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EXECUTIVE SUMMARY

This report documents the results from the experimental and computational studies that were
performed to quantify the effect of subsurface contaminants on installed subsurface utilities
(pipelines) commonly employed by the North Carolina Departments of Transportation. The focus
of the study was on quantifying and modeling the effect of benzene and tetrachloroethylene (PCE)
on the durability of PVC and concrete pipes as well as neoprene (polychloroprene - CR), nitrile
(acrylonitrile butadiene rubber or Buna-N), and Grade A Viton® (fluoroelastomer rubber or FKM)
gaskets. In addition, migration of contaminates through subsurface utility installation areas, using
several saturated and unsaturated flow scenarios, are performed to provide a better understanding
of the alternation of the contaminant transport regime with the installation of pipes in contaminated
subsurface media. Modeling included the effect of installed mitigation measures on the migration
of contaminants into concrete pipes with different quality of concrete and gaskets. Benzene and
PCE are selected as contaminants in the study because of their prevalence adjacent to
transportation corridors; they also represent petroleum-based and dry-cleaning solvent categories.
The experimental results of degradation of mechanical properties of gaskets have been used to
develop a degradation model for the tested materials. Modifications to the model are proposed to
account for the effect of concentration on the durability of the material. Also reported herein, are
the experimental results showing the effect of benzene and PCE on the compressive strength of
concrete material. Experimental measurements of the rate of absorption and vapor diffusion of
benzene and PCE through concrete, used for pipe manufacturing, are also reported. The effect of
Xypex® as a waterproofing agent on the rate of absorption and vapor diffusion is measured and
reported. Modeling effort included computational simulations to evaluate the transport of benzene
in saturated and unsaturated subsurface pipeline trench corridors over an extended period of time
(10-20 years). The computational simulations included contaminant transport from continuous
sources and transient sources; the efficiency of three different mitigation strategies in reducing the
rate of contaminant transport was also evaluated. Modeling results provided the breakthrough of
benzene concentrations as a function of time for the various analyses scenarios considered herein.

Experimental results indicate that benzene is more detrimental than PCE in terms of degradation
of the tensile strength of PVC and rubber gasket materials. Among rubber gaskets, Viton®
performed the best, followed by nitrile and then neoprene when exposed to benzene and PCE
aqueous solutions at their solubility limits (i.e. 1790 mg/L and 206 mg/L, respectively). Severe
swelling was observed for neoprene and nitrile samples when exposed to benzene solution at an
elevated temperature of 140 °F (accelerated condition). The experimental results of degradation of
tensile strength is used to develop a degradation model for these materials. Modifications to the
model are proposed to account for the effect of concentrations below saturation levels on the
degradation rate.



Also reported herein are the experimental results showing the effect of benzene and PCE on the
compressive strength of concrete materials. Results indicated that benzene and/or PCE did not
affect the compressive strength of concrete in statistically significant manner. Experimental
measurements of the rate of absorption and vapor diffusion of benzene and PCE through concrete
used for pipe manufacturing were performed. The effectiveness of Xypex® as a waterproofing
agent on the rate of absorption and vapor diffusion is measured and reported. The presence of PCE
did not affect the rate of water absorption in concrete. In addition, the application of Xypex® did
not reduce the sorption rate of concrete pipe materials.

The measured diffusion coefficient of PCE vapor through the concrete pipe was found to be one
order of magnitude lower than that of benzene vapor. Xypex® admixture reduced the diffusion
coefficient of benzene vapor by 24%.

Results from modeling the subsurface domain, assuming saturated conditions, indicated that the
permeated benzene concentrations through the subsurface concrete pipe are highly dependent on
the saturated hydraulic conductivity of the native soil. When the native soil is sandy clay (ksoil =
10~ cm/s), no benzene concentration is predicted within the pipe with assumed damaged gaskets
after 20 years. Therefore, a damaged gasket, as defined in this report, should not be a concern
when the native soils have relatively low hydraulic conductivity (k < 10 cm/s). The highest
potential of benzene concentration breakthrough the pipe, and mass of benzene flowing out of the
pipe, was computed when a damaged pipe, rather than a damaged gasket, was assumed in the
analyses. This was due to the larger surface area of the pipe through which benzene breakthrough
occurs. Therefore, and depending on the extent of the damage to the pipe, such damage can prove
to be more critical for the potential occurrence of contamination breakthrough compared to the
damage to the gaskets.

Results from benzene transport scenarios through unsaturated subsurface profile and pipe trench
corridor were obtained through numerical modeling. The release of NAPL of benzene was
assumed to occur 6ft (1.85 m) below the ground surface. Two scenarios of depth to groundwater
were utilized in the analyses; groundwater level located at 7 ft (~2.1m), and 10 ft (~3m) below
ground surface, respectively (1.25m and 0.35m from pipe invert). In both of these scenarios, the
source of contamination is assume to be unaffected by the location of the groundwater. The results
from the analyses indicated that the release of benzene, as NAPL-phase, leads to mass
breakthrough the pipe in both gas and aqueous phases; this occurs while the NAPL-phase benzene
is limited to the area around the initial source of contamination. Given the assumptions made
during modeling, the results indicated that the groundwater table level has a significant impact on
the diffusion of benzene in gas phase. Larger concentrations and mass ingress through the pipe
were predicted for the lower water level scenario. This is due to the larger unsaturated thickness
of soil domain and the greater availability of air voids for the mass exchange to take place. An
additional scenario was analyzed where the water level rises and causes the NAPL to migrate
toward the pipe. A benzene saturation of 1% was applied above groundwater table, located at



1.25m and 0.35m from pipe invert. As such, the NAPL migrated toward the pipe as the water table
level raised. Results from these analyses indicated higher concentration and mass transfer into the
pipe as the water table raised. The thickness of NAPL phase benzene at the contamination source
just affects the concentrations inside the pipe by 13% and shows less effect compared to the
location of the groundwater table.

Results from the simulations of different extent of damage in gasket and pipe materials indicated
that severely damaged gaskets caused benzene to permeate into the pipe in higher concentrations
by more than two orders of magnitude versus undamaged gaskets within 2 years after the release.
Results also indicated that approximately 60% increase in concentrations and mass transferred into
the pipe can occur due to damaged pipe. The effect of volatilization to the atmosphere and
adsorption to the soil on transport mitigation in cases of unsaturated soil was significant.

Results from assessing the efficacy of mitigation measures were obtained from the model with a
simulation time of 20 years. The results indicated that the use of a flowable fill method is a long-
term engineering control with the potential of reducing the concentration and the mass of benzene
breaking through the pipe by as much as 99.9 %. In the case of clay barrier installation, the
concentration of benzene is reduced by 22 % for 20 years of simulation time, and the mass of
benzene is decreased by 30 % for the same period. Therefore, the clay barrier could be an effective
method to protect the trench and subsurface pipe for a specific time. Results from simulating the
installation of anti-seep collar indicated a decreased concentrations of benzene breaking through
the pipe by 60% for the 20 years and decreased the mass of benzene flowing out of the pipe by 44
% for the same period. The natural hydraulic gradient of the site affects the level of contamination
breaking through the pipe such that lower gradients, leads to a smaller mass of contamination
through the pipe. Thus, the existing Hydrogeology of the site and the properties of the subsurface
pipe need to be ascertained during the design and modeling phase and then ensured during the
construction phase.

Results obtained in this study are summarized in the Tables below.

Table S1. Comparative performance of gasket materials exposed to contaminated water.

Exposure media Highest strength Lowest strength
Pure water Viton® Neoprene
Aqueous solution of PCE Viton® Neoprene
Aqueous solution of benzene Viton® Neoprene




Table S2. The effect of exposure to contaminations on properties of concrete

Material Description Exposure media Properties Result
Same mix Aqueous solution No changes
Mortar design as of PCE and benzene = Compressive strength  detected after one
concrete pipe and pure water year
Obtained from  Aqueous solution of . No changes
Concrete concrete pipe PCE and pure water Unsaturated sorption detected
Without Aqueous solution of . No changes
® Unsaturated sorption
Mortar Xypex PCE and pure water detected
With Xypex® Aqueous solution of Unsaturated sorption No changes
P PCE and pure water P detected
Dgenzene =
Obtained from  Saturated vapors of o 2.88x10712 m¥/s
Concrete concrete pipe benzene and PCE Vapor diffusion Drce = 0.24x10712
m?/s
Without 24% reduction of
® P
Mortar Xypex Saturated vapor of Vapor diffusion benzene Q1ffus10n
With Xvpex® benzene coefficient by
1th AYp using Xypex®

Table S3. Benzene breakthrough the subsurface concrete pipe for the damage to gaskets and pipe
with different native soil types

Benzene concentration
Damaged pipe conditions Damaged gasket conditions
Benzene below 5 g/l No benzene detected
Benzene reached 5 pg/l Benzene below 5 pg/l

Native soils

Sandy clay soils (ksoi=10" cm/s)
Sandy soils (ksi=10 cm/s)

Table S4. Efficacy of mitigation measures

Result
Concentration of benzene
99.9% reduction
22% reduction
60% reduction

Mitigation methods

Flowable fill
Clay barrier
Anti-seep collar

Mass of benzene
99.9% reduction
30% reduction
44% reduction




Table S5. Benzene breakthrough the subsurface concrete pipe in case of unsaturated subsurface

profile

Result

Analysis Description Concentration of Mass of benzene
factors benzene
Aqueous Aqueous
phase Gas phase phase Gas phase
0.35m (1.15ft) /
Benzene source in
unsaturated zone and 94% 94% 90% 90%
horizontal distance reduction reduction reduc t(i)on reduction
from pipe in case of in case of in case of in case of
raised water raised raised wi raised
table water table compared water table
1.25m (4.1ft)/ ) compared compared to lgwer compared
Benzene source in to lower to lower to lower
water table unsajturated Zone and level of wt  level of wt level of wt level of wt
horizontal distance
level .
from pipe from pipe
invert
0.35m (1.15£t)/
benzene source 35.5% 35.5%
floating on water table increase increase
at pipe location in case of  in case of
raised water raised ) )
1.25m (4.1ft)/benzene table water table
source floating on compared compared
water table at pipe to lower to lower
location level of wt  level of wt
77% 77% 65% 65%
High quality (w/c=0.4- reduction reduction reduction reduction
0.45) compared compared  compared compared
) to med to med to med to med
quality quality quality quality
Pipe material Viod oual
quality (w /f:ong-gﬁ) Base case Base case Base case  Base case
65% 65% 114% 114%
Low qualit increase increase increase increase
(w /c=0q5 5. 0y6) compared compared  compared compared
’ ) to med to med to med to med
quality quality quality quality
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Result

Analysis Description Concentration of Mass of benzene
factors benzene
Aqueous Aqueous
phase Gas phase phase Gas phase
More than ~ More than More than - More than
Damaged gasket two orders  two orders
two orders  two orders
of of
Gasket of of magnitude magnitude
material magnitude  magnitude ag ag
ality increase in  increasein o oooC fnerease
qu Undamaged gasket in in
damaged damaged
asket gasket damaged damaged
& gasket gasket
20% 20%
0 o
0.6m (2ft) 13% 13% decrease decrease
decrease by decrease by
NAPL reducin reducin by by
thickness & & reducing reducing
0.3m (1ft) NAPL NAPL NAPL  NAPL
thickness thickness thickness  thickness
Sandy clay
Increase Increase
— -5
Native soil (k=6.24x10" cm/s) by a factor by a factor i )
material Sand of 6 with of 6 with
(k=2>< 10-3 cm/s) higher k higher k
e With anti-seep collar 7% 7% 96% 6%
Mitigation reduction reduction  reduction  reduction
method Without anti-seep with anti- with anti- with anti-  with anti-
collar seep collar  seep collar  seep collar  seep collar
Volatilization
to the Water t?flf f?)t 1.25m 98% of total mass lost to the atmosphere
atmosphere )
Water table at 1.25m
Adsorption to (4.11t)/ 4% -34% of remained mass in domain
the soil organic carbon fraction adsorbed to the soil in first to the last year

of 0.1%
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1. Introduction

A large number of subsurface utilities and drainage pipes are installed by the North
Carolina Department of Transportation (NCDOT) every year. In many instances these subsurface
structures are installed in profiles with known contamination and therefore appropriate materials
and construction methods need to be adopted. However, in some cases the contamination type or
extent is not known; these include for example spills near existing drainage system. Among
potential contaminants, benzene and tetrachloroethylene (PCE) from petroleum hydrocarbons and
dry-cleaning solvents, respectively, are known to be the most prevalent (Holsen et al., 1991a; EPA,
2002; Koo, 2012). These contaminants may adversely affect the service life and long-term
performance of subsurface utilities and drainage infrastructure. This is especially the case where
plastic pipes and rubber gaskets are used since these materials can rapidly deteriorate in the
presence of these contaminants. Among materials used in subsurface utilities are PVC and concrete
pipes as well as rubber gaskets with neoprene (polychloroprene - CR), nitrile (Acrylonitrile
butadiene rubber or Buna-N), and Viton® (fluoroelastomer rubber or FKM) being the most
common.

In addition to the potential of material degradation, the installation of subsurface utilities
may create a conduit for the accelerated migration of contaminants, resulting in environmental
implications. The effect of utility installations on contaminated groundwater plumes have received
little to no attention in literature. Furthermore, other related issues including ingress by diffusion
of contaminants into concrete utilities and their transport in water and drainage systems need to be
studied. Furthermore, the diffusion coefficient benzene and PCE in concrete have not been
previously reported in the literature.

Therefore, the objectives of testing and analyses work conducted in this project include:

I. Quantify the effect of benzene and PCE on the durability of PVC, neoprene,
nitrile, and Grade A Viton®;

2. Develop a degradation model that can be used to predict the degradation of these
materials exposed to benzene and PCE;

3. Quantify the effect of common contaminants on the compressive strength of
concrete used in production of concrete pipes;

4. Quantify the rate of vapor diffusion (vapor diffusion coefficient) of benzene and
PCE through concrete that is used in concrete pipe manufacturing;

5. Model migration of contaminates through utility installation subsurface areas

using saturated and unsaturated flow scenarios to provide a better understanding
of the alternation of the contaminant transport regime with the installation of
subsurface pipes in contaminated soil or groundwater media; and,
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6. Model the effect of several contaminant transport mitigation measures on the
breakthrough of contaminants into concrete pipes considering several scenarios
regarding the quality of the concrete and gaskets.

2. Research Approach

Each of the objectives mentioned above have been addressed through a systematic study. A brief
description of the approaches used to achieve the six stated objectives is summarized herein.

Objective 1: Quantify the effect of benzene and PCE on the durability of PVC, neoprene, nitrile,
and Grade A Viton®

Dog-bone shaped specimens were prepared from a green PVC pressure pipe segment. All
specimens were cut from an 8-inch diameter pipe conforming to ANS/TAWWA C900 with a
dimension ratio (DR) of 18 (which is equivalent to the pressure class of 235 psi.) Since the pipe
wall thickness was 0.55", Type III ASTM D638 specimens were used following the standard
specification. Rubber gasket specimens were cut from commercially available rubber sheets (i.e.,
CR, NBR, and FKM) using a press die with the dimensions specified for Type C dumbbell
specimens according to ASTM D412. The thickness of sheets was 0.125" and the specimens were
4.5-inch long.

Accelerated aging was achieved by conditioning the specimens in aqueous solutions with
1790 mg/L benzene or 206 mg/L PCE (i.e., at their solubility limits) at three different temperatures
of 68 °F (ambient temperature), 104 °F, and 140 °F. Specimens were placed in packer bottles and
conditioned; specimens were tested after 1 week, 6 weeks, 3 months, and 7 months. In addition to
exposure to benzene and PCE, a set of control specimens were exposed to water at all three
temperatures. Note that the reason for using benzene and PCE at their solubility limits is to
consider the highest contamination level of benzene and PCE that can exist in groundwater
contaminated with petroleum or dry-cleaning agents.

Aqueous solutions of benzene and PCE (1790 mg/L and 206 mg/L, respectively) were
prepared by adding mass that is 10-20 times more than their solubility level of the corresponding
chemicals to maintain the saturation level during the aging. Bottles were monitored to check the
availability of contaminants (benzene or PCE) every 14 days and more chemicals were added, if
needed, to maintain the saturation level. In preparing benzene- or PCE- aqueous solutions,
deionized water and American Chemical Society (ACS) analytical grade of benzene and PCE were
utilized to avoid the existence of other chemicals and substances which may affect the impact of
the chemicals of interest. After preparing headspace-free bottles and sealing them using a
commercial chemical- and heat-resistant sealant, the bottles were then put in water tanks with
controlled temperatures (104 °F and 140 °F) until the specified testing times.
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At each testing time, the specimens were removed from the bottles and then placed in a
laboratory oven set at 104 °F to dry. Depending on the specimen type and aging duration, drying
took up to 48 hours. Specimens were considered “dry” when less than 0.1% change in the weight
of specimen within an hour was measured.

Mechanical properties of the aged and unaged PVC and rubber gasket specimens were
measured according to ASTM D638 and ASTM D412, respectively. The loading rate for all
specimens was set at 2 in/min (50 mm/min).

Objective 2: Develop a degradation model that can be used to predict the degradation of these
materials exposed to benzene and PCE.

To develop the degradation models, Williams-Landel-Ferry (WLF) technique was adopted
to achieve a specific relationship for the property loss/gain as a function of time. WLF model
utilizes time-temperature superposition master curve where these are built by combining the results
of mechanical test at some specific ages and temperatures; the WLF equation is shown as (1):

¢; (T=T,) (1)
C2+(T-Tp)

log(ar) =
where ar is the shift factor of the curve of the measured tensile strength at each specific
temperature (T) over time, T, is the reference temperature (taken as fixed at 68 °F in this study),
and c; and c are two coefficients dependent upon the material type.

All data measured at temperatures higher than the reference temperature (To) over time,
were shifted in time. The master curve at the reference temperature was then constructed by fitting
a curve to all data including shifted (at temperatures other than reference) and reference
temperature data. Using the obtained master curve, one can predict how long it will take to reach
a specified strength loss (property degradation) limit which in turn can be translated into the service
life of the material aging naturally under the exposure media.

It should be noted that in developing the model, the tensile strength of aged specimens for
each material of interest was normalized to their unaged tensile strength mentioned. The
normalized tensile strength (Tn) at each age and temperature was then used for modeling purposes.
Moreover, to find the shift factors for each aging temperature, root-mean-square error or RSME
function (2) was minimized to obtain the best fit.

n _(p.— 2
RSME = /Z—m“’rz TN)* @
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where P; is the predicted data based on the degradation function (exponential here) and shifted
time, and n is the number of data collected for each specific material at all aging temperatures and
durations.

Objective 3: Quantify the effect of common contaminants on the compressive strength of concrete
used in production of concrete pipes

Compressive strength of mortar with the same mix proportions to that of concrete pipe was
measured to assess the effect of water contamination on the mechanical properties of concrete
pipe. The tensile strength testing was carried out in accordance with ASTM C109 on five
replicates. Deionized (clean) water was used as a control exposure medium and an aqueous
solution of benzene and PCE at their solubility limit, dissolved in deionized water, was prepared
as the contaminated water exposure medium. Compressive testing on mortar specimens was
performed after 6 and 12 months of exposure to clean and contaminated water.

Objective 4: Quantify the rate of vapor diffusion (vapor diffusion coefficient) of benzene and PCE
through concrete that is used in concrete pipe manufacturing

To evaluate the sorption rates of unsaturated (dry) concrete pipe when exposed to
contaminated water, sorptivity test was performed according to ASTM C1585. Control exposure
media of deionized water and aqueous PCE solution at its solubility limit i.e., 206 mg/L. were
prepared to resemble uncontaminated and contaminated water medias, respectively. Mortar
specimens were cast with and without Xypex® admixture in order to examine the effect of
waterproofing admixture on the sorption rates of concrete pipe materials. The exposure media were
pure water and PCE aqueous solution similar to those adopted for testing concrete pipe specimens.

Diffusion of contaminants in vapor phase through concrete pipe can affect the quality of
water transported by the pipeline system. The movement of organic contaminants through concrete
pipe occurs due to the difference between the concentration of organic molecules inside and
outside of concrete pipe wall. Accordingly, to measure the diffusion coefficient of benzene and
PCE vapors through concrete pipe specimens, an in-house diffusion cell was developed and
employed. Sampling was performed within three weeks after the contact of organic vapor to the
concrete specimen. Samples were taken from the downstream bottle resembling the water inside
the pipe. After measuring the diffused mass of contaminant of interest, Fick’s second law was used
to calculate the diffusion coefficient.

After performing diffusion testing on concrete pipe specimens, and since benzene showed
a higher diffusion coefficient, mortar specimens were prepared with the same mix proportions as
the pipe concrete material used in this study to quantify the diffusion coefficient of benzene vapor
through piping material. Testing was conducted with and without incorporation of Xypex®.
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Objective 5: Model migration of contaminates through utility installation subsurface areas using
saturated and unsaturated flow scenarios to provide a better understanding of the alternation of the
contaminant transport regime with the installation of subsurface pipes in contaminated soil or
groundwater media

Work in this was focused on assessing the effect of a continuous source of contamination
on concrete pipe installed in an initially uncontaminated site. In this case, benzene in soil and
groundwater was used as representative species of contamination given its prevalence in projects
conducted by NCDOT. The analyses were conducted using Visual MODFLOW Flex software
combining MODFLOW-2005 with MT3DMS engines. The simulated analyses scenarios included
assumed intact and damaged conditions for pipe and gaskets. The damage level was simulated
through varying the hydraulic conductivity (k) parameter used in the numerical analyses for the
pipe and gasket materials. The site conditions were selected based on the average range of
hydrologic parameters representative of regions in the coastal area of North Carolina.

In parallel, to study the impact of benzene leakage into nearby subsurface drainage concrete
pipe located in the unsaturated zone, a numerical model was developed using T2VOC module of
“Transport Of Unsaturated Groundwater and Heat (TOUGH)” and Petrasim2018 Graphic User
Interface codes. This code was used for simulating the coupled transport of water, vapor, non-
condensible gas, and heat in porous and fractured media, and was developed at the Lawrence
Berkeley National Laboratory. To aid with the modeling scenarios, a site in North Carolina was
used to develop the study parameters and the analysis domain.

The model domain is estimated based on the extent of plume, pipe joints distance,
boundaries, and monitoring well locations. In situ groundwater gradients is applied to the model.
Volatilization to the atmosphere is included and is modeled through a layer at the ground surface
with specific boundary conditions. The advection, diffusion and adsorption parameters of the site
soils with benzene contamination are applied in the analyses. Three different conditions of
concrete pipe materials were compared based on various unsaturated transport properties of
concrete. Two scenarios of damaged/undamaged conditions were considered for gaskets. The
groundwater table is raised during the analyses to assess the effect of depth to groundwater table
on contaminant distribution among the aqueous and gas phases and the corresponding transport
mechanism. The effect of source geometry and size on benzene propagation is evaluated through
different thickness of benzene in NAPL phase at the source. The breakthrough concentrations
inside the pipe in gas and aqueous phases and also mass ingress into the pipe have been evaluated
with the effect of an atmosphere layer considered in the analyses.

Objective 6: Model the effect of several contaminant transport mitigation measures on the
breakthrough of contaminants into concrete pipes considering several scenarios regarding the
quality of the concrete and gaskets
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To study the effect of several mitigation measures, the benzene concentration and the mass
being transported through the subsurface pipe installed at a contaminated site were modeled. The
efficacy of two hardening practices and plumb migration prevention were assessed for the case of
saturated flow. A site in Jacksonville, North Carolina, where data were available on gasoline
leakage generated from underground storage tanks at a gas station was used for developing the
analyses parameters. The potential mitigation measures of installing flowable fill around the pipe,
using clay barrier to line the pipe trench, and installing a series of anti-seep collars were modeled
assuming saturated flow conditions as worst-case scenario. Furthermore, the case of anti-seep
collar was also modeled assuming unsaturated conditions since this is a method commonly used
by NCDOT for mitigation of benzene transport.

3. Experimental Methods

Materials utilized and methods adopted in the experimental and numerical parts of the
project are discussed in detail in Appendix B.

4. Results and Discussion
4.1. Degradation of Tensile Strength of PVC and Gasket Materials

Figure 1, Figure 2, and Figure 3 show the results of loss in tensile strength of materials exposed to
water (control environment). When exposed to water, the maximum tensile strength loss for
neoprene was about 31% which occurred at 140 °F after 13 weeks. Also, after 30 weeks of aging,
there is 22% and 28% reduction in the tensile strength for neoprene specimens exposed to
deionized water at 68 °F and 104 °F, respectively.

For nitrile specimens exposed to water (Figure 1, Figure 2, and Figure 3), the maximum reduction
in tensile strength was about 16% observed at 140 °F after 13 weeks. This value is approximately
half of that obtained for neoprene specimens with the same exposure time and age.

For Viton® specimens, and as shown in Figure 1, Figure 2, and Figure 3, 10 to 15% reduction in
tensile strength with exposure to water is observed but this reduction is independent of exposure
duration and to some extent independent of temperature. This indicates that the effect of water on
durability of Viton® specimen is significantly smaller as compared to other gasket materials tested.
According to data in Figure 1, Figure 2, and Figure 3, considering the values for tensile strength
and its variations, it can be concluded that the influence of temperature is almost insignificant for
Viton® specimens being aged in water at the three test temperatures of 68, 104, and 140 °F.

As shown in Figure 1, Figure 2, and Figure 3, the results for PVC specimens indicate that the drop
in the tensile strength is negligible as compared to gasket materials. It is noted herein that the PVC
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specimens were significantly thicker than gasket specimens and this difference between the
performance of PVC and gaskets are expected. After 13 weeks of exposure at 140 °F, the strength
loss was 7%. Even after 30 weeks of exposure, the strength loss was still 7-8%.
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Figure 1: Tensile strength of PVC and rubber specimens exposed to deionized water at an aging
temperature of 68 °F.
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Figure 2: Tensile strength of PVC and rubber specimens exposed to deionized water at an aging
temperature of 104 °F.
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Figure 3: Tensile strength of PVC and rubber specimens exposed to deionized water at an aging
temperature of 140 °F.

Highlights: When exposed to water (in the absence of any contaminants) the order in which
gasket materials retained higher tensile strength is: Viton®, nitrile, and neoprene.

The observed 10-15% reduction in tensile strength of Viton® was independent of exposure
duration and temperature indicating that this reduction is potentially the maximum reduction
expected in the absence of contaminants.

Figure 4, Figure 5, and Figure 6 show the results of reduction in tensile strength of PVC and gasket
materials when exposed to PCE at three different temperatures. When exposed to aqueous solution
of PCE at its solubility limit i.e., 206 mg/L, tensile strength of neoprene reduces dramatically with
increasing the exposure time and/or temperature: the maximum drop was 54% obtained at 140 °F
after 13 weeks. According to data in Figure 4 and Figure 5, the tensile strength of neoprene
specimens dramatically dropped to 65% and 58% of the strength of unaged specimens once they
were exposed to PCE aqueous solution at 68 °F and 104 °F, respectively, for 30 weeks.

Based on data in Figure 4, Figure 5, and Figure 6, the largest drop in tensile strength of nitrile is
38% measured for the specimens aged at 140 °F after 13 weeks. The tensile strength of nitrile
specimens decreased 29% and 38% with 30-week exposure to PCE aqueous solution at 68 °F and
104 °F, respectively.
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The results for Viton® exposed to PCE indicated that the largest strength loss was 29% which
occurred at 140 °F after 13 weeks. The results also indicated that the maximum tensile strength
loss was about 28% for Viton® specimens when exposed to PCE solution at 104 °F observed after
30 weeks of exposure.

Among all data obtained by performing tension testing on PVC specimens exposed to various
media, the highest reduction in PVC tensile strength (22%) was detected at the exposure age of 25
weeks at 140 °F (which is the longest exposure time and the highest aging temperature). This
means the reduction in tensile strength of PVC is highly temperature dependent. As a matter of
comparison, the decrease in tensile strength of PVC specimens were 13% and 17% once the
exposure temperatures were 68 °F and 104 °F, respectively, after 30 weeks of exposure to PCE
solution.
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Figure 4: Tensile strength of PVC and rubber specimens exposed to PCE aqueous solution at an
aging temperature of 68 °F.
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aging temperature of 104 °F.
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Highlights: When exposed to PCE aqueous solution at its solubility limit (i.e., 206 mg/L), the
gasket materials retained higher tensile strength in the following order: Viton®, nitrile, and
neoprene. The degradation in strength was more pronounced when the exposure duration and/or
aging temperature were elevated.

The decrease in PVC resistance to tensile strength degradation once exposed to PCE aqueous
solution was intensified at higher temperatures.

Figure 7, Figure 8, and Figure 9 show the tensile strength loss of materials exposed to benzene
aqueous solution at its solubility limit (i.e., 1790 mg/L) at different temperatures. It is noted that
very rapid degradation of the neoprene specimens was observed, shown by swollen specimens
(Figure 10). As a result, performing tensile test was not possible for the neoprene specimens being
exposed to benzene at 140 °F.

In Figure 7, Figure 8, and Figure 9, the maximum measured strength loss for neoprene was 64%
which occurred at 104 °F after 30 weeks. Moreover, neoprene specimens’ tensile strength
degradation at 68 °F is 50% after 30 weeks of exposure. This means neoprene specimens became
weak tensile strength-wise when exposed to benzene aqueous solutions. As can been seen in Figure
7, Figure 8, and Figure 9, similar to neoprene specimens, the issue of extensive swelling was
observed for nitrile specimens exposed to benzene at 140 °F. After 13 weeks of exposure at 140
°F, the specimens are almost entirely degraded which did not allow us to conduct tensile strength
testing. Additionally, there was a significant drop in mechanical strength of nitrile specimens aged
in benzene aqueous solution for 30 weeks as observed in the case of neoprene. The maximum
strength loss is 51% caused at 104 °F.

Based on Figure 7, Figure 8, and Figure 9 which show the results for Viton® exposed to benzene,
the maximum tensile strength drop of 50% was obtained for the specimens being aged at 140 °F
after 13 weeks of exposure. It should be noted that Viton® was the only material that could be
tested after 13 weeks of exposure to benzene at 140 °F. According to data shown in Figure 7,
Figure 8, and Figure 9, and as shown for other gasket materials (i.e., neoprene and nitrile), benzene
can dramatically impact the tensile strength of rubber gaskets. Exposure to the benzene aqueous
solution at its solubility limit (i.e. 1790 mg/L) led to a decline of the tensile strength of Viton®
specimens by about 38% and 46% aged at 68 °F and 104 °F, respectively, for 7 months.

According to data shown in Figure 7, Figure 8, and Figure 9, the highest drop in tensile strength
of PVC specimens after 13 weeks of exposure was measured for specimens aged at 140 °F (61%).
Note that because of the softening of the specimen ends when exposed to benzene, the tension test
could not be performed on the original specimen due to loss of contact pressure at grips. Therefore,
the specimens were cut at their both ends, and the mid-section of the PVC specimens were then
tested. While this introduced some error, which is manifested in having large standard division,
we believe that the significantly lower strength is indeed mainly due to exposure to benzene.
Among all the PVC specimens tested, the highest drop in tensile strength (79%) was obtained for
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specimens aged at 104 °F after 30 weeks. It should be noted that softening induced into in the
specimens aged for 30 weeks is the most important reason for the relatively large strength loss
observed. Note that the decrease in tensile strength of PVC specimens exposed to benzene solution
was higher than that of Viton® specimens at elevated temperatures of 104 °F and 140 °F. This
means PVC specimens were more susceptible to degradation than Viton® specimens once exposed
to benzene solutions.
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Figure 7: Tensile strength of PVC and rubber specimens exposed to benzene aqueous solution at
an aging temperature of 68 °F.
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Figure 8: Tensile strength of PVC and rubber specimens exposed to benzene aqueous solution at

an aging temperature of 104 °F.
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Figure 10: Swelling of neoprene specimen due to the prolonged exposure to benzene (13 weeks)
at a high temperature of 140 °F. Left: Swollen specimen. Right: Unaged specimen for
comparison.

Highlights: When exposed to benzene aqueous solution (at its solubility limit), Viton®
performed far better than the other two gasket materials i.e., neoprene and nitrile.

Extensive swelling was observed when neoprene and nitrile specimens were exposed to benzene
solution at elevated temperature of 140 °F.

The large reductions in tensile strength of PVC and rubber gasket materials once exposed to
benzene solution indicate that benzene’s effect is more detrimental, with regard to tensile
strength degradation, than PCE.
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4.2. Tensile strength degradation modeling

Following the process shown in Figure B5 (Appendix B), the calculated model parameters
for each material type exposed to different contaminants are shown in Table 1. In Table 1, the
models are in the form of exponential function as shown in Equation (3).

Ty = ae Pt (3)

where the Tn is the remaining tensile strength of the material as a fraction of the initial tensile
strength at each specific time (t in days) and ambient temperature. Parameters a and b are the
coefficients of the exponential models found in Table 1.

Table 1: Tensile strength degradation models for pipe and gasket materials exposed to
contaminated water.

Model coefficients

Material type Exposure media -
a
PCE aqueous solution 0.91 0.0018
Neoprene benzene aqueous
0.86 0.0025
solution
PCE aqueous solution 0.87 0.0010
Nitrile benzene aqueous
0.73 0.0016
solution
PCE aqueous solution 0.90 0.0010
Viton benzene aqueous
0.89 0.0019
solution
PCE aqueous solution 0.96 0.0003
PVC benzene aqueous
1.02 0.0015
solution

It should be noted that the models obtained herein are based on the aqueous solutions of
benzene and PCE at their solubility limits i.e., 1790 mg/L and 206 mg/L, respectively. However,
even 20% of solubility limits of these chemicals are considered to be a high level of environmental
pollution in contaminated groundwater (Mao, 2008). The high concentrations are mainly
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encountered in the field in close proximity to a nonaqueous phase liquid (NAPL) (Mao, 2008).
Accordingly, the proposed models are conservative for the field applications and the degradation
rate in the field is likely to be lower than the one predicted by the models.

Concentration of organic compounds in aqueous solutions has a great influence on
diffusion rates of solvents through plastics and rubbers (Mao, 2008). The sorption rate decreases
dramatically as the concentration of contaminant reduces. Equation 4 introduces a modified model
for the tensile strength degradation of the materials tested by applying a function (B) to the
exponent of Equation 3 to account for the saturation level of exposure media (i.e., the ratio of
concentration of contaminant of interest in a media to its solubility limit in that media). Note that
B is applied to the exponent of tensile strength degradation models to avoid altering the assumed
form of degradation models i.e., exponential function yet showing a reduction in the extent of
tensile strength degradation by decreasing the saturation level of the water contaminants.

Two different functions can be considered for 3: Linear and nonlinear. The linear function
is simply the concentration of the contaminant over the saturation level. For example, in the case
of exposure to benzene at a concentration of 179 mg/L, p = 179/1790 = 0.10. In the nonlinear
approach the function B is calculated using Equation 5. The nonlinear approach is more
conservative than the linear approach at low concentrations (less than 20%) which is the case for
the majority of chemical spillage into the groundwater; at high concentration the value of f also
rapidly approaches 1.0. It should be noted that Equation 5 is similar at low concentration to widely
used models of sorption isotherms for polymers. Figure 11 shows both linear and nonlinear f
functions (0 <B<1).

Tym = ae™P* )
% ()
g =1n (—10%
1~ 100

where Tnm is the modified normalized tensile strength and S is the saturation level or percentage
of solubility limit of contaminant of interest in the aqueous exposure media in percent. The
solubility limits for benzene and PCE are 1790 mg/L and 206 mg/L, respectively.

As can be seen in Figure 11, after 20% of saturation, B increases rather constantly up to
80% saturation level for the contaminant of interest. After this point, it rapidly goes up to reach
unity and represents the saturation level which is the case in the vicinity of gross spillage of
chemicals.
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Figure 11: Conceptual models for the calculation of saturation dependence constant factor (B).
Note that saturation or solubility limits for benzene and PCE in water are 1790 mg/L and 206
mg/L, respectively.

4.3. Concrete pipe
4.3.1. Compressive strength test

The results of the compressive strength of mortar specimens (with the same mixture
proportion as concrete used in pipe production) aged in benzene and PCE aqueous solutions at
their solubility limits i.e., 1790 mg/L and 206 mg/L for benzene and PCE, respectively, and
uncontaminated water are presented in Figure 12. The compressive strength of mortar aged up to
6 months in clean and contaminated water was 9.24 4+ 0.43 ksi and 9.01 £+ 0.51 ksi, respectively.
In addition, after 12 months of exposure, the compressive strength of mortar specimens was 10.11
+ 0.24 ksi and 9.81 £ 0.39 ksi for clean and contaminated water, respectively. This means no
statistically significant change in compressive strength of mortar specimens was detected due to
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water contamination after 6 and 12 months of exposure, and therefore, the mechanical stability of
concrete pipes would not be altered by water contamination at the contaminants’ solubility limits.
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Figure 12: Compressive strength of mortar exposed to contaminated and uncontaminated water.

Highlights: Contamination of water with aromatic and chlorinated hydrocarbons at their
solubility limits did not affect the compressive strength of concrete pipe materials. This is
expected since concrete materials are inorganic in nature and low concentration organic
compounds have negligible effect on the mechanical properties of concrete.

4.3.2. Unsaturated sorption test

The average values and standard deviations for absorbed water in each set of concrete pipe
specimens in contact with pure water or PCE aqueous solution are shown in Figure C2 (see
Appendix C, section C.2 for more details). Results suggest that the changes in liquid absorption
for both categories of specimens overlap; this means that PCE, even at its solubility limit, does not

32



have a significant influence on sorptivity of concrete specimens. The initial and secondary rates of
absorption were calculated based on the sorption results (Figures C3 and C4 and Table 2). As can
be observed in Table 2, there is no significant difference in initial and secondary sorption rates
between absorption of water and PCE aqueous solution at its solubility limit (i.e. 206 mg/L). These
findings show that since the solubility limit of aromatic and chlorinated hydrocarbons in water is
very low at ambient temperature, they cannot affect the unsaturated sorption of concrete pipe.

Table 2: Sorption rates of pure and contaminated water for concrete pipe specimens.

Specimens category Initial sorption rate (103 Secondary sorption rate (103
in/s%5) in/s%%)
Pure water exposure 0.33+0.02 0.01 £0.001
PCE aqueous solution exposure 0.35+0.01 0.01 +£0.004

The results of water absorption over time for mixtures with and without Xypex® are shown
in Figures C5 and C6 for clean and PCE aqueous solution, respectively (Appendix C). According
to Figures C5 and C6, at each measurement time, the total sorption of contaminated or
uncontaminated water for the specimens with Xypex® is less than that absorbed by control
specimens.

The initial and secondary rates of sorptivity calculated based on Figure C7 to Figure C10,
is reported in Table 3; there is slight difference (only 5% reduction) in the initial rate of absorption
for the Xypex®-incorporated mixture compared to the control mix while exposed to clean water.
The decrease in the initial rate of absorption is 7% by the incorporation of Xypex® in case of PCE
solution exposure. Moreover, compared to the control mixture, no discernable difference could be
detected with the addition of Xypex® as the specimens were in contact with PCE aqueous solution
at its solubility limit (i.e. 206 mg/L).

Table 3: Sorption rates of clean and contaminated water for mortar specimens.

Initial sorption rate Secondary sorption rate

Type of exposure Specimen category

(1073 in/s*%) (1073 in/s*%)
Control (without
Pure water exposure ® 0.43 +0.03 0.02 £0.001
Xypex )

Mixture containing

Pure water exposure 0.41 +0.03 0.02 £0.002

Xypex®
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PCE aqueous solution Control (without
® 0.44 £ 0.01 0.02 £+ 0.002
exposure Xypex )

PCE aqueous solution ~ Mixture containing
® 0.41+0.01 0.02 +0.001
exposure Xypex

Highlights: The unsaturated sorption rates of concrete pipes did not change when exposed to
hydrocarbon contaminated water (at their solubility limit) as compared with pure water as
exposure medium. This indicates that the rate of water absorption can be used as a good estimate
for the rate of absorption of water containing VOCs.

Xypex® did not change the sorption rates of mortar specimens in any statistically meaningful
manner either in the absence or presence of contaminants.

4.3.3. Diffusion measurements

The results of calculation of diffusion coefficient of benzene and PCE vapors through
saturated concrete are presented in Table 4. Diffusion coefficient of benzene vapor through mortar
specimens with and without Xypex® can also be found in Table 4. Note that since benzene showed
a higher value of diffusion coefficient than PCE in concrete, it was selected to further investigate
the effect of Xypex® on VOCs vapor diffusion coefficient.

According to data in Table 4, diffusion of benzene through saturated concrete pipe is one
order of magnitude faster than that of PCE. This can be attributed to the smaller molecular size of
benzene compared to PCE and lower solubility limit of PCE (Mao, 2008), which in turn cause
lower concentration of PCE vapor to be exposed to the surface of concrete pipe specimen.

As can be seen in Table 4, by the application of Xypex® admixture, the diffusion coefficient
of benzene was reduced by almost 24% compared to the control mixture (without the admixture).
Although no information is available on the composition of Xypex®, it seems that this decrease in
the diffusion coefficient of benzene may be related to the finer pore structure of mortar after using
the Xypex® due to its interaction with the matrix.
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Table 4: Diffusion coefficient of VOCs vapors through cement-based materials

Type of material Description Diffusive vapor Diffusion coefficient
(X102 m?%/s)

Concrete Concrete pipe benzene 2.88 £0.50
Concrete Concrete pipe PCE 0.24 +£0.08
Mortar Without Xypex® benzene 9.91 +£0.81
Mortar With Xypex® benzene 7.55+0.64

Highlights: The diffusion coefficient of benzene vapor through concrete pipe is one order of
magnitude higher than that of PCE vapor.

Xypex® reduced the diffusion coefficient of benzene vapor through concrete by 24% as
compared to concrete that does not contain Xypex®.

4.4. Saturated soil modeling
4.4.1. Model development

The modeling work was focused on evaluating the effect of a continuous source of
contamination on the contaminant distribution regime within the installed pipe trench. The
analyses assumed intact and damaged conditions for pipe and gaskets. While there is information
in the literature on the hydraulic conductivity of the concrete material for intact pipes, such
information is neither available for the various gasket materials nor damaged concrete materials.
The input parameters, were not specific to a given type of gasket; rather, the hydraulic conductivity
of the undamaged gasket was assumed to be equal to that of the intact concrete in analyses
presented herein. For representing a damaged gasket, the value of the hydraulic conductivity of
the gasket was increased by orders of magnitude, depending on the presumed level of damage.
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The focus of modeling work was on gasoline leakage from underground storage tanks with
resultant contamination in a shallow underlying aquifer with subsurface concrete pipe located in a
nearby trench. The contaminant considered in this study is benzene since it has the highest
transported volume in the aqueous phase (Powers et al. 2001) and is one of the prevalent species
found in NCDOT right of ways. Visual MODFLOW Flex, by Waterloo Hydrogeologic, coupled
with MT3DMS engine, was used to model gasoline leakage from an underground storage tank
(UST) with an adjacent subsurface concrete pipe installed in a trench. The modeled 3-D domain
was developed for the profile illustrated in Figure 13.

Top of Fill

/ Final Backfill

Ground Line

3 ft(0.9 m)

Initial Backfill

Undisturbed Soils

[~

— Pipe Wall

3ft(0.9m)

[— Springline of Pipe
[— Haunch Area
— Bedding Material

K
0.5ft(0.15m)

5f(1.5m)

Figure 13: Profile section for installed drainage concrete pipe in a trench.

The contamination source was considered to be a continuous source of aqueous phase
benzene generated from a leaking underground storage tank. Figure 14 shows a schematic of the
site map being simulated in the analysis, including the UST location in a pit and the location of
the contaminant source in relation to the subsurface pipe. The flow and contaminant transport
simulations were run for 20 years.
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Figure 14: Site Map showing the UST location in a pit, contaminant source point, the subsurface
concrete pipe location, and the groundwater flow direction.

Zones within the layers’ domain were assigned hydraulic conductivity (k) and effective
porosity (n¢) values. These k and ne values, and the soil zones to which they are assigned, are
schematically shown in Figure 15. Constant head values were used as the west and east boundaries
of the model domain and were defined as 12.5 m (41 ft) at the western boundary and 12.2 m (40
ft) at the eastern boundary (Figure 15) for a cross-site gradient of 1%. A drained boundary was
applied at the southern end of the pipe to allow the outflow through the pipe from the model
domain. This flow is driven by the difference between the head in the aquifer and drainage pipe
elevation. The pipe was assumed to flow half full. Thus, the total head inside the pipe is represented
by the elevation corresponding to the mid-height of the pipe (10.7 m). This configuration models
drained condition inside the pipe (i.e., no built-up of pressure head is allowed).

The source of contamination was designated as a point leak at the base of the underground
storage tank (Figure 15). The mechanism of contamination is through a source of aqueous phase
that may occur due to the presence of the free product in contact with the water phase. A specified
flux boundary condition was applied at the base of UST (3.7 m below ground surface), assuming
the flux rate of aqueous benzene equal to 0.02 m/d. The concentration of benzene in groundwater
found at a site in North Carolinais 21.1 mg/L or 21,100 pg/L (based on the measurements obtained
from a site located at 1707 Lejeune Boulevard, Jacksonville, Onslow County, NC). This value is
assigned to the leak point in the model.
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Figure 15: Cross-section view of MODFLOW grid and model design.

As mentioned earlier, the values of hydraulic conductivity and the definition of the level
of damaged of various types of gaskets used with concrete pipes are not found in the literature.
However, as the k-values of the gasket were compared to the k-values of the pipe, it was assumed
that kgasket < Kpipe, 18 classified as a good gasket condition and the Kgasket > Kpipe 18 classified as a
damaged gasket condition. Damage gasket refers to incorrect installation, and degradation or
cracking with time. The input parameters, therefore, were not specific to a given type of gasket.
Scenarios representing “damaged and undamaged” gaskets are considered with three levels of pipe
damage modeled using a range of the equivalent hydraulic conductivity values. The value of
hydraulic conductivity of an undamaged gasket is 10® cm/s, which is the value for intact concrete.
The three levels of damage to gasket were therefore assumed as follows (with each level assumed
to increase the k value by two orders of magnitude:)

(1) k-value of low-level damage is 10”7 cm/s,

(11) k-value of moderate-level damage is 10~ cm/s, and

(iii)  k-value of severe-level damage is 10 cm/s.
The concrete pipe is assumed to be in good condition for these three scenarios of damaged gaskets.
On the other hand, damaged and undamaged pipes are also considered in this analysis with three
levels of damage as follows:

(i)  k-value of low-level is 10 cm/s,

(11) k-value of moderate-level is 10 cm/s, and

(iii)  k-value of severe-level is 10 cm/s.
The gasket is assumed to be in good condition for these three scenarios of the damaged pipe, albeit
the pipe will be more exposed to contaminant since the pipe has a higher surface area. Two native
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soil types, sandy clay soils (k=10 c¢cm/s) and sandy soils (k=10 cm/s), were evaluated in the
analysis.

4.4.2. Modeling results
4.4.2.1. Gasket material condition

The benzene concentration breakthrough with time for the three assumed levels of damage
to the gaskets and with the two different native soils (sandy soils; ks =107 cm/s, and sandy clay
soils; ksoir =10 cm/s) is shown in Figure 16. No aqueous phase benzene was detected above the
Maximum Contaminant Level (MCL), which is 5 pg/L at t = 20 years. This was the case for the
three levels of the damaged gasket with the native soil having saturated hydraulic conductivity of
10~ ¢cm/s (sandy clay soils). In this case, the aqueous phase benzene was preferentially transported
through the higher hydraulic conductivity layers and upwardly toward the backfill. The benzene
concentration started to break through the “severely” damaged gaskets when the native soil was
modeled as sandy soils (ksoit = 10~ cm/s) at approximately 1-year period with a concentration of ~
0.2 pg/l. The benzene concentration was found to permeate through the pipe with the three levels
of the damaged gaskets at an approximately 2-year period, followed by an increase in the
concentration with time. However, these concentrations at 20 years were below the MCL.

39



4 Low damage gasket (K,,;=10- cm/s) 4 Low damage gasket (K,,;=10- cm/s)
® Moderate damage gasket (k,,;=10-3 cm/s) ©Moderate damage gasket (K,,;=105 cm/s)

= Severe damage gasket (k,,;;=10-3 cm/s)  OSevere damage gasket (K,,;=10-° cm/s)

6
MCL
S
N~
Y
Sy
g . i
= 31 a °
& .
g
02' | |
g
Ul' [ ]
=
oa-1 8 4 & 4 4
1] 5 10 15 20

Time (year)

Figure 16: Peak aqueous phase benzene concentration detected inside the pipe for damaged
gasket level, as a function of time with two different native soil types: (i) sandy soils; ksi=10"
cm/s, and (ii) sandy clay soils; ksi=10" cm/s.

The results were further compiled as the mass of benzene in the aqueous phase flowing out
of the pipe over the simulation time. Figure 17shows the mass of benzene flowing out of the pipe,
as a function of time, for the assumed three levels of damage to the gaskets and with the two
different native soil types. There was no mass of benzene flowing out of the pipe at t = 20 years
for the three levels of the damaged gasket when the sandy clay soil condition (ksoit = 107 cm/s)
was used in the analyses. On the other hand, when the native soil was sandy soils (ksoil = 10~ cm/s),
the mass of benzene flowing out of the pipe increased to nearly 33 mg, 600 mg, and 660 mg over
the 20-year simulation time for the low, moderate, and severely damaged gasket cases,
respectively.
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Figure 17: The total mass of benzene flowing out of the pipe from the damaged gasket level, as a
function of time with two different native soil types: (i) sandy soils; ki =10 cm/s, and (ii)
sandy clay soils; ks =10 cm/s.

Highlights: The breakthrough of benzene into the subsurface pipe is dependent on the saturated
k-values of the native soil. Given the analyses parameters, there was no benzene estimated
within the pipe with the damaged gaskets during the 20-years simulation time with ki1 = 107
cm/s. In this case, solute was transported upwardly into the backfill soil with the higher k-value.
Thus, a damaged gasket, as described herein, should not be a concern when the native soils have
low hydraulic conductivity (k < 107 cm/s).

4.4.2.2. Pipe material condition

In comparison to results from scenarios accounting for the gasket condition, the results
from scenarios assuming different levels of damaged pipe are shown in Figure 18. For the three
levels of damaged pipe with ksoi=10" cm/s (sandy clay soils), the concentration of the aqueous
phase benzene detected at the 20 years was below the MCL. The aqueous phase benzene
concentration began to permeate through the pipe at an approximately 1-year period for the three
levels of damage and with kswu = 10 cm/s (sandy soils). This breakthrough is followed by an
increase in the concentrations with time. The concentrations at 20 years approximately reached the
MCL. The overall breakthrough of aqueous benzene concentration for the scenarios of damaged
pipe levels is significantly higher than the breakthrough of aqueous benzene concentration for the
scenarios of damaged gasket levels. The reason is associated with the higher surface area for the
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pipe compared to gaskets as the analyses results presented herein assume that the whole length of
the modeled pipe is damaged.
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Figure 18. Peak aqueous phase benzene concentration detected inside the pipe for damaged pipe
level, as a function of time with two different native soil types: (i) sandy soils; k=10 cm/s,
and (ii) sandy clay soils; ksi=10" cm/s.

The mass of benzene flowing out of the pipe with time for the three levels of damage with
the two native soil types (10~ cm/s, and 107 cm/s) assumed in the analysis is shown in Figure 19.
The masses of benzene flowing out of the pipe at t = 20 years for the low, moderate, severe
damaged pipe with sandy clay soil (ksit = 10~ cm/s) are 189, 245, and 344 mg, respectively. For
ksoil of 107 cm/s, the masses of benzene flowing out of the pipe ranged approximately from 780
for low damage to 920 mg for severe damage. The breakthrough mass of benzene for the scenarios
of damaged pipe levels is higher than the mass of benzene for the scenarios of damaged gasket
levels.
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Figure 19: The total mass of benzene flowing out of the pipe from the damaged pipe level, as a

function of time with two different native soil types: (i) sandy soils; ksoit =10 cm/s, and (ii)

sandy clay soils; ksoil =107 cm/s.

Highlights: The highest potential of benzene breaking through the pipe, and the mass of benzene
flowing out of the pipe, was when the damaged pipe was assumed, rather than the damaged
gasket, with sand soil having k on the order 10~ cm/s. The reason is associated with the larger
surface area through which breakthrough occurs. Thus, the damage to the pipe can potentially
be more critical compared to the damage to the gaskets for the occurrence of contamination
breakthrough the subsurface pipe.
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4.5. Unsaturated soil modeling
4.5.1. Model development

Benzene transport scenarios through unsaturated subsurface profile and pipe trench
corridor were analyzed. The simulations investigated multiphase multicomponent transport
considering the effects of several variables including water table levels, pipe material quality,
gasket condition, the source size and the unsaturated soil hydraulic properties. The concentrations
inside the pipe in gas and aqueous phases have been evaluated. In addition, the mass ingress into
the pipe, in the various phases is calculated. The effect of volatilization through the atmospheric
layer has been considered in the analyses. The numerical model is developed using TOUGH and
Petrasim numerical code T2VOC (Falta et al. 1995). As mentioned earlier, the code considers
simultaneous flow of three phases (aqueous, gaseous and NAPL). Transport of the three phase
components occurs by advection in all three phases and by multicomponent diffusion in the gas
phase.

4.5.1.1. Site description

The study site used as a guide to develop the model input parameters is located in
Jacksonville, Onslow County, North Carolina. Gasoline leakage was detected at the site which has
a nearby subsurface concrete pipe. This gasoline leakage led to contamination of underlying soil
layers. The nearby subsurface drainage concrete pipe is installed in a trench located along Western
Boulevard adjacent to the gasoline station, as shown in Figure 20. The information presented
herein is from reports by Delta (2000), Antea (2016) and Terracon (2018). Soils at the subject
location are moderately to well drained silt, and silty to sandy clay. According to reported results
from slug testing, the hydraulic conductivity of the geologic material ranged from 6.24x 10~ cm/s
(1.77x10" ft/day) to 9.07x 107 cm/s (2.57x10! ft/day) with an average of 7.33x 107 cm/s
(2.08x10" ft/day) (Delta 2000). The average hydraulic gradient of groundwater flow is 1% with
northeast direction. Figure 20 shows the site map with model domain dimensions used in
unsaturated analyses. The gas station, the monitoring well locations, and groundwater flow
contours are also shown on Figure 20. As presented in the reports by Antea (2016) and Terracon
(2018), benzene persisted at concentrations above the regulatory limit. They reported petroleum
hydrocarbon as NAPL thickness of 0.47 m (1.53 ft) at MW-12. The reader is referred to the later
section 4.5.2.4 of the report for NAPL thickness used in the analyses and the influence of the
assumed NAPL thicknesses on the analyses results. Benzene, toluene, ethylbenzene, and xylenes
(BTEX) were reported with solid phase concentration of 3207 mg/kg (Antea, 2016, Terracon,
2018).
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Figure 20: Jacksonville site map and model domain dimensions being simulated in unsaturated
analyses (Antea, 2016).

4.5.1.2. Model configuration

The soil domain is simulated by 3D rectilinear geometry. The domain dimensions are 30
m x 15 m x 6 m (100 x 50 x 20 ft). A schematic sketch of the model domain is shown in Figure
21. A 0.5 m diameter pipe is located at 1.5 m (5 ft) below the ground surface. The domain’s
horizontal distance (x direction) is large enough to minimize boundary effects. The simulated
domain contains MW-4 and MW-12; these are the monitoring wells with the highest contaminant
concentrations (Antea, 2016). Pipe gaskets are modeled at 2.5m (8 ft) from each other. The
distance of 15m (50 ft) along z direction (horizontal axis along pipe) includes five joints or gaskets.
In the vertical direction (y axis), the model depth encompasses the extent of contamination which
doesn’t exceed 6m (20 ft) from the ground surface, according to data from monitoring well (MW4)
data. (Delta, 2000).
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46



The discretized domain and pipe as well as gaskets are shown in Figure 22 and Figure 23,
respectively. The mesh is constructed of 76,140 cells and the grid size becomes finer toward the
location of the pipe. A series of mesh sensitivity analyses (ex. 15 to 33m model dimension in x
dir.; and 0.8 to 2m grid sizes outside the trench) was executed to assess the proper dimensions and
ascertain that no or minimal effect of the mesh size on the results. The effect of groundwater table
elevation investigated assuming two possible levels of ~ 3m (10 ft) in one scenario and 2.1 m (7
ft) from surface in a second scenario. The water table is located at 1.25m (4.11ft) and 0.35m (1.15ft)
from pipe invert in first and second scenarios, respectively. The results were compared to assess
the effect of groundwater table depth on benzene transport in the unsaturated zone. The flow
gradient of 1% (1ft difference in depth between left and right boundaries) was used in the analysis.
A top layer with 0.005 m (0.016 ft) thickness is applied to model atmospheric layer boundary
condition at the ground surface.

Benzene is released as NAPL and as percentage of maximum detected BTEX (3207 mg/kg)
in soil. The assume degree of saturation of benzene within the void space (S;)=0.1 at 1.2 m to 1.8
m (4 ft - 6 ft) depth from ground surface. The contamination was assumed over an area of 4x10.5
m (13x35 ft) around MW 12. This is the location where NAPL was detected (data from Antea,
2016). The area of benzene as NAPL release is schematically indicated in Figure 21 and Figure
22. Model parametrization, and the simulation process are described in Appendix D.

MW12
|

Water table levels

Figure 22: The Model and created Mesh (pipe is located in unsaturated zone).
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Gaskets

Figure 23: The discretized mesh with pipe and gaskets (Distances of gaskets are 2.5 m or 8 ft).

4.5.2. Modeling results

Factors investigated included the effect of depth to groundwater table, pipe material
quality, damaged-undamaged gaskets, soil parameters, NAPL thickness at source location and
evaporation to the atmosphere. Since the NAPL plume was defined as a finite volume in a specific
region it cannot develop further from source and reach pipe location. The model results indicated
that the initial NAPL saturation (S,=0.1) at the source location around MW 12 is depleted through
partitioning into gas and aqueous phases approximately two and half years after release. The
relatively fast time to depletion is related to the assumed initial condition of un-contaminated
profile (except for the location of the initial benzene release is depicted in Figure 21).

4.5.2.1. Water table level

The results indicated the mass transfer through the unsaturated profile is mostly dominated
by gas phase diffusion rather than advection in gaseous, aqueous or NAPL phases. VOC diffusion
coefficients in the gas phase are up to 4 orders of magnitude higher than the coefficients for the
aqueous phases (Rivett et al. 2011). The modeled scenario with the higher water table resulted in
lower benzene concentration and mass breaking through the pipe than for the lower water table
scenario. This is due to the larger unsaturated thickness of soil domain and the greater availability
of air voids for the mass exchange to take place.

Furthermore, the greater thickness of contaminated unsaturated zone with the lower water
table increases the gaseous contaminant diffusion thereby permitting greater transport of benzene
into the pipe. Figure 24 shows benzene concentration in aqueous (Figure 24a) and gaseous (Figure
24b) phases inside the pipe for the two modeled water table levels of 1.25m (4.1ft) and

48



0.35m(1.15ft) from pipe invert. Benzene breaks through the pipe gradually increases within eight
years after release and the mass and concentration begin to drop as the NAPL source is depleted.
The peak concentration along the pipe reaches 11.3 ng/l (aqueous phase) and 2.2 pg/l (gas phase)
when water table level at pipe location is 1.25m below the pipe invert. These peak values decrease
to 0.7 ng/l and 0.13 pg/l, respectively, when water table level is raised to 0.35 from the pipe invert.
It should be noted that the concentrations are at one location along the pipe and transport by flow
advection will lead to decrease in these concentrations. These concentrations are above 5 pg/l
(MCL, EPA, 2002) and 1.2x10* pg/l (AAL, NCDEQ 2018) as indicated in Table D1 in Appendix
D.

In a second analyses scenario, the source of NAPL contamination was assumed floating on water
table, with the water table below the pipe. A benzene saturation of 0.01 was applied above
groundwater table, located at 1.25m and 0.35m from pipe invert.As such, this NAPL migrated
toward the pipe as the watertable level was raised. Results from these analyses indicated higher
magnitude of concentration and mass transfer into the pipe as the watertable level was raised. Table
5 presents a comparison between the concentrations in both cases after one year. As shown in
Table 5, more concentrations in all phases can penetrate into the pipe when water table transports
NAPL benzene toward the pipe. However, as shown in Figure 24 and Figure 25, when NAPL
benzene is located in unsaturated zone well above the groundwater level and some horizontal
distance from the pipe, low lateral gas diffusion hinders contaminant breakthrough to the pipe in
case of water table is raised closer to the ground surface and the pipe.

Table 5: Concentrations inside and outside the pipe when NAPL benzene is raised with water
table fluctuations
In case of NAPL benzene is located above water table level below the pipe -Sn=1%

Concertation Concertation

rtati
ifci)zllce;ha 1ci)n Concertation outside the outside the
Water table level SIGCTIEPIPE 4 side the pipe pipe in the pipe in the
. after one year
from pipe invert . after one year trench after trench after
queous gas phase one year- one year
phase
aqueous phase gas phase
ng/l ng/l ng/l ng/l
0.35m (1.15ft) 1.6x1072 3.0x1073 38.00 7.50
1.25m (4.1ft) 1.0x107 2.0x107 6.30 1.20
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Benzene concentration in Aqueous Phase inside the pipe
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Figure 24: Benzene quantity inside the pipe flow for two water table levels a) Aqueous phase,
and b) Gas phase

The cumulative masses of benzene breaking through the pipe in aqueous and gaseous
phases are computed by adding up the product of gas and aqueous fluxes at individual cells of the
pipe surface at the specific period of time in which those fluxes were calculated:

n (time periods)

Cumulative mass = Y,_; Flux of VOC in gas or water (%) x At (s) (6)
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The mass calculations are plotted in Figure 25 for the two water table levels. The main
point inferred from results is although lateral gas diffusion is responsible for contaminant transport
from source to the trench, most of accumulated mass in the trench breaks through the pipe as
aqueous flux. At this point it should be mentioned that the wall of concrete pipe is fully saturated
due to the matric suction of the concrete forming wall. The initial total mass released as NAPL
phase in the domain is 840x10° mg from which only 2,355 mg and 237 mg enter the pipe in
aqueous phase during simulation time for water table levels of 1.25m and 0.35m from pipe invert,
respectively. The mass ingress in gas phase is 19 mg and 2 mg for water table at 1.25m and 0.35m,
respectively. The lower mass fluxes in gas phase are reasonable given the high water content in
the saturated pores of concrete material of pipe and the high capillary pressure preventing the gas
diffusion through the pipe wall. After contaminant breaking through the pipe walls, it is partitioned
into both aqueous and gas phases as the concentrations are in equilibrium with each other. The
concentration in gas phase can locally reach greater values than the regulatory limit. These
concentrations can be exacerbated especially when a damage occurs in pipe wall or gaskets as the
analyses results show relatively high concentrations in the pipe trench (70,000 pg/l in aqueous
phase and 13,000 ug/l in gas phase).
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Figure 25: Cumulative mass breaking through the pipe for two water table levels a) Aqueous,
phase and b) Gas phase

Highlights: The water table level has a significant effect on mass transport into the pipe. The
mechanism of transport in unsaturated domain is dominated by vapor phase diffusion for benzene
(VOCs). When water table rises toward the ground surface, the concentrations inside the pipe
decrease due to low lateral diffusive gas phase spreading within the domain as a result of increased
water content of the soil in the vadose zone. If however the source of NAPL contamination was
assumed floating on water table, this NAPL migrates toward the pipe as the watertable level is raised
and leads to higher magnitude of benzene concentration and mass transfer into the pipe.

4.5.2.2. Pipe material quality

The unsaturated transport properties of concrete materials are dependent on the mixture
proportions and water-to-cement (w/c) ratio of the mix. Change in the mixture proportions and
w/c ratio affect the saturated hydraulic conductivity, water retention and relative permeability
behavior of the formed concrete. The unsaturated transport properties of concrete are
particularly sensitive to w/c ratio. At a given capillary suction, the degree of saturation is higher
for concrete with a lower w/c ratio. This is because of the presence of smaller size of pores with
the lower w/c ratio concrete mixes which then would require larger suction pressures to desaturate
(Kumar et al. 2010). The simulations were implemented with three assumed conditions of concrete
materials denoted by low, medium and high quality material for which the assumed properties are
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shown in Tables D2 and D3. In all simulations herein, water table level is kept at 1.25m (4.11t)
from pipe invert.

It is found from analyses that the fitting parameters defining the unsaturated properties of
concrete for low, medium and high quality concrete significantly impact the level of contaminants
breaking through the pipes. As shown in Figure 26, the benzene concentrations in aqueous and gas
phases inside the pipe reach peak values after eight years and gradually decreases thereafter to
reach steady state condition in the eleventh year. The peak values in aqueous phase are 18.7, 11.3
and 2.6 pg/l and in gas phase are 3.6, 2.2 and 0.5 ug/I for low, medium and high quality materials
respectively. The total released NAPL (840x10° mg) has been partitioned into adsorbed mass to
the soil, NAPL, aqueous and gas phases. Approximately, 5,030 mg in aqueous phase breaks
through the pipe in case of low quality material. These values are 2,355 mg and 811 mg for medium
and high quality materials, respectively, a shown in Figure 27. The mass in gas phase permeating
through the pipe is calculated as 40 mg, 19 mg, and 6 mg for low, medium, and high quality pipes,
respectively. Using the medium quality material of pipe as a “base case,” the peak concentrations
in both aqueous and gas phases inside the pipe increase by 65% in case of low quality material and
decrease by 77% in case of high quality pipe. The cumulative mass penetrating the pipe decreases
by 65% and increases by 114% in case of high and low quality material respectively compared to
the base case.
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Benzene concentration in Gas Phase inside the pipe
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Figure 26: Benzene quantity inside the pipe flow for different pipe material quality a) Aqueous
phase, and b) Gas phase
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Figure 27: Cumulative mass breaking through the pipe for different pipe material quality a)
Aqueous phase, and b) Gas phase

Highlights: The simulations assuming three qualities of pipe materials (or conditions as
manifested by the hydraulic conductivity of the pipe) show the peak concentrations inside the
pipe increases by 65% for low quality pipe and decreases by 77% for high quality pipe compared
to concentrations estimated for the medium quality pipe. Cumulative mass transfer into the pipe
i1s 114% and 65% of the values estimated for the base case, in case of low and high quality
material respectively. Most of the transported mass of benzene breaks through the pipe as
aqueous flux through pipe surface due to high capillary pressure of concrete leading to pipe wall
saturation and regressing gas diffusion.

4.5.2.3. Gasket material condition

When damage occurs in pipe wall or joints, there is potential for the contaminant within
the pipe trench to break through the pipe. The contaminant transport in two scenarios of damaged
and undamaged gaskets are compared herein in terms of aqueous and gaseous phases inside the
pipe. In this scenario, the water table level is located at 1.25m (4.1 ft) from pipe invert.
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As shown in Figure 28 , and in case of damaged gasket, the benzene concentration inside
the pipe reaches 2800 pg/l in aqueous phase and 550 pg/l in gas phase within 2 years after release.
In comparison, concentration of 11.3 ug/l in aqueous phase and 2.2 ug/l in gas phase is gradually
accumulated during eight years in case of good-condition gaskets. For the damaged gaskets, the
high mass of contaminant accumulated in the trench breaks through the pipe two years after
release. The cumulative mass breaking through the pipe in case of damaged gasket increases to
284,000 mg in aqueous phase and 2245 mg in gas phase compared to the mass in case of good-
condition gasket (2,355 mg in aqueous phase and 19 mg in gas phase,) Figure 29.
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Figure 28: Benzene quantity inside the pipe in case of damaged and undamaged (good condition)
gaskets a) Aqueous phase, b) Gas phase
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Figure 29: Cumulative mass breaking through the pipe for two gasket conditions a) Aqueous
phase and b) Gas phase

Highlights: Considering damaged versus undamaged gaskets, severely damaged
gaskets can increase the concentrations and mass transfer into the pipe by more than
two orders of magnitude. The high concentrations accumulated in the trench percolate
into the pipe within two years after NAPL release.
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4.5.2.4. NAPL phase thickness

The thickness of NAPL found in MW12 at the Jacksonville site was reported to be 0.5 m
(1.53 ft). The NAPL thickness measured in monitoring wells usually exceed the NAPL-saturated
formation thickness in the surrounding soil by a factor between 2 and 10 (Mercer and Cohen 1990).
However, as the groundwater table (and therefore also the NAPL) fluctuates, residual NAPL will
remain in part of the pore spaces it initially occupied. The residual NAPL entrapment in pores may
result in reduced migration when the water table rises toward the ground surface and eventually
lead to a decrease in NAPL thickness monitored the in wells (Fetter, 1999).

As the observed NAPL thickness in monitoring wells may not be representative of NAPL
thickness in whole contaminated area, two scenarios considering the NAPL thickness as 0.3m and
as 0.6m are investigated in the analysis. By reducing the thickness of initial NAPL benzene at
source, the concentrations inside the pipe decrease by 13% after three years in both aqueous and
gas phases, as shown in Figure 30. In this case, the peak concentrations reduced from 11.3 pg/l to
9.8 ng/l in the aqueous phase and from 2.2 to 1.9 ug/l in the gas phase along the pipe. The
cumulative mass as a function of the simulated NAPL thickness is shown in Figure 31.
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Figure 30: The concentration inside the pipe flow for different NAPL thicknesses at source a)
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Figure 31: Cumulative mass breaking through the pipe for different NAPL thicknesses a)
Aqueous phase, and b) Gas phase

Highlights: The NAPL thickness at source has a secondary effect on concentration and mass
transfer into the pipe; reducing the free NAPL thickness by a factor of two may lead to the
decrease in the peak concentrations in both aqueous and gas phases by 13%.

4.5.2.5. Effect of native soil hydraulic conductivity

The analyses were conducted while using sandy clay soil with saturated hydraulic
conductivity on the order of 10 cm/s as shown in Table D2 and unsaturated properties as shown
in Table D3. The results show the coarser materials with lower water content facilitates the gas
phase diffusion. Accordingly, higher mass transport of benzene into the pipe is observed from the
analyses. When the saturated hydraulic conductivity increases about two order of magnitude, the
concentrations in both aqueous and gas phases increase by approximately 6 times. The
concentrations in the pipe flow is raised to the 9.8 pg/l in aqueous and 1.9 pg/l in gas phase 1 year
after release compared to the 1.7 and 0.32 pg/l in aqueous and gas phases respectively when the
sandy clay material is used as the native soil.

4.5.2.6. Atmosphere layer

The cumulative mass emitted to the atmosphere was calculated using mass fluxes in gas
phase at surface boundary layer. By comparing the mass leaving out of the system at each time
period and cumulative mass volatilized to the atmosphere, it is revealed that more than 98% of
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mass is lost through emission to the atmosphere. The total mass of VOC remained in the system
after eleven years, and in the case of water table at 1.25m, was estimated to be 1.5x10° mg while
the initial released mass was equal to 845x10° mg. Adsorption to the soil mass retards the benzene
migration considerably even with only small fraction of organic carbon in domain (about 0.1%.)
The percentage of adsorbed mass compared to the total mass can vary from 4% in first year to 34%
in eleventh year at which steady state condition has been established.

Highlights: An increase in saturated hydraulic conductivity of native soil by two orders of
magnitude led to an increase in the concentrations breaking through the pipe in both aqueous
and gas phases by approximately a factor of 6 after one year. Benzene loss through volatilization
to the atmosphere lessens the contaminant transfer into the pipe. The results show 16% of
benzene emitted to the atmosphere after 1 year and most of it dissipates after eleven years.
Adsorption to the soil mass retards the benzene migration considerably for assumed fraction of
organic carbon in the domain of 0.1%.

4.6. Mitigation strategies

The contaminated gasoline site in Jacksonville was used to develop the parameters to
evaluate the effect of the contamination on a nearby drainage concrete pipe and assess the efficacy
of two mitigation practices and the use of the anti-seep collar. Benzene was detected to be the
primary target contaminant at the study site. Groundwater flow and solute transport model were
established using Visual MODFLOW for forecasting the contaminant transport in groundwater
and assessing the effects of flowable fill, clay liner, and anti-seep collar on the contaminant
transport within the pipe domain.

4.6.1. Mitigation measures simulation

The Jacksonville site was used for the study of mitigation measures. The model domain
dimensions simulated in saturated analysis and the estimated horizontal extent of benzene in
groundwater are shown in Figure 32.
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Figure 32: Jacksonville site map showing gas station and the monitoring well locations,
groundwater flow direction, the estimated horizontal extent of benzene in groundwater, and
model domain dimension being simulated in this analysis (Antea, 2016).

Zones within the layers’ domain were assigned hydraulic conductivity (k), effective
porosity (n.), and bulk density (pp) values based on the character of the material as schematically
depicted in Figure 33. Pipe and gaskets are considered to be in good conditions in this analysis.
The mechanism of contamination is a source of aqueous phase that occurs due to the presence of
a free product in contact with the water phase. In the year of 2000, the highest concentration of
benzene in groundwater was 19,100 pg/L (Delta, 2000). This concentration was based on the
measurements obtained from the site, at MW-4. The initial distribution of benzene concentration
assigned in the model with an area of 46 ft x 45 ft and a depth of 12 ft. This distribution is developed
by tracing the approximated contours in the horizontal and vertical extent of the plume at the MW-
4 that reported at Delta (2000), as indicated in Figure 33. The K4 values were assigned in the model
as 8.5x107'! L/pg.
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A clay barrier is constructed by lining the trench with low hydraulic conductivity soil with
the objective of cutting off the contaminant transport pathway and altering the transport direction
to control further contamination diffusion. The clay barrier configuration is shown in Figure 34.
In this case, the clayey barrier was placed between the trench and the native soils. The permeability
coefficient of the clay barrier was set 10”7 cm/s, and the thickness was set at 1 ft. The k, ne, and pp
values of the clayey barrier are listed in Table E1.
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Figure 34: Clayey barrier configuration.
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4.6.1.2. Flowable fill

Flowable fill is a cementitious slurry consisting of a mixture of fine aggregate or filler,
water, Portland cement, pozzolanic materials, and other cementitious materials like coal fly ash.
Flowable fill is used as backfill around the pipe instead of compacted earth. Flowable fill has a
wide range of hydraulic conductivity values based on the ingredient of the flowable fill mixture.
Parameters of the flowable fill utilized in the past by the Wisconsin Department of Transportation
(WDOT) were used in this analysis. In an endeavor to achieve low hydraulic conductivity
characteristics, WDOT includes sodium bentonite clay and coal combustion fly ash as the
cementitious ingredient to achieve k < 107" cm/s. Figure 35 shows the flowable fill being placed
during the installation of the concrete pipe at Greenville, NC. The k, ne, and py values of the
flowable fill are listed in Table E1.
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Figure 35: Placement of flowable fill along the trench.

4.6.1.3. Anti-seep collar

Anti-seep collar is a plumb migration prevention device used in conjunction with hardened
drainage structures. Anti-seep collars are used around the pipes in discrete locations to mitigate
the migration of contaminants along the utility corridor. Anti-seep collars used for concrete pipe
are typically constructed with cast-in-place or prefabricated concrete. The configuration of the
anti-seep collar is shown in Figure 36. The 1.5 m x 1.5 m (5 ft x 5 ft) anti seep collars are modeled
along the pipe at 10 ft from each other. The k, ne, and py values of the anti-seep collar are listed in
Table E1. The initial distribution of benzene concentration assigned in the model is indicated in
Figure 37. Natural gradients of 1.6 %, 0.5 %, 0.05 %, 0.01 % were considered to investigate the
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effect of natural gradient on the potential of contaminant getting into the pipe in the presence of
an anti-seep collar.
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Figure 36: Anti-seep collar configuration.
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Figure 37: Map view of MODFLOW grid design for anti-seep collar scenarios with assigned
initial benzene concentration (in pg/L) distribution.
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4.6.2. Results - saturated model

The simulated domain with the subsurface drainage concrete pipe adjacent to the gas
station is shown in Figure 38. This section view shows the distribution of the initially contaminated
soil and groundwater with the depth that was detected at the location of MW-4 (where the data are
available for the benzene concentration in the year of 2000 and reported by Delta, 2000). Also,
shown are the changes in the plume size and migration through the subsurface domain conforming
to the west-east dominant flow regime (using a 1 % gradient across the site). The benzene
concentration permeated through the concrete pipe at the 20 years simulation period was 4,389
ng/L. The mass of benzene flowing out of the pipe increased to nearly 860 g over the 20 years of
simulation time. As can be seen in Figure 38, the magnitude of the benzene contour in the vicinity
of MW-4 and MW-12 is similar in order of magnitude to 5000 pg/l (Figure 32) measured at the
site. Also, the benzene contours did not reach to the far eastern side of the pipe, showing agreement
with the aqueous benzene concentrations at MW-6, and MW-8 which were reported as being less
than the MCL.

Domain Depth (m)

15

Domain Length (m

Figure 38: Cross-section views of the base case scenario for simulated aqueous benzene
concentration (in pg/L) through the subsurface domain and subsurface drainage concrete pipe at
20 years.

4.6.2.1. Effect of clay barrier

The clay barrier reduced the concentration of benzene breaking through the subsurface
concrete pipe by initially cutting off the plume migration from reaching the trench. However, the
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total amount of contaminants did not decrease. By contrast, and as shown in Figure 38 versus
Figure 39, the plume transport distance was shorter compared to the case of no clayey barrier. The
plume circumvents the clay barrier and further contaminates the trench and the pipe after 5 years.
Therefore, within a given time range, the clay barrier might effectively protect the trench and
subsurface pipe. However, for the continuous point source, the hardening effect of the clay barrier,
as a function of time, was effective, but not sustained.
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Figure 39: Cross-section views of the clayey barrier for simulated aqueous benzene
concentration (in pg/L) through the subsurface domain and subsurface drainage concrete pipe at
20 years.

The total mass of benzene flowing out of the pipe for the clay barrier scenario as a function
of time is shown in Figure 40. In this scenario, the groundwater flow direction is from the west to
the east boundary. The cumulative mass of benzene flowing out of the pipe increased to nearly
320 g and 600 g after the 5 and 20 years, respectively, with the presence of the clay barrier. The
concentration of benzene is, however, mitigated by 71.6% and 22% compared to the no clay barrier
case over the 5, and 20 years of simulation time, respectively. The corresponding mass of benzene
flowing out of the pipe is decreased by 53.6% and 30% for the 5 and 20 years of simulation time,
respectively.
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Figure 40: The total mass of benzene flowing out of the pipe for the clayey barrier scenario, and
flowable fill scenario as a function of time.

Highlights: When clay barrier is ued, the concentration of benzene is reduced by 22 % compared
to the case of no clay barrier case for 20 years of simulation time. The mass of benzene flowing
out of the pipe is decreased by 30 % for the same period. Therefore, the clay barrier could be an
effective method to protect the trench and subsurface pipe for the specified time.

4.6.2.2. Effect of flowable fill

The simulated domain with the presence of the flowable fill overlaying the concrete pipe
is shown in Figure 41. The aqueous phase benzene concentration began to permeate through the
gasket of the pipe after approximately 10 years, with the benzene concentrations inside the pipe at
20 years being 1.4 pug/L (below 5 pg/L). In none of the flowable fill analysis scenarios, a benzene
concentration permeated through the gasket above 5 pg/L (MCL). The concentration of benzene
is mitigated by 99.9 % compared to the case of no flowable fill case at the 20 years of simulation
time.
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Figure 41: Cross-section views of the flowable fill scenario for simulated aqueous benzene
concentration (in pg/L) through the subsurface domain and subsurface drainage concrete pipe at
20 years.

The total mass of benzene flowing out of the pipe for the flowable fill as a function of time
is shown in Figure 40. In this scenario, the groundwater flow direction is from the west to the east
boundary. The cumulative mass of benzene flowing out of the pipe is nearly 250 mg after the 20
years of simulation time. The mass with the installation of the flowable fill is decreased by 99.9 %
compared to the no flowable fill case.

Highlights: The use of flowable fill leads to a 99.9 % reduction in the concentration of benzene
permeated through the pipe for 20 years. The mass of benzene flowing out of the pipe is
decreased by 99.9 %. Therefore, the flowable fill method is a long-term engineering control to
mitigate the potential contamination that may breakthrough the subsurface pipe.

4.6.2.3. Effect of anti-seep collar

The results from the simulated domain with the presence of the anti-seep collar are
presented in Figure 42. In this configuration, the anti-seep collar lengthens the drainage path and
lengthens the time for contaminants reaching the pipe. However, the aqueous phase benzene, do
permeate through the pipe after 2 years at a concentration above the MCL. The breakthrough
concertation increases with time. The benzene is preferentially transported through the utility
corridor, which is more permeable than the surrounding soil and then breaks through the gasket or
the pipe.
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Figure 42: Map view of the anti-seep collar scenario for simulated aqueous benzene
concentration (in pg/L) through the subsurface domain and subsurface drainage concrete pipe at
20 years.

The comparison between the effect of the base case (not installing anti-seep collar) and
installing a collar at the plume boundary is shown in Figure 43. In this case, the normalized
concentration of aqueous phase benzene profiles at 20 years along the trench soils indicated that
the collar is an effective deterrent to creating a preferential pathway along with the backfill
material. The effect of the natural gradient with the installation of the anti-seep collar on the mass
of benzene flowing out of the pipe is shown in Figure 44. As the natural gradient increases, the
mass of benzene breaking through the pipe increases. The cumulative mass of benzene flowing
out of the pipe is nearly 1350 g, 1140 g, 1000 g, and 900 g over the 20 years of simulation time
fori=1.6 %, 0.5 %, 0.05 %, and 0.01 %, respectively. In comparison, for the case having no anti-
seep collar, the cumulative mass of soluble phase benzene flowing out of the pipe is nearly 2400
g, 2000 g, 1510 g, and 1180 g over the 20 years for i = 1.6 %, 0.5 %, 0.05 %, and 0.01 %,
respectively. The mass after the 20-year period is decreased by 44 %, 43 %, 34 %, and 24 % with
the installation of the anti-seep collar for i = 1.6 %, 0.5 %, 0.05 %, and 0.01 %, respectively.
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function of time under different hydraulic gradients.
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Highlights: Anti-seep collar leads to a 60 % reduction in the concentration of benzene permeated
through the pipe for the 20 years simulated time. The mass of benzene flowing out of the pipe
has decreased by up to 44 %. However, these results should be viewed in light of the assumptions
made regarding the model parameters and the flow regime.

The natural hydraulic gradient of the site affects the level of contamination breaking through the
pipe. With lower gradients, a smaller mass of contamination was found to break through the
pipe. Thus, the existing hydrogeology of the site and the properties of the subsurface pipe need
to be ascertained during the design and modeling phase and then ensured during the construction
phase.

4.6.3. Plumb migration prevention: unsaturated model

To mitigate the contamination breaking through the pipe, the 1.5mx1.85 m (5ft x6 ft) anti
seep collars are simulated along the pipe at 3m (10 ft) installation interval. The unsaturated
properties of anti-seep collars are presented in Tables D2 and D3 in Appendix D. The anti-seep
collar WRC (water retention Curve) is shown in Figure D1 in Appendix D. The low quality pipe
material was employed to assess the worst case scenario. Figure 45 shows the analysis domain
with the anti-seep collars installed along the pipe. The hydraulic gradient is assumed equal to 1%.

Unsaturatéd Domain

W direction

tial benzene as
ee product

(5.0, 0.0, 0.0)
/

Figure 45: Anti-seep collar in unsaturated model
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4.6.4. Results for unsaturated model

Anti-seep collars with very low hydraulic conductivity and unsaturated properties close to
concrete properties can mitigate the contaminant breaking through the pipe as indicated in Figure
46. Using anti-seep collar the breakthrough concentrations decreased from 18.7 to 0.65 pg/l in
aqueous phase and from the 3.60 to 0.12 pg/l in gas phase compared to the case without anti-seep
collars; in this case, the cumulative mass transfer into the pipe is decreased by 96% (191 mg in
aqueous phase and 1.5mg in gas phase), Figure 47.

74



20

% 18
Es 16
e £
.g 12
s 10
E 8
g 6
e 4
© 2
0
4.0
—~ 35
S
3.0
p—_
= 25
(=]
= 20
[+
S 15
S
2 10
g os
S 03
0.0

—— No anti-seep collar

- - - Anti-seep collar

— e — =

Time (year)

a) Aqueous phase

—— No anti-seep collar

- - - Anti-seep collar

0 2 4 6 8 10 12

Time (year)

b) Gaseous phase

Figure 46: Comparison between benzene concentration inside the pipe flow for two scenarios of
without anti-seep collar and using anti-seep collar a) Aqueous phase and b) Gas phase

75



6000

— No anti-seep

wt anti-seep

Time (year)

a) Aqueous phase

12

——No anti-seep
wt anti-seep

—
of
é 5000
A
& 4000
£
P]
o 3000
.‘=
<2000
=
g 1000
=
O 0
?.IJ 45
S 40 -
p—
w 35 A
z 30
g
[=5] 25 1
-
-g 20 A
—=' 15 1
g 10
5 s
0

Time (year)

b) Gaseous phase

12

Figure 47: Cumulative mass breaking through the pipe for two scenarios of without anti-seep

collar and using anti-seep collar a) Aqueous phase, and b) Gas phase

Highlights: Using anti-seep collar in unsaturated zone can mitigate mass breakthrough
the pipe. The results show more than 90% decrease in the concentrations and cumulative
mass transfer into the pipe with installed anti-seep collar.
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5. Findings and Recommendations

Based on the content of this report, the following conclusions and recommendations are
reported:

5.1. Experimental Results

Based on the results obtained from the experimental program, the following conclusions
can be drawn:

e After 7 months of exposure, water (here deionized water) has no effect on the
mechanical properties of PVC.

e Similar to Viton® specimens, nitrile specimens showed good stability while they
are in contact with uncontaminated water for long time even at elevated
temperatures.

e Compared to PCE, benzene has a more detrimental effect on the durability of plastic
and rubber materials. More caution should be exercised when installations occur in
benzene-contaminated areas. The degradation rate of plastic and rubber materials
increases as the exposure time and/or temperature increase.

e After 7 months of exposure, the reduction in the tensile strength of neoprene was
the highest among all gasket materials (i.e., neoprene, nitrile, and Viton®).

e In all exposure media (i.e., deionized water, PCE, and benzene solutions), Viton®
performed the best among all gasket materials.

e After 7 months of exposure at different temperatures, among all rubber gasket
specimens, Viton® performed far better than the other two. The degradation of
nitrile was lower than that of neoprene. It should be noted that as the tensile strength
of nitrile is much higher than that of neoprene, even at equal degradation
percentage, the remaining strength of nitrile is greater than that of the neoprene
specimens.

e A major issue with using neoprene or nitrile gaskets in heavily contaminated areas
with benzene is their swelling which can arbitrarily deform the pipeline joints. This
issue is more pronounced when neoprene is employed.

e Water contamination with aromatic and chlorinated hydrocarbons at their solubility
limits did not show statistically significant effect on the compressive strength of
mortar up to one year of exposure.

e According to the data obtained from unsaturated sorption test, contamination of
water with aromatic or chlorinated hydrocarbons up to their solubility limits would
not change the initial and secondary sorption rates of concrete pipe specimens.
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e Application of Xypex® did not change the sorption rates of mortar specimens when
exposed to clean or contaminated water.

e The diffusion coefficient of PCE vapor through saturated concrete pipe is one order
of magnitude less than that of benzene vapor.

e The diffusion coefficient of benzene vapor was reduced by 24% through utilizing
Xypex®. However, it is not possible to explain why this reduction occurred as no
information is available on the composition of the admixture used in this study.

e Models for estimating tensile strength degradation of PVC and rubber gasket
materials were developed.

5.2. Modeling

5.2.1. Saturated soil model

The breakthrough of benzene concentrations into the subsurface pipe is dependent on
the saturated hydraulic conductivity (k-value) of the native soil. Given the analyses
parameters, there was no benzene estimated within the pipe with the damaged gaskets
20-years simulation scenarios under sandy clay soils (ksoit = 10 cm/s). In this case,
solute transported upwardly into the backfill soil with the higher k-value. Thus, the
damaged gasket should not be a concern when the native soils have low hydraulic
conductivity (k < 107 cm/s).

The highest potential of benzene concentration breaking through the pipe, and the mass
of benzene flowing out of the pipe, was when the damaged pipe was assumed, rather
than the damaged gasket case. This is due to the larger surface area through which
breakthrough occurs. Thus, the damage to the pipe is more critical compared to the
damage to the gaskets, for the potential occurrence of contamination breakthrough.

5.2.2. Unsaturated soil model

Given the model assumptions in the unsaturated vadose zone and after two and half
years, the source mass contamination will completely disappear through partitioning
into the solid, aqueous and gas phases. In such case, the contaminant is transported to
the pipe by diffusion in gas phase or advection in aqueous and gaseous phases.

The water table level has a significant effect on mass transport into the pipe. The
mechanism of transport in unsaturated domain is dominated by vapor phase diffusion
for benzene (VOCs). The results show when water table rises toward the ground surface
the concentrations inside the pipe decrease due to low lateral diffusive gas phase
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spreading within the domain as a result of increased water content of the soil in the
vadose zone.

e The mass calculations show the most of transported mass of benzene breaks through
the pipe as aqueous flux through pipe surface. The high capillary pressure of concrete
in this case regresses gas diffusion, however, the concentrations inside the pipe in both
phases are in equilibrium and could be locally higher than allowable concentrations
provided by standard guidelines.

e The simulations for three qualities (or condition as manifested by the hydraulic
conductivity of the pipe) of pipe materials show the peak concentrations inside the pipe
increases by 65% for low quality pipe and decreases by 77% for high quality pipe
compared to concentrations estimated for the medium quality pipe. Cumulative mass
transfer into the pipe is 114% and 65% of the values estimated for the base case or
medium quality, in case of low and high quality material respectively.

e The analysis results for damaged versus undamaged gaskets show that severe-damaged
gaskets can increase the concentrations and mass transfer into the pipe by more than
two orders of magnitude. The high concentrations accumulated in the trench percolate
into the pipe within two years after NAPL release.

e It was found the NAPL depth at source has a secondary effect on concentration and
mass transfer into the pipe; reducing the NAPL thickness by a factor of two may lead
to the decrease in the peak concentrations in both aqueous and gas phases by 13%.

e (Considering the coarse-type soil material versus the sandy clay as the native soil, an
increase in saturated hydraulic conductivity by two orders of magnitude led to an
increase in the concentrations break through the pipe in both aqueous and gas phases
by approximately 6 times after one year.

e Benzene was lost through volatilization to an atmospheric layer at top of the model
domain. Such loss lessens the contaminant transfer into the pipe. The results show 16%
of benzene emitted to the atmosphere after 1 year and most of it dissipates after eleven
years in case of water table at 3m (10ft) below the surface (1.25m (4.1ft) from pipe
invert).

e Adsorption to the soil mass retards the benzene migration considerably for a fraction
of organic carbon in the domain of about 0.1%. The percentage of adsorbed mass
compared to the total mass can vary from 4% in first year to 34% in eleventh year in
which steady state has been established.

5.3. Mitigation strategies

e When clay barrier is used, the concentration of benzene is reduced by 22 % compared
to the case of no clay barrier case for 20 years of simulation time. The mass of benzene
flowing out of the pipe is decreased by 30 % for the same period. Therefore, the clay

79



barrier could be an effective method to protect the trench and subsurface pipe for a
specific time.

The use of flowable fill leads to a 99.9 % reduction in the concentration of benzene
permeated through the pipe for 20 years. The mass of benzene flowing out of the pipe
is decreased by 99.9 % compared to no flowable fill case. Thus, the flowable fill method
is a long-term engineering control to mitigate the potential contamination that may
break through the subsurface pipe.

Anti-seep collar leads to a 60 % reduction in the concentration of benzene permeated
through the pipe for the 20 years simulated time. The mass of benzene flowing out of
the pipe has decreased by up to 44 %. However, these results should be viewed in light
of the assumptions made regarding the model parameters and the flow regime.

The natural hydraulic gradient of the site affects the level of contamination breaking
through the pipe. With lower gradients, a smaller mass of contamination was found to
break through the pipe. Thus, the existing hydrogeology of the site and the properties
of the subsurface pipe need to be ascertained during the design and modeling phase and
then ensured during the construction phase.

Using anti-seep collar in unsaturated zone can mitigate mass and concentration break
through the pipe. The results show more than 90% decrease in the concentrations and
cumulative mass transfer into the pipe with installed anti-seep collar.
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Appendix A: Literature review

In this the existing knowledge on the effect of soil and groundwater contamination on the
performance of subsurface utilities such as pipes and gaskets is presented. The

A.1. Contaminant diffusion through pipes and gaskets
A.1.1. Most Common Contaminants in the US Water System

Among different classes of contaminants, petroleum-based products (e.g., resulting from
spillage of underground storage tanks and fuel stations) and chlorinated organic solvents (typically
released from dry-cleaning solvents) are the most common in the US (EPA, 2002; Holsen et al.,
1991a; Koo, 2012). Figure A1 illustrates the percentage of contamination incidents in the US water
system involving different contaminants (EPA, 2002; Holsen et al., 1991a). Clearly the largest
number of incidents is related to contamination by petroleum-based products, followed by TCE
(Trichloroethene) and PCE (Tetrachloroethylene) from dry-cleaning solvents.

TCE + PCE
5%
Natural Gas
/ 2%
Other
Gasoline- 4%
Range
Org:;lcs Note: Trichloroethene (TCE),
0

Tetrachloroethylene (PCE),

Figure Al: Percentage of contamination incidents in the US water system involving different
contaminants (EPA, 2002; Holsen et al., 1991a).

A.1.2. Most Common Polymeric Pipes used in the US

The majority of the polymeric (plastic) pipes utilized in the US water pipeline system
consist of polyvinyl chloride (PVC), polyethylene (PE), and polybutylene (PB) pipes (Whelton
and Nguyen, 2013). Due to their low performance and rapid degradation at early stages of their
service life (the first five years of service), PB pipes are not commonly used (Whelton and Nguyen,
2013). In addition, PB pipes are the most permeable pipe among the three pipe types (Whelton and
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Nguyen, 2013). Figure A2 shows the results of a survey conducted in 1980s that evaluated the
contribution of different pipe types to drinking water contamination incidents (Holsen et al., 1991a;
Thompson and Jenkins, 1987). According to Figure A2, 43% of the contamination incidents
involved PB pipes, showing the poor performance of these pipes. PE pipes also accounted for 39%
of the incidents; however, PE pipes are still commonly used. In the following sections, the effect
of contaminates on the properties of PVC and PE pipes are reviewed. Also, available information
about the permeation of contaminants through PVC and PE pipes are included.

ABS AC Gasket
Legend 1% 1% ~Materials

ABS  Acrylonitrile-butadiene-styrene 1%
AC Asbestos Cement
PB Poly butylene
PE Polyethylene
PVC  Polyvinyl chloride

PVC
15%

43%

PE
39%

Figure A2: Percentage of pipe types involved in the US water system permeation incidents
(EPA, 2002; Holsen et al., 1991a; Thompson and Jenkins, 1987).

A.1.3. Effect of contaminants on PVC pipes

PVC pipes have been among the most common pipe materials in the US since 1970s (Burn
et al., 2005; Whelton and Nguyen, 2013). PVC is an amorphous thermoplastic with very limited
flexibility of the polymer chains (Mao, 2008; Whelton and Nguyen, 2013). Owing to its high glass
transition temperature (Tg = 179.6 °F) compared to room temperature, PVC is a glassy, rigid
plastic (Whelton and Nguyen, 2013). PVC pipes are generally thought to be essentially
impermeable to environmental organic contaminants but permeation through PVC pipes can be
expected in heavily contaminated situations (Berens, 1985; Vonk, 1985).

Diffusivity of different contaminates through PVC materials have been well studied by
many researchers. Berens (1985), investigated the diffusion of different organic solvents at a wide
range of concentration in PVC powder, film, and sheet using gravimetric sorption test. He found
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that at low activities (concentrations) of solvents, the estimated permeation through the PVC pipe
wall is virtually zero even for long exposure times (i.e. many centuries obtained by modeling).
Thus, it was concluded that except in case of a gross spillage or leakage of a strong swell-inducing
solvent, rigid PVC pipes are effective barriers against permeation of the tested pollutants (Berens,
1985; Mao, 2008).

Vonk (1985), studied the diffusion of organic contaminants through PVC and PE pipes.
The results revealed that because of the glassy structure of PVC, as compared to PE which is a
semi-crystalline material at room temperature, PVC pipe was significantly less permeable when
compared to PE pipe (Vonk, 1985).

Olson et al. (1987), evaluated the permeation of Toluene, Hexane, and TCE into full-size
commercial PVC, Asbestos/Cement (AC), and Ductile Iron (DI) pipes. The tests were performed
on jointed and unjointed sections of these pipes while the pipes were pressurized to 40 psi. The
schematic illustration of the test assembly is shown in Figure A3.

When exposed externally to pure organic solvents, all the jointed pipes, except the
hexane/ductile iron, showed permeation of organic solvents. The unjointed iron pipe did not show
permeation over 42 days of exposure; however, the unjointed PVC slowly softened to point of
permeation with toluene after 37 days. The asbestos/cement unjointed pipe showed permeation in
a few days by toluene and TCE due to its high porosity. It should be noted that according to the
test results, constant internal pressure does not prevent contamination by permeation.
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Figure A3: Testing setup of piping system (Olson et al., 1987).
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Olson et al. (1987), also tested jointed and unjointed pipes exposed to water contaminated
with toluene and TCE at their solubility limits for 180 days. The same trend of permeation as that
of pure solvent was observed for aqueous solutions prepared at the solubility limits of
contaminants; however, permeation (breakthrough) occurred at later times. Table A1 summarizes
the approximated breakthrough time for all the tested pipes. Moreover, unjointed pipe had slower
or no permeation. In this regard, this finding could be connected with very low concentrations of
contaminants in the aqueous solutions.

Table Al: Summary of the results by Olson et al. (1987), showing time to organic solvent

breakthrough.
Time to Organic Solvent Breakthrough (days)
Solvent PVC DI AC
JI° 12 urr J1 12 uJ J1 12 Ul
Pure 10 4 38 9 3 NP 3 1 7
solvent

Toluene Solution
(solubility =~ NP™ NP 70 161 77 NP 77 77 NP
limit)
Pure
solvent
TCE Solution
(solubility NP NP NP 161 105 NP 70 70 NP
limit)
* Jointed pipe; ** Unjointed pipe; *** No permeation

22 15 NP 8 4 NP 12 5 14

Mao (2008), studied permeation of BTEX (benzene, toluene, ethylbenzene, and xylene)
and chlorinated TCE contaminants in the forms of pure solvent, aqueous solution, and organic
vapor through gasketed and ungasketed PVC and PE pipes. Mao (2008), studied different
concentrations of contaminants. In addition, to simulate contaminated field conditions, Mao
investigated the permeation of contaminates into pipes from contaminated soils. Different test
setups were prepared, and the permeability and diffusivity of different contaminants were
evaluated using three methods: pipe-bottle, gravimetric sorption, and microscopic visualization
tests.

The pipe-bottle test included a glass bottle with a 1-inch PVC/PE pipe mounted
horizontally through holes drilled in the bottle (Figure A4). In this test, the PVC/PE pipe was (i)
directly exposed to pure solvents, (ii) directly exposed to aqueous solution of solvents, and (iii)
exposed to vaporized contaminants. In all cases, the PVE/PE pipe was filled with deionized water
and pipe water samples were taken daily and analyzed for the presence of the target compounds
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(BTEX as petroleum-based compounds and TCE as chlorinated organic solvent) (Mao, 2008; Mao
etal., 2010).

PTFE-lined cap

Exposure media

N Pipe
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Pipe water \ / Salat
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LTI LTI
.
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Figure A4: Schematic illustration of pipe-bottle test apparatus (Mao et al., 2010).

The permeation of TCE, toluene, and benzene through PVC were detected after 7, 16, and
20 days, respectively. Figure A5 shows the cumulative mass per unit area of the pipe wall for TCE,
toluene, and benzene (Mao et al., 2011a). It can be seen that the chlorinated organic solvent (TCE)
permeated through the PVC pipes more rapidly than benzene and toluene (Mao et al., 2011a). After
the breakthrough, the permeation occurs at a constant rate where benzene permeated with the
highest rate followed by TCE.

16



Z ' - = 1.086x - 22.937
[m] 2
E ENZENE RE=0071
= & toluene
= -
’-i 34 |[©TCE y=0.741x - 4.892
= R = 1.000
]
g
ES L
& g - v=0.279x - 4.467
z R* = 1.000
g
-
B [ -
E
-
E
=
o'
0 el e el 1
0 5 25 30

Time (days)

Figure A5: Cumulative mass permeated per unit area of PVC pipes exposed to pure solvents of
benzene, toluene, and TCE (Mao et al., 2011a).

Using the pipe-bottle test the PVC pipes were exposed directly to pure gasoline. After two
years of measurement, no detectible BTEX (from gasoline) was observed. This observation shows
that PVC pipes are resistant to permeation by commercial gasoline, at least for a 2-year exposure
period (Mao et al., 2011a). The resistance of PVC pipes to gasoline permeation is attributed to the
relatively low activity (concentration) of BTEX in gasoline (Mao et al., 2011a).

Using the pipe-bottle test, Mao et al. (2009) evaluated permeation of solvents into PVC
pipe from vapors phase. Figure A6 shows the results of the pipe-bottle test performed on PVC
pipes exposed to pure solvent (same data as Figure AS5) and vapor of benzene, toluene, and TCE.
In Figure A6, similar to exposure to pure solvents, TCE permeated first, followed by toluene and
benzene during exposing PVC pipes to contaminants’ vapor. Moreover, after the breakthrough for
each specific contaminant, its permeability rate is nearly similar from both pure solvent and vapor
source.
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Figure A6: Cumulative mass permeated per unit area for 1-in PVC pipes exposed to pure solvent
and vapor of benzene, toluene, or TCE (Mao et al., 2009).

Using the pipe-bottle test, Mao et al. (2009), also evaluated permeation of solvents into
PVC pipe from the solution of water and solvent. Since the mixing action has a strong effect on
both the dissolution of solvents from the nonaqueous phase liquid (NAPL) phase to the aqueous
phase and the mass transfer of contaminants in aqueous solution (Mao et al., 2009), the influence
of mixing action of solvents in aqueous solution during performing pipe-bottle test on the
breakthrough time and the rate of diffusion of benzene and TCE through PVC pipe was
investigated.

As shown in Figure A7, continuous stirring of contaminants greatly affected the
breakthrough time and the rate of diffusion of each contaminant through PVC pipe. In Figure A7,
the breakthrough times were shortened, and the diffusion rates were increased when continuous
stirring procedure was applied. The results for toluene were not reported in Mao et al.’s work
(2009) since breakthrough did not occur during the 10-month duration of the experiment after
which the experiment was terminated due to technical difficulty.
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Figure A7: Cumulative mass of benzene and TCE permeated per unit area for 1-in PVC pipe
exposed to benzene or TCE aqueous solutions at their solubility limits (Mao et al., 2009).

Mao (2008) also used Gravimetric Sorption Test to evaluate diffusion of contaminants in
the form of aqueous solution or vapor at different strength through PVC pipe. The testing
procedure consisted of preparing pipe specimens by cutting them across the circumferential axis
to form ring-like specimens. Then specimens were exposed to aqueous solutions of contaminants
of interest (benzene and Toluene) by immersion of them in a 120 ml glass jar containing such
solutions (five concentrations at 100%, 80%, 60%, 40%, and 20% of solubility limits). In the case
of vaporized contaminants, the specimen is placed in a one-liter glass jar containing 100 mL of
benzene/toluene solvent of different strengths (pure solvent, 80%, 60%, 40%, and 20% v/v
benzene or toluene) above the liquid. Then, at various times, the specimens are removed from the
glass jar, placed on paper towels, wiped, and allowed to air dry for 30 seconds before weighing.
Finally, by measuring weight changes of specimens at different times, sorption coefficients were
calculated for each type of contaminants through drawing weight gain against square root of time
and obtaining the slope of the fitted straight line (Mao, 2008).

In Figure A8, the sorption rate decreases as the concentration of contaminants reduces. For
benzene and toluene, significant sorption could be observed for the 100 and 80% of their solubility
limits whereas the percent weight gains for 60, 40, and 20% of solubility limits were below 2%
after eight months of exposure. Sorption at the 20% of solubility limit was found to be statistically
similar to that of the control experiment (deionized water sorption) (Mao et al., 2009). This implies
that sorption can be neglected for contaminant levels below 20% of solubility limit for both toluene
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and benzene. In fact, solutions at 20% of solubility limits (toluene, benzene, and TCE at 100, 340,
and 220 mg/L, respectively) are considered to be a high level of environmental pollution in
contaminated groundwater (Mao et al., 2009). These concentrations are seldom encountered in the
field except in close proximity to an NAPL. For water with gasoline at its solubility limit, sorption
of benzene, toluene, ethylbenzene, and o-, p-, and m-xylene (BTEX) by pipe materials should be

negligible because the concentration of the dissolved BTEX is generally < 150 mg/L (Cline et al.,
1991; Mao et al., 2009).
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Figure A8: Weight gains of 1-in PVC pipe exposed to various percentages of solubility limit in
aqueous solutions of benzene (A) or toluene (B) (Mao et al., 2009).

As shown in Figure A9, the sorption of vapors of benzene or toluene was found to be linear
with the square root of time which is a typical characteristic of Fickian kinetics sorption (Mao,
2008; Mao et al., 2009), but with a time lag at the initial period. In addition, as can be seen in
Figure A9, weight gain decreased dramatically as the benzene or toluene activity was reduced.
When the activity was less than 0.55 for benzene and less than 0.51 for toluene (the corresponding
volumetric percent in the reference fuel was ~ 40%), sorption of benzene or toluene vapors by pipe
materials was insignificant over a 2.5-day exposure (Mao et al., 2009). Note that in Figure A9 the
activities of benzene in organic vapors, a, that were in equilibrium with pure solvent (100%) and
80%, 60%, 40%, and 20% v/v in the reference fuel were estimated as 1.0 and 0.88, 0.73, 0.55, and

0.32, respectively. The corresponding activities of toluene were 1.0 and 0.86, 0.70, 0.51, and 0.28,
respectively.
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Figure A9: Weight gains for 1-in PVC pipe exposed to benzene (A) or toluene (B) vapor (Mao et
al., 2009).

A software program was used to find the regression equations that would describe the
three-dimensional data, i.e., weight gain, time, and activity and two empirical equations (A1l and
A2) were obtained with an excellent fit (R2 > 0.999) (Mao et al., 2009):

In(WG) = 6.30+ 0.711In(t) — 4'755 [for benzene] (Al)
In(WG) = 5.52 4+ 0.79 In(t) — % [for toluene] (A2)

where WG is the weight gain percentage, t is the exposure time (day), and a is the activity of the
target compound in organic vapors.

For commercial gasoline, the total mole fraction of aromatic compounds is approximately
0.25 or lower (Mao et al., 2009). Therefore, the total activity of aromatic compounds in gasoline
vapors should be around 0.25 or lower. With a = 0.25, both Equations A1 and A2 predict that a
1% weight gain would require thousands of years. Clearly, sorption of gasoline vapors by PVC
pipe is estimated to be low and to have no significant effect during the expected service life of the
pipe (Mao et al., 2009).

The last testing procedure used by Mao (2008), to quantify the diffusion of contaminants
through PVC pipes during a specific period of time was Microscopic Visualization Test. As
swelling of PVC pipe by an organic solvent may result in the formation of a moving (diffusion)
front, a sharp interface separating the inner glassy core from the outer swollen layer can represent
rate of diffusion of a specific contaminant (Figure A10).

21



Moving front

Inner wall exposed
to drinking water
Lgt Lst
<

—
Thickness of pipe

Outer wall exposed
to penetrant

Figure A10: Cross section of pipe showing moving front (Mao, 2008).

The test conditions were identical to those described above in the Gravimetric Sorption
experiments. At different exposure times, a pipe specimen was removed from the exposure media
(vapors or aqueous solutions) and wiped dry. Each dried specimen was firstly cut parallel to the
longitudinal axis and then cut across the longitudinal axis of the pipe specimen. The specimen
cross section is observed under a reflected light microscope and its precise image is captured by a
camera mounted on the microscope. With PC-Image software package, the penetration distance of
the moving front was precisely measured. Finally, similar to Gravimetric Sorption Test, by
drawing thickness of swollen layer against square root of time the sorption coefficient was
calculated (Mao, 2008; Mao et al., 2009).

Figure A11 shows the results of measurement of moving front for pipe specimens exposed
to organic vapors that were in equilibrium with benzene or toluene solvents. The activities of
benzene and toluene inorganic vapors were identical to those calculated using the gravimetric tests.
Similar to the observations from the gravimetric tests, the penetration data followed Fickian
kinetics (linear with square root of time) with a time lag at the initial period (Mao et al., 2009). As
observed in gravimetric sorption test results, the growth rates of the thickness of the swollen layer
decreased sharply with decreasing benzene or toluene activity. Also, over a 2.5-day exposure, no
moving front was detected for benzene at an activity of 0.55 or for toluene at an activity of 0.51
(the corresponding volumetric percent in the reference fuel was 40%).
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Figure A11: Growth of thickness of swollen layer in 1-in PVC pipe exposed to benzene (A) or
toluene (B) vapor (Mao et al., 2009).

A.1.4. Effect of contaminants on PE pipes

Polyethylene (PE) pipes are the second most commonly used polymer pipes in North
America and has been installed since the 1950s (Davis et al., 2007; Whelton and Nguyen, 2013).
There are many types of PE pipe that differ in chemical composition and operating conditions, but
these materials have historically been generically classified as PE (Whelton and Nguyen, 2013).
All PE pipes are manufactured from PE resins of different densities, crystallinities, and Tg values
and can be classified into three different categories: low-density (LDPE; 0.910 <p <0.925, Tg =
—4 °F), medium-density (MDPE; 0.926 g/cm3 < p < 0.940 g/cm3, Ty =94 °F), and high-density
(HDPE; p > 0.941, Ty = —220 °C) (PPI, 2009; Whelton and Nguyen, 2013). In the United States,
HDPE pipes with diameter up to 62" have been used for buried water transport (AWWA, 1999;
Whelton and Nguyen, 2013). PE pipes are widely used in water service line connections and, to a
lesser extent, water mains (CPCCPP, 2003; Mao et al., 2010).

Previous lab and field studies have shown strong evidences that organic contaminants
permeate PE pipes of water distribution systems and adversely affect the quality of drinking water
in water distribution systems (Holsen et al., 1991a; Mao et al., 2010; Thompson and Jenkins,
1987). As can be observed in Figure A1, PE pipes do not perform well in contaminated areas and
39% of contamination incidents involved PE pipes (EPA, 2002; Holsen et al., 1991a; Thompson
and Jenkins, 1987). Moreover, Holsen et al. (1991a), reported that contamination by aromatics and
chlorinated solvents in drinking water as a result of permeation through PE pipes were more
noticeable especially after a period of water stagnation in the pipe.

23



The permeability of organic compounds through PE pipes would be connected with the
physical characteristics of PE material (Mao et al., 2010). PE is a semi-crystalline polymer, having
both crystalline and amorphous regions (Mao et al., 2010). The crystalline zones act as
impermeable barriers against diffusion, while the non-crystalline matrix (amorphous regions) is
readily permeable since the polymeric chains in the amorphous areas are relatively mobile (Mao
et al., 2010; Naylor, 1989; Vonk, 1985).

Mao et al. (2010), performed a research study on quantifying the permeation rate of BTEX
compounds that exist in commercial gasoline into HDPE pipes using pipe-bottle test in which three
different types of soil were utilized. The tests were conducted in a 1 L glass jar by using three
different soils with various amounts of organic matter (two values). The soil types included silica
sand (with no organic matter), silica sand-topsoil mixture, and organic topsoil. Soils with different
organic matter contents were used since Holsen et al. (1991b), showed that PB pipes buried in high
organic soils showed slower permeation than those buried in low organic soils.

In the first testing protocol three diluted aqueous solutions of varying concentrations, 50%,
10%, and 1% of solubility of gasoline in water, were obtained by diluting the gasoline aqueous
solution at its solubility limit with deionized water (Mao et al., 2010). The BTEX concentrations
in the four aqueous solutions typically reflected the concentration range of BTEX found in
groundwater associated with gasoline spills and leaks (Mao et al., 2010). For each experiment, the
pipe-bottle apparatuses were filled with silica sand until the bottle was nearly full. Afterwards,
aqueous gasoline solution was introduced to the soil through pump and tube from bottom to top
until the bottle was full. BTEX concentrations in the soil pore water were periodically measured.

Figure A12 depicts the results of the experiments. In Figure Al2, among BTEX
compounds, benzene was the first to be detected in the pipe water, mainly because of the high
concentration of benzene in the simulated groundwater (aqueous solution) and its relatively
smaller molecular diameter (Mao et al., 2010). Moreover, it is worthy of note that the level of
benzene in the pipe water quickly exceeded the Maximum Concentration Level (MCL) of 5 ng/L
as breakthrough occurred. The breakthrough of toluene was slightly behind that of benzene,
whereas ethylbenzene and xylene were detected later and at much lower concentrations. Given the
relatively high MCLs for toluene (1,000 pg/L) and ethylbenzene (700 pg/L), it took significant
exposure times for the pipe water concentrations of these compounds to exceed the MCLs after
breakthrough time (Berens, 1985; Mao et al., 2010). Moreover, owing to the extremely high MCL
for xylene (10,000 pg/L), its MCL was not exceeded within an experimental period of 140 days.
Also, it can be inferred from Figure A12 that breakthrough time increased with lower BTEX
groundwater contamination, implying that higher hydrocarbon concentrations in groundwater
would lead to earlier breakthrough time.
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Figure A12: Cumulative mass permeated per unit surface area (Q) for BTEX compounds in 1-in
SIDR 9 HDPE pipes exposed to four concentrations of gasoline-contaminated water (Mao et al.,
2010).

In the second testing procedure, four levels of gasoline-contaminated soil were prepared
by spiking 1 kg sand-topsoil mixture with known amounts of premium gasoline (to reach the total
BTEX of 32, 89, 388, and 1,216 mg/kg dry soil) and mixing the soil by rotating the soil container
for one week. The volumetric moisture content of the soil was adjusted to approximately 10%.
Through this experiment, water inside the pipes was drained for BTEX analysis. The results are
shown in Figure A13 where Toluene and Xylenes were the major compounds detected in the pipe
water, whereas the permeation of benzene through pipes was insignificant (Mao et al., 2010). One
possible reason for the behavior of benzene is its relatively low concentration remaining in the
soils. This low concentration in the soils is attributable to benzene's high volatility, which gives it
the lowest soil sorption affinity among the BTEX compounds (Mao et al., 2010; Zytner, 1994). In
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gasoline-contaminated groundwater, however, a relatively high concentration of benzene is
generally detected because of its high solubility in water (Cline, 1991).
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Figure A13: Cumulative mass permeated per unit surface area (Q) for BTEX compounds in 1-in
SIDR 9 HDPE pipes exposed to four concentrations of gasoline in unsaturated soils (Mao et al.,
2010).

The last test protocol used by Mao et al. (2010), was determining the effect of soil organic
matter on the diffusion rate of BTEX into the PE pipes (Figure A14). In addition to the adopted
procedure, the changes in concentration of BTEX in the soil-pore water were measured to assess
the sorption of BTEX into the soil organic matter (Figure A15). For this protocol pipe-bottle test
was considered. The soils were initially soaked with aqueous gasoline solution at its solubility.
The experimental procedures were the same as described in simulated groundwater experiments
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except that the soils and aqueous solutions were not replenished. Soil-pore water and pipe water
were collected periodically, and the BTEX concentrations were quantified.
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Figure A14: Cumulative mass of total BTEX permeated per unit area versus exposure time (Mao
etal., 2010).
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Figure A15: Concentration of total BTEX in soil pore water versus exposure time (Mao et al.,
2010).

As seen in Figure A 14, the breakthrough times of BTEX (i.e., benzene as it has the fastest
diffusion rate among BTEX compounds), for silica sand, sand-topsoil mixture, and organic topsoil
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were 13, 16, and, 19 days, respectively. After two months of exposure, the cumulative mass of
BTEX permeated per unit area through the pipe buried in silica sand was nearly twice that of the
sand-topsoil mixture and four times that of organic topsoil (Mao et al., 2010). However, high soil
organic matter cannot be relied on to protect pipes from permeation because such soils eventually
will reach their maximum adsorption capacities under field conditions. The effects of soil organic
matter on permeation found in this study were consistent with results of research on the permeation
of organic contaminants through PB pipes (Holsen et al., 1991b; Mao et al., 2010).

In Figure A15, as the content of organic matter of the soil increases, the sorption of BTEX
into the soil organic matter increases. BTEX in the soil pore water, for the soils incorporating
organic matter (i.e., organic topsoil and sand-topsoil mixture), decreases dramatically within the
first week (mainly because of sorption to the soil) and then decreases slowly (mainly due to
sorption/diffusion into the pipe and volatilization losses) (Mao et al., 2010). Therefore, the higher
organic matter in the organic topsoil results in a greater soil uptake of BTEX and a significant
decrease of BTEX concentrations in the soil-pore water (Kyle, 1981; Mao et al., 2010).

A.1.5. Cement-based pipes
A.1.5.1. Asbestos-cement pipes

As can be seen in Table A1, in general, jointed and unjointed asbestos/cement pipes shows
fastest permeation of contaminants (i.e., toluene and TCE) which could be attributed to the high
porosity of this type of pipe compared to the others. In other words, this type of pipe exhibited the
lowest resistance against permeation of contaminants.

A.1.5.2. Effect of hydrocarbon contamination on concrete properties

There are many brownfield sites that are contaminated with hydrocarbons. The most
common types of site and associated contaminants are summarized in Table A2 (Wilson et al.,
2001). All these contaminants are complex mixtures of separate organic chemicals.

Table A2: Sources of hydrocarbon contamination in brownfield areas (Wilson et al., 2001).

Use Typical contaminants
Filling stations Petrol, diesel
Garages Petrol, diesel and lubricating oil
Oil storage sites Petrol, diesel, heavy fuel oil, and lubricating oil
Timber yards and wharves Creosote, diesel, and fuel oil
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With regard to the influence of chemical constituents of mineral oils (hydrocarbons) on the
mechanical properties of concrete, Lea (1970), indicated that the effects on hardened concrete were
not significant since oils do not contain any constituents that react chemically with hardened
concrete. However, Biczok (1964) and Lea (1970), suggested that phenols, creosols and similar
acidic compounds in creosote may have some detrimental effect on the mechanical properties of
hardened concrete (Wilson et al., 2001). Orchard reported that creosote causes mild deterioration
of hardened concrete (Orchard, 1971; Wilson et al., 2001). Other researchers reported that
petroleum oils and coal-tar distillates had no or very slight effect on hardened concrete strength
and durability (Dobrowolski, 1998; Murdock and Blackledge, 1968; Wilson et al., 2001). Indeed
coal-tar paints and pitches are used as protective coatings for concrete to prevent deterioration by
other compounds (Wilson et al., 2001). Pye and Harrison (1997), stated that Portland cement
concrete surfaces have a good chemical resistance against mineral oil and organic solvents.

Lea (1970) reported severe degradation of the concrete of a garage floor that was exposed
to lubricating oils for 20 years and was saturated with oil. Nonetheless, this issue may have been
due to mechanical degradation rather than chemical processes (Wilson et al., 2001). Therefore, as
mentioned, generally hydrocarbons do not adversely affect the long-term durability of hardened
concrete, except for creosote and similar acidic hydrocarbons (Wilson et al., 2001).

Wilson et al. (2001), performed a study investigating the effect of different sources of
hydrocarbon-based contamination (creosote, diesel fuel, and lubricating oil) on compressive
strength of concrete cubic specimens at 7, 14, 28, and 84 days. Concrete cubes were demolded
after 24 hours after casting and then placed into the selected contaminants inside PE bags (as a
curing medium) in order to reproduce similar condition to concrete that is cured in the ground in
contact with contaminants (Wilson et al., 2001). The solid (mass of concrete specimens) to liquid
(contaminant) ratio was considered 1:1 by volume. The PE bags were placed in water bath
maintained at a temperature of approximately 68 °F until specified testing ages. The results of the
mentioned study are presented in Figure A16 and Table A3. The results indicate that creosote had
the most detrimental effect on concrete strength which caused 20% strength reduction at 84 days
as compared to control mixture. This issue may be due to either chemical reactions occurring
within the hydrating concrete or because of the presence of hydrocarbons surrounding the cubes
preventing adequate curing (Wilson et al., 2001). Furthermore, the diesel had the least negative
influence on compressive strength than other hydrocarbons.
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Figure A16: The effect of hydrocarbons on concrete strength gain (Wilson et al., 2001).

Table A3: Reduction in strength gain compared to water cured control specimen (Wilson et al.,

2001).
. Reduction in strength gain (%)
Contaminant
7 days 14 days 28 days 84 days

Water 0 0 0 0
Creosote 13 14 15 20
Diesel 0 0 13 8
Lubricating oil 0 10 15 16

A.1.6. Gasket materials

The most widely used gasket materials in the water distribution system are ethylene
propylene diene monomer (EPDM), chloroprene rubber (CR; neoprene), styrene-butadiene rubber
(SBR), nitrile rubber (NBR), and fluoroelastomer rubber (FKM) which would be selected
depending on the contamination condition of installation sites of piping system (Cheng et al.,
2012). SBR and CR gaskets typically are used for water distribution pipes whereas NBR and FKM
gaskets are used for pipes conveying hydrocarbons and petroleum products or when hydrocarbon-
resistant gaskets are required for water distribution (Cheng et al., 2012). About 90% of the gaskets
used in water distribution pipes are SBR gaskets because of its low cost and good durability (Ong
et al., 2008, Park et al., 1991).

30



According to a previous study, organic chemicals are approximately 5 to 100 times more
permeable in gasket materials compared to PB pipe (Park et al., 1991). Therefore, considering
permeability of gasket materials would be of great importance with regard to evaluating the
resistance of pipe system against contamination. However, there are two reasons why most
permeation events do not involve gaskets (EPA, 2002). First, the mass transfer area associated
with gaskets is considerably smaller than that associated with pipelines (EPA, 2002; DWI0772,
1997). Second, gaskets are usually installed in areas where flow is continuous and flow velocities
are high, which increases the dilution effectiveness (EPA, 2002; Holsen et al., 2991a).

Glaza and Park (1992) and Park et al. (1991), tested three gasket materials (SBR, NBR,
and special NBR) and concluded that special NBR gaskets performed slightly better than standard
NBR gaskets, whereas SBR gaskets were more vulnerable than NBR gaskets to gasoline
permeation. Mao et al. (2011b) measured the performance of two types of gaskets utilized in PVC
pipe joints (SBR and NBR) using sorption test. The testing procedure was followed by two
different exposure mediums. In the first experiment, gasket rings (with nominal 2-in diameter)
were immersed in 500 mL of the premium gasoline in a 1-L glass jar. The gaskets were removed
at hourly intervals, wiped dry with paper towels, and weighed using an analytical balance. The
specimens were returned to the jar immediately after weighing. The specimens were weighed until
constant weight was reached (Mao et al., 2011b). In the other experimental procedure, the same
measurement procedure was applied except for using gasoline aqueous solution at its solubility
limit instead of pure gasoline. Figure A17 shows the results of these experiments. In pure gasoline,
sorption equilibrium was rapidly achieved within 24 h for both types of gaskets. The equilibrium
weight gains for SBR and NBR gaskets were 102.3 + 5.6% and 77.6 £+ 1.1% of their original mass,
respectively (Mao et al., 2011b). Sorption of hydrocarbons by the gaskets in gasoline aqueous
solution at its solubility limit was extremely slow compared to exposure to commercial gasoline.
Moreover, none of the gaskets reached sorption (constant mass) equilibrium for the experimental
period of nearly 80 days (Mao et al., 2011Db).
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Figure A17: Results of sorption test for 2-in diameter SBR and NBR gaskets exposed to free-
product gasoline (a) and gasoline aqueous solution at its solubility limit (b) (Mao et al., 2011Db).

Furthermore, Cheng et al. conducted sorption test on five types of push-on gasket materials
(including EPDM, CR, SBR, NBR, and FKM) used in Ductile Iron pipe joints (Cheng et al., 2012).
To fulfill this issue, equilibrium sorption tests were carried out using the five gasket materials in
premium commercial gasoline. The specimens were placed in 120-mL jars filled with gasoline and
kept at room temperature. Specimens were periodically removed, wiped dry using a paper towel,
weighed using an electronic balance, and then returned to the jars. Based on the attained results,
EPDM gaskets had the highest sorption (127% weight gain) of premium gasoline compared to the
other four gaskets. Also, FKM gaskets had the lowest sorption (about 0.65%) of gasoline,
indicating the material’s greater resistance to gasoline permeation than the other four gaskets.
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A.1.7. Pipe joints

Gasket materials are installed in pipe connections to provide sealed joints which prevent
water leakage. In addition, as described in section A.1.6, joint gaskets have a high intrinsic
permeability than piping materials. Accordingly, the permeability characteristic of pipe joints
needs to be considered and determined.

Olson et al. (1987), showed that unjointed pipes showed better performance than jointed
ones. Mao et al. (2011b) conducted Pipe-Drum test to monitor the ability of gasketed PVC pipes
to resist water contaminants permeation. They adopted two types of gasket materials (SBR and
NBR) used in Rieber gasket system. In the United States and Canada, the most common PVC pipe
joint is the Rieber joint system, in which the gasket is integrated into the pipe bell during the
manufacturing and belling process (Figure A18) (Mao et al., 2011b). This gasket system has been
fully adopted by the PVC pipe industry in the United States and Canada owing to its many
advantages such as high resistance to water infiltration and exfiltration, high internal pressure and
vacuum properties, and allowable leakage limits when axial joint deflection takes place (Mao et
al., 2011b; Rahman and Alchin, 2005).

Exposed to Exposed to
environmental media  Bell Gasket pipe water

Lubricant Spigot

Figure A18: Cross section of PVC pipe joint with SBR Rieber gasket (Mao et al., 2011b).
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In Mao et al.’s work (201 1b), pipe-drum tests were performed on the nominal 2-in diameter
PVC pipes with gasketed joints by SBR and NBR gasket materials. To simulate a buried pipe in
contaminated soils, 20-L steel drums with the PVC pipe joints mounted vertically were developed
as shown schematically in Figure A19. Pipes were filled with deionized water from bottom to top,
and samples were collected by draining under gravitational force. Eight pipe-drum apparatuses
with gasoline as the contaminant were setup: three pipe-drum apparatuses with PVC pipes
equipped with SBR gaskets (triplicate experiment), three pipe-drum apparatuses with PVC pipes
equipped with NBR gaskets (triplicate experiment), and two pipe-drum apparatuses with straight
PVC pipes as controls. Two testing procedures were adopted. In the first testing protocol, pure
commercial gasoline was added to the drum filled with sand until a visible liquid level of gasoline
appeared above the surface of the sand and the exposure of PVC pipes with gasketed joint to pure
gasoline was evaluated (Mao et al., 2011b). In the second procedure, jointed PVC pipes were
exposed to four different aqueous solutions of varying concentrations (100%, 75%, 50%, and 10%)
in the pipe-drum test.

DI water OUT

Meedle walve Influent I effluent

/ /

Copper tube Pipe Joint
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Pipe cap

? Meedle valve

Wooden base
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N\
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LI water [N

Figure A19: Pipe-drum apparatus (Mao et al., 2011b).
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Figures A20 and A21 show the results of pipe-drum test conducted on gasketed PVC pipes
equipped with SBR and NBR gaskets, respectively (Mao et al., 2011b). According to Figures A20
and A21, no BTEX compounds were detected in the pipe water of the straight (ungasketed) PVC
pipe after nearly 4 months of exposure (Figure A20a). This is mainly because BTEX
concentrations in the commercial gasoline were not sufficiently high to soften the glassy PVC
materials and thus inhibit the permeation of BTEX compounds (Mao et al., 2011a; Mao et al.,
2011b). In contrast, PVC pipes with SBR and NBR gaskets were rapidly and significantly
permeated by BTEX compounds when exposed to premium gasoline. This observation generally
indicates that gasoline permeation incidents related to PVC pipelines were mainly attributed to the
permeation of gasoline through gasket materials or inflow through broken pipes, rather than
permeation through the intact pipe materials (Mao et al., 2011b). For SBR gasketed PVC pipes,
the steady-state permeation rates for benzene, toluene, ethylbenzene, m-xylene, and o+p-xylene
were found to be 0.73 £ 0.29, 0.95 + 0.44, 0.04 + 0.02, 0.1 + 0.05, and 0.1 + 0.05 mg/joint/day,
respectively.

Based on the gathered data for PVC jointed with SBR gaskets (Figure A20), when
breakthrough occurred, the concentration of benzene in the pipe water immediately exceeded the
MCL of 5 pg/L. Toluene breakthrough lagged slightly behind that of benzene, whereas
ethylbenzene and xylene were detected later at approximately 50 days and at much lower
concentrations. benzene and toluene accounted for 85-90% of the total BTEX that permeated into
the pipe water. It should be noted that similar permeation behavior for BTEX (i.e., the order of
breakthrough time and the relative permeation rate) was found for the permeation of premium
gasoline in PE and ductile iron pipes joints (Glaza and Park, 1992; Mao et al., 2010; Mao et al.,
2011b; Ong et al., 2008).

The permeation rates for NBR gaskets were relatively lower than that for SBR gaskets. It
is worth mentioning that these NBR results were different from the results for ductile iron (DI)
pipes with NBR gaskets where the NBR gaskets were found to be much more resistant to gasoline
permeation than SBR gaskets (Mao et al., 2011b; Ong et al., 2008). This issue may be because
NBR materials for PVC pipes and ductile iron pipes were not identical in their composition or their
permeation properties (Mao et al., 2011Db).

Finally, according to the results obtained for exposure of gasketed PVC pipes to aqueous
solutions of gasoline with four different concentrations, no significant amounts of BTEX
compounds were detected in the pipe water for pipes using either SBR or NBR Rieber gaskets
after 9 months of exposure to any level of gasoline contamination in water, even at its solubility
limit (Mao et al., 2011Db).
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Figure A20: Cumulative mass of BTEX compounds permeated per joint in PVC pipes with SBR
gaskets exposed to premium gasoline (Mao et al., 2011b).
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Figure A21: Cumulative mass of BTEX compounds permeated per joint in PVC pipes with NBR
gaskets exposed to premium gasoline (Mao et al., 2011Db).
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A.2. Soil contamination in the saturated condition

The numerical groundwater flow model MODFLOW and associated contaminant transport
module MT3D are commonly used for modeling subsurface hydraulic head distribution and
movement of contamination plumes. MODFLOW is a three-dimensional model, initially
developed by the United States Geological Survey (USGS) (McDonald and Harbaugh, 1988). The
program utilizes the finite difference approach for simulating and predicting groundwater flow and
the impact of various source/sink configurations on the head distribution.

The modular three-dimensional transport model (MT3D) was initially developed by Zheng
(1990). Mass-Transport 3D Multi-species (MT3DMS) is a most recent version of the MT3D model
and has a broad set of options and abilities to simulate dispersion/ diffusion, advection, and
chemical reactions of contaminants in groundwater flow systems under general hydrogeological
conditions. Visual MODFLOW Flex is a graphical interface for MODFLOW, and it is used to
simulate groundwater flow and contaminant transport, whereby combining MODFLOW-2000-
2005 with MT3DMS.

Saghravani et al. (2011) modeled the groundwater flow and the migration of phosphorus
in groundwater by using Visual MODFLOW for 10 and 50 years in Malaysia. Their study was
focused on the determination of phosphorus contaminants in different zones of groundwater as
well as a demonstration of contaminant transport in the aquifer. Islam et al. (1998) developed a 3-
D numerical model for groundwater flow and contaminant transport for the town of Ogallala,
Nebraska, by using MODFLOW coupled with MT3D. They simulated an aquifer that was
contaminated with Perchloroethylene (PCE), trichloroethylene (TCE) and carbon tetrachloride
(CCl4) and the simulation findings suggested that clean up time via using the pump and treat
technology for TCE, PCE, and CCl4 was 15, 10, and 10 years, respectively.

He et al. (2009) conducted a 3-D MODFLOW model coupled with MT3D to predict
groundwater contamination caused by oil pipe leakage that started from Rizhao to Chuzhou in
China. The results showed that the generated contaminant from oil pipeline leakage is transported
mainly along the direction of the groundwater flow (i.e., advection process). Dhaka et al. (2016)
studied groundwater contamination of area located in Delhi, India, via using Visual MODFLOW
Flex interface. Similar to He et al. (2009) findings, the results of the model showed that the
groundwater contamination movement is dominated by the advection mechanism, and the
direction of the plume transport depends on the differential hydraulic head conditions.

Lautz and Siegel (2006) modeled mixing surface and groundwater and solute transport by
using a 3-D MODFLOW paired with MT3D, to simulate hydro-chemically active hyporheic zone
(beneath and alongside a streambed) around debris dams for Red Canyon Creek, Wyoming, US.
The findings of the study indicated that the movement of surface water into the hyporheic zone is
predominantly an advective process. Ghoraba et al. (2013) modeled groundwater flow and
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contaminant transport movement for quaternary aquifer in the central part of the Nile Delta, Egypt.
The results showed that the Ammonium concentration of groundwater exceeded the drinking water
standard. The results from the study suggested a cleanup approach whereby a dewatering system
through eight extraction wells is used to pump the contaminated groundwater out of the aquifer.
The eight extraction wells’ locations were chosen to be toward the flow direction since the
movement of contamination was governed by the advection mechanism for this area.

39



A.3. Soil contamination in unsaturated condition

Leakage from permanently closed or, in service, underground storage tanks (UST), leakage
from pipelines or disposal by factories in US and other countries poses serious contamination
threat to the vadose zone and subsurface utilities. The volatile organic compounds (VOCs) such
as hydrocarbon fuels (gasoline, diesel, BTEX), or Trichloroethene (TCE) can migrate through
unsaturated profile break through subsurface utilities such as culvert and water/drainage pipes, and
therefore contaminate surface and groundwater. In the unsaturated zone, transport of the
contaminant can occur as solutes in the water (or aqueous phase), vapors in the air phase, and as
unaltered constituents in the oil (immiscible phase or NAPL phase). Work presented herein is
focused on the potential transport of benzene as VOC with high vapor pressure through unsaturated
zone into the subsurface concrete utility pipes with polymeric gaskets.

To allow robust prediction of VOC effects on utilities, also suggest an appropriate
technique to face the problem and attenuate the contamination, an integrated understanding of
governing processes is required.

Mechanisms of interphase mass transfer include evaporation of the NAPL and dissolution
into the liquid water phase, and equilibrium partitioning of the organic chemical between the gas,
water, and solid phases (Falta et al., 1992). In some scenarios, it is possible for vapor transport,
rather than the slowly percolating dissolved-phase plume, to be largely responsible for VOC
transport to the underlying layers (Wealthall, Rivett and Dearden, 2010).

The transport of contaminants in the gas phase may occur due to both advection and
diffusion and is influenced by phase partitioning into the water and solid phases. In a field
investigation by Hinchee and Reisinger (1985), lateral diffusive transport in unsaturated zone was
suggested as a main mechanism for hydrocarbon contamination of soil and groundwater some
distance away from a leaking gasoline storage tank (Baehr, 1987). Through partition into water
and air phases, the vapors can migrate into the subsurface utilities and to aquifer with the potential
of transport over large horizontal distances. Small concentrations of petroleum products render
groundwater unfit for domestic use (Baehr, 1987).

The past studies can be categorized into two groups;

1) Literature on governing equations and parameters and ii) Literature on different scenarios
of contaminant migration in real life.

1) Several studies have been done to develop the models describing simultaneous transport
of a chemical contaminant in three physical forms; as a nonaqueous phase, as an aqueous phase,
and a gas phase. (Jury et al., 1983; Abriola and Pinder, 1985; Corapcioglu and Baehr, 1987; Sleep
and Skyes 1989; Falta et al., 1989). Equations which describe this complex system are derived
from basic conservation of mass principles by the incorporation of various constitutive relations
and approximations. Effects of matrix and fluid compressibilities, gravity, phase composition,
interphase mass exchange, capillarity, diffusion, and dispersion are all considered. One of the
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necessary equations describing the three-phase flow in system is relative permeability-saturation-
pressure (K-S-P) functional relationships. Parker et al. (1987) developed a parametric model to
demonstrate K-S-P relationships in two- or three-fluid phase flow in porous media systems subject
to monotonic saturation paths. Due to complexity in the manner in which three fluids may interact
in a porous medium and the difficulty of directly measuring fluid pressures and saturations
simultaneously in three-phase systems, so in practice, three-phase behavior is commonly estimated
from two-phase measurements. The two-phase system is described by three porous medium-
specific parameters (o, n, S;) and a fluid pair-dependent scaling factor (B) and for three-phase
saturation-pressure relations involve five parameters (daw, Oao, Oow, N, Sm). In another work they
obtained scaling factors for four organic liquids (benzene, o-xylene, p-cymene, benzyl alcohol) in
a sandy porous medium (Parker et al. 1987). Oostrom and Lenhard (1996) evaluated the
predictions from commonly used constitutive relations for multi fluid flow by comparing the
results of numerical simulations by STOMP and experimental data on a uniform sand. The results
show LNAPL moves faster downward when predicted by the Van Genuchten models compared to
the Brooks-Corey/Burdine (BCB) model. Mathematical models of NAPL movement in three-
phase porous media consisting of water-oil-air, commonly assume nonhysteretic permeability-
saturation-capillary pressure (k-S-P) relationships. Some studies described hysteresis including air
and oil phase occlusion or "entrapment" during imbibition and considered effects of pore blockage
by air trapped in water and oil phases and oil trapped in the water phase and has shown significant
effects on predictions of flow in two- or three-phase systems. (Parker and Lenhard, 1987;
Kaluarachchi and Parker, 1992; Van Geel et al, 1994).

i1) The other group have addressed different scenarios related to contaminant migration in
real life.

Dafny (2017) studied migration and longevity of Trichloroethene (TCE) through a sandy
unsaturated zone under episodic NAPL releases from a metal planting factory sewer system by
using Petrasim2016 graphical user interface and assessed the effect of episodic NAPL releases,
vadose zone depth and surface condition (land cover) on NAPL partitioning in the domain and
loading to the groundwater. The results show the NAPL was depleted within a few years while
partitioning into the aqueous and gaseous phases and in total, 1-3% of released TCE reached the
groundwater. Considering land cover TCE reached groundwater in higher mass for bare case
compared to the sealed and roofed cases (bare (recharge and emission to atm )>sealed>roofed (just
atm) ) and so it was shown the atmosphere layer has the most important impact on the VOC
evolution in the subsurface so that in case of roofed conditions maximal TCE (Aq) loads to the
groundwater are lower by an order of magnitude in compared to those simulated for the respective
sealed cases. Interception of recharge seems to have minor impact on the pollution partitioning but
it has significant effect on the TCE loading to groundwater during the disposal period. The vadose
zone thickness has secondary effect on dissolved loading to the groundwater and the thinner the
vadose zone is, the higher total mass of pollution transports to the water table. The fluctuation of
the source load or pulses are completely attenuated in the unsaturated zone and the only observed
fluctuations in TCE load to the groundwater occurs when recharge is applied.
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Yang et al. (2012) made numerical simulations using “NAPL” simulator to study benzene
migration in an air-NAPL-water three phase system containing three soil layers; sand, sandy clay
and sand layers under water table fluctuation. The laboratory column tests were used to extend
saturation-Capillary pressure (S-P) relationships for field scale. To simulate water table
fluctuation, the modeling process was divided into the steps and dynamic boundary conditions at
left and right were used. The results showed benzene is trapped as a residual phase behind the flow
path when falling and rising water table.

Rasmusson (2009) simulated a NAPL spill in a specific site in Israel and following
pumping remediation using TMVOC code. The results from simulations of pumping with a static
groundwater level and a fluctuating groundwater level showed great differences. The fluctuating
groundwater level simulation resulted in a much smaller accumulated NAPL recovery volume than
the static groundwater level simulation because of enhanced spreading of the NAPL over a larger
region in case of fluctuation.

Joun W. et al. (2016) performed sand tank experiments and 2-D numerical modeling by
STOMP to measure borehole TCE gas concentrations with different source distributions under
water table fluctuation. The sources of the borehole TCE gases could be the residual TCE in the
unsaturated zone or the dissolved TCE in the groundwater. The results showed when water table
fell below a residual NAPL-phase TCE source or groundwater contaminated with dissolved TCE
fell to form a lower water table, increases in borehole TCE gas were observed. When the water
table was lowered, the NAPL-phase TCE source produced relatively higher and longer lasting
borehole gas concentrations.

The influence of two factors; geological heterogeneity (variable log permeability standard
deviations) and variability in water infiltration on LNAPL (TCE and toluene) migration in the
unsaturated zone is investigated by Yang et al. (2013). Rainfall events can lead to considerable
increase in water saturations in the soil near the ground surface over a short period. When water
saturations are high in the upper part of the model domain at the time of the spill, a considerably
smaller amount of NAPL infiltrates into the model. For example, an 8-h rainfall (15 mm/h) leads
to 50 % reduction in total infiltrated mass, in comparison to the case with no preceding rainfall.

Sookhak-Lari et al. (2016), compared partitioning and fate of different gasoline
components considering the effects of release depth and release duration.

So far, the contaminant migration in a vadose zone with subsurface utilities and different
types of porous media have received rare attention in literature.

A.3.1. Governing equations

(Falta et al. 1992) developed a finite difference code for modeling of steam displacement
of nonaqueous phase liquid (NAPL) contaminants in shallow subsurface systems. The code
considers three flowing phases, gas, aqueous, and NAPL; and three mass components, air, water,
and an organic chemical. Interphase mass transfer of the components between any of the phases is
calculated by assuming local chemical equilibrium between the phases, and adsorption of the
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chemical to the soil is included. Here is a summary of governing equations employed in T2VOC
code developed by (Falta et al. 1995) that we are using for our simulations.

In a nonisothermal system containing three mass components, three mass balance
equations and an energy balance equation are needed to fully describe the system as equation (A3):

— [, MK v, = [, F¥ ndl,+ [, q¥dv, (A3)

K: a: air; w: water; ¢: chemical; h: heat

Where MK is the mass of component K per unit porous medium volume (for K=h, M¥ is
the amount of energy or heat) , F¥is the mass flux of component K into V) (net flux), n is outward
unit normal vector, q¥ is rate of mass generation of component K per unit volume (source)

Mass accumulation terms:

The mass accumulation terms for air and water (K= a, w) are defined as follows:

MX = ¢ Y5 Sp pp wgs, p=gas, aqueous, NAPL (A4)

Where ¢ is porosity, Sg is the [ phase saturation, pg is the B phase density, and a)g is the
mass fraction of component K in phase .

For NAPL (K= c) it includes linear equilibrium adsorption as equation (AS5):

M =@ Y55 pg wi + PppwwiKp (A5)

Where py is the dry bulk density of the soil, wf; is the mass fraction of the chemical in the
aqueous phase, and Kp is the soil water distribution coefficient for the organic chemical (Freeze
and Cherry, 1979).

Cs = ppKp € (kg/m®) C = pyawy, (A6)

Where C¢ is the adsorbed mass of chemical per unit volume of soil, and C;;, is the chemical
mass concentration in aqueous phase, and. Degree of adsorption of organic chemicals
(CE) depends largely on the amount of organic carbon present in the soil (foc), Koc is the Organic
carbon partition coefficient.

Kp = Koc foc (A7)

Flux terms:

The three mass flux terms (air, water, chemical) sum over the three phases (gas, aqueous,
NAPL) as equation (AS):

FK = Y Ff (kg/ (m’s)) (A8)

The mass flux of each component in the water and NAPL phases are calculated by
considering only advection as equation (A9) and (A10):

—k krwpPw
R = =1 wlf (YR, — pwg) (A9)

w

-k krn n
Fit = =122 wf (VP = png) (A10)

n

The mass flux of each component in the gas phase considers advection and diffusion:

—k krgp,
= # wy (VP = pgg) +J§ (ALT)
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Where k is the absolute permeability tensor, ki is the  phase relative permeability, pg is
the  phase dynamic viscosity, P is B phase pressure, g is the gravitational acceleration vector,
and J g is the diffusive mass flux of component K in the gas phase.

The diffusive Mass fluxes of water and organic chemical vapor [y’ & J g are calculated as
follows:

J§ = —pSgtaDip Vel (L) K=CW (A12)

Where Sg is gas saturation, ¢ is porosity, pg is gas phase density and wg is the mass fraction
of component K in gas phase, Dg is the molecular diffusion coefficient of component K in the
gas phase and 7, is the gas phase tortuosity calculated from equation (A13) as follows:

7, = /38]°  (Millington and Quirk 1961) (A13)

With the water and chemical diffusive mass fluxes, the air diffusive mass flux, J g is
determined from equation (A14):

Jg+ Iy +1§ = (A14)

The above equation ensures that the total gas phase diffusive mass flux summed over VOC,
air and water is zero. Therefore, the total gas phase mass flux is the product of the gas phase Darcy
velocity and the gas phase density.

The phase pressures are related to each other by capillary pressures as:

By = By — Pyw (A15)
P = Fy— Begn (Al6)
Ponw = chw_ chn:Pn_Pw (A17)

Note, as our model works in isothermal condition, we didn’t mention the formulation of
heat transfer, for more details refer to (Falta et al. 1992).

In order to determine the thermodynamic state of four components (air, water, chemical
and heat) so that the local thermal and chemical phase equilibrium is established, it is needed to
choose four primary variables and in addition to four primary variables, a complete set of
secondary variables is needed to solve four coupled balance equations. The secondary variables
include thermodynamic and transport properties such as concentration, mole or mass fractions,
relative permeabilities, capillary pressure, viscosities, densities, water and chemical molecular
diffusivity, tortuosity and enthalpies. The four primary variables must be chosen so that the entire
set of secondary variables may be calculated as functions of the primary variables (Falta et al.
1992)

Primary variables and variable substitution:

Primary variables applied as input for simulation are defined as follows; (SW, Sg, P, T) for

three-phase gas-water-NAPL, (S , XS, P, T) for two-phase water-gas, (S ,X,,, , P, T) for two-

phase water-NAPL, (P, T, X%, X, ) for single phase water.

Xgw 18 mass fraction of air in water, X is mole fraction of VOC (or chemical) in water
and Xg is mole fraction of VOC in gas phase. The code uses the technique of primary variable
substitution during phase transitions. For example in a three-phase system, when Sg+Sw>1 NAPL
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phase disappears the system alters to two-phase water-gas and primary variables are switched from
(S,S,P,T)to(S , XS, P, T). In such fashion, three-phase transforms to two-phase NAPL-water
w g w

if Sg < 0, two-phase water-gas transforms to single-phase water when Sw>1, single-phase water
to two-phase water-NAPL (or two-phase water-gas to three-phase) if XS, > X solubility limit at
prevailing temperature, single-phase water to two-phase water-gas (or two-phase water-NAPL to
three-phase) if Pg> P (hydrostatic+atm), (Falta et al. 1995).

Secondary Variables

The NAPL or VOC concentration as gas phase is a secondary variable that defined as a
function of primary variables as follows:

pPEME m¢
T (g’ (€ =D (A18)

cs =
Where MS, is the molecular weight of chemical (g/mol), R is universal gas constant, T is
temperature and ch is partial pressure of chemical or VOC that is defined as below:
If NAPL phase is not present (two-phase water-gas):
ch = XgP, F,:gas phase pressure Xg:chemical mole fraction in gas phase
If NAPL is present the equation (A17) is used:

ax+bx15+cx3+dx® T
Rgczps{:atzpcritexp( ) x=1-=

1-x Terit (A19)

Where PS,, is saturated vapor pressure at given temperature, P, , Torir are the critical
pressure and critical temperature of organic compound that are constant values and a, b, ¢ and d
are empirically determined constants.

Also, concentration of other components water and air in gas phase are defined as follows:

w _ PUMYe o PEMy:
Cg = ,Cg =~ (A20)
P}¥: saturated vapor pressure of water at the local temperature (Pgg,
— c
Pga —Pg_Pg _Pgw (AZ1)
— [ra w C — Cgc a — CJ(JI w _— Cgv
pg—Cg+Cg+Cg,wg—g,wg—z,wg—z (A22)

Under conditions of local chemical equilibrium, the concentration of a compound in a
phase is related to the concentration in another phase by a constant. The code calculates the
concentration of NAPL in gas phase at first and then determines the concentration of NAPL in
aqueous phase by using local chemical equilibrium law. The equilibrium expression for the gas-
liquid distribution of a dilute compound is known as Henry's law as:

PgK = Hé{WXVKV K=a,c (A23)

Where PgK is partial pressure of component K in the gas phase, X{ is the mole fraction

of component in aqueous phase and ng is Henry’s constant that may be determined by:
C
H,, = ;S—Vg‘: ( pressure unit), : solubility (mole fraction) (A24)
X§ is the solubility of chemical in water (mole fraction) and PS, is the saturated vapor
pressure of the chemical as a function of temperature.
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Also, the Henry’s law is defined in some literature (Bachr 1987) as equation (A25):
C,=HC, H=-= (A25)

Where Cg is saturated vapor concentration of chemical and CJ, is solubility of the chemical
in water. If liquid VOC phase is present local equilibrium requires that C; = C v.c,=0C2

Solubility and henry’s constant are function of temperature.

The multicomponent diffusivities for water and chemical vapor in the gas phase are defined
by equations (A24) and (A25).

a [ w a
Xg Xg Xg Xg

D;/ = (1 - Xy)/(D‘gw + Dgw) and Dg = (1 - XgC)/(D.;W + DZC) (A26)

Dg’f is the multicomponent molecular diffusion coefficient of component K in the gas phase

and calculated by using binary diffusivity (air-water and air-chemical diffusivities) as below:

Dy =Dy" (PalPy) (T /T )% (A27)
D; R is the experimentally determined i-j binary diffusivity at a temperature T and a

pressure of Pp (Reference binary diffusivity), and 6;; is an experimentally determined constant.
Dg" or water-chemical diffusivity is calculated using Wilke and Lee empirical correlation, (Reid
et al. 1987).

Capillary pressures and Relative permeabilities

The code uses the relationships from Parker et al. (1987) for three-phase capillary
functions,

In this work water retention curves are described by the Van Genuchten (1980) capillary
pressure-saturation function extended by Parker et al. (1987) for three phases.

1

[y

oL n wd [yt n
Pegn = =222 ()™ =1)"  Pony = =222 () 7m ~ 1) (A28)
1 1
_ L T pwg (et n
Prgw = — 222 ((S)m = 1)" =22 ((5)m 1) (A29)
Sw—Sm = Sw+Sp—Sm
W=, =t m=1-1, (A30)

where Pcgn 1s gas-NAPL capillary pressure, Pcnw i1s NAPL-water capillary pressure and Pegw
is gas-water capillary pressure, S,, is effective water saturation, S, is effective total liquid
saturation where effective means that residual water saturation (Sm) is excluded when calculating
the relative saturation, pw is water density, g is acceleration of gravity, and the ogn, 0w, m and n
are fitting curves parameters. The parameters needed to be defined are Sm, n, 0gn, 0aw. The ogn and
anw are defined by using scaling factor .

The scaling factor enables extending the capillary pressure—saturation functions for two-
phase system to a three-phase system. Because of the difficulty of directly measuring fluid
pressures and saturations simultaneously in three-phase systems, so in practice, three-phase
behavior is commonly estimated from two-phase measurements. This can be accomplished under
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the assumption of the following wetting order, water>NAPL>air, a rigid media, negligible fluid
solid interference and a monotonic saturation path, i.e. no hysteresis (Parker et al., 1987).

Table A4: Scaling factors for benzene in a sandy porous medium, (Paker et al., 1987)

Bij from regression pij from pij from
Fluid system measured handbook
(benzene) Van Genuchten | Brooks-Corey interfacial interfacial
tensions tensions
Bgn 2.18+0.18 2.05+0.33 1.94+0.28 2.52
Bnw 1.85+0.19 1.96+0.33 2.124+0.1 2.08

The scaling procedure presented by Fagerlund et al. (2006) is used. The scaling factors are
determined by the interfacial tension (o). Ref stands for reference fluids, i.e. the two-phase system
fluids, usually air and water.

Bon= 2L @ = fogn @ (A31)
Bow =L L = P @ (A32)
Bow = #ﬂfygn gy = Bgw @ (A33)
— == (A34)

Agw Anw Agn

The relative hydraulic conductivity (kr) is the ratio of unsaturated hydraulic conductivity
to the saturated one. Modified version of stone’s three-phase method (Stone, 1970) used by the
code to define the hydraulic conductivities is expressed as:

_ [Sa=Ser]"
rg = [HW] (A35)
Sw—Swr n
ferw = [ 1Sy ] (A36)
_ | 1=Sg=Sw=Snr | [1=Swr=Snr] | (1=Sg=Swr—=Snr)(1-Sw) n
krn a I:l_sg_swr_snr:l [1_Sw_snr] [ (1_SWT') (A37)

The parameters needed to be defined are Swr, Sur, Ser, 0.

The other secondary variables are gas viscosity (j1g) as a function of temperature, pressure
and composition, aqueous and NAPL viscosity (uw, un) as function of temperature, NAPL density
as function of temperature and pressure, and the specific enthalpies of water and NAPL as function
of temperature and pressure and porous medium porosity changes due to pressure and temperature
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variations. The density and viscosity of liquid water are calculated from steam table equations
given by the (International Formulation Committee 1967).
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Appendix B: Experimental part
B.1. General

In this section, first, the properties and specifications of the materials used in the
experimental part are mentioned. Then, the experimental methods adopted to assess the
performance of plastic and concrete pipe specimens and rubber gaskets exposed to contaminated
water. Finally, the results obtained in the experimental part will be presented and related discussion
will be provided.

B.2. Materials and methods
B.2.1. Materials
B.2.1.1. Plastic pipe and gasket materials

Green PVC pressure pipe with a diameter of 8" conforming to ANS/AWWA C900 with a
dimension ratio (DR) of 18 which is equivalent to the pressure class of 235 psi was used. As the
thickness of the pipe wall was 0.55", based on ASTM D638, type III specimen was considered
which specifies the dimensions for a specimen with a thickness between 0.28" to 0.55". The
specimens were directly prepared from a PVC pipe with the specifications mentioned above.

For the rubber gaskets, three commercially available types of rubber sheets i.e. neoprene
(CR), nitrile (NBR), and Viton® (FKM) were purchased and the specimens were prepared
manually using a die with the dimensions specified for type C dumbbell specimens according to
ASTM DA412. The thickness of sheets was 0.125" as stated in ASTM D412. The mechanical
properties of PVC and gasket specimens either provided by the manufacturers or tested in the
current project are presented in Table B1. Figures B1 and B2 show the die used for the preparation
of rubber specimens and dimensions of rubber gasket dumbbell and PVC dog bone shaped
specimens used in this study, respectively.

Table B1: Mechanical properties of PVC and rubber gasket materials.

Property ASTM - PVC ASTM - Rubber  PVC CR NBR FKM
Tensile strength D638 D412 7100+ 412 =+ 918+ 1033+
(psi) 170 19 76 57
Elongation @ D638 D412 13 114 + 223+ 103+8
maximum load (%) 17 11
Hardness D785 (Rockwell ~ D2240 (Shore A) 11510 60+7 605 75%5
R)
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Figure B1: Die prepared for cutting rubber specimens.
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Figure B2: Dimensions of rubber gasket and PVC specimens (not to scale).
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B.2.1.2. Concrete pipe

To perform unsaturated sorption and diffusion tests, cores from concrete pipes were
provided by NCDOT. Mortar specimens were also prepared to investigate the effect of
contaminated water on the compressive strength of cement-based materials. In addition, to
quantify the effect of Xypex® on inhibiting VOCs transport through concrete pipe, a specimen of
such chemicals compatible with the mix design used in concrete pipe proportioning was obtained
from Xypex® company, Canada. Since the mix design of concrete pipe is composed of fly ash, a
special type of Xypex® admixture (Admix C-500 NF) was used. The corresponding mortar
specimens with and without Xypex® was produced for sorption and diffusion tests.

B.2.2. Methods
B.2.2.1. Plastic pipe and gasket materials
B.2.2.1.1. Accelerated aging

As aging plastic and elastomers at ambient temperature is a prolonged process, accelerated
aging is considered to reduce testing and product development durations (Le Saux et al., 2014).
Accelerated aging is usually taken place by elevating the aging temperatures which in turn requires
proper models to translate it into ambient temperature.

Three different aging temperatures were considered i.e. 68 °F, 104 °F, and 140 °F.
Specimens were placed in bottles and aged up to 7 months (Figure B3). Aqueous solutions of
benzene and PCE at their solubility limits i.e. 1790 mg/L and 206 mg/L, respectively, were
prepared by adding 10-20 times more than the solubility limits of corresponding chemical to
maintain the saturation level during the aging. Bottles were monitored to check the availability of
contaminants (benzene or PCE) every other week and more chemicals were added if needed. To
prepare the benzene or PCE aqueous solutions at their solubility limits, deionized water and ACS
analytical grade of benzene and PCE were utilized to avoid the existence of other chemicals and
substances which may affect the performance of chemicals of interest. After preparing headspace
free bottles and sealing them using a commercial chemical- and heat-resistant glue, the bottles
were then put in water tanks with controlled temperatures (104 °F and 140 °F) until the specified
testing times. At each testing time, the specimens were removed from the bottles and then placed
in a laboratory oven set at 104 °F to become dry. Depending on the specimen type and aging
duration, drying in an oven took one or two days and defined as less than 0.1% changes in the
weight of specimen within an hour.
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Figure B3: Insulated water bath with a control temperature system used for aging PVC pipe and
rubber gasket specimens.

B.2.2.1.2. Tensile strength test

Tensile strength is the most important mechanical properties of plastics and rubbers.
Tensile strength of the aged and unaged PVC and rubber gasket specimens were measured
according to ASTM D638 and ASTM D412, respectively. The loading rate for all specimens was
set at 2 in/min (50 mm/min). Also, note that three replicates of PVC or rubber materials were tested
at each age and the average results were reported. Figure B4 shows the set-up of tension test on
plastic and rubber specimens.

52



¢ Epsile?

Figure B4: Tensile strength measurements: (a) rubber specimens (b) PVC pipe specimen.

B.2.2.1.3. Tensile strength degradation modeling

In this project, mechanical strength degradation modeling of plastic and rubber specimens
is performed by obtaining models for their tensile strength change due to the exposure to
contaminated water and undergoing accelerated aging. Williams-Landel-Ferry (WLF)
methodology was adopted to convert the tensile strength measured at elevated temperatures used
in accelerated aging to those quantified at ambient temperature (68 °F) using Equation
B1. Then, relationships for the tensile strength loss/gain vs. aging duration at ambient temperature
are developed (Brown, 2001).

¢ (T—T,) (B1)

log(ar) = c2+(T——T)

where ar is the shift factor of the curve of the measured tensile strength at each specific temperature
(T) over time, T, is reference temperature (taken as fixed at 68 °F in this study), and c; and c; are
two coefficients dependent upon the material type.
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By employing shift factors, all data measured at temperatures higher than reference
temperature (T, = 68 °F) over time, is shifted in time. The master curve at the reference temperature
is then constructed by fitting a curve on all shifted and at reference temperature data. Using the
obtained master curve, one can predict how long it will take to reach a specified tensile strength
loss limit which in turn can be translated into the service life of the material aging naturally under
the exposure media.

The procedure of developing tensile strength degradation models for PVC and rubber
gaskets is summarized in Figure B5. As can be seen in Figure BS, the first step is to plot the
degradation of tensile strength at each aging temperature over exposure duration. Then, the curves
for the temperatures other than the reference are shifted forwards considering their shift factor
calculated using the least squares method. Afterwards, the exponential model is fitted to the shifted
data to obtain the degradation curve. Note that the exponential model was considered as it is the
best fit model for the degradation of polymeric materials (Brown, 2001).
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Figure BS5: The process of obtaining the degradation models.

It should be noted that tensile strength of aged specimens for each material of interest was
normalized to its unaged tensile strength mentioned in Table B1. The normalized tensile strength
(Tn) at each aging time and temperature was then used for modeling purposes.
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B.2.2.2. Concrete pipe
B.2.2.2.1. Mix designs

Table B2 shows the mix proportions of concrete mixture of concrete pipe of which cores
were used for sorption and diffusion quantification. Also, mortar specimens with the same water
to cement and fly ash to cement ratios were prepared to assess the effect of contaminated water on
compressive strength of cement-based materials. The mix proportions of the mortars with and
without Xypex® are the same as the one produced for compressive strength test. The only
difference compared to control mixture (without Xypex®) is the addition of 1.5% Xypex® by
weight of cementitious materials (i.e. cement and fly ash) as recommended by the manufacturer.
Also, note that according to the manufacturer Xypex® should be replaced with aggregates not
cementitious materials. Additionally, as the control specimens were sealed cured, the same curing
method (i.e. self-curing) was adopted for the mixture made with Xypex®.

Table B2: Mix design of concrete used for pipe production (all amounts are in 1bs)

Water to Cement Fly ash Water Coarse Fine
cement ratio aggregate aggregate
0.44 500.0 95.0 217.1 1600.0 1684.0

B.2.2.2.2. Compressive strength test

Compressive strength test was performed on mortar specimens exposed to deionized (clean) and
contaminated water in accordance with ASTM C109. Contaminated water here is an aqueous
solution of benzene and PCE at their solubility limits i.e. 1790 mg/L and 206 mg/L, respectively,
to evaluate the effect of polluted water with both aromatic and chlorinated hydrocarbons. Mortar
specimens were sealed cured at room temperature for three months. Then, specimens were placed
in deionized or contaminated water for 6 and 12 months at which five specimens were tested and
the average results were reported.

B.2.2.2.3. Unsaturated sorption test

Capillary suction as a durability factor of concrete materials was performed on the
specimens prepared from the concrete pipe cores provided by NCDOT. This test will provide an
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understanding of the effect of water contaminants on the rate of sorption of concrete. Equation B2
shows that the depth of fluid penetration is proportional to the square root of surface tension and
inversely proportional to the square root of viscosity (Kelham, 1988; Spragg et al., 2011).

x(1) = (B2)

where x(t) (mm) is the penetration depth, y (N/mm) is the surface tension, 0 (rad) is the liquid—
solid contact angle, p (dimensionless) is the porosity of the medium, r (mm) is the pore radius, k
(mm?) is the intrinsic permeability of the material, and ) (Pa.s) is the viscosity of fluid.

Since the solubility of benzene and PCE in water at ambient temperature is very small (1.79
g/L and 206 g/L, respectively) it is hypothesized that there should not be a significant effect on
surface tension and viscosity of water due to the application of aromatic hydrocarbons or
chlorinated solvents up to their solubility limit. To validate the hypothesis, surface tension
measurements were carried out on the contaminated water at different concentrations of benzene
and PCE. The results of surface tension measurements are shown in Figure C1 (Appendix C,
section C.1). As can be seen in Figure C1, the surface tension of water is negligibly affected by
the presence of VOCs up to their solubility limits. Also, since the coefficient of variation of the
surface tension results for all solutions compared to pure water is 0.83% which is even below 1%,
it can be stated that water contamination due to aromatic or chlorinated hydrocarbons up to their
solubility limits does not have significant effect on the surface tension of water.

Moreover, according to the mixture rules (Viswanath et al., 2007), since the concentration
of the VOCs even at their solubility limits is very low (2.04 mL benzene, and 0.13 mL PCE per
one-liter aqueous solution), changing in viscosity of water would not be anticipated. As a result,
based on the above-mentioned discussion on properties of contaminated solutions, it is
hypothesized that the penetration depth of such solutions would be the same as that of water.

Sorption test was conducted according to ASTM CI1585 on specimens prepared from
concrete pipe cores provided by NCDOT to measure the initial and secondary sorption rates of
concrete specimens in contact with pure water and aqueous solution of PCE at its solubility limit
(i.e. 206 mg/L) to check the validity of the hypothesis (Figure B6).

To quantify the effect of Xypex® on sorption rates of clean and contaminated water (with
PCE at its solubility limit), unsaturated sorption test was carried out on mortar specimens with and
without Xypex® admixture. The mix proportions of mortar specimens were mentioned in section
B.2.2.2.1.
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Figure B6: Sorption test setup.

To measure the surface tension of the contaminated water at different concentrations of the
contaminant of interest (benzene and PCE), first, aqueous solutions of benzene and PCE at their
solubility limits i.e. 1790 mg/L and 206 mg/L, respectively, were prepared by utilizing deionized
water and VOCs five times higher than their solubility limit at room temperature. Then, the
solutions were mixed continuously by magnetic stirrer for two days. Note that for preparing
aqueous solutions containing VOCs below their solubility limits, a specified portion of the
prepared solutions was diluted in deionized water. To measure the surface tension of the solutions
of interest, a tensiometer (Attension, Biolin Scientific, Stockholm, Sweden - Figure B7) equipped
with a Wilhelmy platinum plate (19 x 10 x 0.1 mm) was used. The surface tension calculation is
based on measuring the force resulted from the tension phenomenon between the bottom edge of
the platinum plate and the surface of solution (Li et al., 2016).

58



A AT A AT AT A AN P A AN Y e T T LV AN
XOXDA DDA XXX

V.
A
XAX]

XX

o
X

XX
" A A il

L adl

Figure B7: Liquid surface tension measurement test setup.

B.2.2.2.4. Diffusion measurements

To measure coefficient of diffusion of VOCs vapors through saturated concrete, an in-
house diffusion cell was developed by the researchers (Figure B8). The diffused mass of benzene
and PCE vapors through the concrete specimens was measured using a Gas Chromatography (GC)
equipment. The diameter of the exposed surface to the VOCs vapors was set to 2". The specimen
was sandwiched between two stainless steel plates which were later connected to the bottles. The
procedure followed for obtaining the samples from the diffusion setup is as follows:

Using gastight syringes, at each specified sampling time, two samples of 500 puL from the
downstream bottle were taken and diluted in a ratio of 1/100 with deionized distilled water
previously acidified with ascorbic and maleic acids for preserving the samples. Afterwards, second
dilution was performed using 300 pL of the samples prepared during the initial sampling in a ratio
of 1/150 with deionized distilled water. The samples were then kept in a refrigerator at a
temperature of 40 °F until the testing date for measuring the concentration of hydrocarbon of
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interest in the second set of samples prepared using a GC. The results over a period of three weeks
were then combined and the diffusion coefficient was calculated using Fick’s second law.

Figure B8: Set-up developed for measuring diffusion of VOCs through concrete specimens.

60



Appendix C: Concrete pipe
C.1. Water surface tension measurements

The changes in the surface tension of water due to its contamination with aromatic
(benzene) and chlorinated (PCE) hydrocarbons at their different percentages of their solubility
limits i.e. 1790 mg/L and 206 mg/L, respectively, are presented in Figure C1.

—es— Benzene solution PCE solution

80

'.~——_._________________= : _________._——-——;-
70

65 A

55 A

50 A

Surface tension (mN/m)

45 A

40 T T T
0 25 50 75 100

Percentage of solubility limit (saturation)

Figure C1: Surface tension of aqueous solutions of benzene and PCE at different percentages of
their solubility limits

C.2. Unsaturated sorption test
C.2.1. Concrete pipe specimens

The results of sorption of clean and contaminated water by concrete pipe specimens are
shown in Figures C2 to C4. Total liquid absorption for the specimens is shown in Figure C2.
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Figures C3 and C4 exhibit the calculation of initial and secondary liquid absorption rates,
respectively.

Contact with tap water Contact with PCE-saturated solution
0.1

0.09 - . A P T Y-
008 { :

0.07 -
0.06 -
0.05 {5
0.04 15

L

0.03 -

0.02 £

Water absorption (in3/in?)

0.01 <

0 ". T T T T T T
0 2 4 6 8 10 12 14

Time (days)

Figure C2: Absorbed liquid by concrete specimens up to 12 days of exposure.
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Figure C3: Fitted linear model to obtain initial sorption rate of concrete specimens.
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Figure C4: Fitted linear line to obtain secondary sorption rate of concrete specimens.

C.2.2. Xypex® effect

The effect of Xypex® on the sorptivity of mortar specimens was investigated. The results
of measuring total liquid absorption are plotted in Figures C5 and C6. Figures C7 and C8 show the
calculation of initial liquid absorption rates for pure water and PCE aqueous solution (at 206 mg/L
PCE) as exposure media. Figures C9 and C10 depict the calculation of secondary liquid absorption
rates for pure water and PCE aqueous solution (at 206 mg/L PCE) as exposure media.
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Figure C5: Absorbed liquid by mortar specimens up to 14 days of exposure to pure water.
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Figure C6: Absorbed liquid by mortar specimens up to 14 days of exposure to PCE solution (206
mg/L PCE).
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Figure C7: Fitted linear model to obtain initial sorption rate of mortar specimens in contact with
pure water.
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Figure C8: Fitted linear model to obtain initial sorption rate of mortar specimens in contact with

PCE solution (206 mg/L PCE).
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Figure C10: Fitted linear model to obtain secondary sorption rate of mortar specimens in contact
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Appendix D: Unsaturated model
D.1. Model parametrization

The specific properties used in the numerical model are presented in Tables D2 and D3.
The native soil in subsurface is mostly sandy clay with intrinsic permeability of 6.4x107'* m?
(6.24x107° cm/s, Delta 2000). The hydraulic conductivity in vertical direction is assumed to be
half of the value in the horizontal direction. To define capillary pressure and relative permeability
of materials, the governing equations from Parker’s three-phase functions (Parker et al., 1987) and
Stone’s three phase equations (Stone, 1970), are used respectively.

To simulate the conditions representative of atmosphere layer, the uppermost layer is
assigned as a zero concentration boundary at fixed atmospheric pressure and temperature. Also,
capillary pressure is taken as zero in this layer. Applied gas relative permeability as high as 100%,
a water saturation smaller than residual water saturation and liquid relative permeability as zero
allow for gaseous emission to the atmosphere.

The water table gradient is established by fixed total heads at right and left side boundaries.
Two fixed boundary conditions with near atmospheric pressure are applied at two ends of pipe
while half full flow is assumed inside it from back to the front face. No flow boundary condition
is assumed for the remaining boundaries.

The pipe is located in a trench with 0.15 m (0.5 ft) sandy gravel as the bedding material,
overlain by 0.9 m (3 ft) initial backfill that is mostly sandy soil, and 0.9 m (3 ft) final top backfill,
from the native soil.

To study different scenarios, a sandy soil from UNSODA database with higher hydraulic
conductivity was used as native soil in a separate scenario and two-phase fitting parameters;
@4y and n; are determined using RETC code. Three different conditions of concrete pipe materials
were compared based on various unsaturated transport properties of concrete. The capillary
pressure parameters are defined based on Van Genuchten two-phase parameters (a4, and n)
(Pour-Ghaz et al., 2016 and Kumar, 2010). For some of the materials used in simulations (Table
D3), only two-phase parameters are available, and the scaling factors are needed to determine
three-phase parameters gy, apy, and g, .

The scaling factors were calculated by equation (D1).

Onw+ogn _ 0.029+0.035 Inwtoagn __ 0.029+0.035 _

ﬁgn = = = 22 , )BTLW = = 0,035 - 182 (Dl)

Ogn 0.029 Onw

Where onw=0.035 Nm™ and cgn=0.029 Nm' are the interfacial tension and surface
tension for benzene respectively at 20 °C (Mercer & Cohen, 1990) and oref=0.0728 Nm'! at 20 °C
(The Engineering ToolBox, 2005), air and water being the reference fluids. The Sy, = 2.2 and
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Bnw = 1.82 are in agreement with scaling factors from Van Genuchten regression analyses,
(Parker et al., 1987).

The gasket materials are examined via two scenarios of good condition gaskets with their
hydraulic conductivity same as concrete material, and damaged gaskets for which higher
homogenized hydraulic conductivity due to the damage was assumed (Tables D2 and D3).

The diffusion parameters are defined as follows: reference diffusion coefticient for vapor-
air mixtures (D§¥R=2.13x107), reference binary diffusivity of VOC in air (D3R =7.7x10°),
vapor-air diffusivity exponent (8,,, =1.8), chemical diffusivity exponent (6., =1.52).

The movement of organic pollutants in the subsurface is retarded by sorptive interaction.
Chemical partitioning into the solid phase is defined by adsorption coefficient (Kd). Degree of
organic chemicals adsorption (Cy) is mainly dependent on the quantity of organic carbon in the
soil (foc). The soil organic carbons were specified in a range of 0.4-13.9 g per kg of soil (0.04-1.4
%) depending on the soil textures and depth within coastal plain regions of North Carolina (Deiss
et al., 2017). Delle et al (2001) measured Kd for benzene transport for different soil textures and
with different organic carbon fractions. Kd is estimated to be equal to 8.5%107> m*/kg while koc is
assigned as 0.085 m*/kg (Delle site, 2001) and organic carbon fraction (foc) of 0.1% is applied
(Deiss et al., 2017).

D.2. Simulation Process

The initial gravity-capillary equilibrium within the subsurface domain is first established
in the simulation before contamination release. Figure displays the soil-water characteristic curves
(SWCCs) for native soil, the trench material, and, water retention curve (WRC) for concrete pipe
material. The initial water saturation and pressures are defined based on these diagrams. When
water table level changes different initial water saturation and soil matric suction are defined based
on new elevation of water table. In this case, the whole domain is analyzed for equilibrium one
time without pipe but with including groundwater gradient, followed by a second time with the
pipe is included in the domain.
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Figure D1: Water Retention Curves and SWCCs used in simulations.

Capillary pressure, (kPa)

Figure shows the water saturation in the domain after equilibrium at two water table levels
of a. 3m (10 ft) and b. 2.1m (7 ft) from ground surface. Because of high capillary pressure of
concrete, the pipe walls become completely saturated, with the trench around the pipe has lowest
saturations in the domain. The half full flow inside the pipe was established.
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a. Water table level at 10ft from surface

b.Water table level at 7ft from surface
Figure D2: Water Saturation after equilibrium within the depth of soil.

After establishing equilibrium, the results serve as initial conditions for following analyses
in which contaminants are released in the domain and long-term redistribution of contaminant with
time and the potential transport to subsurface concrete pipe are examined. The benzene
concentrations are evaluated at location of MW4 which show good agreement with available data
from groundwater specimens at this monitoring well. The contaminations in MW6 and MW8 at
right side of pipe (East) were less than MCLs (Antea, 2016).
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Table D1: Allowable benzene concentration.

Criteria unit Allowable for Reference
benzene
Acceptable ambient levels NC DEQ, 15A NCAC
(AAL) ng/l 1.2x10"  02D.1104 toxic air pollutant
(Concentration in air) guidelines,2018
Maximum allowable
concentration in NC DEQ, 15A NCAC
groundwater suitable for ne/l ! 2L '(.)202 Groundwater
drinking quality standards, 2016
Maximum contaminant
level (MCL)
(concentration in drinking ng/l > EPA, 2002
water)
NC DEQ, 15A NCAC 02L

Maximum Soil Contaminant me/kg 0.0056 .0411 Maximum soil

Concentration (MSCC)

contaminant concentrations,
2007
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Table D2: Main Petrophysical Properties of soil and concrete materials.

Rock . . Intrinsic .
Soil type density Ky Khx Intrinsic Ky K Porosity
kg/m3 cm/s cm/s m? m?
Nativesoil 1000 315,105 624x10°  3.20x10™  640x10 037
(sandy clay)
Final backfill 000 4 cei105  936x10°  4.80x10™*  9.60x10™* 038
(sandy clay)
G 2700 1.00x10°  2.00x10°  1.025x1072  2.05x10"2  0.34
(sand)
Initial backfill 2700  7.5x102  1.5x10" 77010 1.54x10° 034
ii‘:grlﬁ 2900 5x10°! 1 5.13x1010  1.03x10° 0.32
High qual. pipe 2800  2.1x10°  2.1x10°  2.16x10"®  2.16x10"8  0.121
Med. qual. pipe 2800  3.90x10°  3.90x10°  4.00x10™  4.00x10"  0.125
Low qual. pipe 2800  5.85x10°  5.85x10°  6.00x10"®  6.00x10"*  0.131
Ung:giztged 1500 3.90x10°  3.90x10°  4.00x10"%  4.00x108 0.1
Dg:iifd 1500 3.90x10°  3.90x10°  4.00x10*  4.00x10 0.1
Flow 2700 10 10 1.00x10®  1.00x10®  0.999
Atm. 2700 1 1 1.00x10°  1.00x10°  0.999
Arcltolif;ep 2800  1.00x10®  1.00x10°  1.026x10"7 1.026x10"7  0.33
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Table D3: Capillary pressure and relative permeability of different soils and concretes.

agn onw agw
Soil type Sm n & & Swr Snr Sgr Refe;renc
(m™) (m™) (m™)
Native
soil 1
(sandy 0.36 1.86 10.8 6 32 0.38 0.07 0.01 cp
(Parker,
clay) 1987)
. RP
Final (Battistelli
backfill 3¢ 186 108 6 32 038 0.07 0.0l > 2008)
sandy
clay
Native UNSODA
soil 2 0 1.56 9.6 7.94 4.35 0.15 0.05 0.01 RETC
(sand) '
Initial CP
backfill 0 1.84 10 11 5.2 0.15 0.05 0.01 (Parker.
1987)
Beddi o
edding (Battistelli
material 1.84 10 11 5.2 0.15 0.05 0.01 2008)
High
qual. 0 1.51 1.14x10° 9.4x10* 5.16x10% 0.1 0.05 0.01
pipe
(Pour-
Med. Ghaz et
qual. 0 1.5  1.7x10° 1.3x10°  7.4x10* 0.1 0.05 0.01 al., 2009),
X (Kumar,
pipe 2010)
Low
qual. 0 1.48  2x103  1.65x10° 9.04x10* 0.1 0.05 0.01
pipe
Undama
ged 0 1.5 1.7x10°  1.3x10°  7.4x10* 0.1 0.05 0.01
gasket
Damaged 3 3 4
1.5 1.7x10 1.3x10 7.4x10 0.1 0.05 0.01
gasket
Flow 0 1.8 0.5 0.25 0.17 0.1 0.05 0.01
(Pruess,
Atm. no capillary pressure 0.6 001 O Battistelli,
,2002)
Anti- UNSODA
seep 0 1.45 0.022 0.0182 0.01 0.1 0.05 0.01 RETC

collar
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Appendix E: Saturated model

Table E1: Parameters used in the numerical model

Parameter value

Material Reference
Kuw=kyy (cm/s) ki, (cm/s) n.  py (kg/m?)
Sandy clay (native soils) 73x105  3.6x10° 033 1700  Delta(2000)
.\ Geotechdata
Initial backfill 0.15 0.075 0.30 1800 (2013)
Final backfill (backfilled sandy clay) 9.3x107 4.6x10° 0.34 1700 -
: : Geotechdata
Bedding material 1 0.5 0.28 2000 (2013)
Clayey barrier 1x107 1x107 03 1800 Iég; ;‘;
Deng, and
Flowable fill 1x10® 1x10%  0.33 1900 Tikalsky
(2008)
Deng, and
Anti-seep collar 1x10® 1x10%  0.33 1900 Tikalsky
(2008)
. . ] Smyl et al.
9 9
Concrete pipe 3.8x10 3.8x10 0.15 2400 (2016)
Gasket 3.8x107 3.8x10° 0.1 1300 )
Flow inside the pipe 10 10 0.99 1000 )
Table E2: Transport parameters used in the model
Parameters Value Reference
Longitudinal Dispersion (m) 2.75 Neuman, (1990)
Horizontal/Long Dispersion 0.3 ASTM, (1994)
Vertical/Long Dispersion 0.05 ASTM, (1994)
GSI
Diffusion Coefficient of benzene in water (m?/d) 8.5x10°  Environmental
(2014)
Partition Coefficient (Kq) (L/pg) 8.5x10!! Calculated
The first-order reaction rate of the dissolved (mobile) phase, K; (d!)  1x107 Bor(clie;;;:; al.
The first-order reaction rate of the sorbed (immobile) phase, K> (d!)  1x107 Bor(cllzré%c al.
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