = (Z(k%) * 100#) + hf 'he units are cm. + hd 

IF i% = rown% * 2# * ner% GOTO 30 'flag for end of row 
25 NEXT i%
30 rown% = rown% + 1

REM = =  
rown% = 1 'setting row number to 1

NEXT k%

REM calculation of displacement head (hd) and water content (SMC)
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REM

FOR i% = 1 TO count%
IF i% / 2# > FIX(i% / 2#) GOTO 40 
IF pk(i%) = 0 GOTO 1000 ELSE 1001

1000 pk(i%) = 5E-16
1001 hd(i%) = 9.66 * ((pk(i%) * 1000 * 9.81 * 100 / .001002) / (por - RWC)) 
(-.401)

IF hd(i%) > hc(i%) THEN GOTO 35 ELSE GOTO 37 
35 S(i%) = .99

GOTO 39
37 S(i%) = (hd(i%) / hc(i%)) A (expk)
39 SMC(i%) = por * (S(i%) * (1 - SR) + SR)
40 NEXT i%

PRINT "generating ouput file"
REM
REM format for output file
REM = — ^ ---------
PRINT #5, "cartesian" 'COORD
PRINT #5, ofile$(fl%) TITLE 1
PRINT #5, "TEST 1 Single W ell OU5" 
PRINT #5, " 02/28/03 "
PRINT #5, "T F F "
PRINT#5, " T T T T  ”
PRINT #5, "F F T T "
PRINT #5, "F T "
PRINT #5, "T F F "
PRINT #5, "T F F "
PRINT #5, "F F F "
PRINT #5, "F F F F F "
PRINT #5, "F "
PRINT #5, 0 
PRINT #5, 1 
PRINT #5, 1039 
PRINT #5, 1!
PRINT #5, 0!
PRINT #5, 63; 31 
PRINT #5, 3; 1 
PRINT #5, 11; 52; 63 
PRINT #5,31 
PRINT #5, 1.5; .5; 1.5 
PRINT #5, .1524

'TITLE2 
'DATE 

'IGGRD, ISTRTI, ISTRTO 
'IVISC, IDIFF, IPERM, ISDPL 
'ISTOR, IVAP, IFLOW, ISTED 

'IDENS, ITRAN 
'ITFF, ITFT, IITER 
'IMBAL, LACC1, IACC2 
'IPCON, IPPOT, IPVEL 

'IFCON, IFPOT, IFVEL, IFGRD, IFNOD 
'IFBIN 

'NEOUT 
'NNOUT 

'INOUT(I), 1=1, NNOUT 
'THICK 
'XMIN 

'NHORE, NVETE 
'III, JJJ 

'IH(I), 1=1, III 
'IV(J), J=l, JJJ 

'HOR(I), 1=1, III 
'VER(J), J=l, JJJ
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PRINT #5, 2; 31; 1; mznm 'J1,J2,JN,TYPE 
PRINT #5,1; 2017; 32; ”'wt'"
PRINT #5, 32; 2048; 32; mgsm 
PRINT #5, 2018; 2047; 1; mznm 
PRINT #5,354; 362; l ; ,Msrm 
PRINT #5, 394; 1674; 32; msr"'
PRINT #5, 1698; 1706; 1 ;"V "
PRINT #5, 386; 1666; 32; msr'"
PRINT #5,1039; 1039; 1; '"ex’"
PRINT #5, 0; 0; 0; "'end'"
PRINT #5, 0; 0; 0; 0; 0; 'JNl, JN2, JE, JNCOL, IDIR
PRINT #5, 32; 2048; 32; -.0000495# 'Jl, J2, JN, TRANS
PRINT #5, 0; 0; 0; 0 'end
PRINT #5, 0; 0; 0; 0; 0# ’JNl, JN2, JE, JNCOL, SFLX 
PRINT #5, 0! 'DWTR
PRINT #5, 9.109999999999999D-06; .000018#; 78.11; 28.94TJSOLV, UAIR, 
GMSOLV, GMAIR
PRINT #5, 101.3; 20!; 0# 'PRESS, TEMP, COMP
REM
REM assemble porous medium properties for each element
REM =:— — -----= ^ = —
FOR i% = 1 TO count%
IF i% / 2# > FIX(i% / 2#) GOTO 60
PRINT #5, i% -1; i%; pk(i%); pk(i%); 2.3; 1!; .1
' J 1, J2,PKX,PKZ,EXPK,DISPL,DISPT
PRINT #5, por; RWC; SMC(i%); 1.35; .031 'POR,RMC,SMC,BULK,foe 
PRINT #5, 9.099999999999999D-06; 9.099999999999999D-06; .08;
48.98'DAIRX,DAIRZ,HENRY,PKOC 
60 NEXT i%
REM
REM remainder of the output file
REM — — — — — —  — —
PRINT #5, 1039; 1039; 1; -.000469 'J1,J2,JN,RATE
PRINT #5, 0; 0; 0; 0 ’end
PRINT #5, 32; 2048; 32 'J1,J2,JN,(CONSTRAINED PRESSURE
NODES)
PRINT #5, 0; 0; 0
PRINT #5, 32; 2048; 32 'J1,J2,JN,(CONSTRAINED CONC.NODES)
PRINT #5, 354; 362; 1
PRINT #5, 386; 394; 1
PRINT #5, 418; 426; 1
PRINT #5, 450; 458; 1
PRINT #5, 482; 490; 1
PRINT #5,514; 522; 1
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PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5

546; 554; 1 
578;586;1 
610; 618; 1 
642; 650; 1 
674; 682;1 
706; 714;1 
738; 746; 1 
770; 778; 1 
802; 810; 1 
834; 842;1 
866; 874; 1 
898; 906; 1 
930; 938; 1 
962; 970; 1 
994; 1002;1 
1026; 1034; 1 
1058; 1066; 1 
1090; 1098; 1 
1122;1130;1 
1154; 1162; 1 
1186; 1194;1 
1218; 1226; 1 
1250; 1258; 1 
1282;1290; 1 
1314;1322;1 
1346;1354; 1 
1378;1386; 1 
1410;1418;1 
1442; 1450; 1 
1474; 1482; 1 
1506;1514;1 
1538;1546; 1 
1570;1578; 1 
1602;1610;1 
1634; 1642; 1 
1666;1674; 1 
1698; 1706; 1 
0; 0; 0 
0; 0; 0; 0!
32; 2048; 32; 0 
354; 362; 1; 7.89 
386; 394; 1; 7.89 
418; 426; 1; 7.89 
450; 458; 1; 7.89

'end
'J1, J2,JN,UIN 

'J1,J2,JN,CIN
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PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5 
PRINT #5

PRINT #5

482;
514;
546;
578;
610;
642;
674;
706;
738;
770;
802;
834;
866;
898;
930;
962;

490;
522;
554;
586;
618;
650;
682;
714;
746;
778;
810;
842;
874;
906;
938;
970;

7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89

PRINT #5 994; 1002; 1; 7
PRINT #5 1026 1034 1;
PRINT #5 1058 1066 1;
PRINT #5 1090 1098 1;
PRINT #5 1122 1130 1;
PRINT #5 1154 1162 1;
PRINT #5 1186 1194 1;
PRINT #5 1218 1226 1;
PRINT #5 1250 1258 1;
PRINT #5 1282 1290 1;
PRINT #5 1314 1322 1;
PRINT #5 1346 1354 1;
PRINT #5 1378 1386 1;
PRINT #5 1410 1418 1;
PRINT #5 1442 1450 1;
PRINT #5 1474 1482 1;
PRINT #5 1506 1514 1;
PRINT #5 1538 1546 1;
PRINT #5 1570 1578 1;
PRINT #5 1602 1610 1;
PRINT #5 1634 1642 1;
PRINT #5 1666 1674 1;
PRINT #5 1698 1706 1;
PRINT #5 0; 0; 0; 0
PRINT #5 7.895 ; 150!

7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89
7.89

'end
'CMAX,SMASS

.00001#; .000001#; 30; 20; .000000001#
'UCNVRG, CCNVRG, MITER, MDBU.SCNVRG
PRINT #5, 0#; 0#; .000001# 'ECNVRF,ACNVRF,RCNVRF
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PRINT #5, 0#; 0#; .000001#; 5 'ECNVRT,ACNVRT,RCNVRT,NORTHT 
PRINT #5, .5; .5 ’TWFFJWFT
PRINT #5, 1 'NTSTEP
PRINT #5, .5; 175316.25#; 48; 336 'DT,FTIME,DTMAX,JPRT
CLOSE #2, #3, #5

REM renaming of output file
REM -^= = ^  --===

out$ = ofile$(nfile% + ntbfile%) 
otalk$ = "rename D:\SVE\PFILES\Process\sve.out " + out$ 

mtalk$ = "move D:\SVE\PFILES\PROCESS\" + out$ + " 
D:\SVE\PFILES\MonCarlo"

SHELL otalk$
SHELL mtalk$

REM LPRJNT kin$, out$

REM next set of files
REM   = = = = =

IF nfile% = ntbfile% THEN 100 
KILL "D:\SVE\PFILES\PROCESS\tbperm.in" 'resetting

permeability input file
ERASE vail, Z, pk, he, SMC, S 'resetting arrays 

GOTO 5

100 SYSTEM 
END

REM SSTATIC 
SUB elev (k%, Z())

FOR k% = 1 TO 1
Z(k%) = .0762 + (.1524 * (k% - 1))
NEXT k%

FOR k% = 2 TO 31 
Z(k%) = Z(k% - 1) + .1524 
NEXT k%

END SUB
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VapourT Input Variable Description

Variable Description Value

Coordinate System

COORD Coordinate system COORD Cartesian 

coordinate system

Problem

Identification

TITLE User assigned OU5 Single 

Well

User identifier

DATE Date of simulation

OPRATR Operator name

Logical Flags (T/F)

IGGRD Grid generation T Generates FEG 

from input grid 

data

ISTRTI Input restart file F

ISTRTO Output restart file F

ISVISC Viscosity mixing 

model

T Wilke non-linear 

viscosity formula

ED IFF Effective diffusion 

coefficient

T Millington-Quirk 

relation used for 

calculation of 

gaseous and 

aqueous diffusion 

coefficients
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I PERM Relative 

permeability model

T Relative 

permeabilities 

calculated by 

Brooks-Corey 

relationships

ISDLP Source depletion T Source allowed to 

deplete

ISTOR Soil-gas

compressibility

F F indicates that 

input values are 

taken

IV AP Vaporization flux F

IFLOW Gas flow solution T T means solution 

calculated by 

program

ISTED Steady state flow 

solution

T Steady state 

solution calculated

IDENS Density induced 

flow

F

ITRAN Transport solution T Transport solution 

calculated

ITFF Mass matrix time 

formulation for flow

T

ITFT Mass matrix time 

formulation fro 

transport

F

IITER Iterative solver F
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IMBAL Mass balance 

calculations

T Mass balance 

calculations 

performed

IACC1 Accuracy

determination

F

IACC2 Accuracy

determination

F

IPCON Print nodal 

concentrations

F

IPPOT Print nodal 

pressures

F

IPVEL Print elemental 

velocities

F

IFCON Write concentrations 

to file

F

IFPOT Write pressure to 

file

F

IFVEL Write velocities to 

file

F

IFGRD Write grid 

information to file

F

IFNOD Write specified 

nodal values to file

F

IFBIN Ascii format F
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Specified Elements 

and Nodes

NEOUT # of specified 

elements or nodes 

defined by user

0 Number of 

elements for output 

listing file

IEOUT Corresponding array 

of element numbers

NNOUT # of specified nodes 

for output

1 Number of nodes 

for output listing

INOUT Corresponding array 

of element numbers

Grid Generation

THICK Domain thickness 

(m)

1

XMIN Minimum starting 

value for grid

0 X and z axis origin

NHORE # of vertical 

columns

63 From FEG

NVETE # of horizontal rows 31 From FEG

III # of different 

horizontal spacings

3 From FEG

JJJ # of different 

vertical spacings

1 From FEG

M(K) Array of cumulative 

# of spaces

11;52;31 Nodes subject to 

(HOR(K)) spacing

IV(K) Array of cumulative 

# of spaces

31 Nodes subject to 

(VER(K)) spacing
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HOR(K) Array of cumulative 

spacings

1.5;0.5;1.5 Horizontal 

spacings between 

nodes

VER(K) Array of cumulative 

spacings

0.1524 Vertical spacings 

between nodes

Mass balance 

boundary definitions

J1 Node 2

J2 Node 31

JN Steps from J1 to J2 1

Type

gs Ground surface of 

FEG

32;2048; 32 Nodes defining 

ground surface

wt Water table of FEG 1; 2017; 32 Nodes defining 

capillary fringe 

surface

zn Lateral boundaries 

of FEG

2; 31; 1 Nodes defining 

lateral boundaries 

of FEG

sr Source boundaries 

of FEG

354;362;1 Nodes defining 

source volume

394;1674; 

32

1698; 1706; 

1

386; 1666; 

32
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ex Well location on 

FEG

1039; 1039; 

1

Node defining 

extraction well 

location

Source mass balance 

definition for 

infiltration

JNl Adjacent nodes 

having elements JE 

and JE+1

0

JN2 Adjacent nodes 

having elements JE 

and JE+1

0

JE elements 0

JNCOL # of columns of 

elements assigned to 

EDIR

0

1DIR Defines whether 

infiltration flux at 

boundary is out of 

or into domain

0

Mass transfer 

boundary

J1 Node 32

J2 Node 2048 Surface nodes for 

mass boundary

JN Steps from nodes J 1 

to J2

32



143

TRANS Specifies the mass 

transfer coefficient 

for

implementation(m/s)

4.95E-05 Calculated using 

equation for 

diffusivity of air to 

benzene (Treybal, 

1987)

Infiltration

definitions

JN1 Adjacent nodes 

having elements JE 

and JE+1

0

JN2 Adjacent nodes 

having elements JE 

and JE+1

0

JNCOL # of columns for 

assigning a constant 

flux

0

SFLX Flux (m/s) 0

Aqueous Diffusion 

coefficient

DWTR Aqueous diffusion 

coefficient (m2/s)

0 Calculated in 

VapourT

System Properties

USOLV Gas viscosity of the 

pure organic 

compound

9.1 IE-06 (Montgomery,

2000)

UAIR Soil-air viscosity 1.8E-05 (Montgomery,

2000)
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GMSOLV Gram molecular 

weight of organic 

compound

78.11 (Montgomery,

2000)

GMAIR Gram molecular 

weight of air

28.94 (Montgomery,

2000)

PRESS System pressure 101.3 Standard Pressure 

in atm

TEMP System temperature 20 Standard 

temperature in °K

COMP Fluid

compressibility

0

Compound and 

Porous media 

Properties

PKX Permeability in x 

direction

Calculated in 

assembly file

PKZ Permeability in z 

direction

Calculated in 

assembly file

EXPK Brooks-Corey pore 

distribution index

2.3 Derived from 

RETC results

DISPL Longitudinal

dispersivity

1 Literature value for 

similar soils

DISPT Transverse

dispersivity

0.1 Common

relationship

DISPT=0.1*DISPL

POR Porosity 0.422

.

Measured in 

laboratory
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RMC Residual soil 

moisture content

Calculated in 

assembly file

SMC Soil moisture 

content

Calculated in 

assembly file

BULK Dry bulk density 

(g/cm3)

1.35 Measured in 

laboratory

FOC Fraction of organic 

carbon

0.031 Measured in 

laboratory

DAIRX Gaseous diffusion 

coefficient in x 

direction (m2/s)

9.10E-06 (Montgomery,

2000)

DAIRZ Gaseous diffusion 

coefficient in z 

direction (m2/s)

9.10E-06 (Montgomery,

2000)

HENRY Dimensionless 

Henrys law number

0.8 (Montgomery,

2000)

PKOC Organic carbon 

partitioning 

coefficient

48.98 (Montgomery,

2000)

Specified Extraction 

well flux

J1 Node 1039 Node where well is 

located on FEG

J2 Node 1039 Node where well is 

located on FEG

JN Steps from J 1 to J2 1

RATE Withdrawal rate 

(m3/s)

4.69E-04 500 cfm
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Constrained pressure 

nodes

Ground surface of 

FEG

J1 Node 32

J2 Node 2048

JN Steps from Jl to J2 32

Constrained 

concentration nodes

J l; J2; JN 32; 2048; 32 Nodes assigned a 

contaminant 

concentration 

(1 means a value 

assigned)

J l; 32;JN 354; 362; 1

Jl; 32; JN 386; 394; 1

Jl; J2; JN 418; 426; 1

J l; J2; JN 450; 458;1

Jl; J2; JN 482; 490; 1

J l; J2; JN 514; 522; 1

J l; J2; JN 546; 554;1

Jl; J2; JN 578; 586; 1

J l; J2; JN 610; 618; 1

Jl; J2; JN 642; 650; 1

J l; J2; JN 674; 682; 1

J l; J2; JN 706; 714; 1

Jl; J2; JN 738; 746; 1

Jl; J2; JN 770; 778; 1

Jl; J2; JN 802; 810; 1

J l; J2; JN 834; 842; 1
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Jl; J2; JN 866; 874; 1

J l; J2; JN 898; 906; 1

Jl; J2; JN 930; 938;1

Jl; J2;JN 962; 970; 1

Jl; J2; JN 994; 1002;1

J l; J2; JN 1026; 1034; 
1

Jl; J2;JN 1058; 1066; 
1

J l; J2; JN 1090; 1098; 
1

J l; J2; JN 1122; 1130; 
1

J l; J2; JN 1154; 1162; 
1

Jl; J2; JN 1186; 1194; 
1

J l; J2; JN 1218; 1226; 
1

J l; J2; JN 1250; 1258; 
1

Jl; J2; JN 1282; 1290; 
1

J l; J2; JN 1314;1322; 
1

J l; J2;JN 1346; 1354; 
1

J l; J2; JN 1378;1386; 
1

Jl; J2; JN 1410; 1418; 
1

Jl; J2; JN 1442; 1450; 
1

Jl; J2; JN 1474; 1482; 
1

J l; J2; JN 1506;1514; 
1

J l; J2; JN 1538;1546; 
1
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Jl; J2; JN 1570; 1578; 
1

J l; J2; JN 1602; 1610; 
1

Jl; J2;JN 1634; 1642; 
1

J l; J2; JN 1666; 1674; 
1

J l; J2; JN 1698;1706; 
1

Jl; J2; JN 0; 0; 0 end

Initial pressures

Jl Node 0

J2 Node 0

JN Steps to J 1 from J2 0

UIN Non static initial 

pressures

0

Initial

Concentrations

Concentration, % 

of air (7.89%)

J l; J2; JN; CIN Node; Node; Step; 

concentration

32; 2048; 
32; 0

J l; J2; JN; CIN 354; 362; 1; 
7.89

J l; J2; JN; CIN 386; 394; 1; 
7.89

J l; J2; JN; CIN 418; 426; 1; 
7.89

Jl; J2; JN; CIN 450; 458; 1; 
7.89

J l; J2; JN; CIN 482; 490; 1; 
7.89

Jl; J2; JN; CIN 514; 522;1; 
7.89

J l; J2; JN; CIN 546; 554; 1; 
7.89
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Jl; J2; JN; CIN 578; 586; 1; 
7.89

Jl; J2; JN; CIN 610; 618; 1; 
7.89

J l; J2; JN; CIN 642; 650; 1; 
7.89

Jl; J2; JN; CIN 674; 682;1; 
7.89

Jl; J2; JN; CIN 706; 714; 1; 
7.89

Jl; J2; JN; CIN 738; 746;1; 
7.89

Jl; J2; JN; CIN 770; 778; 1; 
7.89

Jl; J2; JN; CIN 802; 810;1; 
7.89

J l; J2; JN; CIN 834; 842;1; 
7.89

Jl; J2; JN; CIN 866; 874;1; 
7.89

J l; J2; JN; CIN 898; 906; 1; 
7.89

Jl; J2; JN; CIN 930; 938; 1; 
7.89

Jl; J2; JN; CIN 962; 970; 1; 
7.89

J l; J2; JN; CIN 994;1002; 
1; 7.89

Jl; J2; JN; CIN 1026; 1034; 
1; 7.89

J l; J2; JN; CIN 1058; 1066; 
1; 7.89

Jl; J2; JN; CIN 1090; 1098; 
1; 7.89

Jl; J2; JN; CIN 1122; 1130; 
1; 7.89

Jl; J2; JN; CIN 1154;1162; 
1; 7.89

Jl; J2; JN; CIN 1186; 1194; 
1; 7.89

Jl; J2; JN; CIN 1218; 1226; 
1; 7.89
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Jl; J2; JN; CIN 1250;1258; 
1; 7.89

J l; J2; JN; CIN 1282; 1290; 
1; 7.89

Jl; J2; JN; CIN 1314;1322; 
1; 7.89

Jl; J2; JN; CIN 1346; 1354; 
1; 7.89

Jl; J2; JN; CIN 1378;1386; 
1; 7.89

J l; J2; JN; CIN 1410; 1418; 
1; 7.89

Jl; J2; JN; CIN 1442; 1450; 
1; 7.89

J l; J2; JN; CIN 1474; 1482; 
1; 7.89

Jl; J2; JN; CIN 1506; 1514; 
1; 7.89

J l; J2; JN; CIN 1538;1546; 
1; 7.89

Jl; J2; JN; CIN 1570;1578; 
1; 7.89
1602;1610; 
1; 7.89

Jl; J2; JN; CIN 1634; 1642; 
1; 7.89

Jl; J2; JN; CIN 1666; 1674; 
1; 7.89

Jl; J2; JN; CIN 1698; 1706; 
1; 7.89
0; 0; 0; 0 end

Maximum
Concentration/Source
mass

CMAX Max concentration 

at the source

7.895 Calculated 

maximum 

concentration of 

Benzene (%atm)
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SMASS Initial liquid mass in 

source

150 Determined in 

calibration of 

VapourT

Convergence Criteria

UCNVRG Potential 
convergence 
tolerance (m)

0.00001 Solution converges 

when the 

difference is less 

than this value

CCNVRG Concentration 
convergence 
tolerance (%)

0.000001

MITER Max number of 
iterations

30

MDBLI Max number of 
double iterations

20

SCNVRG Steady state 

convergence 

tolerance (%/hr)

0.000000001 Solution converges 

when the 

difference is less 

than this value

Solver Controls 
(Consult
ORTHOFEM users 
guide)

ENCVRF 0

ACNVRF 0

RCNVRF Range of 1 O'5 to 1 O'6 0.000001 Solution converges 

when the 

difference is less 

than this value

ECNYRT 0
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ACNVRT 0

RCNVRT 0.000001 Solution converges 

when the 

difference is less 

than this value

NORTHT # of

orthogonalizations 

to perform during 

the transport 

solution

5

Time Weighting

TWFF Time weighted 

factor for flow

0.5 Affects the time 

weighting of 

density flow

TWFT Time weighted 

factor for transport

0.5

Time step controls

NTSTEP Last card repeated 
NTSTEP times if 

positive

1

DT Value of the time 
step (hrs)

0.5 Calculates solution 

for every half hour 

increment

FTIME Max time (hrs) 175316.25 20 years (input in 

hours)

DTMAX Value of DT not to 
exceed DTMAX

48 24 hr period

JPRT Output printed every 
JPRT steps

336 Output solution 

every week



Appendix D
F inite E lem en t G rid  fo r  In p u t in to  Soil-gas F low  a n d  T ran sp ort M odel V apourT

Top of Capillary Fringe (<79% saturated)

B FEG lateral boundaries

|  Extraction Well

A nalytica l P ressu re  S o lu tion s (in  atm ) for O U 5 (SOOcfrn E xtraction  R ate)

Pressures < -0.0047 atm

fo r the range of 0.005 atm  < Pre itu re  < 0.014 atm

■  fo r d ie range o f-0 j015 atm < Pressure < 0.024 ai

I
I

Location o f Extraction w dl, fo r the  range of 0.03 atm  < Pressure < 0.042 atm

for d ie range o f -0.025 atm  < Pressure < 0.03 atm

U )


