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GROUNDWATER PROTECTION SYSTEM
APPENDIX B
INTRODUCTION
Purpose
1. The purpose of this appendix is to document the analysis, design and
recommendations for the groundwater protection system to be installed for the Indiana
Harbor Confined Disposal Facility (CDF). Refer to the Main Report for discussion of the
various features of this project. The Main Refinery Area of the former Energy
Cooperative, Inc. site will be used for the construction of the CDF.
Existing Groundwater Conditions
2. The ECI site is located in East Chicago, Indiana. The topography, soil, and
groundwater conditions for the region and for the ECI site are discussed in Appendix C SUMMARY OF GEOTECHNICAL INVESTIGATIONS. The site was formerly an oil
refinery and has a significant amount of contaminates, primarily floating hydrocarbons,
present in the groundwater. Some measurement points show as much as 3 to 9 feet of
hydrocarbons present on top of the groundwater. A recovery operation has been inprogress on the site for several years to capture the floating contaminates so they do not
migrate off the site. As of May 1999, a total of 39,359 gallons of hydrocarbon had been
recovered from the product recovery systems operating on the South Tank Farm, West
Tank Farm and the Main Refinery Area of the ECI Site since the start of recovery
operations. A total of 129 gallons of product were recovered during May 1999.
3. A testing program is performed each quarter by Arcadis Geraghty & Miller, Inc. to
sample and analyze the groundwater samples from multiple sampling points around the
ECI Site. A table of the test results from the samples collected on November 12, 1998 is
included in attachment B-1. The groundwater samples are analyzed for benzene, toluene,
ethylbenzene, and xylenes (BTEX), and methyl-tertiary-butyl-ether (MTBE), total
petroleum hydrocarbons (gasoline and diesel range organics), total metals, and other nonmetallic and physical parameters. A thorough discussion of the site contamination can be
found in Appendix I - HTRW.
CDF Operations
4. The CDF will be constructed to contain contaminated sediments from the Indiana
Harbor and Canal. When placed in the CDF these sediments will be saturated as a result
of dredging operations and will likely be 50 to 80% water, by volume as discussed in
Appendix E - DREDGING AND PLACEMENT PLAN. A portion of this water is likely
to percolate downward to the groundwater on site, especially in the earlier phases of
filling. As this dredged material water is also contaminated, it must be contained and
properly treated before being discharged from the site. The treatment requirements are
discussed in Appendix D - EFFLUENT TREATMENT SYSTEM.
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Proposed Conceptual Design
5. The conceptual design for protecting the groundwater was presented in the
Comprehensive Management Plan for the Indiana Harbor and Canal. This design
consists of a groundwater cutoff wall encircling the site and a system to maintain an
inward gradient (a minimum of 2 feet) that would prevent groundwater from flowing
away from the site. A sketch of this concept is shown in figure B-1, below.

Figure B-1. Conceptual Groundwater Protection Design
6. The cutoff wall is a low-permeability barrier (minimum of 1x10-7 cm/sec) that will be
keyed into a clay layer underlying the site. This barrier will minimize the movement of
water either onto or off of the site. An inward gradient means that the groundwater level
in the ECI Site will be lowered causing the groundwater to flow towards the site. As a
result, contaminants on the site will not be able to migrate away from the site. The water
extracted to create the inward gradient will be collected and treated before being safely
discharged. A discussion of different alternatives for the groundwater cutoff wall and for
the gradient control system is presented below.
CUTOFF WALL ALTERNATIVES
7. The alignment of the cutoff wall of the groundwater cutoff wall will be along the
perimeter of the site as close to the property line as possible. This alignment is
documented in a design decision included in attachment B-2. The purpose of this
alignment is to ensure the entire site has been contained in order to control existing onsite
contamination as well as containment of any effluent from the dredged material.
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8. The cutoff wall will key into the underlying silty clay a minimum of 3-feet to ensure a
complete cutoff. The total depth of wall will be approximately 33 feet. See figure B-2 ECI Site Generalized Soil Profile and contour plot of the thickness of the silty sand in
attachment C-1. The length of the cutoff wall is approximately 10,800 lineal feet divided
into four sections: the west (3800 lf), the north (2200 lf), the east (2800 lf) and the south
(2000 lf), as shown on plate B-1. The total wall area would be approximately 356,400 sf.
Following installation of the cutoff wall, a cap will be placed over the cutoff wall during
the required capping of the entire property, as discussed in Appendix A - DIKES, CAP
AND CDF LAYOUT.

Figure B-2. ECI Site Generalized Soil Profile
9. There are several different construction methods and/or materials that could be
utilized to meet the requirement for the groundwater cutoff wall. Three alternatives are
discussed below, and are limited to the systems determined to be the most feasible for this
application. A description of the cutoff wall method, relative costs, and advantages and
disadvantages are included. A summary of the estimated construction costs is also
included for comparison purposes. A detailed cost estimate of the best alternative is
included in Appendix H - COST ENGINEERING.
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Option 1 – Soil-Bentonite Slurry Wall
10. A Soil-Bentonite (SB) Slurry Wall is constructed using a two-step process. The first
step is to excavate a trench two-foot wide using a backhoe excavator to the impervious
clay layer. Bentonite slurry is placed in the trench to maintain the trench open while the
soil-bentonite mixture is prepared. The soil-bentonite mixture is made by mixing a
measured amount of dry bentonite powder with soil from the trench excavation. This is
typically performed using a bulldozer. When the material has obtained the required
consistency, it is placed in the trench displacing the bentonite slurry. The backfilling
operation is shown in the schematic in figure B-3, below.

Figure B-3. Schematic of Soil-Bentonite Cutoff Wall Installation
11. The actual mix design would be left to the contractor. The SB mix must have certain
chemical (inert to the contaminants noted on site and in the dredged materials) and
physical characteristics (hydraulic conductivity less or equal to 1x10-7 cm/sec). However,
bentonite and the on-site contaminants (free-phase hydrocarbons) are potentially
incompatible for long duration contact.
12. A significant amount of spoil would remain following SB Wall installation. The
material produced would need to be contained on-site within the CDF, as coordinated
with the Indiana Department of Environmental Management (refer to attachment B-3).
The work crews will require appropriate protection from the on-site contamination,
special clothing requirements for those performing mixing operations and possibly
respirators for those close to the materials.
Option 2 – Vibrating Beam Cutoff Wall
13. A Vibrating Beam (VB) Cutoff Wall is construction method that utilizes a specialized
crane that vibrates a modified H-Beam with injection jets into the ground. Penetration
into the silty clay layer is verified by change in the pressure required for penetration. As
the beam is withdrawn, the void space created in filled with a slurry product that provides
the required permeability and inertness. A schematic of this operation is shown in figure
B-4, below.
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Figure B-4. Schematic of Vibrating Beam Cutoff Wall Installation
14. The material used for injection depends on the requirements for the project. The
actual mix design would be left to the contractor. The slurry must be shown to have
certain defined chemical (inert to the contaminants noted on site and in the dredged
materials) and physical characteristics (hydraulic conductivity less or equal to 1x10-7
cm/sec).
15. No spoil material is produced from the wall installation other than excess materials
from the slurry mixture resulting in very little site cleanup. Also, work crews would
experience very little exposure to the on-site contaminants during wall installation. Some
disadvantages of this system are that the well is typically only 3-1/2 to 4 inches thick with
potential for necking, cavities and windows. As the VB wall is thin, it has a shorter
break-thru path than a trench method.
16. The VB method was recently used at an environmental containment project
approximately two miles from the ECI Site. The site is the US Lead Plant located in East
Chicago, IN. The subsurface conditions are very similar to those at the ECI Site with
approximately 30 feet of silty sand underlain by silty clay. This cutoff wall was installed
by Slurry Systems, Inc., following approval by the Indiana Department of Environmental
Management.
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Option 3 – Geosynthetic Cutoff Wall
17. A High-Density PolyEthylene (HDPE) Cutoff Wall is constructed by inserting panels
of HDPE to the required depth, see figure B-5. The panels range from 4 to 26 feet wide
and are interconnected by a specialized joint welded along the edges of the HDPE panels.
These joints would be fabricated in the factory. The HDPE panels are estimated to be
100 mils thick. This method of installation was used at a bulk storage facility in East
Chicago, IN in 1991 by Gundle, Inc. As with the VB method, no spoil material is
produced from the wall installation other than excess HDPE materials. The work crews
would experience very little exposure to the on-site contaminants during wall installation.
However, the panels are subject to installation damage creating tears in the membrane
and the potential for the interlocks to come apart during installation is a concern.
Courtesy of GSE Lining
Technology, Inc.

Figure B-5. Schematic of HDPE Cutoff Wall Installation
Recommendation
18. A comparative cost estimate was prepared for the three alternatives considered
above, and is included in table B-1, below. A detailed analysis is included in attachment
B-4.
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Table B-1. Comparative Costs of Groundwater Cutoff Wall Options
Type Cutoff Wall

Soil Bentonite Slurry
Wall

Vibrating Beam Cutoff
Wall

HDPE Cutoff Wall

Area

356,400 SF

356,400 SF

356,400 SF

Length

10,800 LF

10,800 LF

10,800 LF

Depth

33 Ft.

33 Ft.

15 Ft.

Soil

Sand

Sand

Sand

Mob/Demob

$100,000

$100,000

Cutoff Wall

$1,480,736

$923,038

Sub-Total

$1,580,736

$1,023,038

$486,234

$314,686

$2,066,970

$1,337,724

$413,394

$267,545

$2,480,364

$1,605,269

Unit Price/SF

$6.96/SF

$4.50/SF

Cost/LF

$230/LF

$150/LF

Markups, 30.76%
Sub-Total
Contingency, 20%
Total Cost

$13.32/SF

19. The costs are based on the cutoff wall encircling the perimeter of the ECI Site. The
costs of the SB and the VB cutoff walls were estimated based on the wall penetrating to
the clay layer, averaging 33 feet deep. However, the geosynthetic wall was not
constructible without pre-trenching most of the depth. The costs for pre-trenching were
not included in the costs for the geosynthetic wall. Even without the pre-trench costs, the
geosynthetic wall is considerably higher than the other two alternatives at $13.32 per
square foot of wall. Based on the cost analysis in table B-1, the VB Cutoff Wall is the
most cost-effective method.
20. It is recommended that the method and materials for construction of the groundwater
cutoff wall be left to the construction contractor. Several other alternatives are possible,
beyond those considered above. The important factors for the cutoff wall are to create a
low-permeability barrier, less than 1x10-7 cm/sec, and to be chemically inert in the
presence of the contaminants at the ECI Site and from the dredged material to be
contained at the site. These requirements can be effectively included in the contract
specifications, thereby allowing for the widest competition permitting the best possible
cost.
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INWARD GRADIENT ALTERNATIVES
21. An inward gradient system will be installed around the site to ensure that the local
groundwater in the Calumet Aquifer will be drawn towards the ECI Site. This inward
gradient will work with the low-permeability barrier and prevent groundwater on the site
from migrating into adjacent properties or toward the Lake George Branch of Indiana
Harbor. The groundwater within the containment area will be maintained a minimum of
two feet below the water levels outside of the property. The volume of groundwater to be
handled by the gradient control system will come from the following potential sources:
•

Precipitation

•

Drainage from the Dredged Material

•

Seepage into the site from the Lake George Branch across the southern
property boundary

•

Groundwater seepage into the site across the western, northern and eastern
property boundaries

22. To create the inward gradient, two possible alternatives were evaluated. The first
alternative is a french drain, essentially a gravel drain around the perimeter of the site
with a pipe to carry the collected water. The second alternative is a series of extraction
wells. These wells would pump water out of the sand layer creating a cone of depression
in the groundwater around the site perimeter. A more thorough description of these
alternatives is discussed below.
French Drain
23. A french drain consists of a trench filled with gravel to collect groundwater. The
collected water is then transported via a pipe located in the bottom of the trench. Figure
B-6 shows a cross-section of a typical french drain.

Figure B-6. Typical French Drain
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24. Installation of the french drain will require placement below the existing
groundwater level on the ECI Site. The bottom of the drain must be a minimum of two
feet and more likely three feet below the predicted groundwater level on the exterior side
of the cutoff wall. The gravel in the drain would be a clean, free-draining aggregate to
allow groundwater to easily flow to the collector pipe. The material would need to
follow filter criteria to prevent piping of fines particles from the surrounding sand into the
drain. This filter criteria is described in Cedergren (1989) and shown in the following
equations:
D15 ( Filter )
≤ 5;
D85 ( Soil )

Eqn. B-1

D15 ( Filter )
> 5;
D15 ( Soil )

Eqn. B-2

D 50 ( Filter )
≤ 25 ;
D50 ( Soil )

Eqn. B-3

25. Equation B-1 is known as the piping ratio. This criteria ensures that the particles of
the protected soil does not move into the drain, which would cause piping or internal
erosion of the soil. The D85 of the sand at the ECI Site is generally greater than 0.15 mm,
refer to Appendix C – SUMMARY OF GEOTECHNICAL INVESTIGATIONS.
Therefore, the D15 of the gravel would need to be less than 0.75 mm.
26. The intent of Equation B-2 is to guarantee sufficient permeability to prevent the
buildup of large seepage forces and hydrostatic pressures in the drain. It is considered
that if the D15 of the filter is at least 5 times the D15 of the protected soil, the filter will be
approximately 25 times more permeable than the soil. The D15 of the sand at the ECI Site
is approximately 0.075 mm resulting in the D15 of the gravel being greater than 0.375
mm.
27. Equation B-3 is also used to prevent piping of the protected soil. The D50 of the sand
is approximately 0.10 mm, resulting in the gravel D50 being less than 2.5 mm. Therefore,
based on the filter criteria in the equations above, the gravel drain could consist of
INDOT CA-53 or specially graded material.
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Figure B-7. French Drain Grain Size Distribution
28. The collector pipe would be sized to drain the water flowing into the french drain,
thereby maintaining an inward gradient. This pipe would direct the flow towards the onsite treatment facility. Here the collected water would be properly treated before being
discharged. The treatment facility is discussed in greater detail in Appendix D –
EFFLUENT TREATMENT SYSTEM. As the collector pipe will flow by gravity, the
slope on the pipe will need to be a minimum of 0.01 (1-foot drop per 100 feet of length).
This will create some difficulty, as the east and west sides of the side are approximately
2800 and 3800 feet, respectively. This will require drops of 30 to 40 feet from the north
end of the site to the south. As the topography of the site is relatively flat, lift stations
will be necessary at periodic locations (roughly 300 to 500 feet apart) along the
perimeter.
Extraction Wells
29. The use of extraction wells to maintain an inward gradient would be similar to the
methods used to dewater a construction site. A series of wells would be installed along
the perimeter of the site. The wells would pump groundwater into a common header pipe
that would carry water to the on-site treatment facility. A schematic of a typical
extraction well is shown in figure B-8, below. The wells would interact in order to
achieve a minimum two-foot drawdown in-between the wells. The drawdown at the
wells would be much greater.
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Figure B-8. Typcial Extraction Well
30. A couple of methods are commonly used to lower a water table using wells. A wellpoint system in which a series of well points are connected to a pump and a deep-well
system in which each well has a submersible pump. The advantages of a well-point
system are the flexibility and economy. If more drawdown is required in a particular
area, additional well-points can easily be added. The effective lift of a well-point system
is generally regarded as 15 feet. As the required minimum drawdown is only 2 feet and
the water table is generally about 5 to 7 feet below grade, this should be within the
operational range of a well-point system. Typical spacings for well-point systems can
range from two to over 40 feet, depending on the soil conditions. It is expected that wellpoints would be needed every 30 feet at the ECI Site, approximately 360 well-points. A
disadvantage of the well-point system is that an insulated and heated structure is needed
for each pump, as the system must run continuously throughout the year and the potential
for freezing of the water must be controlled. Also, the system is somewhat complicated
to install and must ensure a vacuum in the entire system. Each well-point will require an
automatic value to control flow from the well during pumping.
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31. A deep well system would have a submersible pump in each well. This system may
be more expensive than the well-point system but would allow for greater distances
between the wells and is a simpler system to install and maintain. Based on the
information from the pump tests conducted at the site, well spacing of 100 to 200 feet
could be used (refer to figure C-4 in Appendix C – SUMMARY OF GEOTECHNICAL
INVESTIGATIONS), resulting in 50 to 100 wells. The primary disadvantage of a deep
well system is the costs of having a submersible pump in each well. As these wells are
not intended for analytical monitoring of the groundwater, durability and costs are the
primary issues. Therefore, PolyVinyl-Chloride (PVC) is recommended as it is typically
non-reactive with the hydrocarbons found on the ECI Site and the contaminants likely to
be encountered from the dredged materials (Barcelona, et.al., 1983). Stainless steel will
be required for items that may come in contact with organic solvents or mechanical parts
that cannot be manufactured from PVC.
Recommendation
32. The use of extraction wells is preferred over using a perimeter drain for several
reasons. Perhaps the primary reason is the presence of hydrocarbon product floating on
top of the groundwater. The thickness of the hydrocarbon layer varies from zero to over
9 feet, see table in attachment C-7. A perimeter french drain would be difficult to install,
as it would need to be a minimum of two feet below the top of the corrected water level.
In areas with several feet of hydrocarbons this would lead to a deep installation through
the contaminated fluid. In addition, the slope for the drain would require the use of a
series of lift stations to transport the collected water due to the flat topography of the site.
These lift stations would need to handle a mixture of oil and water, making the entire
system much more complicated. In addition, the use of a perimeter french drain would
not be able to adapt to fluctuation in the groundwater levels on the exterior of the cutoff
wall. If groundwater levels dropped for some reason on the outside of the site, the french
drain would be unable to maintain an inward gradient.
33. The extraction wells will be screened in the lower portion of the Calumet Aquifer
(silty sand) and thereby would only be pumping water. Since the contaminants on site are
primarily light non-aqueous phase liquids (LNAPLs), the level of contamination of the
groundwater pumped from the extraction wells should be relatively low. This will allow
for easier treatment operations which are discussed in Appendix D – EFFLUENT
TREATMENT SYSTEMS. Another advantage of the extraction wells is that they are
more flexible in drawing down the water levels within the containment area. The pumps
can lower the water table below the necessary two feet if desired operationally to handle
excess seepage from dewatering the dredged material or additional wells installed in a
problem area.
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SUMMARY AND CONCLUSIONS
Construction Features
Inspection Trench
34. A surface geophysical investigation was performed in an attempt to located buried
utilities and is discussed in Appendix C - SUMMARY OF GEOTECHNICAL
INVESTIGATIONS. However, the conclusions indicated that to be confident there
would not be any obstructions encountered, an inspection trench is necessary. The
inspection trench will be performed prior to the installation of the groundwater cutoff
wall in order to uncover live utilities and any undesirable material that will require
removal. This inspection trench will minimize potential delays in the installation of the
groundwater cutoff wall. Relocation of utilities are discussed in Appendix A - DIKES,
CAP AND CDF LAYOUT. The inspection trench will consist of a 1.5-foot wide trench,
excavated to a maximum of seven feet deep. Live utilities that are encountered will
require relocation. All other obstacles will be removed.
35. After the alignment has been verified as being cleared of utilities and other obstacles,
the inspection trenches will be backfilled with suitable material from the excavation.
Unsuitable material that would be removed includes but is not limited to stumps, roots,
and buried logs, pipes, concrete or other construction debris. All unsuitable material will
be disposed of within the limits of the CDF. The backfill to be placed in the trenches will
only require a minimum amount of compaction, sufficient to ensure that all voids have
been filled. Additional compaction is not considered necessary as the subsequent
groundwater cutoff wall will be placed in the same alignment and filled.
Groundwater Cutoff Wall
36. A groundwater cutoff wall is recommended around the perimeter of the ECI Site to
control the seepage of groundwater into as well as out of the site. The cutoff wall will
work with a gradient control system to prevent contaminants from the ECI Site and the
CDF from migrating outward. The cutoff wall will also limit the movement of
groundwater onto the site due to the inward gradient created. This will reduce the
amount of groundwater that will require treatment and restrict additional contaminants
from entering the site from adjacent areas.
37. The cutoff wall must consist fully penetrate the Calumet Aquifer and key into the
underlying silty clay layer a minimum of 3-feet. The total depth of the cutoff wall will be
approximately 33 feet. The materials and installation of the wall will be the
responsibility of the contractor. However, the materials must be proven to be able to
create a barrier having permeability less than 1 x 10-7 cm/sec and chemically inert with
the contaminants found at the ECI Site and in the dredged materials from the Indiana
Harbor.

B-13
Indiana Harbor & Canal DDR – Final
03/21/02

38. From the comparisons described above, the most cost-effective system appears to be
a Vibrating Beam Cutoff Wall. The VB system is a method to install a cutoff wall. The
material used for creating the low-permeability barrier is assumed to be Impermix™.
Product information is included in attachment B-4.
Gradient Control System
39. The gradient control system will consist of a series of wells that will be pumped to
drawdown the groundwater within the groundwater cutoff wall. A minimum gradient of
2 feet is required across the cutoff wall to ensure that contaminants will not migrate away
from the site.
40. The well system could consist of well-points or deep wells. Selection of the type of
system and optimization will be performed following development of a groundwater
model described below. For estimating purposes, a deep well system is considered
conservative and is described in the following.
41. The gradient control system would consist of approximately 110 wells spaced
approximately 100 feet apart. Each well would be drilled to a depth of about 30-feet and
be constructed of 5-inch diameter screen five-feet long and 5-inch diameter PVC casing
sufficient to allow approximately 16 to 24 inches to remain above grade. The well screen
should be Type 316 Stainless Steel and continuously wire-wrapped with a slot size of
0.010-inches (10 slot). The wells will require a filter pack to prevent piping as the sand
material is very fine (D30 ~ 0.003-inches) as indicated in the sieve analysis (refer to
Appendix C). Each well will contain a 1/2-hp single-phase submersible pump suspended
on 1-inch diameter PVC pipe and positioned above the screen at a depth of approximately
20 feet. A check valve would be installed above the pump to prevent backflow. Each
pump would be powered by 220-volt electrical service. Each well would also have a
pitless adapter to conduct the water from the well to the perimeter header pipe and
located below frost depth. Included in the well would be a vibrating wire transducer that
would be used to automatically monitor the water level within the well.
42. The water from each well will be pumped to a header pipe that will convey the water
to the on-site water treatment facility. The header pipe shall be buried at least four feet
below final grade to prevent freezing during winter months. The pipe is estimated to be
12-inch diameter PVC. The size will be optimized after the number and types of wells
are determined. The submersible pumps will pressurize the pipe and therefore it will not
require a slope to carry water to the treatment facility. Check valves would be placed
every 300 to 500 feet to prevent water from moving in the wrong direction.
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43. A system of monitoring wells will be located on the exterior side of the cutoff wall to
monitor the groundwater levels. These wells will work in conjunction with the extraction
wells to ensure that an inward gradient is maintained and be spaced approximately 400
feet apart on the west, north, and east sides of the site (the Canal is along the southside).
The monitoring wells will consist of 2-inch diameter PVC pipe with a 5-foot long 2-inch
diameter PVC screen. The screen would be positioned about 5 feet above the underlying
clay layer, resulting in a well about 30-feet deep. The monitoring wells will contain a
vibrating wire transducer that would automatically measure the groundwater level in the
well. The wells will also have a steel well protector to prevent damage. Protective bump
posts will be installed where necessary in heavy traffic areas.
44. A control panel will be established at the treatment facility to monitor and control the
operation of the pumps and record the water levels measured by the transducers in the
wells. The water level information will be compared between the monitoring wells and
the extraction wells to determine when the pumps will be turned on and off. The required
power for the pumps is 140 kVA. The pumps would be divided into 4 to 10 zones. The
power supply can be integrated into the system to provide power to the on-site treatment
facility. Allowance may be needed to have a backup generator in the event of power
outages. The requirements for the backup system would be developed during final
design.
Summary of Groundwater Protection System
45. A summary of the construction items and quantities are included in table B-2, below.
A detailed cost analysis of these items are included in Appendix H - COST
ENGINEERING. The layout of the groundwater control system is shown on plate B-1.
Details of the various features are shown on plate B-2.
Table B-2. Summary of Groundwater Protection System
Description

Item
No.
1

Estimated
Quantity

INSPECTION TRENCH
Excavation
Mob/Demob

2

4,200

CY

1

LS

356,400

SF

1

LS

110

EA

GROUNDWATER CUTOFF WALL
Cutoff Wall Installation
Mob/Demob

3

Unit of
Measure

GRADIENT CONTROL SYSTEM
Extraction Wells and Pumps
Monitoring Wells

22

EA

10,800

LF

10

EA

140 kVA Substation

1

LS

Mob/Demob

1

LS

12-in Dia PVC Pipeline
Automated Control System (zones)
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System Operation
Initial Operations – Establish Inward Gradient
46. Following construction of the groundwater cutoff wall and installation of the gradient
control system, the extraction pumps will begin to lower the water level a minimum of
two-feet within the containment area. The extracted water will be treated by an on-site
treatment facility before being discharged, refer to Appendix D - EFFLUENT
TREATMENT SYSTEM. Placement of dredged material into the CDF cannot occur
until the gradient control system is operational.
47. The volume of water to be extracted to create the inward gradient will be determined
following an analysis from the groundwater model recommended below. An initial
estimate of this volume is shown below.

V = A•t •n ;

Eqn. B-4

where:
V = volume of water to be extracted (cubic feet)
A = area of the site (square feet)
t = drawdown (feet)
n = porosity
V = 7,085,000 x 2 x 0.40 = 5,668,000 cf = 42,400,000 gallons
48. The extraction wells can realistically pump at an average of 15 gpm for a total of
1,650 gpm based on 110 wells. However, the true capability will be determined by the
on-site treatment facility that is estimated to be about 100 to 200 gpm. At full pumping
capacity, the initial dewatering could be accomplished in approximately 20 days.
However, the capacity of the on-site treatment facility would require about 150 days for
dewatering. An option to be considered is handling the initial drawdown separately,
either with a package treatment plant or discharging to the East Chicago Water
Management District. Following the initial drawdown, the extraction wells would only
need to operate to maintain the minimum 2-foot drawdown.
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CDF Filling Operations
49. When the CDF becomes operational, the dredged material will include a significant
amount of water. Some of this water will percolate into the underlying sand of the
Calumet Aquifer, especially during the early stages of filling. Refer to Appendix E DREDGING AND PLACEMENT PLAN for a description of the dredged material
handling operations and the amount of water to be removed from the sediments. The
water that percolates down into the Calumet Aquifer will tend to rise the groundwater
within site. However, the gradient control system should have sufficient capability to
remove this water. If the system appears to become overwhelmed, then dredging
operations will need to be slowed. This condition will be evaluated in the recommended
groundwater model.
Interim Operations
50. In the periods between dredging operations, the gradient control system will continue
to operate. The sources of water entering the containment area will come from
precipitation and from seepage through the cutoff wall. Precipitation will comprise the
most significant portion of the groundwater and will significantly diminish as the CDF is
filled. Runoff will likely be collected before entering the groundwater. The volume of
seepage through the cutoff wall is estimated by Darcy's equation below.
q = kiA ;

Eqn. B-5

where:
q = seepage (cubic feet/minute)
k = hydraulic conductivity of the cutoff wall (feet/min)
i = gradient across cutoff wall (feet/feet)
A = area of cutoff wall (square feet)
Q = (2.0x10-7) x (2/1) x (356,400) = 0.14 cfm = 1.0 gpm
51. This estimated seepage volume is very small. Therefore, the pumps will not need to
run very often during the interim period, unless a significant rainfall event percolates into
the groundwater. As mentioned in Appendix C (table C-1), the average rainfall in the
project area is 40 to 50 inches per year. This situation would also be evaluated in the
groundwater model.
Future Analyses
52. Additional analyses are required to properly design the recommended groundwater
control system. These analyses would be focused on determining the appropriate spacing
and pumping capacity of extraction wells in the gradient control system. As shown
above, installation of the groundwater cutoff wall will significantly reduce seepage
entering the site. Therefore, to design the gradient control system, a groundwater model
is recommended. Development of this model is discussed below.
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Groundwater Model
53. The specific model recommended for this project is GMS 2.1. The Department of
Defense, in partnership with the Department of Energy, the U.S. Environmental
Protection Agency, Cray Research, and 20 academic partners, developed the DoD
Groundwater Modeling System (GMS). The GMS provides an integrated and
comprehensive computational environment for simulating subsurface flow, contaminant
fate/transport, and the efficacy and design of remediation systems.
54. GMS integrates and simplifies the process of groundwater flow and transport
modeling by bringing together all of the tools needed to complete a successful study.
GMS provides a comprehensive graphical environment for numerical modeling, tools for
site characterization, model conceptualization, mesh and grid generation, geostatistics,
and sophisticated tools for graphical visualization.
55. Several types of models are supported by GMS. The current version of GMS
provides a complete interface for the codes FEMWATER/LEWASTE, MODFLOW,
MODPATH, MT3D, RT3D, and SEEP2D. Many other models will be supported in the
future, such as UTCHEM, NUFT3D, ParFlow, and ADH.
56. Model Description. MODFLOW will be used as the modeling package in GMS after
evaluating the requirements of the Indiana Harbor CDF Project. MODFLOW was
selected because of its modular form that will enabled evaluation of groundwater
fluctuations caused by varying infiltration rates and pumping rates from the ECI Site. In
addition, the geology of the site is rather simple and can be easily modeled. The
MODFLOW program is one of the most widely used and tested models available and is
well documented.
57. MODFLOW was developed in 1984 by the United States Geological Survey as an
expansion to an earlier model created by Trescott (1975). The model is written in
FORTRAN computer language as a primary program that works with a number of
modular subroutines. The subroutines solve independent computations for various
physical problems encountered in hydrogeologic systems and account for mass transfers
between sources and sinks. Each of the subroutines can be called as needed, allowing the
modeler to customize the model to fit project site conditions.
58. MODFLOW is accepted throughout the country as an industry standard and through
repeated use has demonstrated utility and flexibility. However, a major drawback with
the usage of MODFLOW is that unsaturated flow cannot be taken into account. This type
of flow will occur from rainfall precipitation and from dewatering of the dredged
material. This flow will be handled as recharge to an unconfined aquifer.
59. Steady-State Analysis. MODFLOW is a finite difference numerical groundwater
model that solves a system of simultaneous equations for potentiometric head in the
aquifer. The simultaneous equations are algebraic solutions to the partial differential
equation that describes the movement of water through a saturated porous media:
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∂  k yy ∂h ∂y  ∂ k zz ∂h
+
∂x + 
∂z − W = 0 ;
∂x
∂y
∂z

∂ k xx ∂h

Eqn. B-6

where;
kxx , k yy, k zz = hydraulic conductivity in the x, y, and z directions (which
are oriented parallel to the maximum, minimum and intermediate values).

∂h = change in head
∂x, ∂y , ∂z = partial derivative with respect to the x, y, and z directions.

W = volume contributed or lost to a source or sink
60. This is the equation for steady state flow of water through a porous saturated media.
The fundamental basis for the equation is conservation of mass. The differential equation
can be approximated with a series of algebraic expressions that can be simultaneously
solved for head. After the system of simultaneous equations has been solved and the
simulation is complete, a subroutine computes the mass transfer into and out of each cell
of the model. The total mass balance at the end of the simulation should be near 0 for the
solution to be correct. In addition to this, all input parameters used in the model must fall
within the range of values as determined from field tests.
61. Flow into or out of an aquifer due to external sources such as; wells, drains, rivers,
rainfall, etc., are expressed in the W term of Equation B-6. It is the W term that allows
for evaluation of the groundwater control system alternatives.
62. Transient Analysis. Transient simulations indicate how head fluctuates as a function
of time. Transient analysis are needed to refine the pumping needed from the extraction
wells to determine how much water and how long the pumping will be needed. This
information will be used to determine the final recommended well spacing for the
extraction wells. The transient equations take into effect the gain or loss in storage due to
the raising or lowering of heads as a function of time. The equation is:

(

)

(

)

∂ k yy ∂h  ∂ k ∂h
∂y 
zz
∂x + 
∂z − W = S ∂h ;
+
s
∂t
∂x
∂y
∂z

∂ k xx ∂h

( )

Eqn. B-7

where;
kxx , k yy, k zz = hydraulic conductivity in the x, y, and z directions (which
are oriented parallel to the maximum, minimum and intermediate values).

∂h = change in head
∂x, ∂y , ∂z = partial derivative with respect to the x, y, and z directions.

W = volume contributed or lost to a source or sink
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Ss = storage coefficient

∂t = change in time
63. This is similar to Equation B-6, only the right side of the equation includes the term
that represents the loss or gain of water due to the change in storage as a function of time
and change in head.
64. Model Limitations. The MODFLOW model generates one head value for each cell.
The accuracy of the model is therefore limited by cell spacing. The model for this project
has not yet been developed, however the size of the cell will be made as small as practical
around the ECI Site. The size of a cell will not exceed 1.5 times the size of the cell
adjacent in order to minimize scale effects and distortions. A second limitation of the
model is that during calibration, accurate piezometric maps must be available. The water
levels readings from the existing piezometers on the ECI Site will provide the necessary
data. However, data outside of the site is very limited. However, the proposed model
may not require this information as discussed below.
Input Parameters
65. A number of aquifer characteristics are required for the groundwater model. Proper
conceptualization of the physical system is very important in the creation of an accurate
model. Natural hydrologic boundaries such as rivers and lakes, aquifer hydrostratigraphy
and characteristics (ie. thickness, storativity and conductivities of the various layers that
makeup the model), leakage between aquifers, stream/aquifer interaction, well pumpage,
evapotranspiration and recharge are all required for the area.
66. Geologic Layers. The geologic layers to be used in the groundwater model are
shown in figure B-9, below. Essentially, the model will consist of three layers, the
existing and planned fill (Layer 1), the Calumet Aquifer (Layer 2), and the underlying
silty clay (Layer 3). Layer 1 may be divided into two layers to account for the seepage
through and from the dredged material. These layers are described in Appendix C SUMMARY OF GEOTECHNICAL INVESTIGATIONS.
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Figure B-9. Model Layers
67. Boundary Conditions. Boundary conditions are constraints imposed on the model
grid that express the nature of the physical boundaries being modeled. Boundary
conditions greatly influence the computation of flow velocities and head within the
modeled area. Three types of boundary conditions are commonly used: 1) specified
head; 2) specified flux or flow; and 3) value-dependent flux or head dependent flow.
68. A specified head boundary, also known as Dirichlet condition, is used when a water
elevation is known and is not likely to change, such as a lake or reservoir or other known
water surface. This type of boundary is proposed for the perimeter of the ECI Site. It is
assumed that the water levels outside of the cutoff wall will remain at the elevations
noted from the water level data. Some fluctuation in this levels will not affect the results
from the model, as the pumping will be based on maintaining a minimum of two-foot
drawdown across the cutoff wall.
69. A specified flux or flow boundary, also known as a Neumann condition, is used when
the amount of flow into and out of the boundary is known. The most common specified
flux boundary is the 'no-flow' boundary. This boundary is used when a groundwater
divide is known or a significant difference is hydraulic conductivity can be determined,
such as a sand-clay interface. Caution if needed when using a groundwater divide as a
'no-flow' boundary as this divide can move depending on the stresses imposed on the
groundwater system. It is not anticipated that this type of boundary condition will be
used in the groundwater model for the ECI Site.
70. A value-dependent or head dependent flow boundary, also known as a Cauchy
condition, controls the flow through the boundary according to some external constraint.
Examples include infiltration from a pond dependent on pond levels, and injection of well
water dependent upon injection pressure. This type of boundary is used commonly in
transient simulations. The cells containing extraction wells will be head dependent.
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71. Model Grid. The model area will be divided into discrete cells (discretization) by
creation of a grid of varying dimensions. Cell sizes will be approximately the same size
as the zone of concern is near the edge of the model grid. Each cell will characterize the
physical conditions found at that location, based on the parameters assigned to the cell.
The output from the groundwater model will indicate the water level in the cell as well as
the flow of water into and out of the cell. Cell sizes of 10-feet could be used in the
model. A grid with cells of this size would be about 250 x 400. The model grid would be
setup parallel and perpendicular with the primary axis of the ECI Site. This orientation
also alignments with the Lake George Branch of the Indiana Harbor.
72. Recharge. Recharge is applied to the top layer of a groundwater model. This value
accounts for the water entering the system from precipitation. An on-site weather station
is not available. The closest known weather station is at Valparairso, IN. The average
precipitation, evaporation, and temperature are shown in table C-1. Due to the proximity
of Lake Michigan, the local weather is somewhat different than Valparaiso, especially
precipitation. Average annual precipitation at the ECI Site may be up to 50 inches per
year. The Illinois State Water Survey Cooperative Groundwater Report 1-5 indicates that
10 to 12% of the annual precipitation recharges the groundwater. Hence the mean annual
recharge to the Calumet Aquifer would be:
R = (0.11)(50 inches/year )(1 ft /12 inches)(1 year/365 days) = 1.26 x 10-3 ft/day
73. Geraghty & Miller (1992) developed a groundwater model to design a groundwater
remediation program to recover the hydrocarbons floating on top of the groundwater. In
this model, they estimated recharge to be approximately 19 inches per year. This
recharge will only apply to the site before the perimeter RCRA cap is constructed and
before dredged material placement begins, as these materials will greatly reduce the
amount of recharge into the groundwater. The groundwater model developed for the
CDF project will vary the recharge rate from 5.5 to 20 inches per year (1.26 x 10-3 to 4.57
x 10-3 ft/day), being reduced to zero.
74. Hydraulic Conductivities. The hydraulic conductivity of the various layers has been
determined from local field tests and published reports. Pumping tests and field
permeability tests performed in wells constructed around the ECI Site. The results from
these investigations are shown in tables C-2 and C-3 in Appendix C - SUMMARY OF
GEOTECHNICAL INVESTIGATIONS and indicate the hydraulic conductivity of the
Calumet Aquifer (Layer 2). The tests indicate permeability ranging from 8.4x10-4 to
1.7x10-2 cm/sec with an average of 1.3x10-2 cm/sec. Vertical permeability is typically
between 10 to 30 times less than horizontal permeability (Freeze & Cheery, 1979). For
the proposed groundwater model, a consistent ratio of 1:10 will be used. Geraghty &
Miller (1992) estimated the hydraulic conductivity for Calumet Aquifer to be 32 ft/day
(1.1x10-2 cm/sec) for the groundwater model developed for the remediation program.
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75. The hydraulic conductivity of the silty clay underlying the site (Layer 3) was
determined from laboratory tests conducted on samples collected during the field
investigations. The results indicate hydraulic conductivities ranging from 1.1 x 10-8 to
1.9 x 10-7 cm/sec. Flow through Layer 3 will primarily be vertical. Therefore, assuming
a vertical to horizontal anisotropy of 1:10, the vertical flow or leakance will be about
1x10-8 cm/sec.
76. Layer 1, the fill material on-site and the dredged material, is separated from the
groundwater by an unsaturated zone. The fill material on-site was not tested for
permeability. As is appears to be primarily sand, it is assumed to have a horizontal
hydraulic conductivity of 1x10-3 cm/sec. The dredged materials will be primarily fine
sediments. The hydraulic conductivity of this material will change over time. Initially, it
will have a very high water content and may allow water to flow readily. However, the
material will consolidate and its water content will decrease. As this happens, the voids
in the sediments will become smaller and less interconnected resulting in a decrease in
the hydraulic conductivity. This is discussed in detail in Appendix E - DREDGING AND
PLACEMENT PLAN. The material is generally silt sized and will consolidate to about
76.4 pcf at 20% moisture content. From the consolidation test data, an estimate of the
hydraulic conductivity of this material can be obtained from the equation shown below
(Holtz & Kovacs, 1981).
k =

cv ρ w gav
;
1 + eo

Eqn. B-8

where:
k = hydraulic conductivity (cm/sec)
cv = coefficient of consolidation (cm2 /sec)
?w = density of water (g/cm3 )
g = acceleration of gravity (cm/sec2 )
av = coefficient of compressibility (cm sec2 /g)
eo = initial void ratio
k = (8.4x10-4)(1)(981)(0.0029)/(1+3.231) = 5.7 x 10-4 cm/sec
77. Storativities. The Calumet Aquifer is an unconfined aquifer. Therefore, when water
is removed from the aquifer, portions of the aquifer that were previously saturated will
become unsaturated. From the pump test information in Appendix C, the storage
coefficients for the individual wells ranged from 0.003 to 0.044 and was 0.10 ft -1 when
the maximum drawdown in all of the wells were plotted versus log distance. Storativity
of unconfined aquifers typically ranges from 0.02 to 0.30 ft-1 (Fetter, 1994). The values
for the individual wells are generally smaller than expected. This variation may be due to
value being computed using data from the beginning of the test whereas the overall test
value was computed from the total drawdown. For the groundwater model, as storativity
of 0.10 ft-1 will be used.
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78. Water Levels and Well Pumpage. Existing wells are located on the ECI Site. Some
of these wells are being used for the site remediation that is currently in-progress. In
addition, a trench is being used to siphon off the hydrocarbons floating on top of the
groundwater. These facilities are affecting the current groundwater levels. Groundwater
levels on the site for 1991 and 1995 are shown on figure C-8. Quarterly reports of
groundwater and floating hydrocarbon levels are collected as part of the on-going site
remediation. The most recent groundwater information will be used for the development
of the groundwater model. The wells and siphon trench will be decommissioned when
the site is prepared for the CDF. As a result, these facilities will no longer influence
future groundwater levels.
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