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1.0 Introduction 

On April 17, 2015, the Environmental Protection Agency (EPA) issued the final version of the 

federal Coal Combustion Residuals (CCR) Rule to regulate the disposal of coal combustion 

residual materials generated at coal-fired electric generating units. The rule is administered as 

part of the Resource Conservation and Recovery Act (RCRA, 42 United States Code [U.S.C.] 

§6901 et seq.), under Subtitle D. DTE Electric Company (DTE) is subject to the CCR Rule. As 

such, DTE must develop a Closure Plan for the CCR units at Monroe Power Plant (Monroe) per 

40 Code of Federal Regulations (CFR) §257.102. This document serves as DTE’s revised 

Closure Plan for the Fly Ash Basin (FAB), also referred to as the Fly Ash Impoundment.  

According to §257.102(b)(1), the Closure Plan must contain the following: 

• A description of how the CCR unit will be closed. 

o For in-place closure: A description of the final cover system, the methods for 

installing the final cover system, and the methods for achieving compliance with 

the standards outlined in §257.102(d). 

o For closure by removal: A description of the procedures to remove the CCR and 

decontaminate the CCR unit in accordance with §257.102(c). 

• An estimate of the maximum amount of material ever stored in the CCR unit over its 

active life. 

• An estimate of the largest area of the CCR unit ever requiring a final cover as required 

by §257.102(d) at any time during the CCR unit’s active life. 

• A schedule for completing closure activities, including the anticipated year of closure 

and major milestones for permitting and construction activities. 

The seal on this report certifies that this document meets the requirements of 40 CFR 

§257.102. This closure plan is in addition to, not in place of, any other applicable site permits, 

environmental standards, or work safety practices. 
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2.0 Details of Closure 

2.1 Impoundment Description 
DTE owns and operates Monroe Power Plant, a four-unit, 3,300-megawatt coal‐fired facility 

located in Monroe, Michigan. Monroe has one active CCR surface impoundment, known as the 

Fly Ash Basin (FAB), and one active CCR landfill known as the Vertical Extension Landfill 

(VEL). This CCR closure plan outlines the plan to close the FAB by leaving CCR in place. Note, 

this document is a revision to the original “Monroe Ash Basin Closure Plan for Monroe Power 

Plant,” which was prepared by Geosyntec Consultants in October of 2016.  

2.1.1 CCR Inventory and Extent 

The original footprint of the FAB was approximately 410 acres but was reduced to 331 acres 

after construction of the VEL. The VEL was constructed over existing CCR material within the 

FAB. . CCR material stored within the VEL will be removed to the underlying ash subgrade 

and consolidated within the FAB to achieve closure grades prior to installing the final cover 

system. An alternative final cover system will be placed over the re-graded CCR material as 

described in Section 2.2.2. 

The maximum storage capacity of the FAB was calculated to be 29.4 million cubic yards per 

the 2022 annual inspection report prepared by Geosyntec Consultants. This volume is also an 

estimate of the maximum inventory of material that could potentially be stored in the FAB 

over its active life. Neither the maximum storage capacity nor maximum fill elevation for the 

VEL will be exceeded as part of the closure design. 

2.2 Closure Method 
The rule allows for CCR units to be closed through removal of CCR or by leaving CCR 

material in-place. The FAB will be closed in place and will receive an alternative cover system 

in accordance with 40 CFR 257.102(d)(3)(ii). Per Michigan Administrative Code (MAC) 

R.299.4309(7), to close the impoundment the owner or operator must also complete the 

following: 

• Eliminate free liquids by removing liquid wastes or solidifying the remaining wastes 

and waste residues. 

• Stabilize remaining wastes to a bearing capacity that is sufficient to support final 

cover. 

• Cover the surface impoundment with a final cover that is in compliance with the 

requirements of R 299.4304. 

• Conduct groundwater monitoring and postclosure maintenance in accordance with 

rules applicable to type III landfills. 

To meet the applicable requirements, closure activities will require drainage (unwatering of 

free water and dewatering of separable pore water) to allow for stabilization of the existing 

CCR material, grading of the CCR material to drain, and installation of the final cover system 

over the CCR material to minimize erosion and infiltration. Unwatering and dewatering 
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activities will be performed throughout construction, as necessary, to manage water within 

the FAB. The in-place closure design for the FAB is discussed in more detail in the following 

sections. A figure showing the conceptual closure design is included in Appendix A. 

2.2.1 Unwatering and Dewatering 

Unwatering of the FAB will be completed during the dewatering process. It is anticipated that 

an engineered dewatering system, such as wells or wellpoints, will be used to remove 

separable pore water from the impounded CCR material. Water removed during the 

dewatering process will be discharged through the existing outfall (Outfall 001F) in 

accordance with the site NPDES discharge permit number MI0001848. The dewatering 

system will be maintained around the clock during the closure construction until separable 

pore water has been removed, at which point the dewatering system will be removed. Where 

possible, construction stormwater will be managed by using ditches and sumps with water 

pumped to Outfall 001F. 

2.2.2 Final Cover System 

Pursuant to §257.102(d)(3)(i), the final cover system must be designed and constructed to 

meet the following criteria:  

• Have a permeability less than or equal to the permeability of any bottom liner system 

or natural subsoils present, or a permeability no greater than 1x10-5 centimeters per 

second (cm/sec), whichever is less. 

• The infiltration of liquids through the closed CCR unit must be minimized by use of an 

infiltration layer that contains a minimum of 18 inches of earthen material. 

• The erosion of the final cover system must be minimized by use of an erosion layer 

that contains a minimum of six inches of earthen material capable of sustaining native 

plant growth. 

• The disruption of the integrity of the final cover system must be minimized through a 

design that accommodates settling and subsidence. 

Alternatively, the owner or operator may select an alternative final cover system design 

pursuant to §257.102(d)(3)(ii), provided the alternative final cover system meets the following 

criteria: 

• The design of the final cover system must include an infiltration layer that achieves an 

equivalent reduction in infiltration as the infiltration layer specified in paragraphs 

§257.102 (d)(3)(i)(A) and (B).  

• The design of the final cover system must include an erosion layer that provides 

equivalent protection from wind or water erosion as the erosion layer specified in 

paragraph §257.102 (d)(3)(i)(C) of this section.  

• The disruption of the integrity of the final cover system must be minimized through a 

design that accommodates settling and subsidence. 

Note that the permeability of the natural subsoils present ranges from 1.66 x 10-7 cm/sec to 

3.29 x 10-8 cm/sec as noted in the Alternative Liner Demonstration for the Fly Ash Basin 

prepared by Geosyntec Consultants in April of 2023.  
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The FAB is being closed as a Type III landfill under Michigan Public Act 451, Part 115 Rules, 

§324.11506(12). MAC R.299.4304 addresses final cover design requirements for Type III 

landfills. This standard flexible membrane liner (FML) cover system has the following 

requirements: 

• The system is designed to minimize erosion and infiltration to the extent necessary to 

protect public health and the environment [see R.299.4304(1)]. 

• The system must contain a lower component of an infiltration layer which has a 

flexible membrane liner and 2’ minimum of protective soil [see R.299.4304(6)(a)(ii)]. 

This depth is inclusive of the erosion layer. 

• The system must contain an upper component including a 6” erosion layer which can 

support native plants [see R.299.4304(6)(b)] 

R.299.4304(6)(a)(iii) allows approved alternative materials if equivalent protection is 

provided.  

An alternative final cover system, as shown in Figure 2-1, will be utilized in lieu of a typical 

clay final cover system. This ClosureTurf® system includes a geomembrane liner component 

to achieve the minimum permeability requirements of the CCR Rule, rather than relying on 

the permeability of the 18-inches of clay infiltration material. The geomembrane liner will meet 

the requirements of R.299.4915 per R.299.4304(6)(a)(ii). In lieu of the erosion layer required 

by both the CCR Rule and R.299.4304(6)(b), a synthetic turf is used. The synthetic turf 

consists of a woven geotextile fabric with HDPE synthetic grass blades and is ballasted by a 

½” layer of sand infill. An Equivalency Demonstration report for this alternative cover system 

is provided in Appendix B. 

Figure 2-1: Alternative Final Cover System 

 

CCR material within the FAB will be graded to drain prior to receiving the final cover system, 

as described in Section 2.2.2.1. When complete, the FAB will have two stormwater discharge 

locations, including the existing discharge channel which discharges to the Monroe plant 
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discharge canal, and a new discharge channel which will outfall to Lake Erie to the east of the 

FAB.  

2.2.2.1 Geometry and Stormwater Management 

The geometry and stormwater management controls of the closed impoundment will allow 

the CCR unit to meet the following requirements as outlined in §257.102(d) of the CCR Rule: 

• Control, minimize or eliminate, to the maximum extent feasible, post-closure 

infiltration of liquids into the waste and releases of CCR, leachate, or contaminated 

run-off to the ground or surface waters or to the atmosphere. 

• Prevent the probability of future impoundment of water, sediment or slurry. 

Similarly, R. 299.4304(5) requires the following: 

• To prevent the ponding of water on completed fill surfaces, the grading contours 

shall tend to forestall development of local depressions due to post-construction 

settlement. Slopes of the final cover shall not exceed 1 vertical on 4 horizontal or as 

necessary to permit the establishment of vegetative cover.  

The final closure system grade will slope at a minimum of 1.0 percent over the capped CCR 

surface to prevent the collection of standing water and limit the velocity of storm water 

runoff to reduce the potential for erosion of the sand infill and will slope at a minimum of 0.5 

percent within ditch flow lines. Intermediate swales will be utilized to limit the maximum 

overland flow distance, thereby limiting the chance for ponding water, as well as limiting the 

infiltration of run-off. The intermediate swales will collect area runoff and convey it to 

stormwater pipes which flow to open channels which discharge to the discharge canal and 

Lake Erie. Slopes within the closure footprint will be limited to 4H:1V. Because the cover 

system does not contain a soil component, erosion of the final cover system during 

construction will be limited to the very limited displacement of the sand infill material. 

As described in the History of Construction prepared by Geosyntec Consultants (updated 

October 2021), the FAB was constructed above grade with a perimeter embankment. There is 

adequate separation between the bottom of the FAB and the uppermost aquifer per the 

Locations Restrictions Demonstrations prepared by TRC (October 2018). Based on these 

factors and the low permeability of the underlying soils noted in section 2.2.2, the siting of the 

FAB will minimize post-closure infiltration of liquids from the sides and bottom of the unit.  

2.2.2.2 Integrity of the Final Cover 

Requirements related to the integrity of the final cover system include the following: 

• Provide for major slope stability to prevent sloughing or movement of the final cover 

system during closure and post-closure periods. 

• The disruption of the integrity of the final cover system must be minimized through a 

design that accommodates settling and subsidence. 

Engineering calculations will be performed during final design to confirm the final cover 

system meets both of these requirements.  
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Settling and subsidence of the final cover system is expected to be minimal. Settlement 

would potentially be caused by consolidation of the CCR material, general fill material, or 

underlying natural subsoils under new loads from construction activities; however, the 

majority of this settlement is expected to occur during dewatering and site grading activities 

and is expected to be minimal after the cover is installed. Based on the known properties of 

CCR, settlement associated with dewatering and grading will occur during construction 

activities. General fill and relocated CCR material from within the FAB will be installed in a 

controlled manner to minimize post-fill installation settlement. The underlying natural subsoils 

at the site will exhibit time dependent consolidation from an increase in effective stresses 

caused by dewatering of the CCR and grading activities. Effective stress is the soil particle-to-

particle stress including buoyancy effects on the particles from saturation. Dewatering will 

decrease buoyancy of natural subsoils, and thus increase effective stress. However, based on 

the depth of natural subgrade beneath the final cover and consistent increase in effective 

stress, any settlement is not expected to disrupt the integrity of the final cover system.  

Slope stability of the overall system will also be performed including mass stability of the CCR 

and existing embankments and cover stability. Based on the current stability of the FAB and 

minor grading to be performed of the CCR, slope stability is not considered a significant 

concern. If slope stability factors of safety are found to not meet minimum standards, 

mitigations to increase stability will be determined and implemented.  

2.2.3 Final Cover Schedule 

According to §257.102 of the CCR Rule, closure of FAB must commence no later than 6 

months following the date on which a closure event is triggered, or no later than 30 days 

following the last known receipt of CCR or non-CCR wastestream by the FAB. Similarly, 

§324.11519b(6) requires the following: 

The owner or operator of a coal ash impoundment shall begin to implement closure as 

described in R 299.4309(7) of the MAC not more than 6 months after the final placement 

of coal ash within the impoundment and shall diligently pursue the closure. The closure 

shall be completed in compliance with 40 CFR 257.102(f)(1) and (2). 

A notification of intent to initiate closure of the FAB will be placed in the facility’s CCR 

Operating Record and on DTE’s CCR public website prior to commencing closure. Pre-closure 

construction activities, including closure design and permitting, are underway. Closure 

construction for the FAB is anticipated to commence in the second quarter of 2024, or 

whenever permit documents are reviewed and approved by Michigan Department of 

Environment, Great Lakes, and Energy (EGLE). Closure construction is anticipated to be 

completed in phases and take a minimum of five years. The construction schedule will likely 

include breaks for winter periods (roughly between the months of December through 

February). The estimated closure schedule is as indicated in Table 2-1. 
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Table 2-1: Closure Schedule 

Activity Schedule 

Anticipated date of last known receipt of CCR or 
non-CCR wastestream 

Q4 2023 

Begin closure construction Q2 2024 

Pond unwatering / dewatering  

(bulk removal, water handling activities will 
continue throughout construction) 

Q2 2024 – Q3 2026 

Grading of CCR material 

(will occur in phases across the 410-acre footprint) 
Q3 2024 – Q4 2028 

Installation of final cover system 

(will occur in phases following grading activities 
and removal of separable pore water) 

Q3 2024 – Q2 2029 

Target to complete closure Q2 2029 

 

2.2.3.1 Closure Completion 

The federal CCR rule requires that closure of the FAB be completed within five years of 

commencing closure activities. The rule also allows the timeframe for completing closure of 

the CCR unit to be extended by multiple two-year extensions if DTE can substantiate the 

factual circumstances demonstrating the need for the extension. If needed, a demonstration 

for an extension of the closure timeframe shall be completed pursuant to §257.102(f)(2).  

The CCR Rule does not define “closure complete” for CCR units. For the purposes of this 

Closure Plan, closure of the FAB is considered complete when the final cover system is 

installed, and the applicable construction completion documentation is finalized.  

Within 30 days of completion of closure of the FAB, DTE must prepare a notification of 

closure of the FAB and place it in the facility’s CCR Operating Record and on DTE’s CCR 

public website. This notification shall include certification by a qualified professional engineer 

in the State of Michigan verifying that closure has been completed in accordance with this 

Closure Plan and the requirements of §257.102. Additionally, DTE must record a notation on 

the deed to the property following completion of closure of the FAB in accordance with 

§257.102(i). The purpose of this notation is to inform any potential future owner of the 

property of the previous use of the land, and that the land is restricted by post-closure care 

requirements. 
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3.0 Revisions and Amendments 

The initial Closure Plan for the FAB was placed in the CCR Operating Record in October of 

2016. This update replaces the initial Closure Plan. If the Closure Plan is further revised, the 

written Closure Plan will be amended no later than 30 days following the triggering event. 

Additionally, the written Closure Plan will be amended at least 60 days prior to a planned 

change in the operation of the FAB, or no later than 60 days after an unanticipated event. 

The initial Closure Plan and any amendment will be certified by a qualified professional 

engineer in the State of Michigan for meeting the requirements of §257.102 of the CCR Rule. 

All amendments and revisions must be placed on the CCR public website within a reasonable 

amount of time following placement in the facility’s CCR Operating Record. A record of 

revisions made to this document is included in Section 4.0 of this document. 
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4.0 Record of Revisions and Updates 

Revision 
Number Date Revisions Made By Whom 

0 October 2016 Initial Issue Geosyntec 
Consultants 

1 October 2023 Redesign of closure  Burns & McDonnell 
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APPENDIX B – ALTERNATIVE FINAL COVER SYSTEM 
EQUIVALENCY DEMONSTRATION
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Meeting Minutes

Project Name: DTE Monroe Fly Ash Basin Closure Project 

Meeting Subject: Alternative Closure Concepts with EGLE Materials Management Division 

Meeting Date: February 8, 2023, 1:00 PM (eastern) 

Location Constitution Hall, Lansing MI 

BMcD Project No.: 151630 

 

Name Company Role Attendance 

Margie Ring EGLE MMD Solid Waste Engineering Coordinator x 

Gary Schwerin EGLE MMD District Engineer x 

Brett Coulter EGLE MMD Geologist x 

Chris Scieszka DTE Environmental x 

Robert Lee DTE Environmental x 

Mark Rokoff BMcD CCR Specialist x 

Tyler Schmidt BMcD Environmental Engineer x 

 

1. Introduction 

a. Chris gave a high-level project overview: The FAB/VEL closure is in early design 

phase (conceptual design). Both units will be closed. DTE is considering solar. 

ClosureTurf (CT) is a potential option being considered for a number of positive 

reasons. 

b. Margie is familiar with CT. This alternative cover was approved for use at the 

Kent County Landfill in their incinerator ash disposal area (although not yet 

installed). This unit is also a Type III landfill. 

2. Timelines for Closure 

a. Gary asked about timelines. Chris said it will be in line with EPA Part B 

determination and noted that they are actively converting to dry handling.  Later 

in the meeting, Margie asked if DTE would be pushing the operation of the 

pond/VEL longer.  Rob replied that DTE will move forward with closure once the 

dry handling conversion is complete. 

b. Margie pointed out that the MI Type III rules dictate closure must be complete in 

1 year from ceasing operation. However, she recognized the magnitude of the 

project and that extensions could be granted via a formal variance procedure. 

c. Rob asked what an appropriate assumption would be. Would EGLE be opposed to 

them conservatively assuming the entire 15 year period would be necessary? 

Margie said that would be okay if we made a reasonable case. She encouraged 

being conservative since this is one of the largest closure projects and the variance 

process is not an activity you want to repeat regularly. 

3. Mark presented the CT Slideshow, prepared by BMcD and DTE (see attached). 

a. EGLE is open to the use of CT if the proper variance procedure is followed. 

b. EGLE is open to the use of PowerCap.  Margie indicated that she like the concept 

of solar over a landfill. 

4. Procedure for CT approval—EGLE said: 

a. DTE needs to provide design documents and closure plan to Gary to review. 

b. DTE needs to pass licensing process to receive a variance to the prescribed Type 

III cover system (note this includes calculations and a formal demonstration). 

5. Freezing liquids in the CT system (Gary initiated conversation). 
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Meeting Agenda (cont’d) 

a. Gary believes the “flat” slope and the thin sand layer may be conducive to 

freezing water on the liner after saturating the sand infill as well as a freeze-thaw 

effect within the sand layer. 

b. Mark said we can address that concern. CT has been successfully used in cold 

climates. 

6. Slopes under 2% (minimum per MI Part 115). 

a. Gary said a variance would be required if a slope shallower than this was to be 

used AND this includes grades for drainage lines/swales. 

b. Gary said a variance has been granted before but it’s difficult/rare as the level of 

demonstration is notable. DTE would need to demonstrate that >2% slopes are not 

feasible. 

c. Gary also said that the 2% minimum slope applies to internal ditches, swales, etc. 

d. Gary prefers that proper slopes and drainage is achieved by use of 

sawtooth/herringbone grading. 

e. Gary is concerned about concrete-lined channels (both for CT and traditional 

covers) largely due to maintenance and lifespan. Mark said CT requires a 

strengthened sand infill in flowlines (Hydrobinder). 

7. Maximum Height Variance 

a. Chris asked EGLE if they would allow us to build the top of final cover beyond 

the design elevation of the FAB/VEL. Mark said it may be necessary for drainage. 

b. Margie cited the rule that allowed a change in landfill elevation (if it doesn’t 

result in an increase in disposal capacity). 

c. The most that would need to be done is a Construction Permit Modification, 

although an easier path may be possible. 

d. If DTE can prove that an increased height is required to comply with rules, a 

design change may be the route to approval (not a permit mod). 

e. DTE clarified that max VEL height is not a concern, just FAB. Margie said she’d 

need to think about the approval process for the FAB design, since the VEL is the 

only unit with a construction permit. 

8. Lifespan of CT materials (Margie initiated conversation) 

a. Chris said 100+ years is what the manufacturer projects. Mark said that projection 

is conservative. Margie found that news acceptable. 

b. Margie said that they added a condition when CT was approved for Kent County: 

to retain financial assurance budget for a specified time beyond post-closure 

period.  Margie said EGLE may consider a similar condition in the FAB/VEL 

license if CT is selected. 

9. Post Closure Period Timeline Modifications  

a. Chris asked for clarification on the Part 115 rule. 

b. Margie confirmed that the post closure care period can be reduced if certain 

criteria is met (no odors, no leachate issues, etc). 

c. Margie said failure to meet criteria can also extend the period. 

10. Additional discussion items 

a. Rob said DTE would prefer to have a decision from EGLE on the maximum 

height approval process and likelihood for approval before pulling together a 30% 

design. Margie said they would need to discuss internally. 
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Meeting Agenda (cont’d) 

i. ACTION:  EGLE is considering the appropriate process to pursue 

this change and will contact DTE when complete (although no formal 

date was assigned). 

b. BMcD described the PowerCap racks and system. No concerns from EGLE. 

c. The Carleton Farms Type II landfill has similar material. It’s believed this is the 

site in Michigan that has Versacap (another Watershed Geo product), EGLE 

recognizes the durability differences between the two products.  Note that 

Versacap (essentially CT without the sand infill) is being deployed as 

intermediate cover (not final cover) and helps with some geometric limitations at 

the site (it is thinner than the traditional cap system). 

d. Gary said if CT is used, DTE needs to revise the post closure care plan. 

e. Mark clarified that the berms that are in pace would not obstruct runoff. They 

may be graded to allow drainage. 

f. Gary prefers an iterative review process. Mark clarified that it’s our goal to have 

permit compliance addressed in the 30% design review, and the preceding designs 

would adhere to the conceptual design framework (reducing the role of regulatory 

review after the 30% design stage). 

i. ACTION:  DTE/BMcD to schedule a follow up meeting to present the 

intended design and regulatory variances or “tight spots” with EGLE 

early in the process (prior to the 30% design) to continue to improve 

the understanding on regulatory approach (this was always our 

intention).  No date was set. 

g. Rob offered to host EGLE (Gary and/or their new hire) to come to the site and 

better understand the site conditions.  No specifics were determined.  

 



  
Meeting Minutes

Project Name: DTE Monroe Fly Ash Basin Closure Project 
Meeting Subject: Operating License Pre-Application Meeting with EGLE Materials Management 

Division 
Meeting Date: July 6, 2023, 1:00 PM (eastern) 
Location Constitution Hall, Lansing MI 
BMcD Project No.: 151630 
 

Name Company Role Attendance 

Margie Ring EGLE MMD Solid Waste Engineering Coordinator x 

Gary Schwerin EGLE MMD District Engineer x 

Brett Coulter EGLE MMD Geologist x 

Richelle Ozoga EGLE MMD District Engineer x 

Chris Scieszka DTE Environmental x 

Robert Lee DTE Environmental x 

Dan Sand DTE Project Manager x 

Mark Rokoff BMcD CCR Specialist x 

Tyler Schmidt BMcD Environmental Engineer x 

 

1. Introduction and summary of previous meeting 
a. Safety Moment: 9PM Rule for home/vehicle security. 
b. Mark summarized Feb 8th meeting. Main topics were ClosureTurf, final cover 

slopes, project timeline, CCR unit design elevations, and potential submittals 
(permit/license/design change). DTE agreed that the summary covered main 
discussion points. 

c. Margie said EGLE is working on revisions to Part 115 to better align with Federal 
CCR rule although they may not be finalized prior to submittal of the updated 
operating license for the FAB. 

2. Project overview: 
a. Project is currently between conceptual-level and 30%.  
b. Significant grading is required to convey stormwater runoff from site. Lake Erie 

elevation is a downstream constraint. 
c. Closure Plan will be revised to align with current project planning. 
d. Margie asked, Where ash is being placed now? 

i. Chris: Fly Ash Basin (FAB) and Vertical Extension Landfill (VEL). 
DTE’s Dry Fly Ash Project is intended to use Sibley site as a future 
disposal location. 

e. Gary asked about closure duration. 
i. Mark: estimated 6 years minimum. Dewatering may prolong that the 

schedule. 
ii. Margie said a variance to the Operating License will be required. 

3. Variance timeline  
a. Margie read Part 115 rule on closure timelines 

i. For Landfills, it’s 6 months following last receipt of waste. 
ii. For surface impoundments (FAB), Part 115 defers to timelines specified in 

the Federal Rule (257.102). No variance is needed for FAB. 
b. There are some options to expedite approval for activities only reliant on the 

timeline variance given the site-specific configuration with the FAB and VEL. 
Margie said (note that this is discussed in more detail under item #4): 
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Meeting Agenda (cont’d) 

i. Consideration 1: apply for two operating licenses, one for VEL and one 
for FAB, so the VEL closure can start before all FAB variances are 
approved. 

1. Multiple Operating Licenses is accompanied by multiple fees. 
ii. Consideration 2: EGLE enforcement (Chris said DTE will not pursue this 

one) 
4. VEL closure by removal (CbR) 

a. Mark described this process as a way to close the operating license and remove 
the VEL from state jurisdiction, which is DTE’s preferred approach. 

b. Margie asked, Is ash being removed and disposed offsite? 
i. Chris: No—will be disposed of in FAB. Quantity is 200-300K CY. 

c. Gary asked, is the top of VEL below final design grades? 
i. Mark said yes, fill is required to achieve slopes in the current site design 

for stormwater flow. 
d. Margie asked, Is there a barrier at the bottom of VEL? 

i. Chris: No. The layer between the VEL and FAB is permeable. 
e. Mark/Chris asked if the CbR can be approved without physically moving the ash 

and returning same or similar material in it’s place (as part of the FAB closure)? 
i. Margie said it is a unique proposal and agreed with DTE that there may be 

a better way to close out the VEL license compared to the double handling 
of the CCR. If the VEL were to no longer be treated as a separate unit, 
EGLE would need to find a way to justify it. 

ii. Mark: Part 115 does not describe closure by removal for a landfill as this 
is not a typical approach. 

iii. ACTION:  EGLE to review Part 115 and provide options to 

administratively close the VEL, and how to characterize the VEL at 

time of closure.  DTE to seek resolution by July 20, 2023. 

1. Chris and Margie discussed on 7/14 – EGLE determined there is 
not a path forward for the VEL to administratively close by 
removal, however we could close the VEL by physically removing 
the landfill and certifying the removal.  

a. DTE and Burns & Mac to discuss this in context of timing 
for CbR and operating license renewal 

5. Operating License Application Process 
a. Mark explained the structure of the proposed license application, explained what 

unique design features are categorized as variances (and which are equivalency 
demonstrations/design changes) and asked if EGLE agreed with the approach. 

i. EGLE concurred. 
b. Mark asked, Which application form to use (most recent form or CCR-specific 

form)? 
i. Margie said, use most recent because it reflects Part 115 updates. 

ii. ACTION:  BMcD to compare new application form to the one 

submitted with previous application in 2019, to identify major 

changes. 
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iii. Financial Assurance for CCR Landfills did not change (maximum is still 
$1 million). Financial Assurance for Type III landfills rose from $1 to 2 
million (max.). 

c. Margie asked, Does the landfill have a permanent marker? 
i. Chris/Dan: yes 

6. Alternative Cover: ClosureTurf 
a. Mark: demonstration will be modeled after Kent County 

i. Margie said that Kent County was an ash monofill, not a landfill. Several 
MSW landfills have asked for ClosureTurf and been denied. 

b. Kent county had stipulations in their permit: 
i. Increased financial assurance. 

ii. Agreement to replace with a traditional cover system if ClosureTurf fails. 
1. Chris asked for clarification. Are occasional repairs acceptable? 

a. Margie: Yes. The stipulation was intended for large-scale 
repeated failures. A maintenance plan would address this 
concern. 

c. Margie asked if ClosureTurf has been approved for other sites 
i. Mark: Yes. Not in MI but all around U.S.  This data was shared in our last 

presentation to EGLE (in February), but generally there is over 3,000 
acres placed in the US as of late 2022. 

d. EGLE agreed that the Closure Plan was the correct location to include the 
Equivalency Demonstration, within overall Application. 

7. Elevation of the FAB: 
a. Mark explained that based on the current design, the difference in height is 

approximately 1 ft. 
b. Margie recommends emphasizing that the increased height does not affect 

disposal capacity. 
c. Margie: EGLE is primarily interested in changes to maximum elevation. 
d. Margie said DTE will need to evaluate the stability of the slopes wherever the 

outer berm is cut down. 
i. Mark: DTE plans to evaluate. However, given the proposed changes to the 

pond, this is not anticipated to be a big concern (i.e., because of 
dewatering, removal of driving forces, and shallow grades within the FAB 
footprint). 

8. Final Cover Slope Variance 
a. Mark: Monroe is unique because it’s a pond, not a landfill. This CCR pond is one 

of the largest in the U.S. The waste is homogeneous in type (in that it is all CCR 
materials) and there are no groundwater impacts. 

b. Mark asked, Are the demonstrations/calculations identified on the slide adequate? 
Anything else EGLE would like to see? 

i. Gary: We would need to minimize maintenance concerns (look at rules) 
such as concrete on the final cover. 

ii. Mark said ClosureTurf is commonly used with hydrobinder in ditches and 
we would address this in the operating license. 
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c. For maintenance mitigation, Gary requests that DTE includes a Maintenance Plan 
with discussion on procedures/precautions influenced by shallow slopes. 

d. Mark asked if there are major “Red Flags.” 
i. Gary said there may be back and forth but if there was no chance at 

approval, he would tell DTE and not wait until a full application was 
submitted. He thinks the approach stands a solid chance of being 
approved. 

9. Timeline: 
a. Mark reviewed durations for EGLE approval. 
b. Margie clarified some things about the 120-day extensions. 

i. The first 120-day extension, if requested by applicant, is always granted. 
ii. Subsequent 120-day extensions MAY be granted by EGLE. If no chance 

at approval, EGLE will not grant it. 
c. Mark asked EGLE about the likelihood of this Application being approved early. 

i. Gary said, due to the slope variance, the complexity around CbR of the 
VEL, and use of ClosureTurf, there is a good chance review will exceed 
120 days. 

d. Mark asked about ways to expedite process. 
i. EGLE is in favor of the in-person meeting at the time of submittal to 

present the content and details in the operating license (and answer 
questions). 

ii. Gary recommends contacting the Monroe County Clerk prior to the 
Application submittal to assist them with understanding the submittal. 
This will ease potential questions by the municipality including the need 
for public meeting. 

e. Mark noted that while final schedule is dependent on other factors, it is the 
current project understanding to submit the new operating license mid to late 
August. 

10. Additional discussion items 
a. Gary asked DTE to further describe the dewatering process. 

i. Mark: While the design and investigation associated with this step is not 
complete and changes may occur, current project plan is for the use of 
deep wells to be installed over the FAB footprint to satisfy the 
requirements in 257.102.  

ii. Brett: How deep are the “deep wells?” Mark clarified that they are called 
deep wells because of how they’re constructed, but are only as deep as the 
CCR in the pond (they would not penetrate through the base of the FAB). 
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HELP MODEL INFILTRATION CALCULATIONS

PROJECT: DTE Monroe Fly Ash Basin

SUBJECT: Infiltration Modeling of Final Cover Systems Using HELP Model

PROJECT NUMBER: 151630

DATE: 8/21/2023 Page 1 of 3

Purpose:

Background:

Methodology:

Area ID Cover System
1 Slope (%)

Max. 

Drainage 

Length 

(feet)

Area (acres)
Curve 

Number

100-Year 

Avg. Annual 

Infiltration 

(in)

1 Alt. Final 

Cover
1

0.5% 3473 0.64 95 0.37

2 Alt. Final 

Cover
1

1% 1072 55.7 95 0.23

3 Alt. Final 

Cover
1

25% 113 24.9 95 0.013

     Note: 1. The layers of the Alternative Final Cover System are described on Page 2.

Prepared By: Date:

Checked By: Allyson Myers, PE Date:

Approved By: Allyson Myers, PE Date:

Table 1 - Critical Area Analysis Results

Area 3 (0.5% slopes) has the highest annual infiltration of the selected areas, 0.37 inches of the total annual 

rainfall of 31.5 inches. Therefore, Area 3 is the critical area and was used for the infiltration comparison of 

the alternative final cover system to the Michigan Part 115 cover system and the in-situ soil liner at the FAB. 

Table 2 provides the results of the comparison using a constant slope, area, and flow length.

Tyler J. Schmidt, PE 8/21/2023

8/23/2023

8/23/2023

1) To demonstrate the infiltration equivalency of the alternative final cover system, compared to the cover 

system prescribed by Part 115 of the Michigan Administrative Code [R299.4304(6)(a)] and

2) To demonstrate that the alternative final cover system meets the intent of 40 CFR §257.102(d)(3)(i)(A), 

which states that the permeability of the final cover system must be less than or equal to the permeability of 

any bottom liner system or natural subsoils present, or a permeability no greater than 1 × 10−5 cm/sec, 

whichever is less. Modeling infiltration of both the cover system and the liner is the typical approach to 

demonstrate complaince with this requirement. 

DTE Energy plans on closing the Monroe Fly Ash Basin (FAB) using an alternative final cover system. 

ClosureTurf was selected to be the primary component of the design, consisting of geomembrane overlayed 

by sand-ballasted synthetic turf and a lateral drainage system.

Infiltration through selected cover systems was estimated using the Hydrologic Evaluation of Landfill 

Performance (HELP) Model, Version 4. A 100-year modeling period was used. Inputs were selected using 

guidance provided by Watershed Geo, the manufacturer of ClosureTurf, and the EPA HELP User Manual. 

Part 1: Select the critical area to use in the alternative final cover system infiltration comparison.

The grading plan (Attachment 1) for the Monroe FAB was used identify the largest contiguous areas 

corresponding to each slope (0.5%, 1% and 25%). These areas are shown on Figure 1. The final closure 

condition for each area, all using the alternative final cover system, were modeled for infiltration using the 

HELP Model, and the area resulting in the highest infiltration was used in the comparison of cover system 

types. The HELP Model Results are provided for Areas 1-3 in Attachments 2-4, respectively. Table 1, below, 

summarizes the selection of the critical area.
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Methodology:

cont.

Prepared By: Date:

Checked By: Allyson Myers, PE Date:

Approved By: Allyson Myers, PE Date:

408 (34 feet) 3.29x10
-8

Note: 

1. Hydraulic conductivity is the default for High-Density MSW Fly Ash (HELP Material Texture 32).

The summary of the HELP Model for Standard MI Part 115 Geomembrane Cover (on 0.5% slopes) is 

provided as Attachment 5. The results for the infiltration comparison can be found in Table 5.

Table 4 - Monroe FAB Natural Subsoil Profile (from top to bottom, see Attachment 6):

Table 3 - Standard MI Part 115 Geomembrane Cover Profile (from top to bottom)

Part 3: Use the critical area of 0.63 acres to compare the alternative final cover system to the site-

specific natural subsoils.

In the HELP Model for the natural subsoils (Attachment 6), the in-situ clay liner was isolated aside from 

an assumed 10-foot layer of ash waste overlaying it (which was included to accurately model head on 

liner). The inclusion of this 10-foot waste layer is conservative because it adds an additional barrier layer 

to the comparison scenario that the Alternative Final Cover must overcome. The in-situ clay liner depth 

and hydraulic conductivity was obtained from the Alternative Liner Determination for the FAB, dated 

April 2023 (Pages 2-3 and 2-5). In this report, the depth and hydraulic conductivity of the soil is presented 

in a range. For this comparison, the highest depth and lowest hydraulic conductivity was selected, which 

can be found in Table 4.

Layer Description Thickness (in)
Hydraulic Conductivity 

(cm/sec)

40-mil LLDPE Geomembrane 0.04 4.0x10
-13

 (see Note 3)

Note: 

1. Hydraulic conductivity is the default for Loam (HELP Material Texture 8).

2. Hydraulic conductivity is the default for Sandy Clay (HELP Material Texture 13).

3. Hydraulic conductivity is the default for Linear Low Density Polyethelene Liner (LLDPE) (HELP Material Texture 

13).

Vegetated Erosion Layer 6 3.7x10
-4

 (see Note 1)

Protective Cover Soil 18 3.3x10
-5

 (see Note 2)

50-mil LLDPE Geomembrane 0.05 4.0x10
-13

Note: 

1. Saturated hydraulic conductivity for the drainage layer is calculated based on slope. See Supplemental Calculations.

Layer Description Thickness (in)
Hydraulic Conductivity 

(cm/sec)

Layer Description

Engineered Turf with Sand Infill 

Thickness (in)
Hydraulic Conductivity 

(cm/sec)

Microdrain® Lateral Drainage Layer 

0.5 2.5x10
-2

0.13 5.64x10
-2

 (lateral)
1

Tyler J. Schmidt, PE 8/21/2023

8/23/2023

8/23/2023

Ash Waste 120 (10 feet) 1x10
-2

 (See Note 1)

Clay Soils

Part 2: Use the critical area of 0.63 acres at 0.5% slopes to compare the alternative final cover 

system to the cover system prescribed by Part 115 of the Michigan Administrative Code 

[R299.4304(6)(a)].

           Table 2 - Alternative Final Cover Profile (from top to bottom, see Attachment 2):
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Results:

Slope (%) Area (acres)

100-Year 

Avg. 

Annual 

Infiltration 

(in)

100-Year 

Avg. 

Annual 

Infiltration 

(ft
3
)

100-Year 

Avg. Annual 

Infiltration 

(%)

0.5% 0.64 0.37 863 1.17

0.5% 0.64 0.59 1370 1.86

0.5% 0.64 0.53 1228 1.67

Supplemental 

Calculations

References:

Prepared By: Date:

Checked By: Allyson Myers, PE Date:

Approved By: Allyson Myers, PE Date:

Tyler J. Schmidt, PE 8/21/2023

8/23/2023

8/23/2023

Table 5 - Average Annual Infiltration Comparison

Infiltration Barrier 

System

Alternative Final 

Cover System 

(ClosureTurf)Standard MI Part 115 

Geomembrane Cover

Monroe FAB Natural 

Subsoil Liner

8. HELP User Guide

9. ClosureTurf Design Guidance Manual, 2023 (Attachment 8)

3. HELP Model Results for Alt. Final Cover and Largest  1% Slope Area (Attachment 3)

4. HELP Model Results for Alt. Final Cover and Largest  25% Slope Area (Attachment 4)

5. HELP Model Results for Standard MI Part 115 Geomembrane Cover (Attachment 5)

6. HELP Model Results for Monroe FAB Natural Subsoils (Attachment 6)

7. Hydrologic Performance of Synthetic Turf Cover Systems and Their Equivalency to Prescriptive Cover 

Systems, Carlson, 2019 (Attachment 7)

A geosynthetic lateral drainage layer was modeled for the Alternative Final Cover System. For the 

corresponding HELP Models (see Attachments 2-4), the drainage layer's hydraulic conductivity was 

calculated using the methodology described in Attachment 7 (see References, below). That calculation is 

shown below. The following results were included in the HELP model inputs.

Hydraulic Conductivity = Transmissivity (ϴ) divided by Thickness (T, for 130 mil MicroDrain)

For i = 0.005,   ϴ = 186.3 cm2/sec and T = 0.33 cm, Therefore, Hydraulic Conductivity is 564.3 cm/sec

For i = 0.01,   ϴ = 143.6 cm
2
/sec and T = 0.33 cm, Therefore, Hydraulic Conductivity is 434.8 cm/sec

For i = 0.25,   ϴ = 42.80 cm
2
/sec and T = 0.33 cm, Therefore, Hydraulic Conductivity is 129.6 cm/sec

1. Figure 1: Grading Plan with Infiltration Areas (Attachment 1)

2. HELP Model Results for Alt. Final Cover and Largest  0.5% Slope Area (Attachment 2)

The resulting 100-year average annual infiltration for the three final cover/liner systems modeled (see 

Attachments 2, 5 and 6) is presented in Table 5. The lowest infiltration values come from the Alternative Final 

Cover System.

� � 0.00020697
12.28 � �
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HYDRAULIC SHEAR STRESS DESIGN CALCULATIONS
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SUBJECT: Hydraulic Shear Stress Calculations for Erosion Mitigation

PROJECT NUMBER: 151630

DATE: 8/21/2023 Page 1 of 5

Purpose:

Background:

Methodology:

References:

7222 = Data Input 

7222

Conclusions:

Prepared By: Date:

Checked By: Tyler Schmidt, PE Date:

Approved By: Allyson Myers, PE Date:

1. ClosureTurf Design Guidance Manual, 2023 (Attachment 1)

2. Atlas 14 Rainfall Distribution Table for Detroit MI (Attachment 2)

8/22/2023

To mitigate erosion of the sand infill within ClosureTurf, the hydraulic shear stress shall be calculated 

at various critical scenarios and compared to the manufacturer's recommended maximum shear stress.

8/21/2023

8/4/2023Alexis A. Nesbitt

= Calculated and/or Referenced Cell

Critical hydraulic shear stress (τc) is suggested to be 1 lb/ft
2
, which is greater than the various 

hydraulic shear stresses (τ) calculated for the various critical design scenarios presented in the 

calculation. The actual hydraulic shear stresses are below the values for which WatershedGEO 

indicates minimal sand infill mobilization is expected to occur.

DTE Energy plans on closing the Monroe Fly Ash Basin (FAB) using an alternative final cover system. 

ClosureTurf was selected to be the primary component of the design, consisting of geomembrane 

overlayed by sand-ballasted synthetic turf and a lateral drainage system.

Burns & McDonnell performed hydraulic shear stress calculations using methods from the 

WatershedGEO ClosureTurf Design Guidance Manual. Based on third-party testing, WatershedGEO 

concluded that Minimal sand infill mobilization will happen at hydraulic shear values which are 

greater than 1.5 lb/ft
2
. A 1.5 factor of safety will be used for the critical hydraulical shear stress 

therefore will we be using 1 lb/ft
2
 as the critical hydraulic shear stress. Hydraulic shear for the cover 

system was estimated for critical scenarios determined by the engineering team based on drainage 

length and slope angles. Then, the hydraulic shear for these critical scenarios were compared to the 

suggested design value of 1 lb/ft
2
 (the critical hydraulic shear). 

3. Design Drawings (Attachment 3)

Page 1 of 5
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Fly Ash Basin and Vertical Extension Landfill

HYDRAULIC SHEAR STRESS DESIGN CALCULATIONS

Prepared by: AAN Date: 8/4/2023

Checked by: TJS Date: 8/21/2023

Hydraulic shear stress greater than critical shear stress? REFERENCE

Critical Hydraulic Shear Stress τc= 1.5 lb/ft
2

Attachment 1-5

Critical Hydraulic Shear Stress with 1.5 factor of safety τc= 1 lb/ft
2

Scenario 1: 693' Top Deck (1%), 79' Slope (4:1)

Step 1: Calculate the maximum hydraulic shear stress of flow on the top deck:

Rainfall intensity R= 0.219 ft/hr Attachment 2-1

ClosureTurf Drainage Layer Type Microdrain Given (Design Parameter)

Drainage Length L1 693 ft Attachment 3-1

Slope S1= 1.0 % Attachment 3-1

Slope Angle α1= 0.573 degrees

Hydraulic Gradient i1= 0.010

Manning's roughness Coefficient n1= 0.220 Attachment 1-1

Flow Rate q= 0.69 gpm/ft Attachment 1-6

Transmissivity 0.01436 m
2
/sec Attachment 1-6

Flow rate on the slope under the design rainfall intensity

q1= 151.8 ft
2
/hr Attachment 1-7

Internal Flow Capacity of ClosureTurf with Microdrain

qint= 5.561 ft
2
/hr Attachment 1-8

Remaining flow through turf and sand infill

146.198 ft
2
/hr Attachment 1-8

q'total= 0.041 ft
2
/s Attachment 1-8

Mannings Equation with the assumptions that:

Hydraulic radius is equal to the flow depth

H1 = 0.185 ft Attachment 1-7

Maximum Hydraulic Shear Stress: τ1= 0.115 psf Attachment 1-7

Compare Max. Hydraulic Shear Stress to Critical Hydraulic 

 Shear Stress (τc) τ1 < τc Attachment 1-7

Hydraulic Shear Stress - Scenario 1
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DTE Monroe Power Plant

Fly Ash Basin and Vertical Extension Landfill

HYDRAULIC SHEAR STRESS DESIGN CALCULATIONS

Step 2: Calculate the maximum hydraulic shear stress of flow on the slope:

Rainfall intensity R= 0.219 ft/hr Attachment 2-1

ClosureTurf Drainage Layer Type Microdrain Given (Design Parameter)

Drainage Length L2 79 ft Attachment 3-1

Slope S2= 25.0 % Attachment 3-1

Slope Angle α2= 14.036 degrees

Hydraulic Gradient i2= 0.250

Manning's roughness Coefficient n2= 0.120 Attachment 1-2

Flow Rate q= 5.17 gpm/ft Attachment 1-6

Transmissivity 0.00428 m
2
/sec Attachment 1-6

Flow rate on the slope under the design rainfall intensity

(Note that flow from the top deck, q1, will flow onto the side slope)

q2= 168.5 ft
2
/hr Attachment 1-8

Internal Flow Capacity of ClosureTurf with Microdrain

qint= 41.445 ft
2
/hr Attachment 1-8

Remaining flow through turf and sand infill

127.099 ft
2
/hr Attachment 1-8

q'total= 0.035 ft
2
/s Attachment 1-8

Mannings Equation with the assumptions that:

Hydraulic radius is equal to the flow depth

H2 = 0.045 ft Attachment 1-8

Maximum Hydraulic Shear Stress: τ2= 0.702 psf Attachment 1-8

Compare Max. Hydraulic Shear Stress to Critical Hydraulic 

Shear Stress (τc) τ2 < τc Attachment 1-8
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DTE Monroe Power Plant

Fly Ash Basin and Vertical Extension Landfill

HYDRAULIC SHEAR STRESS DESIGN CALCULATIONS

Prepared by: AAN Date: 8/4/2023

Checked by: TJS Date: 8/21/2023

Hydraulic shear stress greater than critical shear stress? REFERENCE

Critical Hydraulic Shear Stress τc= 1.5 lb/ft
2

Attachment 1-5

Critical Hydraulic Shear Stress with 1.5 factor of safety τc= 1 lb/ft
2

Scenario 1: 1072' Top Deck (1%), 32' Slope (4:1)

Step 1: Calculate the maximum hydraulic shear stress of flow on the top deck:

Rainfall intensity R= 0.219 ft/hr Attachment 2-1

ClosureTurf Drainage Layer Type Microdrain Given (Design Parameter)

Drainage Length L1 1072 ft Attachment 3-1

Slope S1= 1.0 % Attachment 3-1

Slope Angle α1= 0.573 degrees

Hydraulic Gradient i1= 0.010

Manning's roughness Coefficient n1= 0.220 Attachment 1-1

Flow Rate q= 0.69 gpm/ft Attachment 1-6

Transmissivity 0.01436 m
2
/sec Attachment 1-6

Flow rate on the slope under the design rainfall intensity

q1= 234.8 ft
2
/hr Attachment 1-7

Internal Flow Capacity of ClosureTurf with Microdrain

qint= 5.561 ft
2
/hr Attachment 1-8

Remaining flow through turf and sand infill

229.195 ft
2
/hr Attachment 1-8

q'total= 0.064 ft
2
/s Attachment 1-8

Mannings Equation with the assumptions that:

Hydraulic radius is equal to the flow depth

H1 = 0.242 ft Attachment 1-7

Maximum Hydraulic Shear Stress: τ1= 0.151 psf Attachment 1-7

Compare Max. Hydraulic Shear Stress to Critical Hydraulic 

 Shear Stress (τc) τ1 < τc Attachment 1-7

Hydraulic Shear Stress - Scenario 2
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DTE Monroe Power Plant

Fly Ash Basin and Vertical Extension Landfill

HYDRAULIC SHEAR STRESS DESIGN CALCULATIONS

Step 2: Calculate the maximum hydraulic shear stress of flow on the slope:

Rainfall intensity R= 0.219 ft/hr Attachment 2-1

ClosureTurf Drainage Layer Type Microdrain Given (Design Parameter)

Drainage Length L2 32 ft Attachment 3-1

Slope S2= 25.0 % Attachment 3-1

Slope Angle α2= 14.036 degrees

Hydraulic Gradient i2= 0.250

Manning's roughness Coefficient n2= 0.120 Attachment 1-2

Flow Rate q= 5.17 gpm/ft Attachment 1-6

Transmissivity 0.00428 m
2
/sec Attachment 1-6

Flow rate on the slope under the design rainfall intensity

(Note that flow from the top deck, q1, will flow onto the side slope)

q2= 241.6 ft
2
/hr Attachment 1-8

Internal Flow Capacity of ClosureTurf with Microdrain

qint= 41.445 ft
2
/hr Attachment 1-8

Remaining flow through turf and sand infill

200.110 ft
2
/hr Attachment 1-8

q'total= 0.056 ft
2
/s Attachment 1-8

Mannings Equation with the assumptions that:

Hydraulic radius is equal to the flow depth

H2 = 0.059 ft Attachment 1-8

Maximum Hydraulic Shear Stress: τ2= 0.921 psf Attachment 1-8

Compare Max. Hydraulic Shear Stress to Critical Hydraulic 

Shear Stress (τc) τ2 < τc Attachment 1-8
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 “Cold Temperature and Free-Thaw Cycling Behavior of Geomembranes and Their 
Seams” 

 
 Introduction 

 It is common knowledge that materials in general, and polymeric materials in particular, 

will somewhat soften and increase in flexibility under high temperatures and will conversely 

somewhat harden and decrease in flexibility under cold temperatures.  While there are indeed 

circumstances where high ambient temperatures are important, this white paper focuses entirely 

on cold ambient temperatures.  Even further, it addresses cold temperature behavior of the 

various geomembranes by themselves and, most importantly, the freeze-thaw cycling behavior of 

a large number of geomembrane sheets and their seams. 

 The stimulus for writing the white paper is the myriad questions that regularly come to 

GSI as to the potential negative effects on the tensile strength of geomembranes and their seams 

under cold temperature and cyclic freeze-thaw field conditions.  As will be seen, the primary 

source for the information to be presented herein is a joint U.S. EPA/U.S. BuRec study 

conducted by Alice Comer and Grace Hsuan in 1996.  Other companion technical information 

will also be presented.   

Cold Temperature Behavior of Geomembranes 

 A report by Thornton and Blackall (1976) appears to be the first in describing Canadian 

experiences with geomembranes in cold regions.  Subsequently, Rollin, et al. (1984) conducted a 

laboratory study on 21 types of geomembranes at temperatures down to - 35°C.  They found 

increasing tensile strength with decreasing temperature.  Richards, et al. (1985) did similar 

studies which also resulted in an increase in strength and a decrease in elongation with 

decreasing temperatures.  They evaluated PVC, CPE and HDPE geomembranes and presented 

the stress-versus-strain curves at +23°C, -7°C and -26°C temperatures; see Figures 1a, 1b, and  



 
(a) Tensile test results for PVC geomembranes 

 
(b) Tensile test results for CPE geomembranes 

 
(c) Tensile test results for HDPE geomembranes 

Figure 1 – Stress-versus-strain behavior of three geomembrane types under progressively colder 
testing environments, Richards, et al. (1985)  



1c.  Here one can readily observe how the sets of curves transition from relatively ductile 

behavior at +23°C, to relatively brittle behavior at  -26°C, with the intermediate behavior at -

7°C.  There are a few outliers, but the trends are undeniable.   This general behavior was 

confirmed by Peggs, et al. (1990) and Giroud, et al. (1993), the latter working with both smooth 

and textured HDPE geomembranes. 

 While this type of thermal behavior is of interest, such information for a specific type of 

geomembrane must be obtained by performing or commissioning individual tests so as to obtain 

actual design information.   Such individual testing is required due to the uniqueness of each 

polymer type and its specific formulation.  Additives such as plasticizers, fillers, antioxidants, 

carbon black, colorants, etc., can influence the results to varying degrees.  Even the resins 

themselves have behavioral differences at different temperatures.  For example, the glass 

transition temperature of propylene is -7°C, below which the polymer is glassy and above which 

it is characterized as rubbery.  In such a case the tensile properties are greatly influenced, as well 

as the material’s creep and stress relaxation behavior. 

 There are other aspects of cold temperatures on geomembranes that go beyond the scope 

of this white paper.  In particular are cases of impact shuttering failures in cold climates and 

installation concerns such as frozen subgrade, bridging, snow and ice removal and worker 

discomfort, Burns, et al. (1990). 

Freeze-Thaw Cycling of Geomembrane Sheets and Seams 

 Budiman (1994) reported on both cold temperature behavior but also appears to be the 

first to include freeze-thaw cycling for up to 150 repetitions.  He focused entirely on HDPE sheet 

(of different thicknesses) but not on seams.  There was no degradation observed during his tests 

but he suggested that more cycles would be appropriate.  At approximately the same time a much 



larger freeze-thaw study was ongoing.  The final report by Comer and Hsuan was released by the 

U.S. Bureau of Reclamation in 1996.  Related papers leading up to this final report are Hsuan, et 

al. (1993), Comer, et al. (1995), and Hsuan, et al. (1997).  Their combined study involved 19 

different geomembrane sheet materials and 31 different seam types.  Furthermore, seven 

different resin types were evaluated.  The resin types were the following: 

 polyvinyl chloride (PVC) 

 linear low density polyethylene (LLDPE) 

 high density polyethylene (HDPE) 

 flexible polypropylene (fPP) 

 chlorosulfonated polyethylene (CSPE) 

 fully crosslinked elastomeric alloy (FCEA) 

All except FCEA are currently available, however, changes in additives and formulations have 

occurred and will likely to do so in the future.  The entire study was conducted in four discrete 

parts although the fourth part was focused on induced tensile stress and stress relaxation and is 

not the specific purpose of this white paper.  See Table 1 for the relevant three parts of their 

study. 

Table 1 – Experimental Design of Different Parts of Comer and Hsuan (1996) Study 

Part Cyclic Temperature 
Range 

Maximum 
Cycles 

Incubation 
Condition 

Tensile Test 
Temperature 

I +20°C to -20°C 200 relaxed +20°C 
II +20°C to -20°C 200 relaxed -20°C 
III +30°C to -20°C 500 constrained +20°C 

 
 Part I consisted of 19 sheet materials and 27 seams.  They underwent freeze-thaw cycles 

at +20°C for 8 hours and then -20°C for 16 hours.  Tensile tests were then conducted at +20°C 

after 1, 5, 10, 20 50, 100 and 200 cycles. 



 Part II consisted of 6 sheet materials and 13 seams.  They also underwent freeze-thaw 

cycling at +20°C for 8 hours and then -20°C for 16 hours.  Different in this regard was that 

tensile tests were then conducted at -20°C after 1, 5, 10, 20, 50, 100 and 200 cycles.  The -20°C 

tests were conducted in an environmental chamber (both specimens and their grips) cooled by 

liquid nitrogen and set at -20°C temperature. 

 Part III consisted of the same set of 19 sheet materials and 27 seams as in Part I but were 

now tensioned at a constant strain during the freeze-thaw cycling.  The rack used for the 

tensioning is shown in Figure 2a and the assembly within the environmental chamber is shown in 

Figure 2b.    After the targeted number of freeze-thaw cycles at +20°C for 8 hours and -20°C for 

16 hours, specimens were removed and tested at +20°C after 1, 10, 50, 100, 200 and 500 cycles. 

 

(a) Method of applying tensile load to test specimens in Part III tests 



 

(b) Geomembrane racks in holding frame used in Part III series 

Figure 2 – Method used for tensioning samples during incubation; Comer and Hsuan (1996) 

 

Rather than showing the graphic results of the above freeze-thaw cycling study (it is available in 

full in the Comer and Hsuan report by the Bureau of Reclamation and the related papers by these 

authors) only the concluding comments will be reproduced here.  They follow verbatim from the 

report. 

Part I – Results on 200 Freeze-Thaw Cycles Tested at +20°C 

 Tensile tests on geomembrane sheets:  “The results show no change in either the peak 

strength or peak elongation of any of the tested materials”. 

 Shear tests on the geomembrane seams: “The results show no change in shear 

strength of any of the tested seam materials”. 

 Peel tests on the geomembrane seams:  “The results show no change in peel strength 

of any of the tested seam materials. 

 

 



Part II – Results on 200 Freeze-Thaw Cycles Tested at -20°C 

 Tensile tests on geomembrane sheets:  “The results show no change in either the peak 

strength or peak elongation of any of the tested materials”. 

 Shear tests on the geomembrane seams: “The results show no change in shear 

strength of any of the tested seam materials”. 

 Peel tests on the geomembrane seams:  “The results show no change in peel strength 

of any of the tested seam materials. 

Part III – Results on 500 Freeze-Thaw Cycles Tested at +20°C in a Constrained Condition 

 Tensile tests on geomembrane sheets:  “The results show no change in either the peak 

strength or peak elongation of any of the tested materials”. 

 Shear tests on the geomembrane seams: “The results show no change in shear 

strength of any of the tested seam materials”. 

 Peel tests on the geomembrane seams:  “The results show no change in peel strength 

of any of the tested seam materials. 

Conclusion and Recommendations 

 This two-part white paper focused initially on the cold temperature tensile behavior of the 

stress- versus-strain curves of several different types of geomembranes.  As expected, the colder 

the temperature the more brittle, hence less ductile, were the response curves.  Geomembranes 

made from PVC, CPE and HDPE were illustrated in this regard.  The recommendation reached 

for this part of the white paper is that if a formulation-specific geomembrane under site-specific 

conditions is to be evaluated for its stress-versus-strain response, actual tests must be 

commissioned accordingly.  The literature can only give general trends in this regard. 



 The second (and more important) part of this white paper focused entirely on freeze-thaw 

behavior of geomembranes and their different seam types.  The U.S. Bureau of Reclamation  

report is extremely revealing in this regard.  The conclusion that the authors reached is that there 

is simply “no change” in tensile behavior of geomembrane sheets or their seams after freeze-

thaw cycling.  It is felt that this conclusion in the context of their study is so impressive that it 

has essentially “closed the door” to further research on this specific topic.  The essential question 

often raised in this regard, i.e., “will freeze-thaw conditions affect geomembrane sheets or their 

seam behavior,” is answered with a resounding “NO”. 
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To support closure of the DTE Monroe Power Plant Ash Basin, herein noted as the Fly Ash 

Basin (FAB), Burns & McDonnell prepared stormwater calculations for the proposed 

stormwater management system. The stormwater management system was modeled using 

HydroCAD software to determine peak flows for the design storm, which is a 25-year, 24-

hour rainfall event. HydroCAD is a computer-aided design (CAD) program used for modeling 

the hydrology and hydraulics of stormwater runoff.  

The HydroCAD model was prepared using the SCS TR-20 curve number method. The 
FAB area was divided into subcatchment areas with the downstream portion of the 
internal ditches modeled as detention basins such that the potential backup and 
temporary storage within the ditches could be evaluated for varying storm events. 
From the internal ditches, runoff drains offsite via storm drains. This document 
provides a summary of the model inputs and includes the following attachments: 
 

• NOAA Point Precipitation Frequency Estimate 

• Figure 1 – Option 3 Grading Plan Subcatchment Delineation 

• HydroCAD Results for Option 3: 25-year, 24-hour storm event 

 

Subcatchment Delineation  
For each option, the FAB footprint was delineated into different watershed or 

“subcatchment” areas based on the contributing area draining to each individual discharge 

point around the perimeter of the basin. Figure 1, attached to this document, indicates the 

delineations for the subcatchments. 

Rainfall 
The rainfall depth for the design storm event was obtained using NOAA’s Precipitation 

Frequency Data Server for the site location. The design storm depth is 3.99 inches. A copy of 

downloaded data is included as an attachment to this document. A Type II rainfall distribution 

was assumed. 

Runoff 
Runoff is defined as stormwater or snow melt that flows over the land and is not infiltrated 

into the ground. It is measured using local rainfall intensity and depths, runoff curve numbers, 

land use, and soil types. Because the FAB closure footprint will receive a synthetic turf 

system, the soil type is not relevant to the rainfall runoff calculations. Watershed Geo supplies 

recommended hydrology parameters for the ClosureTurf® system in their ClosureTurf® Design 



 
DTE Electric Company 
Monroe Fly Ash Bain Closure 
Page 2 
 
Guidelines Manual (February 2023). As noted in the previous revision of the document, the 

curve number value range (92-95) was derived by TRI Environmental, Inc., and Colorado 

State University Hydraulics Laboratory in separate tests. For the calculations included in this 

document, a curve number of 95 was conservatively assumed in areas of sheet flow and a 

curve number of 96 was used in areas of ditch flow based on the assumption that ditch areas 

would be surfaced with crushed rock or similar material. 

Time of Concentration 
The time of concentration was determined following the guidelines in TR-55. In accordance 

with the ClosureTurf® Design Guidelines Manual, a Manning’s n value of 0.22 was used for 

areas of sheet flow with slopes less than 10% and a value of 0.11 was used for areas greater 

than 10%. A value of 0.041 was used in areas of channel flow assuming the channels are lined 

with 2-inch rock riprap or similar material. 

Results  
Results from the HydroCAD model are attached to this document. 
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Burns & McDonnell Michigan, Inc.

MONROE COUNTY, MICHIGAN

MONROE FLY ASH BASIN CLOSURE
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Time span=0.00-96.00 hrs, dt=0.03 hrs, 3201 points
Runoff by SCS TR-20 method, UH=SCS, Weighted-CN

Reach routing by Dyn-Stor-Ind method  -  Pond routing by Dyn-Stor-Ind method

Runoff Area=46.873 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 3S: Southwest Closure Area
   Flow Length=2,354'   Tc=176.6 min   CN=95   Runoff=36.79 cfs  13.364 af

Runoff Area=140.733 ac   0.01% Impervious   Runoff Depth=3.42"Subcatchment 6S: West Closure Area
   Flow Length=3,502'   Tc=196.8 min   CN=95   Runoff=101.54 cfs  40.123 af

Runoff Area=17.992 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 9S: South A Closure Area
   Flow Length=1,698'   Tc=23.0 min   CN=95   Runoff=59.39 cfs  5.130 af

Runoff Area=34.846 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 13S: Southeast Closure Area
   Flow Length=2,235'   Tc=128.2 min   CN=95   Runoff=34.91 cfs  9.935 af

Runoff Area=50.623 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 14S: East Closure Area
   Flow Length=3,083'   Tc=132.8 min   CN=95   Runoff=49.33 cfs  14.433 af

Runoff Area=99.954 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 18S: Northeast Closure Area
   Flow Length=4,769'   Tc=137.4 min   CN=95   Runoff=95.22 cfs  28.497 af

Runoff Area=17.843 ac   0.00% Impervious   Runoff Depth=3.42"Subcatchment 19S: South B Closure Area
   Flow Length=1,552'   Slope=0.0062 '/'   Tc=20.4 min   CN=95   Runoff=62.94 cfs  5.087 af

Avg. Flow Depth=1.20'   Max Vel=7.85 fps   Inflow=140.15 cfs  63.703 afReach 31R: New Outfall Channel
n=0.017   L=321.3'   S=0.0093 '/'   Capacity=373.05 cfs   Outflow=140.14 cfs  63.703 af

Avg. Flow Depth=3.90'   Max Vel=3.79 fps   Inflow=175.82 cfs  52.864 afReach 32R: Exist Discharge Channel
n=0.017   L=1,841.0'   S=0.0007 '/'   Capacity=240.50 cfs   Outflow=174.78 cfs  52.864 af

Peak Elev=595.82'  Storage=0.307 af   Inflow=36.79 cfs  13.364 afPond 5P: Southwest Culvert
36.0"  Round Culvert  n=0.012  L=164.0'  S=0.0452 '/'   Outflow=36.41 cfs  13.364 af

Peak Elev=591.93'  Storage=1.658 af   Inflow=101.54 cfs  40.123 afPond 7P: Northwest Culvert
60.0"  Round Culvert  n=0.012  L=218.9'  S=0.0030 '/'   Outflow=97.80 cfs  40.123 af

Peak Elev=604.40'  Storage=0.931 af   Inflow=59.39 cfs  5.130 afPond 10P: South A Culvert
48.0"  Round Culvert  n=0.012  L=144.5'  S=0.0069 '/'   Outflow=33.61 cfs  5.130 af

Peak Elev=601.92'  Storage=0.319 af   Inflow=34.91 cfs  9.935 afPond 12P: Southeast Culvert
36.0"  Round Culvert  n=0.012  L=112.8'  S=0.0443 '/'   Outflow=34.26 cfs  9.935 af

Peak Elev=597.93'  Storage=0.403 af   Inflow=49.33 cfs  14.433 afPond 15P: East Culvert
42.0"  Round Culvert  n=0.012  L=138.4'  S=0.0490 '/'   Outflow=48.58 cfs  14.433 af

Peak Elev=590.06'  Storage=0.872 af   Inflow=95.22 cfs  28.497 afPond 17P: Northeast Culvert
60.0"  Round Culvert  n=0.012  L=217.6'  S=0.0256 '/'   Outflow=93.20 cfs  28.497 af

Peak Elev=603.22'  Storage=1.913 af   Inflow=91.17 cfs  10.217 afPond 20P: South B Culvert
48.0"  Round Culvert  n=0.012  L=155.5'  S=0.1322 '/'   Outflow=49.48 cfs  10.217 af
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Peak Elev=590.86'   Inflow=97.80 cfs  40.123 afPond 22P: Header W1
60.0"  Round Culvert  n=0.012  L=749.0'  S=0.0026 '/'   Outflow=97.80 cfs  40.123 af

Peak Elev=588.83'   Inflow=132.53 cfs  53.487 afPond 23P: Header W2
72.0"  Round Culvert  n=0.012  L=1,588.6'  S=0.0026 '/'   Outflow=132.53 cfs  53.487 af

Peak Elev=584.71'   Inflow=140.15 cfs  63.703 afPond 24P: Header W3
72.0"  Round Culvert  n=0.012  L=325.2'  S=0.0026 '/'   Outflow=140.15 cfs  63.703 af

Peak Elev=596.92'   Inflow=34.26 cfs  9.935 afPond 26P: Header E1
36.0"  Round Culvert  n=0.012  L=1,122.0'  S=0.0050 '/'   Outflow=34.26 cfs  9.935 af

Peak Elev=590.22'   Inflow=82.73 cfs  24.367 afPond 27P: Header E2
48.0"  Round Culvert  n=0.012  L=1,157.8'  S=0.0050 '/'   Outflow=82.73 cfs  24.367 af

Peak Elev=585.73'   Inflow=175.82 cfs  52.864 afPond 28P: Header E3
72.0"  Round Culvert  n=0.012  L=33.9'  S=0.0050 '/'   Outflow=175.82 cfs  52.864 af

Total Runoff Area = 408.864 ac   Runoff Volume = 116.568 af   Average Runoff Depth = 3.42"
100.00% Pervious = 408.849 ac     0.00% Impervious = 0.015 ac
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Summary for Subcatchment 3S: Southwest Closure Area

Runoff = 36.79 cfs @ 14.12 hrs,  Volume= 13.364 af,  Depth= 3.42"
     Routed to Pond 5P : Southwest Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 45.646 95 ClosureTurf
1.227 96 Gravel surface, HSG C

46.873 95 Weighted Average
46.873 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

21.1 104 0.0100 0.08 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

7.3 1,350 0.0050 3.06 98.01 Trap/Vee/Rect Channel Flow, 
Bot.W=8.00'  D=2.00'  Z= 4.0 '/'  Top.W=24.00'
n= 0.041  Riprap, 2-inch

176.6 2,354 Total



Type II 24-hr  25-yr,24-hr Rainfall=3.99"Monroe Drainage-Opt3_revised pipe
  Printed  7/21/2023Prepared by Burns & McDonnell

Page 5HydroCAD® 10.20-3c  s/n 08510  © 2023 HydroCAD Software Solutions LLC

Subcatchment 3S: Southwest Closure Area

Runoff
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=46.873 ac

Runoff Volume=13.364 af

Runoff Depth=3.42"

Flow Length=2,354'

Tc=176.6 min

CN=95

36.79 cfs
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Summary for Subcatchment 6S: West Closure Area

Runoff = 101.54 cfs @ 14.22 hrs,  Volume= 40.123 af,  Depth= 3.42"
     Routed to Pond 7P : Northwest Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 133.610 95 ClosureTurf
7.108 96 Gravel surface, HSG D
0.015 98 Paved roads w/curbs & sewers, HSG D

140.733 95 Weighted Average
140.718 99.99% Pervious Area

0.015 0.01% Impervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

35.5 199 0.0100 0.09 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

1.0 22 0.2500 0.35 Sheet Flow, Closure Turf
   n= 0.120   P2= 2.35"

12.1 2,381 0.0050 3.27 125.03 Trap/Vee/Rect Channel Flow, 
Bot.W=8.00'  D=2.25'  Z= 4.0 '/'  Top.W=26.00'
n= 0.041  Riprap, 2-inch

196.8 3,502 Total
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Subcatchment 6S: West Closure Area

Runoff

Hydrograph
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=140.733 ac

Runoff Volume=40.123 af

Runoff Depth=3.42"

Flow Length=3,502'

Tc=196.8 min

CN=95

101.54 cfs
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Summary for Subcatchment 9S: South A Closure Area

Runoff = 59.39 cfs @ 12.15 hrs,  Volume= 5.130 af,  Depth= 3.42"
     Routed to Pond 10P : South A Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 17.740 95 Closure Turf
0.252 96 Gravel surface, HSG D

17.992 95 Weighted Average
17.992 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

8.8 725 0.0073 1.38 Shallow Concentrated Flow, 
Unpaved   Kv= 16.1 fps

10.1 688 0.0050 1.14 Shallow Concentrated Flow, 
Unpaved   Kv= 16.1 fps

3.8 257 0.0050 1.14 Shallow Concentrated Flow, 
Unpaved   Kv= 16.1 fps

0.3 28 0.0070 1.35 Shallow Concentrated Flow, 
Unpaved   Kv= 16.1 fps

23.0 1,698 Total

Subcatchment 9S: South A Closure Area
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=17.992 ac

Runoff Volume=5.130 af

Runoff Depth=3.42"

Flow Length=1,698'

Tc=23.0 min

CN=95

59.39 cfs
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Summary for Subcatchment 13S: Southeast Closure Area

Runoff = 34.91 cfs @ 13.50 hrs,  Volume= 9.935 af,  Depth= 3.42"
     Routed to Pond 12P : Southeast Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 33.693 95 ClosureTurf
1.153 96 Gravel surface, HSG D

34.846 95 Weighted Average
34.846 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

21.1 104 0.0100 0.08 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

8.3 1,531 0.0050 3.06 98.01 Trap/Vee/Rect Channel Flow, 
Bot.W=8.00'  D=2.00'  Z= 4.0 '/'  Top.W=24.00'
n= 0.041  Riprap, 2-inch

128.2 2,235 Total

Subcatchment 13S: Southeast Closure Area
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=34.846 ac

Runoff Volume=9.935 af

Runoff Depth=3.42"

Flow Length=2,235'

Tc=128.2 min

CN=95

34.91 cfs
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Summary for Subcatchment 14S: East Closure Area

Runoff = 49.33 cfs @ 13.44 hrs,  Volume= 14.433 af,  Depth= 3.42"
     Routed to Pond 15P : East Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 48.883 95 ClosureTurf
1.740 96 Gravel surface, HSG D

50.623 95 Weighted Average
50.623 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

21.1 104 0.0100 0.08 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

12.9 2,379 0.0050 3.06 98.01 Trap/Vee/Rect Channel Flow, 
Bot.W=8.00'  D=2.00'  Z= 4.0 '/'  Top.W=24.00'
n= 0.041  Riprap, 2-inch

132.8 3,083 Total

Subcatchment 14S: East Closure Area
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=50.623 ac

Runoff Volume=14.433 af

Runoff Depth=3.42"

Flow Length=3,083'

Tc=132.8 min

CN=95

49.33 cfs
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Summary for Subcatchment 18S: Northeast Closure Area

Runoff = 95.22 cfs @ 13.58 hrs,  Volume= 28.497 af,  Depth= 3.42"
     Routed to Pond 17P : Northeast Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 92.875 95 ClosureTurf
7.079 96 Gravel surface, HSG D

99.954 95 Weighted Average
99.954 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

49.4 300 0.0100 0.10 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

17.8 84 0.0100 0.08 Sheet Flow, Closure Turf
   n= 0.220   P2= 2.35"

20.8 4,085 0.0050 3.27 125.03 Trap/Vee/Rect Channel Flow, 
Bot.W=8.00'  D=2.25'  Z= 4.0 '/'  Top.W=26.00'
n= 0.041  Riprap, 2-inch

137.4 4,769 Total

Subcatchment 18S: Northeast Closure Area
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=99.954 ac

Runoff Volume=28.497 af

Runoff Depth=3.42"

Flow Length=4,769'

Tc=137.4 min

CN=95

95.22 cfs
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Summary for Subcatchment 19S: South B Closure Area

Runoff = 62.94 cfs @ 12.12 hrs,  Volume= 5.087 af,  Depth= 3.42"
     Routed to Pond 20P : South B Culvert

Runoff by SCS TR-20 method, UH=SCS, Weighted-CN, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Type II 24-hr  25-yr,24-hr Rainfall=3.99"

Area (ac) CN Description

* 17.424 95 Closure Turf
0.419 96 Gravel surface, HSG D

17.843 95 Weighted Average
17.843 100.00% Pervious Area

Tc Length Slope Velocity Capacity Description
(min) (feet) (ft/ft) (ft/sec) (cfs)

20.4 1,552 0.0062 1.27 Shallow Concentrated Flow, ClosureTurf
Unpaved   Kv= 16.1 fps

Subcatchment 19S: South B Closure Area
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Type II 24-hr

25-yr,24-hr Rainfall=3.99"

Runoff Area=17.843 ac

Runoff Volume=5.087 af

Runoff Depth=3.42"

Flow Length=1,552'

Slope=0.0062 '/'

Tc=20.4 min

CN=95

62.94 cfs
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Summary for Reach 31R: New Outfall Channel

Inflow Area = 223.441 ac, 0.01% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 140.15 cfs @ 14.46 hrs,  Volume= 63.703 af
Outflow = 140.14 cfs @ 14.47 hrs,  Volume= 63.703 af,  Atten= 0%,  Lag= 0.5 min

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Max. Velocity= 7.85 fps,  Min. Travel Time= 0.7 min
Avg. Velocity = 3.10 fps,  Avg. Travel Time= 1.7 min

Peak Storage= 5,737 cf @ 14.47 hrs
Average Depth at Peak Storage= 1.20' , Surface Width= 19.64'
Bank-Full Depth= 2.00'  Flow Area= 36.0 sf,  Capacity= 373.05 cfs

10.00'  x  2.00'  deep channel,  n= 0.017  Concrete, unfinished
Side Slope Z-value= 4.0 '/'   Top Width= 26.00'
Length= 321.3'   Slope= 0.0093 '/'
Inlet Invert= 577.00',  Outlet Invert= 574.00'

‡

Reach 31R: New Outfall Channel
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Inflow Area=223.441 ac

Avg. Flow Depth=1.20'

Max Vel=7.85 fps

n=0.017

L=321.3'

S=0.0093 '/'

Capacity=373.05 cfs

140.15 cfs

140.14 cfs
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Summary for Reach 32R: Exist Discharge Channel

Inflow Area = 185.423 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 175.82 cfs @ 13.70 hrs,  Volume= 52.864 af
Outflow = 174.78 cfs @ 13.80 hrs,  Volume= 52.864 af,  Atten= 1%,  Lag= 6.3 min

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Max. Velocity= 3.79 fps,  Min. Travel Time= 8.1 min
Avg. Velocity = 1.24 fps,  Avg. Travel Time= 24.8 min

Peak Storage= 84,856 cf @ 13.80 hrs
Average Depth at Peak Storage= 3.90' , Surface Width= 19.61'
Bank-Full Depth= 4.50'  Flow Area= 58.5 sf,  Capacity= 240.50 cfs

4.00'  x  4.50'  deep channel,  n= 0.017
Side Slope Z-value= 2.0 '/'   Top Width= 22.00'
Length= 1,841.0'   Slope= 0.0007 '/'
Inlet Invert= 574.62',  Outlet Invert= 573.37'

Reach 32R: Exist Discharge Channel
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Inflow Area=185.423 ac

Avg. Flow Depth=3.90'

Max Vel=3.79 fps

n=0.017

L=1,841.0'

S=0.0007 '/'

Capacity=240.50 cfs

175.82 cfs

174.78 cfs
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Summary for Pond 5P: Southwest Culvert

Inflow Area = 46.873 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 36.79 cfs @ 14.12 hrs,  Volume= 13.364 af
Outflow = 36.41 cfs @ 14.30 hrs,  Volume= 13.364 af,  Atten= 1%,  Lag= 10.9 min
Primary = 36.41 cfs @ 14.30 hrs,  Volume= 13.364 af
     Routed to Pond 23P : Header W2

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 595.82' @ 14.30 hrs   Surf.Area= 0.276 ac   Storage= 0.307 af

Plug-Flow detention time= 4.3 min calculated for 13.359 af (100% of inflow)
Center-of-Mass det. time= 4.3 min ( 934.2 - 929.9 )

Volume Invert Avail.Storage Storage Description

#1 593.18' 3.105 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

593.18 0.000 0.000 0.000
594.00 0.043 0.018 0.018
597.00 0.427 0.705 0.723
600.00 1.161 2.382 3.105

Device Routing     Invert Outlet Devices

#1 Primary 593.18' 36.0"  Round Culvert   
L= 164.0'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 593.18' / 585.76'   S= 0.0452 '/'   Cc= 0.900   
n= 0.012,  Flow Area= 7.07 sf   

Primary OutFlow  Max=36.41 cfs @ 14.30 hrs  HW=595.82'  TW=588.78'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 36.41 cfs @ 5.53 fps)
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Pond 5P: Southwest Culvert
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Inflow Area=46.873 ac

Peak Elev=595.82'

Storage=0.307 af

36.0"

Round Culvert

n=0.012

L=164.0'

S=0.0452 '/'

36.79 cfs

36.41 cfs
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Summary for Pond 7P: Northwest Culvert

Inflow Area = 140.733 ac, 0.01% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 101.54 cfs @ 14.22 hrs,  Volume= 40.123 af
Outflow = 97.80 cfs @ 14.78 hrs,  Volume= 40.123 af,  Atten= 4%,  Lag= 33.4 min
Primary = 97.80 cfs @ 14.78 hrs,  Volume= 40.123 af
     Routed to Pond 22P : Header W1

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 591.93' @ 14.74 hrs   Surf.Area= 0.898 ac   Storage= 1.658 af

Plug-Flow detention time= 8.2 min calculated for 40.123 af (100% of inflow)
Center-of-Mass det. time= 7.6 min ( 956.3 - 948.7 )

Volume Invert Avail.Storage Storage Description

#1 586.50' 4.386 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

586.50 0.000 0.000 0.000
587.00 0.018 0.005 0.005
588.00 0.090 0.054 0.059
589.00 0.200 0.145 0.203
590.00 0.356 0.278 0.481
591.00 0.602 0.479 0.960
592.00 0.921 0.762 1.722
593.00 1.314 1.118 2.840
594.00 1.780 1.547 4.386

Device Routing     Invert Outlet Devices

#1 Primary 586.59' 60.0"  Round Culvert   
L= 218.9'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 586.59' / 585.93'   S= 0.0030 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 19.63 sf   

Primary OutFlow  Max=97.93 cfs @ 14.78 hrs  HW=591.93'  TW=590.85'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 97.93 cfs @ 4.99 fps)
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Pond 7P: Northwest Culvert
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Inflow Area=140.733 ac

Peak Elev=591.93'

Storage=1.658 af

60.0"

Round Culvert

n=0.012

L=218.9'

S=0.0030 '/'

101.54 cfs

97.80 cfs
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Summary for Pond 10P: South A Culvert

Inflow Area = 17.992 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 59.39 cfs @ 12.15 hrs,  Volume= 5.130 af
Outflow = 33.61 cfs @ 12.31 hrs,  Volume= 5.130 af,  Atten= 43%,  Lag= 9.5 min
Primary = 33.61 cfs @ 12.31 hrs,  Volume= 5.130 af
     Routed to Pond 20P : South B Culvert

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 604.40' @ 12.36 hrs   Surf.Area= 1.108 ac   Storage= 0.931 af

Plug-Flow detention time= 14.5 min calculated for 5.128 af (100% of inflow)
Center-of-Mass det. time= 14.5 min ( 801.2 - 786.7 )

Volume Invert Avail.Storage Storage Description

#1 602.00' 1.781 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

602.00 0.005 0.000 0.000
603.00 0.224 0.114 0.114
604.00 0.688 0.456 0.570
605.00 1.734 1.211 1.781

Device Routing     Invert Outlet Devices

#1 Primary 602.00' 48.0"  Round Culvert   
L= 144.5'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 602.00' / 601.00'   S= 0.0069 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 12.57 sf   

Primary OutFlow  Max=33.08 cfs @ 12.31 hrs  HW=604.39'  TW=603.14'   (Dynamic Tailwater)
1=Culvert  (Outlet Controls 33.08 cfs @ 6.08 fps)
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Pond 10P: South A Culvert
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Inflow Area=17.992 ac

Peak Elev=604.40'

Storage=0.931 af

48.0"

Round Culvert

n=0.012

L=144.5'

S=0.0069 '/'

59.39 cfs

33.61 cfs
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Summary for Pond 12P: Southeast Culvert

Inflow Area = 34.846 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 34.91 cfs @ 13.50 hrs,  Volume= 9.935 af
Outflow = 34.26 cfs @ 13.61 hrs,  Volume= 9.935 af,  Atten= 2%,  Lag= 6.4 min
Primary = 34.26 cfs @ 13.61 hrs,  Volume= 9.935 af
     Routed to Pond 26P : Header E1

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 601.92' @ 13.61 hrs   Surf.Area= 0.294 ac   Storage= 0.319 af

Plug-Flow detention time= 4.5 min calculated for 9.932 af (100% of inflow)
Center-of-Mass det. time= 4.5 min ( 888.3 - 883.7 )

Volume Invert Avail.Storage Storage Description

#1 599.40' 4.200 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

599.40 0.000 0.000 0.000
600.00 0.029 0.009 0.009
604.00 0.581 1.220 1.229
607.00 1.400 2.972 4.200

Device Routing     Invert Outlet Devices

#1 Primary 599.40' 36.0"  Round Culvert   
L= 112.8'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 599.40' / 594.40'   S= 0.0443 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 7.07 sf   

Primary OutFlow  Max=34.26 cfs @ 13.61 hrs  HW=601.92'  TW=596.92'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 34.26 cfs @ 5.40 fps)
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Pond 12P: Southeast Culvert
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Inflow Area=34.846 ac

Peak Elev=601.92'

Storage=0.319 af

36.0"

Round Culvert

n=0.012

L=112.8'

S=0.0443 '/'

34.91 cfs

34.26 cfs
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Summary for Pond 15P: East Culvert

Inflow Area = 50.623 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 49.33 cfs @ 13.44 hrs,  Volume= 14.433 af
Outflow = 48.58 cfs @ 13.71 hrs,  Volume= 14.433 af,  Atten= 2%,  Lag= 16.1 min
Primary = 48.58 cfs @ 13.71 hrs,  Volume= 14.433 af
     Routed to Pond 27P : Header E2

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 597.93' @ 13.71 hrs   Surf.Area= 0.342 ac   Storage= 0.403 af

Plug-Flow detention time= 4.1 min calculated for 14.428 af (100% of inflow)
Center-of-Mass det. time= 4.1 min ( 893.0 - 889.0 )

Volume Invert Avail.Storage Storage Description

#1 595.07' 4.685 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

595.07 0.000 0.000 0.000
596.00 0.050 0.023 0.023
600.00 0.654 1.408 1.431
603.00 1.515 3.253 4.685

Device Routing     Invert Outlet Devices

#1 Primary 595.07' 42.0"  Round Culvert   
L= 138.4'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 595.07' / 588.29'   S= 0.0490 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 9.62 sf   

Primary OutFlow  Max=48.57 cfs @ 13.71 hrs  HW=597.93'  TW=590.21'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 48.57 cfs @ 5.76 fps)
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Pond 15P: East Culvert
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Summary for Pond 17P: Northeast Culvert

Inflow Area = 99.954 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 95.22 cfs @ 13.58 hrs,  Volume= 28.497 af
Outflow = 93.20 cfs @ 13.73 hrs,  Volume= 28.497 af,  Atten= 2%,  Lag= 8.6 min
Primary = 93.20 cfs @ 13.73 hrs,  Volume= 28.497 af
     Routed to Pond 28P : Header E3

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 590.06' @ 13.73 hrs   Surf.Area= 0.630 ac   Storage= 0.872 af

Plug-Flow detention time= 4.6 min calculated for 28.488 af (100% of inflow)
Center-of-Mass det. time= 4.6 min ( 897.1 - 892.5 )

Volume Invert Avail.Storage Storage Description

#1 586.57' 9.273 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

586.57 0.000 0.000 0.000
587.00 0.021 0.005 0.005
588.00 0.140 0.080 0.085
590.00 0.608 0.748 0.833
591.00 0.952 0.780 1.613
592.00 1.369 1.161 2.774
593.00 1.860 1.614 4.388
594.00 2.424 2.142 6.530
595.00 3.062 2.743 9.273

Device Routing     Invert Outlet Devices

#1 Primary 586.57' 60.0"  Round Culvert   
L= 217.6'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 586.57' / 581.00'   S= 0.0256 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 19.63 sf   

Primary OutFlow  Max=93.19 cfs @ 13.73 hrs  HW=590.06'  TW=585.73'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 93.19 cfs @ 6.36 fps)
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Pond 17P: Northeast Culvert
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Summary for Pond 20P: South B Culvert

Inflow Area = 35.835 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 91.17 cfs @ 12.14 hrs,  Volume= 10.217 af
Outflow = 49.48 cfs @ 12.47 hrs,  Volume= 10.217 af,  Atten= 46%,  Lag= 19.4 min
Primary = 49.48 cfs @ 12.47 hrs,  Volume= 10.217 af
     Routed to Pond 24P : Header W3

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 603.22' @ 12.47 hrs   Surf.Area= 1.666 ac   Storage= 1.913 af

Plug-Flow detention time= 17.6 min calculated for 10.213 af (100% of inflow)
Center-of-Mass det. time= 17.6 min ( 810.4 - 792.8 )

Volume Invert Avail.Storage Storage Description

#1 600.55' 3.442 af Custom Stage Data (Prismatic) Listed below (Recalc)

Elevation Surf.Area Inc.Store Cum.Store
(feet) (acres) (acre-feet) (acre-feet)

600.55 0.000 0.000 0.000
601.00 0.050 0.011 0.011
604.00 2.237 3.431 3.442

Device Routing     Invert Outlet Devices

#1 Primary 600.55' 48.0"  Round Culvert   
L= 155.5'   RCP, sq.cut end projecting,  Ke= 0.500   
Inlet / Outlet Invert= 600.55' / 579.99'   S= 0.1322 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 12.57 sf   

Primary OutFlow  Max=49.47 cfs @ 12.47 hrs  HW=603.22'  TW=583.34'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 49.47 cfs @ 5.56 fps)
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Pond 20P: South B Culvert
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Summary for Pond 22P: Header W1

Inflow Area = 140.733 ac, 0.01% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 97.80 cfs @ 14.78 hrs,  Volume= 40.123 af
Outflow = 97.80 cfs @ 14.78 hrs,  Volume= 40.123 af,  Atten= 0%,  Lag= 0.0 min
Primary = 97.80 cfs @ 14.78 hrs,  Volume= 40.123 af
     Routed to Pond 23P : Header W2

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 590.86' @ 14.69 hrs

Device Routing     Invert Outlet Devices

#1 Primary 585.93' 60.0"  Round Culvert   
L= 749.0'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 585.93' / 583.98'   S= 0.0026 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 19.63 sf   

Primary OutFlow  Max=97.98 cfs @ 14.78 hrs  HW=590.85'  TW=588.80'   (Dynamic Tailwater)
1=Culvert  (Outlet Controls 97.98 cfs @ 6.30 fps)

Pond 22P: Header W1
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Summary for Pond 23P: Header W2

Inflow Area = 187.606 ac, 0.01% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 132.53 cfs @ 14.57 hrs,  Volume= 53.487 af
Outflow = 132.53 cfs @ 14.57 hrs,  Volume= 53.487 af,  Atten= 0%,  Lag= 0.0 min
Primary = 132.53 cfs @ 14.57 hrs,  Volume= 53.487 af
     Routed to Pond 24P : Header W3

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 588.83' @ 14.57 hrs

Device Routing     Invert Outlet Devices

#1 Primary 583.98' 72.0"  Round Culvert   
L= 1,588.6'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 583.98' / 579.85'   S= 0.0026 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 28.27 sf   

Primary OutFlow  Max=132.56 cfs @ 14.57 hrs  HW=588.83'  TW=584.70'   (Dynamic Tailwater)
1=Culvert  (Outlet Controls 132.56 cfs @ 7.39 fps)

Pond 23P: Header W2
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Summary for Pond 24P: Header W3

Inflow Area = 223.441 ac, 0.01% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 140.15 cfs @ 14.46 hrs,  Volume= 63.703 af
Outflow = 140.15 cfs @ 14.46 hrs,  Volume= 63.703 af,  Atten= 0%,  Lag= 0.0 min
Primary = 140.15 cfs @ 14.46 hrs,  Volume= 63.703 af
     Routed to Reach 31R : New Outfall Channel

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 584.71' @ 14.46 hrs

Device Routing     Invert Outlet Devices

#1 Primary 579.85' 72.0"  Round Culvert   
L= 325.2'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 579.85' / 579.00'   S= 0.0026 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 28.27 sf   

Primary OutFlow  Max=140.15 cfs @ 14.46 hrs  HW=584.71'  TW=578.20'   (Dynamic Tailwater)
1=Culvert  (Barrel Controls 140.15 cfs @ 7.80 fps)

Pond 24P: Header W3
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Summary for Pond 26P: Header E1

Inflow Area = 34.846 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 34.26 cfs @ 13.61 hrs,  Volume= 9.935 af
Outflow = 34.26 cfs @ 13.61 hrs,  Volume= 9.935 af,  Atten= 0%,  Lag= 0.0 min
Primary = 34.26 cfs @ 13.61 hrs,  Volume= 9.935 af
     Routed to Pond 27P : Header E2

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 596.92' @ 13.61 hrs

Device Routing     Invert Outlet Devices

#1 Primary 594.40' 36.0"  Round Culvert   
L= 1,122.0'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 594.40' / 588.79'   S= 0.0050 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 7.07 sf   

Primary OutFlow  Max=34.26 cfs @ 13.61 hrs  HW=596.92'  TW=590.20'   (Dynamic Tailwater)
1=Culvert  (Inlet Controls 34.26 cfs @ 5.40 fps)

Pond 26P: Header E1
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Summary for Pond 27P: Header E2

Inflow Area = 85.469 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 82.73 cfs @ 13.66 hrs,  Volume= 24.367 af
Outflow = 82.73 cfs @ 13.66 hrs,  Volume= 24.367 af,  Atten= 0%,  Lag= 0.0 min
Primary = 82.73 cfs @ 13.66 hrs,  Volume= 24.367 af
     Routed to Pond 28P : Header E3

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 590.22' @ 13.68 hrs

Device Routing     Invert Outlet Devices

#1 Primary 585.79' 48.0"  Round Culvert   
L= 1,157.8'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 585.79' / 580.00'   S= 0.0050 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 12.57 sf   

Primary OutFlow  Max=82.66 cfs @ 13.66 hrs  HW=590.22'  TW=585.72'   (Dynamic Tailwater)
1=Culvert  (Outlet Controls 82.66 cfs @ 7.42 fps)
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Summary for Pond 28P: Header E3

Inflow Area = 185.423 ac, 0.00% Impervious,  Inflow Depth = 3.42"    for  25-yr,24-hr event
Inflow = 175.82 cfs @ 13.70 hrs,  Volume= 52.864 af
Outflow = 175.82 cfs @ 13.70 hrs,  Volume= 52.864 af,  Atten= 0%,  Lag= 0.0 min
Primary = 175.82 cfs @ 13.70 hrs,  Volume= 52.864 af
     Routed to Reach 32R : Exist Discharge Channel

Routing by Dyn-Stor-Ind method, Time Span= 0.00-96.00 hrs, dt= 0.03 hrs
Peak Elev= 585.73' @ 13.70 hrs

Device Routing     Invert Outlet Devices

#1 Primary 580.00' 72.0"  Round Culvert   
L= 33.9'   RCP, square edge headwall,  Ke= 0.500   
Inlet / Outlet Invert= 580.00' / 579.83'   S= 0.0050 '/'   Cc= 0.900   
n= 0.012  Concrete pipe, finished,  Flow Area= 28.27 sf   

Primary OutFlow  Max=175.80 cfs @ 13.70 hrs  HW=585.73'  TW=578.51'   (Dynamic Tailwater)
1=Culvert  (Barrel Controls 175.80 cfs @ 8.12 fps)

Pond 28P: Header E3
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