
 

Buffalo Reef Task Force Presents: 

Buffalo Reef – Final Alternatives Analysis 

 

Engineering Appendix 

DRAFT JANUARY 2024 





Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

ii 
 
 

Attachments 
Attachment 1 Perimeter Dike Slope Stability Evaluation for Buffalo Reef Stamp Sands Preliminary 

Landfill Design 
Attachment 2 Stamp Sands Volume Calculations 



Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

1 
 
 

1. Introduction 
Buffalo Reef is a 2,200-acre whitefish and lake trout spawning habitat that provides a reliable fish 
harvest for many tribal, commercial, subsistence, and recreational fishermen. The reef and surrounding 
habitat are being inundated by an estimated 12.7 million cubic yards (MCY) of stamp sands that are 
being transported into these areas through littoral drift. In 2017, the Environmental Protection Agency 
(EPA) endorsed the formation of a Buffalo Reef Task Force (BRTF) comprised of multiple state, federal, 
and tribal agencies. In addition, academic institutions (Michigan Technological University and Northern 
Michigan University) and local government agencies have joined the team, recognizing that this issue is 
larger than any single entity can accomplish on its own. The EPA directed the U.S. Army Corps of 
Engineers (USACE) to prepare an Engineering Feasibility Study to evaluate alternatives that reduce the 
impact of stamp sands on Buffalo Reef and the associated juvenile fish recruitment area(s).  

 
Figure 1: Buffalo Reef is located off the Keweenaw Peninsula in Gay, Michigan 
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Figure 2: Dredging Areas 
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2. Geotechnical 
2.1 Coal Dock Jetty 

A hydraulic structure, referred to in this report as the Coal Dock Jetty, was identified by the Project 
Development Team (PDT) as a necessary component for each placement site. Developing a design for 
this structure based on site specific conditions was outside the scope of this report, but a concept level 
design was developed for cost estimating purposes. 

2.1.1 Project Requirements 

The coal dock jetty serves several purposes. One is to provide logistical support for the subject project 
by facilitating the loading and unloading of materials (such as stone, soil, and stamp sand) from moored 
vessels into waiting trucks. Another purpose is to impede longshore transport of stamp sand. Stamp 
sand will naturally deposit against the structure over time, allowing stamp sand removal using 
equipment based on the structure itself, rather than on a floating plant. When choosing a type of 
construction, several design requirements were established by the PDT and are further outlined below: 

• The jetty design must allow for the mooring of vessels. The number and types of vessels that 
could potentially tie up to the jetty at any one time are not known at this time. Therefore, it has 
been preliminarily assumed that the entire length of the structure on each side would need to 
have vertical sidewalls to maximize the amount of mooring length that could be available. 

• The jetty design must provide at least 15 ft water depth at the face of the structure. This was 
based on the minimum operating draft requirements of vessels currently moored at the USACE 
vessel yard in Duluth, Minnesota. 

• The jetty design needs to be of sufficient length to provide the required water depth without 
resorting to rock blasting. 

• The jetty design must have sufficient width to allow for two-way traffic and include shoulders 
for pedestrian traffic. 

• Lane widths must accommodate off-road trucks. The largest vehicle assumed to traffic the jetty 
is a Caterpillar 745 off road articulated dump truck.  

• The jetty design must be able to withstand applied loadings (e.g., traffic surcharge loads, soil 
and water pressure loads, wave and ice loads, stockpiled material loads, mooring loads, 
equipment loads). 

• The jetty design must account for the lack of sufficient overburden soils below the proposed 
dredge line to create adequate passive resistance to resolve the superimposed loadings. 

• The jetty will act as a barrier, trapping sediments that are being transported to the west from 
lake currents. Therefore, over time, a buildup of material against the windward site of the jetty 
will occur over time requiring excavation and disposal to not only maintain an acceptable draft 
but also prevent the structure from being overtopped with accumulated soil. In this case, the 
structure must be capable of withstanding uneven loading conditions.   



Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

4 
 
 

• Based on the scale of the improvement needed to satisfy these needs, we expect the structure 
would be considered to be permanent in nature. 

2.1.2 Selection of final construction type 

Based on the above requirements, the selection of a construction type was somewhat limited.  The use 
of rubble mound structures was briefly considered. However, these types of structures are not 
conducive for the mooring of vessels, nor for removal of accumulated stamp sands.  This option was 
omitted based on these factors. 

The use of cellular cofferdams was also considered. However, as cell width would be governed by the 
desired travel width and not on stability, the cell diameter would need to be substantially larger than 
what is actually required to allow the connecting arcs to be outside of the minimum structure width 
desired by the PDT. Therefore, in order to obtain a minimum edge to edge distance between connecting 
arcs of 40 feet, the diameter of the main cells would need to be in the range of 72 feet in diameter. This 
cell diameter is very large, and in turn, would increase the footprint of the jetty by approximately 50 
percent and increase the lineal footage of steel required to construct the jetty by approximately 40 
percent. Furthermore, additional construction would still be required to allow for vertical faces to be 
created for the mooring of vessels.  Based on this information, this option was omitted. 

The most important design constraint facing the PDT is the lack of sufficient overburden soils present 
below the dredgeline in order to create adequate passive resistance to resolve the superimposed 
loadings.  The creation of artificial passive zones by backfilling against the structure with aggregate was 
not desired as this would create a perpetual maintenance issue that would need to be monitored 
throughout the life of the structure. This would also complicate the future removal of accumulated 
sediments against the windward side of the jetty.   

Based on the above requirements, an internally braced modified “post and panel wall” was chosen for 
the jetty structure.  The final width of the jetty was established at 40 feet in order to have two lanes of 
traffic a minimum of 14 feet in width to accommodate articulated trucks along with a six-foot-wide 
shoulder on each side for pedestrian traffic. 

The soldier piles would be predrilled and socketed into rock while the panel portion of the wall would 
consist of Steel Sheet Piling (SSP) sheets driven to refusal on rock. The toe of the SSP would then be 
protected with a minimal amount of armorstone. The soldier piles resist the entire tributary area 
created by the center to center (c-c) spacing of the piles, while the SSP merely serves as a “panel” to 
contain the stone infill and allow the soils to arch and transfer the loads from the retained soils to the 
piles.    

2.1.3 Design considerations 

2.1.3.1 Geotechnical Data 

Site-specific geotechnical data was not available with the exception of a series of soil probes performed 
at discrete intervals along the northern lakefront. The primary purpose of these probes was to estimate 
the thickness of the stamp sand layer that has deposited in Keweenaw Bay, as well as determine the 
grain size distribution, copper content, percentage of stamp sands, and other characteristics used in the 
sediment transport model. 
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Based on the limited soil probe information obtained for the project, the top of rock elevation was 
found to increase with depth while the thickness of the overburden was found to decrease as the 
alignment proceeds further into the lake. Therefore, for concept purposes, two design sections were 
developed - a design section for deep water (at the pier head) and a design section for shallow water 
(i.e., at the beach head).  Each design section was developed and analyzed for internal stability to 
determine depth, restraint size, and maximum moment and shear for the wall.  

2.1.3.2 Applied loadings 

The following load conditions were considered in order to determine SSP and soldier pile sizing, the 
associated embedment depth(s) and the sizing of the ancillary structural items supporting the SSP: 

• Hydrostatic loading (specifically, a perched water condition from water trapped within the cell 
acting concurrently with record low lake levels).  This would create the maximum differential 
that could be experienced. 

• Surcharge loadings (i.e., traffic loading, live loads from surcharges and live loads from ice loading 
and stationary construction equipment). 

• Lateral earth pressure loads applied to the structure due to fill material.   

• Unbalanced loading from external loadings (i.e., excess soil materials collected on the outside of 
the SSP due to sediment transport). 

Each load condition is explained in further detail below. Loadings from mooring bollards were not 
considered for this evaluation. 

2.1.3.2.1 Hydrostatic loading 

To estimate hydrostatic loading on the structure, historical water level data for Lake Superior was 
gathered from USACE sources. Water levels in this report are in feet and referenced to International 
Great Lakes Datum 1985 (IGLD85) low water datum (LWD) for Lake Superior, which is elevation (EL) 
601.1 ft. The data shows that over the past five years, water levels are trending upwards on Lake 
Superior and have varied from about -0.8 LWD to +1.8 LWD. For the purpose of this design, the water 
level of Lake Superior was assumed to be at EL -2.5 LWD for calculation purposes based on a historical 
75-year water level.  

The top of the binwall has been established by the PDT to be at EL. 612 ft (IGLD85).  Using a record low 
water elevation of -2.5 LWD (EL 598.6 ft), a maximum elevation differential of 13.4 feet was considered 
in the design calculations.  This would account for short term imbalanced loading that could possibly 
occur where lake levels are at a record low and a temporary perched condition has occurred where 
water has collected up to existing elevation of the inner pier surface. Drains would be incorporated into 
the design to allow for equalization of water levels throughout its lifetime. 
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2.1.3.2.2 Design surcharges 

For the concept design purposes, the following surcharges were considered: 

• Traffic loading – Michigan Department of Transportation (MDOT) 360 pound-force per square 
foot (psf) uniform traffic surcharge load. 

• Ice loading – 150 psf uniform surcharge load. 

The above surcharges were assumed to be acting concurrently which is conservative.  The magnitude of 
the surcharge loads was selected based on experience with similar structures. Corresponding horizontal 
pressures generated from surcharge loads applied to vertical surfaces was calculated using Boussinesq 
theory and applied uniformly across the entire surface of the jetty. 

Concentrated loadings, such as crane surcharges, were not considered at this time as specific equipment 
types and their exact positions on the jetty structure were not known. It would not be economically 
feasible to design the entire structure for a few discrete areas that would experience concentrated 
loadings as exact positions of this type of equipment would need to be coordinated with the PDT. 

2.1.3.2.3 Lateral earth pressures 

For existing soils present at, and below, the proposed dredge line, these soils were assumed to be in a 
loose condition and in turn, assigned very low angles of internal friction. Above the dredge line, it was 
assumed that imported engineered fill consisting of a moderately sized (i.e., aggregate in the range of 3 
to 6 inches in diameter) clean crushed aggregate material would be used as backfill.  This material would 
have little to no fines and would exhibit high angularity. This is particularly important as backfilling will 
occur in the wet.  The clean crushed aggregate would be topped with several feet of dense graded 
aggregate in order to create a suitable working surface. 

Based on this information, appropriate earth pressure coefficients and resulting earth pressure diagrams 
were generated using reasonable geotechnical methods used in the field of geotechnical engineering.   
As the bin wall can be considered a flexible structure, and since a portion of the interior fill materials will 
be placed prior to the installation of secondary restraints, a triangular earth pressure diagram was used 
when analyzing the bin wall structure. 

2.1.4 Analysis 

The Earth Retention System (ERS) was designed using Civiltech “Shoring Suite” software - a proprietary 
piece of software used by the undersigned for the design and analysis of similar structures.  The USACE 
publication titled “Design of Sheet Pile Walls” - EM1110-2-2504 was also considered at least in part 
during the design process.   

Final embedment lengths, brace loads and design (allowable) sheeting section modulus were selected 
based on a final global stability factor of safety (FS) of 1.5. Ancillary steel members comprising the earth 
retention system (such as connections) were designed using ASD methodology as outlined in the AISC 
Steel Construction Manual (8th edition) while considering EM1110-2-2504. Tie rods were designed using 
Post Tensioning Institute (PTI) guidelines outlined in the PTI document “Recommendations for 
Prestressed Rock and Soil Anchors”. 
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The section modulus used for the design of the soldier piles has been selected to resist the calculated 
maximum bending moments and shears associated with the proposed construction, but also considers 
the requirement of maintaining deflections at the midpoint of the unbraced length of the soldier piles to 
1 inch or less, based on structures of similar nature. 

The SSP will be restrained at regular intervals along its length using some form of cross lot bracing. This 
would likely be in the form of all-thread bars (i.e., tie rods) secured to a continuous wale placed on each 
side of the bin wall. Another option would be cross struts, but tie rods were assumed for this report. Tie 
rod design was based USACE EM 1110-2-2504. Controlling conditions for both wale and tie rod design 
would be the temporary condition in which a single tie rod is removed for repair or replacement, 
causing increased shear and bending moments on the wale and increased loads on the adjoining tie rods 
bordering the repair area. 

2.2 Lakeside Revetment 

2.2.1 Project Requirements 

The main purpose of the lakeside revetment is to provide a permanent containment structure for the 
storage of stamp sands to be excavated from along the existing shoreline.  The material is expected to 
be excavated using land-based equipment and loaded into off road dump trucks that will then travel to 
the placement area for disposal.  In this case, rather than using the rubble mound structure for 
protection of existing embankments (i.e., a revetment), it will serve as protection of permanent 
embankments (similar to the function of a seawall or bulkhead) that have been artificially created out of 
stamp sands over time. 

Several design requirements were established by the PDT and were considered when designing the 
revetment.  These requirements are outlined further below: 

• The revetment must be constructed in such a manner as to allow for access with trucks 
throughout its lifetime.  This is because the placement area will be filled in stages over time 
(similar to a Dredged Material Management Facility). Also, the placement area will need to be 
accessible for routine operations and maintenance (O&M) throughout its lifetime. 

• Due to the period of work extending over many years, the revetment must be self-supporting. 

• The revetment must be able to resist applied surcharges from the retained stamp sands 
including ancillary construction equipment trafficking adjacent to (and possibly on top of) the 
structure. 

• The revetment must prevent the horizontal migration of stamp sands through voids in the 
revetment material due to fluctuating water levels, while remaining free draining to allow for 
equalization of water levels. 

• The revetment must be designed to retain a volume of material which will far exceed the design 
height (and scale) of the revetment. 

• The revetment must be sized (i.e., dimensioned) appropriately to allow for routine O&M to 
occur along its perimeter. 
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Based on the scale of the improvement needed to satisfy these needs, we expect the structure would be 
considered to be permanent in nature. 

2.2.2 Design considerations 

The following publications were considered (at least in some part) on an as required basis during the 
preparation of the revetment design: 

• AD-A212 631, Study of Breakwaters Constructed with One Layer of Armor Stone, Detroit District, 
August 1989. 

• EM 1110-2-1614, Design of Coastal Revetments, Seawalls and Bulkheads, 30 June, 1995. 
• U.S. Army Engineer Waterways Experiment Station, Coastal Engineering Research Center 

technical publication titled “Sizing of Toe Berm Armor Stone on Rubble-Mound Breakwater and 
Jetty Trunks Design for Depth-Limited Breaking Waves”, September 1987. 

The lakefront placement area is expected to be filled over a long period of time, during which the 
structure must be self-supporting. Based on this information, the PDT chose to use a revetment 
constructed in the form of a three-layer rubble-mound structure.  However, as the rubble-mound will 
serve to retain stamp sands, the structure will have different stability requirements which require the 
following modifications to be performed based on its intended use. 

• The addition of a passive wedge of toe stone to be installed below grade/waterline.  This passive 
wedge also serves to protect the mattress stone (or bedding layer) from erosion.   

• The addition of an aggregate filtering layer on the inboard side of the revetment to prevent the 
lateral migration of the stamp sands through the revetment and out of the placement area/into 
the lake. 

2.2.2.1 Applied loadings 

For the concept design, one design section was developed for the lakefront revetment using the 
available geotechnical information while considering the following load conditions: 

• Hydrostatic loading (specifically, a perched water condition from water trapped within the cell 
acting concurrently with record low lake levels).  This would create the maximum differential 
that could be experienced. For the purpose of this design, the water level of Lake Superior was 
assumed to be at EL. -2.5 LWD for calculation purposes based on a historical 75 year water level 
while later levels within the stamp sands were at an elevation of +2.5 LWD. LWD is El. 601.1 ft. 
IGLD85. 

• Traffic loading – MDOT 360 psf uniform traffic surcharge load generated from construction 
equipment during filling of the placement area and performing future O&M work on the facility.   

• Lateral earth pressure loads applied to the structure due to the stamp sand material. Although 
lower elevations of stamp sands are planned in some areas, for design purposes, the final design 
height was assumed to be at EL. 675 ft, which corresponds to 65 feet of material. Figure 3 shows 
a typical cross section of how the revetment is envisioned. 
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Figure 3 – Example Rubble Mound Construction 

2.2.2.2 Structure sizing 

The final elevation of the completed placement area was established by the PDT, so the minimum 
required area of the rubble-mound was estimated via back-calculation in SlopeW and the size (i.e., 
height and width) of the rubble-mound adjusted as required to achieve an acceptable FS. For concept 
design purposes, an FS of greater than or equal to 2.5 was targeted for extreme event conditions.  

The governing analysis of the structure consisted of a condition where the highest driving forces would 
be induced.  This was assumed to be when the structure was retaining the maximum amount of stamp 
sand material while experiencing a perched water condition with a maximum water differential of 5 
feet. This differential considers a condition where the material within the placement area would be 
assumed to be fully saturated with a historic water elevation of +2.5 LWD while lake levels are at a 
record low elevation of -2.5 LWD. 

The concept design was analyzed for both internal and global stability using SlopeW. Appropriate 
material parameters were estimated using the existing available geotechnical information and 
reasonable geotechnical methods used in the field of geotechnical engineering. Stone sizing calculations 
were estimated for the subject project by referring to appropriate USACE guidelines for rubble-mound 
structures while using an estimated design wave height listed below.  

The design wave height was obtained from hydraulic data generated by the H&H branch for other 
nearby projects in Lake Superior. Sizing and composition of the filtering layer (i.e., both material 
gradation and layer thickness) would be based on the gradations of the existing stamp sand material 
recently performed for the subject project. 
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Table 1: Estimated Design Wave Height. 

Once an appropriate FS was obtained, the properties of the revetment (i.e., the structure’s final height 
and overall footprint, individual layer thicknesses, angles of repose, etc.), were refined based on the 
minimum required aggregate sizes for an H10 design wave height. 

Overall, analyses performed under concept conditions generally predict that a 35 ft high rubble-mound 
with a crest width in the range of about 30 feet and a base width about 130 feet is acceptable to achieve 
a minimum FS of 2.5 at extreme event conditions. At this time, 26-degree side slopes are assumed which 
is consistent with USACE guidelines for rubble-mound structures.  To limit daylighting of failure circles 
near or at the base of the rubble-mound structure, foundation improvement is planned to extend a 
minimum of 30 feet beyond the toe of the revetment on each side. This improvement will consist of a 
10-foot-thick stone layer placed directly on suitably prepared rock prior to placement of the main rubble 
mound structure. 

As there has been extensive regrading of the lakefront already, the depth of overburden along the 
shoreline is relatively shallow and is generally in the range of about 10 feet or less. Therefore, it is 
envisioned that the revetment structure can be founded directly on the shallow rock found underlying 
the overburden soils. This would also allow the remaining overburden soils present on the lake side of 
the revetment to act as a passive wedge to help resist lateral sliding. As noted above, the passive wedge 
will be supplemented with toe stone to protect the bedding layers from erosion. 

For concept design purposes, it is planned to use the same cross section for the entire perimeter of the 
proposed placement area.  
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Figure 4: Lakeside Placement Site SlopeW Output 
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2.3 Upland Placement Site 

2.3.1 Project requirements 

The main purpose of the upland placement site is to serve as an alternative to the lakeside placement 
site. The exact location where the placement site will be located is not known at this time. However, two 
sites were identified by the PDT which appear to be sufficiently suitable to allow containment berms to 
be constructed within their boundaries. The upland placement site would have the same project 
requirements as the lakeside placement site. 

2.3.2 Design considerations 

Based on the amount (i.e., depth) of overburden encountered in the borings, there is likely an 
insufficient quantity of suitable native material present to construct containment berms. Therefore, 
considering that the depth to rock is relatively shallow and is easily accessible, the containment berms 
for the upland placement site were assumed to be created from select engineered fill consisting of 
crushed aggregate materials. These aggregates would be sourced locally for the project to save trucking 
costs. 

Similar to the lakefront placement area, the structure will need to be self-supporting. Therefore, for 
concept design purposes, it has been assumed that the containment berms (i.e., embankments) would 
be constructed from compacted rockfill. Rockfill structures are common to USACE and other federal 
entities such as the Bureau of Mines and the Bureau of Reclamation. Therefore, there is sufficient design 
guidance available for review with regards to their design and construction. 

2.3.2.1 Geotechnical Data 

A preliminary subsurface investigation was performed by a third-party consultant retained by the State 
of Michigan in the summer of 2021. A total of 14 borings were distributed throughout the two major 
areas identified by the PDT as potential placement locations. Geologic conditions within the boundaries 
of the identified areas can be characterized by a relatively thin surficial layer of unconsolidated glacial 
drift underlain by bedrock of the Jacobsville Formation. The glacial drift at the project location is on the 
order of approximately 8.5 to 20 feet thick, based on subsurface conditions encountered at the locations 
of borings SB-01 through SB-14, and on information for the vicinity in the published literature. The 
glacial drift consists of lacustrine deposits including sand, silty sand, and sandy silt with varying amounts 
of gravel and sandstone fragments.  

Based on the results of particle size distribution tests of samples of the glacial drift collected from the 
borings, the lacustrine deposits at the Project location are classified under the Unified Soil Classification 
System (USCS) primarily as poorly graded sand with silt (SP-SM) and silty sand (SM), and to a lesser 
extent as sandy silt (ML). The sand, silty sand, and sandy silt contain varying amounts of gravel and 
sandstone fragments, depending on sample-specific location and depth interval. Overall, the 
overburden soils exhibit a medium dense to dense condition with densities increasing with depth. 
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Figure 5: Soil Boring Locations 

2.3.2.2 Applied loadings 

For the concept design, one design section was developed for the upland placement area using the 
available geotechnical information while considering the following load conditions: 

• Hydrostatic loading (specifically, a perched water condition from water trapped within the cell). 
Although the cell will have a drainage system installed to allow for gravity gratinate of 
accumulated groundwater out of the impoundment, a nominal perched water level of 5 feet 
was assumed in the design. This would account for a condition where the underdrain system is 
blocked creating a backup of accumulated groundwater within the cell. 

• A perched water condition where it has been assumed for design purposes that the foundation 
soils supporting the containment structure are saturated and in turn, the foundation soils are 
assumed to be in a very loose condition. 

• Traffic loading – MDOT 360 psf uniform traffic surcharge load generated from construction 
equipment during filling of the placement area and performing future O&M work on the site.   
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• Lateral earth pressure loads applied to the structure due to the stamp sand material. The design 
assumed the base berm will resist a maximum retained material height of 100 feet. Figure 8 
shows a typical cross section of the impoundment. 

2.3.2.3 Structure composition 

Ideally, the use of clayey sands and clays would be pursued for the construction of earthen 
embankments for the subject project. However, these types of soils are not readily available locally and 
are not typically found in the area of the project site. With that being said, we believe that the existing 
on-site soils could still be used to balance the site and raise site grades as required to establish a suitable 
design bottom of structure elevation to allow for positive drainage of accumulated groundwater from 
within the placement area and to relieve hydrostatic pressures, provided these soils are suitably 
prepared and verified prior to placement of the embankment materials. 

At this time, we believe that there is likely an insufficient quantity of suitable overburden material 
present to construct the containment berms from native material. Based on the above information and 
considering that the depth to rock is relatively shallow and is easily accessible, the construction of the 
facility is envisioned to be similar to the placement of rock fill embankments. Ideally, rock for the project 
would be obtained from local quarries or even on-site sources and would be processed (i.e., graded) on 
site to meet the project specifications. 

To maintain as much separation from the underlying groundwater as possible, the containment berms 
would be placed directly on suitably prepared subgrade at some elevation above the existing ground 
surface. This is to allow for natural drainage of collected groundwater to occur. Suitable preparation of 
the exposed subgrade will likely consist of stripping and balancing the site to a target elevation and 
subsequent improvement of the exposed subgrade through compaction to provide a suitable 
foundation for the placement of engineered fills. The placement of an underdrain system would also be 
constructed under the proposed landfill to cut off and relieve groundwater pressures from affecting the 
stability of the placement area. 

As the embankments will be lined with a geocomposite along the inboard side, the construction of an 
impervious core will not be required, nor will the embankments require the placement of materials of 
varying gradations to prevent lateral migration of core materials and groundwater through the 
embankments. However, the construction of a topping layer on the inboard side of the embankment 
will be required to provide a more uniform subgrade to allow for the placement of the geoecomposites 
on the exposed surface without damage. 

2.3.2.4 Structure sizing 

The final elevation of the completed placement facility was established by the PDT (i.e., a finished 
overall height of 100 feet above the surrounding site grades), the minimum required area of the 
embankment was roughly estimated via back-calculation in SlopeW and the size of the embankment 
adjusted as required to achieve an acceptable FS. For concept design purposes, an FS of greater than or 
equal to 2.5 was targeted for extreme event conditions until more site-specific data could be obtained. 
Once an appropriate FS was obtained, the properties of the embankment (i.e., the final height and 
overall footprint of the embankment, angles of repose, etc.), were then refined. 
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The governing analysis of the structure would consist of a condition where the highest driving forces 
would be experienced combined with a lowest available resistance. This was assumed to be when the 
structure was at its maximum design height while retaining a maximum water differential of 5 feet.  This 
differential considers an accumulation of 5 feet of groundwater inside of the landfill due to an 
obstructed underdrain system. This scenario also considers a perched groundwater condition where the 
underlying foundation soils supporting the embankments are fully saturated beginning at the ground 
surface and extending down to the rock surface. This condition would lower the amount of sliding 
resistance that can be achieved by these soils. 

The concept design was analyzed for both internal and global stability using SlopeW. Similar to the 
lakefront rubble-mound, appropriate material parameters were estimated using the existing available 
geotechnical information and reasonable geotechnical methods used in the field of geotechnical 
engineering. Stone sizing calculations were estimated for the subject project by referring to appropriate 
USACE guidelines for rubble-mound structures while using suitable references from both the Bureau of 
Reclamation and USACE. 

Overall, analyses performed under concept conditions generally predict that a 50 foot high triangular 
embankment with a crest width in the range of about 80 feet at the top is acceptable to meet a 
minimum FS of 2.5 under extreme event conditions.  We believe that this embankment would extend 
the perimeter of the placement area as it is expected that the final design height for the placement area 
will not change. At this time, 24 degree side slopes are assumed which is consistent with SOM 
regulations for landfills. To limit daylighting of the failure circles near or at the toe of the embankments, 
improvement of the foundation bearing soils may be necessary below the expected design bottom of 
landfill elevation and extending beyond the toe of the embankments on both the interior and exterior 
sides.  
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Figure 6: Upland Site SlopeW Output 
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3. Civil Design 
3.1 Site Selection 

The PDT considered two placement sites that were selected from the alternatives developed in the 
Alternatives Analysis Report. The lakeside placement site is on stamp sand filled Lake Superior bottom 
lands next to the stamping mill ruins. The upland placement site is on forested land approximately 2.3 
miles from the historic coal dock ruins. Each site includes a placement facility to hold dredged stamp 
sands. 

3.1.1 Lakeside Placement Site 

The PDT established a maximum elevation for the lakeside placement site to minimize the visual impacts 
to Gay residents. To achieve the necessary capacity and not exceed the maximum elevation, the lakeside 
placement site is divided into three cells. The main cell is 93 acres with a top elevation of 675 ft IGLD85 
in the large and medium scale projects and 651 ft IGLD85 in the small-scale project. The north cell is 
approximately 55 acres with a top elevation of 645 ft IGLD85 in the large, medium, and small-scale 
projects. The south cell is approximately 80 acres with a top elevation of 622 ft IGLD85 in the large and 
medium scale projects and 635 ft IGLD85 in the small-scale project. The north and south cells are for 
O&M material in the medium-scale and small-scale projects. The main cell shares its north base berm 
with the north cell and its south base berm with the south cell. It was also necessary to move the 
lakeward base berm alignment out into the water to accommodate the required capacity, rather than 
follow the existing shoreline. The shoreline protection alignment mimics the natural shoreline in shape 
and was designed so the intersection between the berm and shoreline is as close to tangent as possible. 

3.1.2 Upland Placement Site 

The PDT selected the upland placement site by first identifying suitable upland property near the stamp 
sand deposit. We selected several properties that could accommodate the necessary placement area 
footprint based on a maximum completed height of 100 feet. Potential sites were as flat as possible and 
minimized impacts to wetlands. Geotechnical borings revealed the ground surface elevation, bedrock 
depth, and approximate water table depth for each potential site. 

3.2 Site Access, Staging, and Storage 

Land in the vicinity of Buffalo Reef is sparsely populated and the existing road infrastructure was 
converted from railroad routes that served historic mining operations. The primary route leading into 
the area is Lake Linden Gay Road, which is a Class A County Road. Both alternatives require an unpaved 
access road constructed parallel to the existing Coal Dock Road, which will provide access to the Coal 
Dock Jetty from Lake Linden Gay Road. Improvements to the existing Gay Park Road are necessary to 
provide a haul route connecting with Lake Linden Gay Road in two locations. This road allows truck 
traffic circulation for placement operations and maintains a direct route between the coal dock jetty and 
the north shoreline even after the middle shoreline material is removed. Both roads are shown in 
Figure 7. 

The design vehicle width for access roads is 12.5 ft. This was selected based on the off-road articulated 
dump trucks that were used by the State of Michigan to move stamp sands in the original deposit away 
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from the shoreline. Guidance on haul road widths varies, but 3.5 times the vehicle width is a commonly 
cited width for two-way straight segments, which is also recommended by the Bureau of Mines in the 
publication “Design of Surface Mine Haulage Roads - A Manual”. Additional width is necessary for 
curved segments, which is a consideration for the design phase. 

 
Figure 7: Access Road Improvements 

3.2.1 Lakeside Placement Site 

Access to the Lakeside Placement Site is available via Gay Lac La Belle Road. The Keweenaw County Road 
Commission owns the property and utilizes the site to load spreader trucks with stamp sands for use in 
winter road maintenance. To get from Lake Linden Gay Road to the access point requires travelling on 
1st Street and Lake Street and these roads are not suitable for heavy traffic volumes. Staging and storage 
areas are available on the original stamp sand pile, adjacent to the stamping mill ruins.  

3.2.2 Upland Placement Site 

Access to the Upland Placement Site requires constructing a haul road along a portion of Vehicle Trail 
124, which is a historic rail line currently used as an off-road vehicle trail. This haul road is a 1.5 mile 
stretch of the Road Improvements identified Figure 7 and will provide site access from Lake Linden Gay 
Road. Stone delivered by truck will access the site via Lake Linden Gay Road. 
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3.3 Site Preparation 

3.3.1 Lakeside Placement Site 

Excavation to bedrock around the perimeter of the lakeside placement area is necessary prior to 
constructing the perimeter berms. 

3.3.2 Upland Placement Site 

Clearing and grubbing the Upland Placement Site is necessary. The site is 240 acres, and a tree survey is 
necessary to determine if any existing trees can stay. The design assumed the current owner harvests 
salable timber prior to selling the property. The design assumed clearing and grubbing the entire 240-
acre site is necessary, not just the placement area footprint. Clearing consists of felling trees and snags 
(dead trees still standing) and removing logs, shrubs, scrub vegetation, brushwood, and rubbish from 
the site. Cleared material that is suitable for burning is burned on site. Material unsuitable for burning 
will be stockpiled on site and disposed of in the constructed landfill. Grubbing consists of removing 
stumps and roots (to a depth of approximately 18 inches below the original ground surface) from the 
site and backfilling the resulting depressions with soil. Prior to constructing the perimeter berms, 
grading minimizes the need for internal berms and directs the flow of water to liner drains. 

3.4 Placement Site Design 

3.4.1 Design Constraints  

• Budget for Recommended Project is between $30M-$60M/year 
• Maximum final elevation near Gay is 645 ft IGLD85 

3.4.2 Design Assumptions 

• Regulators will not require a liner for the lakeside placement site 
• Placement sites are on flat ground to simplify calculations 

3.4.3 Design Requirements 

• Placement sites must comply with State of MI Regulations 
o Natural Resources and Environmental Protection Act , 1994, PA 451, as amended 
o Type 3 solid waste landfill as defined in Michigan Administrative Code 

• Placement sites must comply with Keweenaw County Solid Waste Management Ordinances 

3.4.4 Capacity Calculations 

The PDT decided mechanically dredging the stamp sands is the most cost-effective method because the 
water used in hydraulic dredging adds to the wastewater treatment quantity and requires additional 
storage capacity. The capacity needs were based on the loose measure dredged material volume. 

Placement site capacity calculations assumed that both placement sites are on flat ground (0% grade). 
The reason for this assumption is because the topographic data available for each site did not offer a fair 
comparison of existing conditions. At the upland site, topographic data is limited to ground surface 
elevations of the six geotechnical borings. At the lakeside site, there was a higher density of 
geotechnical borings taken, as well as LIDAR data collected in 2019. Given this discrepancy, earthwork 
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calculations for the upland site would have much higher variability than those for the lakeside site. 
Assuming both sites are flat normalizes the evaluation and introduces risk that can be assigned 
independently for each site. Being that the existing ground is not actually flat, it will be necessary to 
calculate the earthwork and grading requirements during the detailed design phase.  

Placement sites were designed to have rectangular footprints to the extent possible so volumes could be 
calculated in Microsoft Excel. The Lakeside North and South Cells are not rectangular, so MicroStation 
was used to measure the area and perimeter of each lift. 

3.4.5 Berm Design 

The placement sites were designed similar to a typical dredging confined disposal facility, where berms 
are constructed to contain the material within their perimeter. The placement site design includes two 
perimeter berm types – one large stone “base berm” to resist surcharge loading and multiple stone “lift 
berms” to increase capacity. Base berm dimensions were chosen to accommodate the proposed 
conditions at each site (see GEOTECHNICAL Section). Lift berm heights were chosen based on the 
recommendation of senior civil engineer experienced in confined disposal facility design. The 11 foot 
berm allows a 10 foot lift of material with 1 foot of freeboard. 

The PDT chose to use commercially available stone material as the basis of the placement site concept 
design and did not consider using stamp sand as a construction material. The primary reason for this 
decision was to eliminate risks associated with unknown site conditions and potential variability in the 
stamp sand material properties. In taking this high cost, low risk approach, the PDT also identified the 
placement site berms as a potential cost saving opportunity during the detailed design phase.  

3.4.5.1 Lakeside Placement Site 

The lakeside placement site base berm has 2H:1V side slopes and a 30 ft crest. Beneath the base berm is 
a mattress layer that is 190 ft wide and 10 ft thick. The lakeward portion of the base berm also serves as 
shoreline protection, so the lakeward side has armor stone. Armor stone size is based on wave 
conditions and the stone buttress dimensions were based on resisting loads imposed from placing stamp 
sand fill. During the design phase, it will be necessary to configure the base berm to incorporate armor 
stone. 

The north and south cells of the lakeside placement site have 11 ft lift berms and 10 ft lifts of stamp 
sand fill. The lakeside main cell has 12 ft lift berms and 11 ft lifts. This allows constructing to the 
maximum elevation determined by the PDT (approximately 66 ft of fill) using uniform lift heights. 
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Figure 8: Lakeside Placement Site Berm Dimensions 

3.4.5.2 Upland Placement Site 

The upland placement site base berm was designed with 2.5H:1V side slopes and an 80 ft crest to 
achieve stability. Landfill regulations allow a maximum 4H:1V slope for liners, so the base berm interior 
side slope had to be decreased. The PDT decided the medium and small-scale projects would include the 
base berm for an additional cell to accommodate O&M dredging material. These O&M cells share one 
side with the main cell, so the base berm that separates them will have 4H:1V slopes on both sides. The 
upland placement site has 11 ft lift berms to allow 10 ft lifts of stamp sand fill. 

The Michigan Department of Environment, Great Lakes, and Energy commissioned Mannik & Smith 
Group (MSG) to evaluate the slope stability of the upland placement site base berm and prepare a 
report with their findings (see Attachment 1). The report concluded that a perimeter base berm 
(referred to as a perimeter dike in the MSG report) is required to provide leachate containment capacity 
but is not required to provide structural stability. As stated in the MSG report, their evaluation was 
limited to the slope stability of the perimeter base berm, and additional slope stability evaluations will 
be required for the proposed placement site during the detailed design phase. Regardless, the MSG 
report findings provide additional evidence that an optimized placement site design would result in a 
significant reduction of principal project costs. 
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Figure 9: Upland Placement Site Berm Dimensions 

3.5 Real Estate 

The placement sites do not impact public utilities. Stamp sand removal activities impact privately owned 
septic fields. The State of Michigan will handle relocating these facilities, so the PDT did not prepare a 
relocation plan as part of this report. 
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4. Coastal Protection Design 
4.1 Design Wave Analysis 

4.1.1 Lake Levels and Water Depth 

Design conditions on the Great Lakes are typically a combination of the 10-year wave and 20-year water 
level or the 20-year wave and 10-year water level. The Design Water Level Determination on the Great 
Lakes published by the Detroit District in September 1993 provides 10-year and 20-year design water 
levels at the Lake Superior Marquette gage. These water levels are provided below referenced to 
IGLD85. 

• 10-year Water Level = 604.18 feet IGLD85 
• 20-year Water Level = 604.35 feet IGLD85 

Water depth at the toe of the lakeside placement rubble mound structure was assumed as 12 feet 
below the design water level. This assumption was based on the depth to bedrock at the location of a 
boring collected under the USACE 2021 boring contract.  

4.1.2 Deep Water Wave Analysis 

The USACE Wave Information Studies (WIS) database provides wave hindcasts for all the coasts of the 
US. Lake Superior WIS Station 95113 provides approximately 40 years of hindcast wave information that 
was used for the deep-water wave analysis. 

Orientation of the shoreline at the lakeside placement location was approximated at 45 degrees from 
North = 0. The orientation of the shoreline at the lakeside placement site is shown in Figure 10. Waves 
approaching the shoreline from WIS 95113 were divided into three angle classes: 

• Class Angle 1: 45 to 105 degrees 
• Class Angle 2: 105 to 165 degrees 
• Class Angle 3: 165 to 225 degrees 
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Figure 10. Shoreline Orientation at Lakeside Placement Site 

The WIS wave data was sorted into the three angle classes according to the angle of approach of each 
wave. A distribution was fit to the sorted wave heights and wave periods to obtain the 10-year and 20-
year design conditions. A logarithmic trendline was tested to fit the data; however, the logarithmic 
trendline did not represent the high recurrence interval events well. A filter was applied to the data to 
better represent the high recurrence interval events and a General Pareto Distribution (GPD) was 
applied. The GPD fit the data better and resulted in a better estimate of the 10-year and 20-year wave 
parameters. Table 2 summarizes the 10-year and 20-year wave heights and periods based on the GPD 
for the direction-filtered data. 

Table 2. Summary of Deep-Water Wave Parameters 
Recurrence 
Interval – 

Years 

Class Angle 1 
45 – 105 deg 

Class Angle 2 
105 – 165 deg 

Class Angle 3 
165 – 225 deg 

H0 – ft Tp – sec H0 – ft Tp – sec H0 – ft Tp - sec 
10 14.5 11.8 14.9 9.9 6.5 8.6 
20 14.7 12.0 15.1 10.0 6.7 8.7 

 

45-105 deg 

105-165 deg 

165-225 deg 
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4.1.3 Incident Waves at Lakeside Placement Structure 

Incident waves at the structure location were determined using the Goda method to transform the 
deep-water waves from the WIS station to the project site. The Goda method assumes shore parallel 
contours. The nearshore wave height prediction model for irregular waves accounts for wave breaking, 
nonlinear wave shoaling, irregular wave setup, and surf beat. Goda’s approach allows broken waves to 
reform at a lower height. 

As mentioned previously, the water depth at the structure toe was assumed as 12 feet. The nearshore 
slope was approximated as 0.01 based on the available bathymetry.  

Using the Goda method outlined in Seelig and Ahrens 1980, the nearshore wave conditions were 
estimated for the three angle classes. The angles used were referenced to the shoreline; for example, 
Class Angle 1 of 45-015 degrees from North = 0 is represented by 60 degrees relative to the shoreline. 
Class Angle 2 is represented by 0 degrees relative to the shoreline, and Class Angle 3 is represented by 
60 degrees relative to the shoreline. Table 3 shows computations of estimated nearshore significant 
wave height for each of the three angle classes.  

The most conservative 10-year and 20-year incident design wave heights were chosen from the three 
angle classes. The most conservative values come from the shore normal direction, or 0 degrees relative 
to the shoreline. At the structure toe, the 10-year significant wave height is 7.82 feet and the 20-year 
significant wave height is 7.93 feet. As shown in Table 2, the wave period for the 10-year wave is 9.9 
seconds and the wave period for the 20-year wave is 10.0 seconds.  

Figures 7-2 and 7-3 from the 1984 USACE Shore Protection Manual were used to determine if the 
incident design waves are breaking waves. Table 4 shows computations for the determination of wave 
breaking. As shown in the table, both the 10-year and 20-year waves are breaking at the structure toe. 
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Table 3. Computations for Estimated Nearshore Significant Wave Height 

 

 

Table 4. Determination of Wave Breaking for Incident Waves 

 

 

 

Return
Period,
Years

Deepwater
Wave Angle,
Alpha0 (deg)

Deepwater
Wave Height,
H0 (ft)

Wave 
Period,
T (sec)

Nearshore
Water Depth,
d (ft) d/(gT^2)

Refraction
Coefficient,
KR

Deepwater
Significant
Wave Height,
H'0 (ft)

Deepwater
Wave Length,
L0 (ft)

Refracted
Wave
Steepness,
H'0 / L0

Depth to
Deepwater
Wave Height
Ratio, d/H'0 Hs / H'0

Nearshore
Significant
Wave Height,
Hs (ft)

10-yr Wave; 
20-yr W.L. 60 14.5 11.8 12 0.0027 0.7 10.15 713.5756437 0.01 1.18 0.76 7.71
20-yr Wave; 
10-yr W.L. 60 14.7 12 12 0.0026 0.7 10.29 737.9696401 0.01 1.17 0.76 7.82
10-yr Wave; 
20-yr W.L. 0 14.9 9.9 12 0.0038 0.905 13.4845 502.2805863 0.03 0.89 0.58 7.82
20-yr Wave; 
10-yr W.L. 0 15.1 10 12 0.0037 0.905 13.6655 512.4789168 0.03 0.88 0.58 7.93
10-yr Wave; 
20-yr W.L. 60 6.5 8.6 12 0.0050 0.72 4.68 379.0294068 0.01 2.56 1.22 5.71
20-yr Wave; 
10-yr W.L. 60 6.7 8.7 12 0.0049 0.72 4.824 387.8952921 0.01 2.49 1.22 5.89

Return
Period,
Years

Nearshore
Water 
Depth, 
d (ft)

Deepwater
Significant
Wave 
Height, 
H'0 (ft)

Wave Period,
T (sec)

H0' / 
(gT^2) Hb / H0'

Breaking
Wave 
Height,
Hb (ft)

Hb / 
(gT^2)

db / 
Hb min

db / 
Hb max dbmin, ft dbmax, ft d, ft Wave Type

10-yr Wave; 
20-yr W.L. 12 13.5 9.9 0.0042777 1 13.5 0.004277672 1.22 1.525 16.47 20.5875 12 BRK
20-yr Wave; 
10-yr W.L. 12 13.7 10 0.0042547 1 13.7 0.004254658 1.22 1.525 16.714 20.8925 12 BRK
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4.2 Stone Size Determination 

Stone sizing for the lakeside placement rubble mound structure was computed using the van der Meer 
equation. This equation takes into consideration irregular waves, the wave period and storm duration, 
damage level, and the permeability of the structure. 

Based on the Goda wave analysis, a design wave of 8 feet with a period of 10 seconds was chosen for 
stone size calculations. The wave steepness was calculated using the following equation: 

 

Where H is the design wave height, T is the design wave period, and g is the acceleration of gravity 32.2 
ft/s2.  

Using the wave steepness and a structure slope of 1V:2H, the surf similarity parameter was calculated 
using the equation below. 

 

Where α is the angle of the structure slope and so is the wave steepness. The surf similarity parameter 
was then compared to the critical surf similarity parameter to determine if waves are plunging or 
surging. The equation for the critical surf similarity parameter is below. 

 

Where cpl is the coefficient for plunging waves (average value 6.2), cs is the coefficient for surging waves 
(average value 1.0), P is the structure permeability, and α is the angle of the structure slope. The use of a 
geotextile is assumed as part of the structure design; therefore, the permeability of the structure is 0.1. 
The surf similarity parameter calculated was greater than the critical surf similarity parameter; 
therefore, waves are surging.  

Using the equation below, the stability for surging waves was computed. 

 

Where Hs is the design significant wave height, Δ is the relative buoyant density of armor stone, Dn50 is 
the mean stone size, cs is the coefficient for surging waves (average value 1.0), P is the structure 
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permeability, Sd is the damage level parameter, N is the number of incident waves, α is the angle of the 
structure slope, and ξm is the surf similarity parameter. 

Once stability for surging waves was computed, the mean stone size could be computed. The relative 
buoyant density of armor stone, Δ, is computed with the following equation. 

 

Where ρapp is the density of rock and ρw is the density of water. The density of rock was assumed as 165 
pcf. Using the value of Δ and the design significant wave height, a mean stone size of 4.5 feet was 
computed. This equates to a mean stone weight of approximately 15,400 lb or about 7.7 tons. 
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Engineer Research and Development Center 
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Young of the Year (YOY) 











































����������

�

����������

�
�
�

�
�
�

�
�
�

�
��
�
�

���� ���� � ��� ��� ��� ���

�������� 	�
������������
���� ����������
���������������

��������� �
���������� !���"
�� ���� #$�$����%�&�'�('�#�)	

)��*���

��+���,�-��+��������.�����������/������)������

��+��+�0�1)1�0�("�&2

50' Dike: Failure through stamp sands

Keweenaw Stamp Sand Landfill

Figure 10. MSG Slope Stability Evaluation 50 feet high Dike: Stamp Sand - Keweenaw Stamp Sand Perimeter Dike Evaluation
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Figure 13. Impact of Dike Configurations on Landfill Capacity - Keweenaw Stamp Sand Perimeter Dike Evaluation
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2.2 2019 USGS Isopach Data 

In September 2018, the USGS conducted geophysical mapping and sediment sampling within Grand 
Traverse Bay. The USGS collected high-resolution multibeam bathymetry and backscatter data using a 
Reson T20-P sonar. The multibeam backscatter data mapped the surficial sediment types on the 
lakebed. The USGS collected 20 surficial sediment samples using a Van Veen grab sampler to validate 
surficial sediment types. Grain size analysis of the sediment samples was performed by the USGS.  

Approximately 121 km of boomer seismic reflection data were collected using an Applied Acoustics AA-
251 and approximately 272 km of chirp seismic reflection data were collected using an Edgetech SB-424. 
These instruments emit an acoustic signal that penetrates the lakebed; the intensity of the acoustic 
signal return can be used to identify changes in density and thus changes in substrate material. The 
different frequencies of the two instruments penetrate different depths below the lakebed. The Boomer 
operates at a lower frequency and can penetrate deeper, but with lower resolution. The Edgetech 424 
utilizes a chirp signal which emits a frequency range of 4-24 kHz. This provides higher resolution but 
does not penetrate as far into the sub-surface as the Boomer. A sub bottom profile image collected 
using the Boomer is shown in Figure 2 and a sub bottom profile image collected using the Edgetech 424 
is shown in Figure 3. 

 
Figure 2. Boomer Sub bottom Profile Image 
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Figure 3. Edgetech 424 Sub bottom Profile Image 

The USGS interpreted the sub bottom profiles to develop an isopach map of sand thicknesses in the 
survey area. The acoustic signal returns for stamp sands and native sands are too similar to be able to 
distinguish between them in the seismic reflection data; therefore, thicknesses in the isopach map are 
combined thicknesses of stamp sands and native sands. The isopach map developed by the USGS is 
shown in Figure 4. Thicknesses are provided in meters. The minimum sand thickness in the isopach map 
is 10 cm. No data or gray color means the sand thickness was less than 10 cm. 
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Figure 4. Isopach map of sand thicknesses, interpreted by the USGS from sub bottom data 

USGS interpretations of the sub bottom profiles were conducted without ground truth or validation data 
such as sediment borings. Without validation data, the interpretations are subject to error. 

2.3 2012 USACE Borings 

In June of 2012, AECOM performed a subsurface exploration program (soil borings and collection of bulk 
samples) on behalf of USACE (2012 AECOM). 12 borings were drilled along the North Shoreline near Gay, 
Michigan. Seven of these borings were used for the volume calculation (Figure 5). Each boring log 
provided the elevation when stamp sands met bedrock or native sand. These interface elevations were 
critical to calculating the volume of stamp sands because these elevations were used to create a second 
surface layer (the stamp sands interface).  

 

 

 

 

 

 

 

 

Figure 5: USACE 2012 Borings 
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4. Methodologies  
There are different ways to calculate the volume of stamp sands to be dredged. The PDT explored two 
methods in particular. The first method uses Geographic Information System (GIS) and creates two 
surfaces to find the volume between the two surfaces. For simplification, this method was called the TIN 
Method. This method was only applied to the South, M, and N Shorelines because the Trough and Dune 
did not have enough data. The second method was the Average End Area Method. This method is an 
approximate method of calculating volume and is accurate enough for most situations. The general 
concept is that the total volume (V) of material can be calculated using the area of two ends (A) and the 
perpendicular distance between the two area-faces (L) (Review Civil PE 2022): 

V = L*(A1 + A2) / 2  

As an additional QA/QC review, the PDT worked with GIS experts from the Engineer and Research 
Development Center (ERDC). ERDC staff used 3 similar processes to the TIN Method for the shoreline 
regions. The goal was to review volume results from each methodology to see that each calculation 
method was reasonable and supportable. Then, the preferred method was selected to move forward. 
The results of each method are shown in Table 1 below. 

Table 1: Shoreline Volume Comparison Between Method 
Before Raster After Raster ERDC JALBTCX Toolbox 

Volume 
ArcGIS Cut/Fill 
Shoreline Volume 

Interface TIN Surface 2019 NCMP Stamp 
Sands DEM 

8,671,140 CY 8,670,345 CY 

Interface IDW Surface 2019 NCMP Stamp 
Sands DEM 

8,705,927 CY 8,740,874 CY 

Interface Diffusion 
Surface 

2019 NCMP Stamp 
Sands DEM 

8,728,747 CY 8,718,351 CY 

The Average End Area Method Shoreline Volume was estimated to be 8,852,366 cubic yards (cy) and the 
TIN Method volume was estimated to be 6,668,325 cy. 

Consistent Variables 

To ensure that each methodology could be compared to one another, a few variables were consistent 
for each method. Notably, only the shoreline volumes were compared between the three methods 
because of limited data in the Trough and Dune.  

The transects created for the entire shoreline (A-AK) were used for all methods. This made each section 
of shoreline comparable (e.g., Transect A to Transect B).  
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Figure 10: Consistent Variables, Tree Line (Blue), Toe of Stamp Sands (Red), Transects (A-AK) 

The boundary constraints for the shoreline were the same for all methods. The tree line (visible from 
aerial photos) was used as the landside boundary, and the toe of stamp sands was used as the waterside 
boundary. The toe of stamp sands was previously determined using 2016 LIDAR assuming that the break 
in slope on the profile represented the edge of stamp sands. Using this process in addition to 
observations from locals, the revised toe of stamp sands was determined using the 2019 LIDAR and 
reviewing profiles of each Transect (A-AK). The PDT agreed to assume that a break in slope of the LIDAR 
line represented when most stamp sands thinned out and the native sand or bedrock was prominent. 
Some of the borings drilled near the water edge were also used to indicate the toe of stamp sands reach 
out into the water. Figure 2 shows these consistent variables. 

4.1 TIN Method 

This method used boring data to create TINs (Triangular irregular networks) to estimate the volume of 
stamp sands. The boring datasets included the SOM Borings and USACE 2021 Over Land borings. Two 
TINs were created from the borings’ ground and stamp sand/native sand/bedrock interface elevations. 
The TINs were converted into rasters to compare the change in volume. The differential was determined 
by using the “CUT FILL” tool. This tool compared the volume from before, ground elevation, and after, 
the interface elevation. The volume determined from this method was then compared to volumes 
calculated with other methods. Below is the procedure on how the shoreline volume of Stamp sands 
was calculated: 

1) Extents of the area of interest were determined using existing data (tree line, toe of stamp 
sands, transects) 

2) Borings, transects, the Toe of SS and Tree Line, and the interface and ground elevation 
shapefiles were added into a GIS project.  
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Figure 11: Shoreline with transects and borings 

3) A polygon shapefile was created of the extents of the volume calculations for the shoreline.  
 

 
Figure 12: Shoreline with the polygon that traced the Toe of SS and Tree Line 

4) Shapefiles were created for each area between transects. The polygon traced the outline of the 
Toe of SS and Tree Line and would stop at the next transect. This step was repeated from 
Transect A to Transect AK.  
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Figure 13: Individual polygon of a transect 

5) The “Create TIN” tool was used twice for each polygon area between transects. The first TIN 
used the borings of the stamp sands/native sand interface, and the second TIN used the 2019 
LIDAR data to generate the ground surface.  
 

 
Figure 14: Interface TIN of Shoreline 

6) Both TINs were then converted to rasters. 
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Figure 15: Interface raster made from TIN 

7) The “Cut Fill” tool using the “mask” option was used to compute the volume between the two 
rasters for each polygon area between transects.  The volume was assigned to the lower 
transect (i.e., the area between A and B was assigned to A). 
 

 
Figure 16: CUT FILL transect 

8) All the volumes calculated in GIS were imported into Excel. 
9) The results of the GIS analysis are shown in Table 2. These results were compared with the 

Average End method (described in the next section). The major reasons for any difference in 
volumes was likely due to data gaps and different top surface datasets used for each calculation 
method. There was limited boring information available in Transect A, Transects O-R, Transects 
Z-AA, and Transects AJ-AK. The TIN method relied on nearby 2021 USACE borings to represent 
the surface of these regions, but these copied borings may not accurately reflect the actual 
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surface. The TIN method used the SOM top of boring elevations while the Average End Area 
method and ERDC approach used the 2019 LIDAR. When comparing the estimated volumes per 
method, excluding the data gaps where no boring information was available or LIDAR data was 
not available (Coal Dock Pond area), the volumes between the TIN and Average End method 
were similar, regardless of different top surfaces. During the QA/QC check, ERDC used tools 
developed by the Joint Airborne LIDAR Bathymetry Technical Center of Expertise (JALBTCX) to 
calculate the volumes. ERDC’s results were very comparable to the Average End Area Method 
(Table 1). The PDT decided to carry the Average End Area method volumes forward for this 
feasibility study phase to use the most conservative estimate. 
 

 Table 2: Volume Calculations from TIN Method 

Transect 
Volume 

(cubic feet) 
Volume 

(cubic yards) 
Transect A 1,881,225 69,675 
Transect B 2,698,567 99,947 
Transect C 2,483,577 91,984 
Transect D 4,025,088 149,077 
Transect E 4,413,380 163,459 
Transect F 5,728,867 212,180 
Transect G 5,805,887 215,033 
Transect H 4,422,413 163,793 
Transect I 1,731,213 64,119 
Transect J 2,153,762 79,769 
Transect K 3,039,374 112,569 
Transect L 3,828,214 141,786 
Transect M 3,898,524 144,390 
Transect N 3,316,858 122,847 
Transect O 478,084 17,707 
Transect P 3,934,271 145,714 
Transect Q 1,897,929 70,294 
Transect R 3,323,130 123,079 
Transect S 6,600,981 244,481 
Transect T 6,543,157 242,339 
Transect U 5,396,648 199,876 
Transect V 3,544,988 131,296 
Transect W 4,508,675 166,988 
Transect X 3,677,796 136,215 
Transect Y 2,882,723 106,768 
Transect Z 2,078,712 76,989 

Transect AB 8,174,270 302,751 
Transect AC 9,787,348 362,494 
Transect AD 16,370,194 606,303 
Transect AE 16,990,282 629,270 
Transect AF 13,290,290 492,233 
Transect AG 7,718,496 285,870 
Transect AH 3,602,326 133,419 
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Transect 
Volume 

(cubic feet) 
Volume 

(cubic yards) 
Transect AI 6,590,416 244,089 
Transect AJ 3,686,127 136,523 
Transect AK   

Total (Cubic Yards)  6,685,326 
 

4.2 Average End Area Method 

This section discusses the procedures and results of the Average End Area Method volume calculations.  

As noted in the Consistent Variables section, the transects created for the shoreline calculations were 
used for the Average End Area Method.  Additionally, transects were created for the Dune and Trough 
areas for this analysis.  Once the transects were created, the below procedure was used to extract the 
needed data from the GIS information. 

1. The ArcPro GIS tool Interpolate to Shape was used to assign the elevations values from the 2019 
LIDAR data to the transect line vertices 

2. The vertices of the transect lines were converted to points using the ArcPro GIS tool Vertices to 
Points 

3. The x, y, and z values were calculated by adding fields to the attribute table and using the ArcPro 
GIS tool Calculate Geometry 

4. The points were then exported to a text file and plotted in Excel 
 

Once the transects were plotted in Excel, the average end area method was used to calculate the 
volume of stamp sands in each dredging region. This method and the results are described in the next 
sections. 

4.2.1 South Shoreline Calculations 

The South Shoreline (Transects A to S) had 60 borings available to inform the interface slope of stamp 
sands and native sand. Figure 17 shows the 15 borings (white) that came from the 2021 USACE contract 
and the remaining 45 borings (red) that came from the 2021 SOM contract. Transects were drawn 
through the SOM borings with the 2019 LIDAR used to extract the ground elevations along the transect. 
This LIDAR data and the boring log information were used to estimate the stamp sands/native sand 
interface and calculate the cross-sectional area of each transect. Each cross-sectional area was averaged 
with the next transect area moving north, and then multiplied by the distance between the two 
transects. There were three unique scenarios regarding the boring locations and interface of stamp 
sands/native sand along the south shoreline – interface slopes were created assuming a line of best fit, a 
segmented slope, or the interface slope was copied over from nearby borings. The volume calculated is 
in Table 3. 
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Figure 17: 2021 USACE Borings (White) and 2021 SOM Borings (Red) in South Shoreline 

4.2.1.1 Scenario 1: Best Fit Line Interface Slopes – Transects B, C, D, E, S 

Borings were plotted over the transect profiles as shown in Figure 18. The boring logs provided the top 
of boring elevations (pink), interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). The borings along transects B, C, D, E, and S had similar interface 
elevation trends. Boring interface elevations started at elevations around 595’ – 600’ and gradually 
lowered to the toe of stamp sands (where the 2019 LIDAR line slope drastically changed and plateaued). 
The tree line and toe of stamp sands acted as endpoints of each transect. From endpoint to endpoint, a 
best fit line was drawn through the boring interface elevations to approximate the interface slope for 
each transect. This line of best fit represents the depth to stamp sands across the transect. The cross-
sectional area was calculated between the 2019 LIDAR and the interface slope. Then this area was 
averaged with the adjacent transect area and multiplied by the distance between the two transects to 
find the volume. This process was repeated for all Transects B, C, D, E, S.  

 
Figure 18: Transect D - Use Best Fit Line for Interface Slope 
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4.2.1.2 Scenario 2: Segmented Interface Slopes – Transects A, F, G, H, I, J, K, L, M, N 

Borings were plotted over the transect profiles as shown in Figure 19. The boring logs provided the top 
of boring elevations (pink), interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). The borings along transects A, F, G, H, I, J, K, L, M, and N had similar 
interface elevation trends. The tree line and toe of stamp sands acted as the endpoints of each transect. 
Note, that to avoid counting volumes twice, the toe of stamp sands for transects L, M, and N ends where 
the Trough Transects begin, the rest follow the 2019 LIDAR’s break in slope. From endpoint to endpoint, 
a best fit line could not be used to represent the interface because boring interface elevations across 
each transect had a wider range in stamp sands thickness compared to those in Scenario 1. For these 
transects, the boring closest to the tree line had a much smaller stamp sands thickness compared the 
rest of the borings. To estimate the interface slope, the PDT team decided these interface lines should 
be segmented (connect the dots) to estimate the interface slope. This multi-line approach represents 
the depth to stamp sands across the transect. The cross-sectional area was calculated between the 2019 
LIDAR and the interface slope. Then this area was averaged with the adjacent transect area and 
multiplied by the distance between the two transects to find the volume. This process was repeated for 
all Transects A, F, G, H, I, J, K, L, M, and N.  

 

 
Figure 19: Transect K - Use Segmented Interface Lines for Interface Slope 

4.2.1.3 Scenario 3: No Boring Data, Interface Slopes Copied from Nearby Boring – Transects O, P, Q, 
& R 

There were no SOM borings over transects O, P, Q, and R, and some of the 2019 LIDAR coverage over 
the Coal Dock Pond was missing (presumably due to accessibility and issues mobilizing equipment in a 
pond). There were two 2021 USACE Borings, OL-14 and OL-15, in between Transect P-Q and Transects 
Q-R, respectively. The PDT decided to use the borings nearby (those along Transects N and S) along with 
the OL-14 and OL-15 to estimate the interface slopes for these transects as shown in Figure 20. The 
replicated borings provided the top of boring elevations (pink), interface of stamp sand/native sand 
elevations (yellow), and the refusal/bedrock elevations (brown). The borings copied over transects O, P, 
Q, and R were not actually drilled over these transects, so until more borings can be drilled, this was the 
best estimate to calculate volumes in this area. The tree line and toe of stamp sands acted as the 
endpoints of each transect. Note, that to avoid counting volumes twice, the toe of stamp sands for these 
transects ends where the Trough Transects begin. The interface slopes were reviewed to verify that the 
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stamp sands thickness at the toe of stamp sands of the shoreline transect was similar to the nearby 
Trough Transect. From endpoint to endpoint, a best fit line, or segmented lines (whichever was more 
appropriate) was drawn to represent the interface slope. The cross-sectional area was calculated 
between the 2019 LIDAR and the interface slope. Then, this area was averaged with the adjacent 
transect area and multiplied by the distance between the two transects to find the volume. This process 
was repeated for all Transects O, P, Q, and R.  

 
Figure 20: Transect Q – Use Best fit Line for Interface Slope 

 

  

OL-15GTB21-32

GTB21-33
GTB21-34

GTB21-35

GTB21-75

580

585

590

595

600

605

610

0 200 400 600 800 1000 1200

Transect Q

Toe of Stamp Sands
Tree Line



Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

Attachment 2 - 19 
 

Table 3: South Shoreline Volume Calculations 

Transect 
Area Average 

the two 
Areas 

Distance (ft) 
Volume 

(square ft) (cubic yard) 

A                    3,170        

B                    5,441             4,306               1,045  
          
166,643  

C                    3,007             4,224                  830  
          
129,841  

D                    4,395             3,701                  843  
          
115,542  

E                    4,957             4,676                  799  
          
138,365  

F                    8,225             6,591                  618  
          
150,861  

G                  10,384             9,305                  940  
          
323,936  

H                    5,163             7,773                  861  
          
247,888  

I                    6,027             5,595               1,006  
          
208,468  

J                    1,984             4,005                  506  75,066  

K                    3,335             2,660                  732  72,104  

L                    6,159             4,747                  711  
          
125,010  

M                    8,320             7,240                  630  
          
168,923  

N                  10,143             9,231                  545  
          
186,332  

O                  10,787           10,465                  576  
          
223,249  

P                    4,286             7,536                  370  
          
103,278  

Q                  13,331             8,809                  437  
          
142,567  

R                  12,431           12,881                  475  
          
226,609  

S                  11,744           12,087                  444  
          
198,769  

Total = 3,003,452 
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4.2.2 Middle Shoreline Calculations 

The Middle Shoreline (Transects T-Y) had 35 borings available to use to inform the interface slope of 
stamp sands and native sand. Figure 21 shows the 7 borings (white) that came from the 2021 USACE 
contract and the remaining 28 borings (red) that came from the 2021 SOM contract. Transects were 
drawn through the SOM borings with the 2019 LIDAR overlaying each transect. This LIDAR data and the 
boring log information were used to estimate the stamp sands/native sand interface and calculate the 
cross-sectional area of each transect. Each cross-sectional area was averaged with the next transect area 
moving north, and then multiplied by the distance between the two transects. The Middle Shoreline 
transects ran along the Dune; however, there was an area, “No Man’s Land” (outlined in aqua), in 
between the shoreline and Dune that may or may not have some thickness of stamp sands (Figure 22). 
The volume of stamp sands was calculated assuming both scenarios and then determining which 
scenario was most appropriate for each transect based on available data from extending the shoreline 
transects and 2021 USACE Over Water Borings. Results are in Table 4 . 

 
Figure 21: 2021 SOM Borings (in red) and 2021 USACE Borings (in white) in the Middle Shoreline 

 
Figure 22: No Man's Land in Aqua 
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4.2.2.1 Scenario 1: No Stamp Sands in No Man’s Land – Transects V, W, X 

Borings were plotted over the transect profiles as shown in Figure 23. The boring logs provided the top 
of boring elevations (pink), the interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). Just like the South Shoreline, the interface slopes were estimated 
using borings along each transect. The tree line and toe of stamp sands acted as the endpoints of each 
transect. From endpoint to endpoint, a best fit line was drawn through the boring interface elevations to 
approximate the interface slope for each transect. This line of best fit represents the depth to stamp 
sands across the transect, assuming that there is no thickness of stamp sands at the toe of stamp sands. 
The Orange line in Figure 23 indicates this interface slope. With limited data in the nearshore, the PDT 
could not verify the presence of stamp sands in the No Man’s Land area (between shoreline and dune). 
The middle shoreline transects were extended out to the Dune, as shown in Figure 24, to help verify 
where the stamp sands end, but with limited over water borings available in the Dune, the interface 
slopes for these transects were assumed to have no thickness of stamp sands at the toe of stamp sands 
(i.e. in No Man’s Land). There was a report conducted in 2008 showing the substrate classes in the 
water, but the data did not extend to the nearshore, so the PDT could not verify if bedrock or stamp 
sands was dominant in this area (Biberhofer 2008). The cross-sectional area was calculated between the 
2019 LIDAR and the interface slope. This area was averaged with the adjacent transect area and 
multiplied by the distance between the two transects to find the volume. This process was repeated for 
Transects V, W, and X. 

 
Figure 23: Transect V - No Stamp Sands Thickness in No Man's Land 
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Figure 24: Transect V Extended – No Stamp Sands Thickness in No Man’s Land 

4.2.2.2 Scenario 2: Stamp Sands Present in No Man’s Land – Transects T, U, Y 

Borings were plotted over the transect profiles as shown in Figure 25. The boring logs provided the top 
of boring elevations (pink), the interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). Just like the South Shoreline, the interface slopes were estimated 
using borings along each transect. The tree line and toe of stamp sands acted as the endpoints of each 
transect. From endpoint to endpoint, a line of best fit or segmented lines were drawn through the 
boring interface elevations to approximate the interface slope for each transect. This interface line 
represents the depth to stamp sands across the transect, assuming that there is a thickness of stamp 
sands at the toe of stamp sands. The Orange line in Figure 25 shows this interface slope. With limited 
data in the nearshore, it was difficult to verify the presence of stamp sands in the No Man’s Land area 
(between shoreline and dune). The middle shoreline transects were extended out to the Dune, to help 
verify where the stamp sands end, and there were five over water borings from the USACE 2021 
Contract. The interface slopes for these transects relied on the over water boring to determine the 
thickness of stamp sands at the toe of stamp sands (i.e. in No Man’s Land). There was a report 
conducted in 2008 showing the substrate classes in the water, but the data did not extend to the 
nearshore (Biberhofer 2008). The cross-sectional area was calculated between the 2019 LIDAR and the 
interface slope. Then, this area was averaged with the adjacent transect area and multiplied by the 
distance between the two transects to find the volume. This process was repeated for Transects T, U, 
and Y. 
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Figure 25: Transect T Extended out to Dune - Stamp Sands Thickness in No Man's Land 

 

Table 4: Medium Shoreline Volume Calculations 
Transect Area 

(square ft) 
Average the 
two Areas 

Distance (ft) Volume 
(cubic yard) 

Transect T 11,660    
Transect U 8,456 10,058 686 297,309 
Transect V 4,528 6,492 804 299,492 
Transect W 3,469 3,998 699 174,104 
Transect X 3,458 3,464 699 111,656 
Transect Y 6,012 4,735 1,090 139,824 

1,401,747 cy 
 

4.2.3 North Shoreline Calculations 

The North Shoreline (Transects Z-AK) had 41 borings available to use to inform the interface slope of 
stamp sands and native sand. Figure 26 shows the 9 borings (white) that came from the 2021 USACE 
contract, the 12 borings (pink) that came from the 2012 USACE contract, and the remaining 20 borings 
(red) that came from the 2021 SOM contract. Transects were drawn through the SOM borings with the 
2019 LIDAR overlaying each transect. This LIDAR data and the boring log information were used to 
estimate the stamp sands/native sand interface and calculate the cross-sectional area of each transect. 
Each cross-sectional area was averaged with the next transect area moving north, and then multiplied 
by the distance between the two transects.  Like the Middle Shoreline, some of the North Shoreline 
transects ran along the Dune; however, there was an area, “No Man’s Land”, in between the shoreline 
and Dune that may or may not have some thickness of stamp sands (Figure 27). The volume of stamp 
sands was calculated assuming both scenarios and then determining which scenario was most 
appropriate for each transect based on available data from extending the shoreline transects and 2021 
USACE Over Water Borings. Results are found in Table 5. 

575

580

585

590

595

600

605

610

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Transect T Extended Out to Dune

Transect T Extended Out to Dune Interface Slope 2 OW-4

Toe of Stamp 
Sands

Tree Line

Dune



Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

Attachment 2 - 24 
 

 
Figure 26: North Shoreline - 2021 USACE Borings (white), 2021 SOM Borings (red), 2012 USACE Borings (pink) 

 
Figure 27: No Man's Land in Pink 

4.2.3.1 Scenario 1: No Stamp Sands in No Man’s Land – Transects AC to AK 

Borings were plotted over the transect profiles as shown in Figure 28. The boring logs provided the top 
of boring elevations (pink), the interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). Just like the South and Middle Shoreline, the interface slopes were 
estimated using borings along each transect. The tree line and toe of stamp sands acted as the 
endpoints of each transect. From endpoint to endpoint, a line of best fit was drawn through the boring 
interface elevations to approximate the interface slope for each transect. This line of best fit represents 
the depth to stamp sands across the transect assuming that there is no thickness of stamp sands at the 
toe of stamp sands. The Orange line in Figure 28 indicates this interface slope. With limited data in the 
nearshore, the presence of stamp sands could not be verified in the No Man’s Land area (between 
shoreline and dune). The north shoreline transects were extended out to the Dune (Figure 29), to help 
verify where the stamp sands end, but with limited over water borings available in the Dune, the 
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interface slopes for these transects were assumed to have no thickness of stamp sands at the toe of 
stamp sands (i.e. in No Man’s Land).  

 
Figure 28: Transect AD - No Stamp Sands Thickness 

 
Figure 29: Transect AD Extended - No Stamp Thickness 

A report completed in 2008 showing the substrate classes in the water, and the data showed that this 
area was likely to be bedrock (BIBERHOFER). In 2005, images of the bedrock were captured confirming 
the assumption of no stamp sands thickness for these transects (Figure 30). This information was used 
to determine that if bedrock was present, there would be very little stamp sands present.  

North of the No Man’s Land, the remaining North Shoreline transects (AG to AK) followed the same 
interface slope pattern – tying into the 2019 LIDAR’s break in slope as seen in Figure 31. The cross-
sectional area was calculated between the 2019 LIDAR and the interface slope. Then, this area was 
averaged with the adjacent transect area and multiplied by the distance between the two transects to 
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find the volume. This process using a line of best fit for the interface was repeated for all Transects AC to 
AK.  

 
Figure 30: Bedrock Graphics from Biberhofer Report 



Buffalo Reef – Final Alternatives Analysis (DRAFT JANUARY 2024) Engineering Appendix 

Attachment 2 - 27 
 

 
Figure 31: Transect AG - Best Fit Line Used for Interface Slope 

4.2.3.2 Scenario 2: Stamp Sands Present in No Man’s Land – Transects Z, AA, and AB 

Borings were plotted over the transect profiles as shown in Figure 32. The boring logs provided the top 
of boring elevations (pink), the interface of stamp sand/native sand elevations (yellow), and the 
refusal/bedrock elevations (brown). Just like the South and Middle Shoreline, the interface slopes were 
estimated using borings along each transect. The tree line and toe of stamp sands acted as the 
endpoints of each transect. From endpoint to endpoint, a line of best fit or segmented lines were drawn 
through the boring interface elevations to approximate the interface slope for each transect. This 
interface line represents the depth to stamp sands across the transect assuming that there is a thickness 
of stamp sands at the toe of stamp sands. The Orange line in Figure 33 indicates this interface slope. 
With limited data in the nearshore, it was difficult for to verify the presence of stamp sands in the No 
Man’s Land area (between shoreline and dune). The north shoreline transects were extended out to the 
Dune, to help verify where the stamp sands end, and there was one over water borings (OW-2) from the 
USACE 2021 Contract. It was assumed that the interface slope would be consistent from the tree line 
out to the boring in the Dune. Then, a thickness of stamp sands could be determined based on the 
extended interface slope. With this assumption, a reasonable thickness of stamp sands was identified in 
the No Man’s Land area, which helped determine the thickness of stamp sands at the toe (endpoint).  

There was a report conducted in 2008 showing the substrate classes in the water, but the data did not 
extend to the nearshore area around Transects Z, AA, and AB (Biberhofer 2008). The cross-sectional area 
was calculated between the 2019 LIDAR and the interface slope. Then this area was averaged with the 
adjacent transect area and then multiplied by the distance between the two transects to find the 
volume. This process for the interface was repeated for Transects Z, AA, and AB. 
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Figure 32: Transect AB – Stamp Sands Thickness  

 
Figure 33: Transect AB Extended to Dune 

Table 5: North Shoreline Volume Calculations 
Transect Area 

(square ft) 
Average the 

two 
Distance (ft) Volume 

(cubic yard) 
Transect Z 15,946    

Transect AA 16,385 16,166 658 393,961 
Transect AB 16,137 16,261 801 482,413 
Transect AC 17,842 16,989 473 297,627 
Transect AD 16,150 16,996 867 545,750 
Transect AE 14,702 15,426 1009 576,467 
Transect AF 14,987 14,845 802 440,943 
Transect AG 18,490 16,739 675 418,470 
Transect AH 14,535 16,513 493 301,512 
Transect AI 13,101 13,818 527 269,707 
Transect AJ 18,838 15,969 575 340,091 
Transect AK 9,521 14,180 724 380,226 

4,447,167 cy 
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4.2.4 Dune Dredge Volume Calculations 

4.2.4.1 Scenario 1: Average End Method Using Extended Shoreline Transects and Overwater Borings 

The Dune (Transects D1 to D21) had five borings available to use to inform the stamp sands/native sand 
interface slopes. Figure 34 shows the 5 borings (blue) that came from the 2021 USACE contract. The 
Dune did not have adequate boring data to create stamp sands/bedrock interface slopes. The extended 
shoreline transects were used (Figure 35) to help inform the stamp sands bedrock interface slopes. 
Extending the shoreline transects (T-AF) and using available overwater borings was the best method at 
the time to estimate the interface slopes. Once these slopes were created, the slopes were assigned to 
each respective Dune transect. In Figure 36 the profile for the Dune shows when the boring was nearby, 
the interface slope is dependent on the boring elevation. However, when no borings were present the 
interface slope was based on the nearby extended shoreline transect and tied into the end of the 2019 
LIDAR, representing one end of the Dune boundary. Each area was averaged with the next transect area 
moving east and then multiplied by the distance between the two transects. In some instances, the 
southern endpoint of the Dune transects did not tie into the 2019 LIDAR (this means that there was a 
thickness of stamp sands/native sand present at the edge of the current Dune dredging boundaries). The 
Dune Boundary may need to be slightly adjusted to capture all stamp sands. This method was helpful, 
but more data to inform the bedrock interface slopes would be helpful.  

 
Figure 34: USACE 2021 Borings (Blue) Inside Dune 
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Figure 35: Extended Shoreline Transects Over Dune 

 
Figure 36: Extended Transect T Interface Slope Used for Dune Transect  

4.2.4.2 Scenario 2: Average End Method and Isopach Data  

In 2018, USGS created an Isopach file that indicated the thickness of sand within the Dune and Trough as 
shown in Figure 37. The data could not differentiate between native sand and stamp sands, but 2019 
LIDAR and available over water borings were used to confirm the assumption that most of the detected 
sands in the Isopach data were stamp sands. It was assumed the vast majority must be stamp sands 
because the source is likely to be coming from the original pile of stamp sands and settling in the Dune 
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area. In the next phase, more borings in the Dune should be completed to confirm this assumption. 
ArcPro GIS was used to complete the volume calculation based on the isopach data. This included some 
pixels outside of the originally designated Dune boundary to capture all areas with a stamp sands 
thickness within the assumed maximum dredging depth of 30 feet. These areas were verified to be 
within the 30-foot dredging depth using the 2019 LIDAR data. Every Isopach pixel measured a certain 
thickness of stamp sands/native sands, and this was multiplied by the size of the pixel to calculate the 
overall volume of stamp sands in the Dune. However, the Isopach data did not cover the entirety of the 
Dune. 

The volume based on the Isopach data was used for the mapped portion of the dune and the volume 
calculated from the extended shoreline volumes and the overwater borings for the unmapped. The 
volume results are in Table 6. 

 
Figure 37: USGS Isopach Data in Trough and Dune 

Table 6: Dune Volume Calculations 
Transect Area 

(square ft) 
Average the two Distance (ft) Volume 

(cubic yard) 
D-1 5,665    
D-2 4,748 5,207 570 110,886 
D-3 2,257 3,503 575 96,004 
D-4 1,276 1,767 740 42,857 
D-5 1,897 1,586 655 34,666 
D-6 3,708 2,803 590 56,053 
D-7 2,512 3,110 540 61,050 
D-8 2,883 2,697 530 56,941 
D-9 6,551 4,717 570 104,814 

D-10 4,740 5,645 600 103,496 
D-11 5,219 4,979 495 114,336 
D-12 1,278 3,248 620 70,977 
D-13 1,630 1,454 590 29,073 
D-14 1,902 1,766 540 30,742 
D-15 1,443 1,673 470 31,907 
D-16 59 751 515 17,532 
D-17 341 200 630 4,153 
D-18 195 268 560 6,059 
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Transect Area 
(square ft) 

Average the two Distance (ft) Volume 
(cubic yard) 

D-19 74 135 610 3,488 
D-20 1,866 2,146 700 55,654 
D-21 873 1,369 430 21,817 

Average End Total = 1,052,505 cy 
Isopach Data = 1,556,980 cy 

Average End + Isopach Data = 2,609,485 cy  
 

4.2.5 Trough Dredge Volume Calculations 

The Trough (Transects T0-T9) had 42 borings available to use to inform the interface slopes. Figure 38 
shows 38 borings (Yellow) from the 2019 USACE Contract, and 4 borings (Green) from the 2021 USACE 
Contract. As mentioned earlier, the 2019 trough boring data was used to create a Triangular Irregular 
Network (TIN) representing the interface of stamp sands and native sand (Figure 39). This TIN data and 
USGS Isopach data were used in a few different ways to estimate the volume of stamp sands in the 
trough because of the limited boring data collected in 2021.  

 
Figure 38: Trough and 2019 USACE Borings (Yellow) and 2021 USACE Borings (Green) 
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Figure 39: TIN from 2019 Boring Data 

 

4.2.5.1 Scenario 1: Straight Line Method 

There were enough borings to determine an average interface elevation from Transect T0-T5. Based on 
the borings along each transect, the average elevation was used, and a straight line was assumed to 
represent the interface slope (Figure 40). For example, trough transect 0’s average elevation from the 
boring data in the TIN was 586.7’, so this was the straight-line interface elevation. From Transect 6-9, 
the only available boring was OW-6 which indicated 0.3 ft of stamp sands. The area between the straight 
line and the LIDAR was calculated for each transect, then the area was averaged with the adjacent 
transect area and multiplied by the distance between the transects to calculate the volume. The volume 
using the straight-line method for transects T0-T5 was reasonable, but for T6-T9, the volume was much 
lower than expected. This method was compared to the offset line method, and after comparing the 
methods, the PDT did not select this method. 

 
Figure 40: Trough - Straight Line Interface 
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4.2.5.2 Scenario 2: Offset Line Method 

The second method to estimate the interface slopes was the offset line method. This method used the 
average distance between the TIN and 2019 LIDAR to estimate an offset line from the LIDAR line. From 
Transect 6-9, the only available boring was OW-6, which indicated 0.3 ft of stamp sands (Figure 41). The 
area between the offset line and 2019 LIDAR was calculated for each transect, then the area was 
averaged with the adjacent transect area and multiplied by the distance between the transects to 
calculate the volume. The volume using the offset-line method for transects T0-T5 was reasonable 
because there were enough borings to determine an appropriate offset distance. For example, in Figure 
42, the offset distance was determined based on the TIN layer’s (Orange Line) average height from the 
2019 LIDAR (Blue Line). For Trough transect 0, the average height was approximately 3 ft, so the offset 
distance was set to 3-ft and this represented the stamp sands interface. For T6-T9, with limited data 
available, the volume was still lower than expected. The offset Distance was assumed to be 1 ft based on 
the one boring that was available to use. The volumes over Transect 1-5 were acceptable but adjusted 
the offset distance for Transects 6-9 from 1 ft to 2 ft (the team used the Isopach data to estimate the 
average thickness of native sand/stamp sands between these transects. This analysis was compared to 
the volumes computed in ArcGIS with the Isopach data using the same procedure as the Dune.  

 

 
Figure 41: Trough Transects and Boring OW-6 
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Figure 42: Trough - Offset Interface 

4.2.5.3 Scenario 3: Offset Line and Isopach Data  

Like the Dune, the USGS Isopach only covered part of the trough (Transects 6-9). ArcGIS was used to 
calculate the volume between Transects 6-9 based on the Isopach data (Figure 43). This data provides 
the thickness of native sand/stamp sand (the data cannot differentiate between the two) and is 
multiplied by the area of the pixel to calculate the volume. The Isopach volume was compared to the 2ft 
offset-line method and these volumes were both within an acceptable range. The average volume 
between the 1ft and 2ft offset-line method for transects 6-9 was used and the volume from the offset-
line method for transects T0-T5. The volumes are reported in Table 7. 

 

 
Figure 43: Trough Isopach Data 
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Table 7: Trough Volume Calculations 
Transect Area 

(square ft) 
Average the two Distance (ft) Volume 

(cubic yards) 
T-0 5,045    
T-1 5,062 5,054 60 11,231 
T-2 10,675 7,869 500 145,714 
T-3 8,028 9,351 630 218,198 
T-4 5,229 6,628 580 142,388 
T-5 3,611 4,420 615 100,672 
T-6 2,495 3,053 650 73,493 
T-7    65,476 
T-8     59,640 
T-9     32,880 

 849,692 cy 
 

4.2.6 Overdredge Volumes 

Based on the available boring data, specific dredging areas will require overdredging to optimize the 
removal of stamp sands. Boring logs were used to determine which dredging areas have a thickness of 
native sand in between the stamp sands and bedrock. In Figure 44, the green points indicate that 
stamps sands lay over bedrock and therefore, no overdredging is required. The red points indicate that 
there is a thickness of native sands in between the stamp sands and bedrock, and these areas should be 
overdredged. After discussion with dredging experts from field offices and the Engineer Research and 
Development Center, a 1-foot overdredge depth was assumed for the south shoreline, part of the 
middle shoreline, and the trough (Transects A-T). These results are found in Table 8 and Table 9. The 
rest of the shoreline and the Dune would not require the 1-foot overdredge depth because the stamp 
sands lay over bedrock. The 1-foot overdredge assumption was based on previous dredging projects and 
discussions with dredging experts. This assumption should be reevaluated during PED. 
 
 

 

 

 

 

 

 

 

 

Figure 44: Overdredging (red) and No Overdredging (Green) 
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Table 8: Shoreline - 1 ft Overdredge Volume Calculations 
Transect Area 

(square ft) 
Average the 

two 
Distance (ft) Volume 

(cubic yard) 
Transect A 606    
Transect B 605 605 1,045 23,420 
Transect C 562 584 830 17,940 
Transect D 487 525 843 16,385 
Transect E 585 536 799 15,867 
Transect F 955 770 618 17,631 
Transect G 1,203 1,079 940 37,565 
Transect H 913 1,058 861 33,738 
Transect I 760 837 1,006 31,175 
Transect J 351 555 506 10,408 
Transect K 483 417 732 11,296 
Transect L 462 472 711 12,435 
Transect M 599 530 630 12,373 
Transect N 731 665 545 13,422 
Transect O 1,002 867 576 18,490 
Transect P 389 696 370 9,534 
Transect Q 1,093 741 437 11,993 
Transect R 1,141 1,117 475 19,651 
Transect S 1,178 1,159 444 19,065 
Transect T 1,092 1,135 686 28,833 

361,222 cy 
 

Table 9: Trough - 1 ft Overdredge Volume Calculations 
Transect Area 

(square ft) 
Average the two Distance (ft) Volume 

(cubic feet) 
T-0 1,684    
T-1 1,817 1,751 60 3,890 
T-2 2,072 1,944 500 36,009 
T-3 2,237 2,155 630 50,275 
T-4 2,256 2,246 580 48,258 
T-5 1,707 1,981 615 45,126 
T-6 1,005 1,356 650 32,639 
T-7 1,512 1,259 585 27,270 
T-8 757 1,135 710 29,842 
T-9 582 670 665 16,498 

                     289,808 cy 
 

5. Results of the Analyses  
After reviewing each methodology, the preferred calculation method for each dredging region was 
selected using best engineering judgement, intensive collaboration, and available data. Table 10 below 
shows the recommended volume of stamp sands (rounded) to be dredged for each dredging region 
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including the overdredge volume when applicable. These volumes were QA/QC’d by the Detroit District 
in November of 2021.  

Table 10: Final Estimated Volumes (Rounded) 
Location Bank Volume (cy) 1 ft Overdredge (cy) Dredged Volume (cy) 
South Shoreline 3,000,000 330,000 3,300,000 
Middle Shoreline 1,400,000 30,000 1,430,000 
North Shoreline 4,400,000 - 4,400,000 
Dune 2,600,000 - 2,600,000 
Trough 800,000 200,000 1,000,000 
Total (cy)   12,730,000 

6. Further Recommendations for PED  
The stamp sands dredging volumes provided in this report should be further evaluated during the 
Planning, Engineering, and Design (PED Phase). These volumes are based on the available data, and 
using best engineering judgment to make assumptions about the dredging regions and methodologies 
that warrant a further analysis during PED. Analyses below should be considered: 

• Additional Borings in the Trough – Especially between Transects 6-9 where sparse data is 
currently available. 

• Additional Borings in the Dune – The Dune only had 5 borings available to use and the USGS 
isopach data assumes that most of sediment is stamp sands. This can be confirmed with more 
sediment sampling.  

• Additional Borings along the Shoreline – Drilling additional borings in transects (like SOM Boring 
Contract) will help to verify the stamp sands interface with native sand/bedrock. Shoreline gaps 
include up against the Harbor Jetty, around the Coal Dock Pond, and near the original pile of 
stamp sands.  

• Check if newer LIDAR is available - The 2019 LIDAR was used for this exercise. PDT should verify 
with Joint Airborne Lidar Bathymetry Technical Center of Expertise (JALBTCX) routing schedule 
to use most up to date LIDAR if possible. The 2019 LIDAR did not include the ground surface 
with the stamp sands pile pulled back.  

• The current assumption is to assume 1-foot overdredge depth. This was assumed based on 
discussion with field office personnel and ERDC dredging experts. This assumption will alter 
overall dredge volumes and beach nourishment requirements.  
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8. Attachments 
Borings used for Volume Calculations 

Sample ID X 
Coordinates Y Coordinates Completed By: Year 

SS-1-12 892936.4 25959255.1 USACE/AECOM 2012 
SS-2-12 892301.7 25958769.3 USACE/AECOM 2012 
SS-3-12 891620.1 25958084.5 USACE/AECOM 2012 
SS-4-12 891561.6 25958177 USACE/AECOM 2012 
SS-5-12 891504.9 25958270.4 USACE/AECOM 2012 
SS-6-12 890666.4 25957801.9 USACE/AECOM 2012 
SS-7-12 889749.2 25957188.5 USACE/AECOM 2012 
SS-8-12 889072.9 25956650.1 USACE/AECOM 2012 
SS-9-12 888537.3 25955743.1 USACE/AECOM 2012 

SS-10-12 888449 25955815.2 USACE/AECOM 2012 
SS-11-12 888406.1 25955852.8 USACE/AECOM 2012 
SS-12-12 887776.2 25954864.1 USACE/AECOM 2012 

SC-01 47.208236 -88.212314 USACE/COLEMAN 2019 
SC-02 47.207817 -88.210924 USACE/COLEMAN 2019 
SC-03 47.207402 -88.209482 USACE/COLEMAN 2019 
SC-04 47.206975 -88.207954 USACE/COLEMAN 2019 
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https://miwaters.deq.state.mi.us/nsite/map/results/detail/-4727981745796452457/documents
https://miwaters.deq.state.mi.us/nsite/map/results/detail/-4727981745796452457/documents
https://coast.noaa.gov/dataviewer/#/
https://www.reviewcivilpe.com/average-end-area-method/
https://www.reviewcivilpe.com/average-end-area-method/
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SC-05 47.20653 -88.206557 USACE/COLEMAN 2019 
SC-06 47.206115 -88.205039 USACE/COLEMAN 2019 
SC-07 47.205722 -88.203511 USACE/COLEMAN 2019 
SC-08 47.205251 -88.20208 USACE/COLEMAN 2019 
SC-09 47.205575 -88.201093 USACE/COLEMAN 2019 
SC-10 47.205953 -88.202503 USACE/COLEMAN 2019 
SC-11 47.20639 -88.20399 USACE/COLEMAN 2019 
SC-12 47.20682 -88.205432 USACE/COLEMAN 2019 
SC-13 47.207255 -88.206936 USACE/COLEMAN 2019 
SC-14 47.207707 -88.208426 USACE/COLEMAN 2019 
SC-15 47.208134 -88.209922 USACE/COLEMAN 2019 
SC-16 47.208572 -88.211404 USACE/COLEMAN 2019 
SC-17 47.189681 -88.235232 USACE/COLEMAN 2019 
SC-18 47.189462 -88.234585 USACE/COLEMAN 2019 
SC-19 47.189152 -88.235269 USACE/COLEMAN 2019 
SC-20 47.209303 -88.207915 USACE/COLEMAN 2019 
SC-21 47.208946 -88.206482 USACE/COLEMAN 2019 
SC-22 47.20849 -88.205097 USACE/COLEMAN 2019 
SC-23 47.209528 -88.210492 USACE/COLEMAN 2019 
SC-24 47.208976 -88.208869 USACE/COLEMAN 2019 
SC-25 47.208679 -88.207582 USACE/COLEMAN 2019 
SC-26 47.2082 -88.2062 USACE/COLEMAN 2019 
SC-27 47.207878 -88.204771 USACE/COLEMAN 2019 
SC-28 47.209355 -88.211556 USACE/COLEMAN 2019 
SC-29 47.20893 -88.210063 USACE/COLEMAN 2019 
SC-30 47.208464 -88.208585 USACE/COLEMAN 2019 
SC-31 47.208051 -88.207295 USACE/COLEMAN 2019 
SC-32 47.207665 -88.205719 USACE/COLEMAN 2019 
SC-33 47.20725 -88.204313 USACE/COLEMAN 2019 
SC-34 47.207227 -88.210463 USACE/COLEMAN 2019 
SC-35 47.207416 -88.203183 USACE/COLEMAN 2019 
SC-36 47.206329 -88.207422 USACE/COLEMAN 2019 
SC-37 47.208008 -88.203585 USACE/COLEMAN 2019 
SC-38 47.206577 -88.209855 USACE/COLEMAN 2019 
SC-39 47.206741 -88.203214 USACE/COLEMAN 2019 
SC-40 47.206462 -88.202092 USACE/COLEMAN 2019 
SC-41 47.207035 -88.202237 USACE/COLEMAN 2019 
SC-42 47.20756 -88.202306 USACE/COLEMAN 2019 

GT21-OL-01 47.189737 -88.236116 
USACE/Advanced 

Matrix 2021 
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GT21-OL-02 47.191788 -88.234476 
USACE/Advanced 

Matrix 2021 

GT21-OL-03 47.193893 -88.233033 
USACE/Advanced 

Matrix 2021 

GT21-OL-04 47.195944 -88.231417 
USACE/Advanced 

Matrix 2021 

GT21-OL-05 47.197891 -88.229655 
USACE/Advanced 

Matrix 2021 

GT21-OL-06 47.199511 -88.227295 
USACE/Advanced 

Matrix 2021 

GT21-OL-07 47.201201 -88.224948 
USACE/Advanced 

Matrix 2021 

GT21-OL-08 47.202486 -88.222149 
USACE/Advanced 

Matrix 2021 

GT21-OL-09 47.204165 -88.219699 
USACE/Advanced 

Matrix 2021 

GT21-OL-10 47.206 -88.217595 
USACE/Advanced 

Matrix 2021 

GT21-OL-11 47.207809 -88.215498 
USACE/Advanced 

Matrix 2021 

GT21-OL-12 47.209561 -88.213251 
USACE/Advanced 

Matrix 2021 

GT21-OL-13 47.210486 -88.210111 
USACE/Advanced 

Matrix 2021 

GT21-OL-14 47.210009 -88.206599 
USACE/Advanced 

Matrix 2021 

GT21-OL-15 47.210021 -88.206647 
USACE/Advanced 

Matrix 2021 

GT21-OL-16 47.210533 -88.203285 
USACE/Advanced 

Matrix 2021 

GT21-OL-17 47.210556 -88.203277 
USACE/Advanced 

Matrix 2021 

GT21-OL-18 47.210577 -88.199839 
USACE/Advanced 

Matrix 2021 

GT21-OL-19 47.210592 -88.199845 
USACE/Advanced 

Matrix 2021 

GT21-OL-20 47.210615 -88.196442 
USACE/Advanced 

Matrix 2021 

GT21-OL-21 47.210634 -88.19644 
USACE/Advanced 

Matrix 2021 

GT21-OL-22 47.210493 -88.192941 
USACE/Advanced 

Matrix 2021 
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GT21-OL-23 47.210697 -88.189593 
USACE/Advanced 

Matrix 2021 

GT21-OL-24 47.211619 -88.186449 
USACE/Advanced 

Matrix 2021 

GT21-OL-25 47.212618 -88.183401 
USACE/Advanced 

Matrix 2021 

GT21-OL-26 47.213644 -88.180033 
USACE/Advanced 

Matrix 2021 

GT21-OL-27 47.212524 -88.17552 
USACE/Advanced 

Matrix 2021 

GT21-OL-28 47.215091 -88.17377 
USACE/Advanced 

Matrix 2021 

GT21-OL-29 47.215415 -88.169913 
USACE/Advanced 

Matrix 2021 

GT21-OL-30 47.218687 -88.169957 
USACE/Advanced 

Matrix 2021 

GT21-OW-01 47.218836 -88.16581 
USACE/Advanced 

Matrix 2021 
GT21-OW-

01A 47.220872 -88.166056 
USACE/Advanced 

Matrix 2021 

GT21-OW-02 47.222414 -88.162468 
USACE/Advanced 

Matrix 2021 

GT21-OW-03 47.224469 -88.162026 
USACE/Advanced 

Matrix 2021 
GT21-OW-

03A 47.20943 -88.180361 
USACE/Advanced 

Matrix 2021 

GT21-OW-04 47.208268 -88.201257 
USACE/Advanced 

Matrix 2021 

GT21-OW-05 47.206528 -88.198004 
USACE/Advanced 

Matrix 2021 

GT21-OW-06 47.203638 -88.197455 
USACE/Advanced 

Matrix 2021 

GT21-OW-07 47.206364 -88.212951 
USACE/Advanced 

Matrix 2021 

GT21-OW-08 47.20343 -88.210098 
USACE/Advanced 

Matrix 2021 
GT21-OW-

08A 47.204749 -88.210973 
USACE/Advanced 

Matrix 2021 
GT21-OW-

08B 47.205918 -88.211713 
USACE/Advanced 

Matrix 2021 

GT21-OW-09 47.194671 -88.224734 
USACE/Advanced 

Matrix 2021 
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GT21-OW-
09A 47.195264 -88.226723 

USACE/Advanced 
Matrix 2021 

GT21-OW-
09B 47.195858 -88.228244 

USACE/Advanced 
Matrix 2021 

GT21-OW-
09C 47.196231 -88.229932 

USACE/Advanced 
Matrix 2021 

GT21-OW-10 47.195438 -88.212093 
USACE/Advanced 

Matrix 2021 

GT21-OW-11 47.189684 -88.232649 
USACE/Advanced 

Matrix 2021 

GT21-OW-12 47.187127 -88.237594 
USACE/Advanced 

Matrix 2021 

GT21-OW-13 47.18687 -88.235413 
USACE/Advanced 

Matrix 2021 
GTB21-1 880,808.61 25,939,653.98 SOM/GEI 2021 
GTB21-2 880,775.49 25,939,720.53 SOM/GEI 2021 
GTB21-3 880,743.91 25,939,783.89 SOM/GEI 2021 
GTB21-4 880,714.25 25,939,842.10 SOM/GEI 2021 
GTB21-5 882,294.56 25,940,418.17 SOM/GEI 2021 
GTB21-6 882,259.00 25,940,484.52 SOM/GEI 2021 
GTB21-7 882,199.08 25,940,582.82 SOM/GEI 2021 
GTB21-8 882,160.63 25,940,638.02 SOM/GEI 2021 
GTB21-9 883,347.15 25,941,229.98 SOM/GEI 2021 

GTB21-10 883,306.11 25,941,272.45 SOM/GEI 2021 
GTB21-11 883,216.79 25,941,362.65 SOM/GEI 2021 
GTB21-12 883,174.29 25,941,404.59 SOM/GEI 2021 
GTB21-13 884,312.29 25,942,153.95 SOM/GEI 2021 
GTB21-14 884,134.07 25,942,245.67 SOM/GEI 2021 
GTB21-15 883,975.97 25,942,323.22 SOM/GEI 2021 
GTB21-16 883,890.79 25,942,365.36 SOM/GEI 2021 
GTB21-17 885,356.83 25,943,271.02 SOM/GEI 2021 
GTB21-18 885,132.82 25,943,619.33 SOM/GEI 2021 
GTB21-19 885,086.50 25,943,692.37 SOM/GEI 2021 
GTB21-20 885,608.08 25,943,792.23 SOM/GEI 2021 
GTB21-21 885,526.07 25,943,902.09 SOM/GEI 2021 
GTB21-22 885,506.78 25,943,928.35 SOM/GEI 2021 
GTB21-23 886,229.75 25,944,176.76 SOM/GEI 2021 
GTB21-24 886,150.05 25,944,304.62 SOM/GEI 2021 
GTB21-25 886,116.22 25,944,357.78 SOM/GEI 2021 
GTB21-26 886,833.68 25,944,550.08 SOM/GEI 2021 
GTB21-27 887,344.20 25,944,967.31 SOM/GEI 2021 
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