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1 EXECUTIVE SUMMARY

The purpose of this study was to develop a comprehensive flood mitigation plan for the Lower Clear Creek
Watershed with a focus on the riverine impacts along the main channel beginning near Farm to Market
Road 1959 through the outlet of Clear Creek/Clear Lake into Galveston Bay. In conjunction with Harris
County Flood Control District’s MAAPnext effort, Freese and Nichols, Inc. (FNI) developed state-of-the-art
hydrologic and hydraulic models leveraging current NOAA Atlas 14 rainfall, 2018 LiDAR data, and a 1D/2D
unsteady-state modeling approach. FNI evaluated both existing and future conditions flood risks based
on the 24-hour duration 2-, 5-, 10-, 50-, 100-, and 500-year Atlas 14 storm events, as well as Hurricane
Harvey rainfall. FNI identified vulnerabilities in the Lower Clear Creek Watershed, including instances of
flooding at structures and the resulting damage estimates, as well as impacts to critical infrastructure and

transportation systems.

FNI investigated and modeled a total of 16 flood mitigation projects along Clear Creek. These projects
consist of detention basins, linear conveyance improvements, channel and tunnel diversions, and crossing
improvements. FNI evaluated each project based on four quantitative metrics including instances of
flooding, flood damages reduced, constructions costs, and transportation system impacts. FNI also
assessed five qualitative (non-cost) metrics in its project evaluation, including operations and
maintenance requirements, and impacts to aesthetics and the community. Each concept was modeled
individually, and based on the analysis of each discrete project’s impacts, FNI developed three
combination alternatives that incorporate multiple projects to optimize benefits while preventing adverse
impacts. A summary of these flood mitigation alternatives is presented in Table 1 provided on the next
page. Maps presenting these alternatives are provided in Section 3 of this report as Figure 8, Figure 12,

and Figure 16.

Based on discussions with stakeholders, all of the combination alternatives and any of the individual
projects greater than $50 million in capital cost are unlikely to be funded by an individual entity. Mitigation
will require partnerships and cost sharing agreements between the entities. These agreements could be
developed piecemeal on a project by project basis, or by development of a watershed-wide entity focused
on flood damage reduction along the main channel of Clear Creek. In addition to local funding
opportunities through ad valorem, additional grant and matching programs exist at the Federal and State

level that should be further evaluated as this study progresses into future phases.



Table 1: Summary of Flood Mitigation Alternatives

Reductions Over the 50-year Design Period Reductions During Harvey
Damages Flooding Instances Damages Flooding Instances

Alternative Discrete Projects Cost Non-Cost Score

Friendswood Detention Basin

Timber Creek Golf Course Detention Basin

Clearing and De-snagging - FM 1959 to Bay Area Blvd.
SH 3 and UPRR Capacity Improvements

FM 270 Auxiliary Opening

Clear Lake Outlet Expansion

Friendswood Detention Basin

Timber Creek Golf Course Detention Basin

Clearing and De-snagging - FM 1959 to Bay Area Blvd.
2: Detention + Conveyance + FM 2351 Tunnel 40-Foot Diam Tunnel Diversion from FM 2351 to Clear Lake $1,250 M 3.6 $95 M 3,110 $155 M 1,490
SH 3 and UPRR Capacity Improvements

FM 270 Auxiliary Opening

Clear Lake Outlet Expansion

Friendswood Detention Basin

Timber Creek Golf Course Detention Basin

Channel Benching Above OHWM - FM 1959 to Bay Area Blvd.
40-Foot Diam Tunnel Diversion from I-45 to Galveston Bay
SH 3 and UPRR Capacity Improvements

FM 270 Auxiliary Opening

$275 M 4.4 $60 M 1,960 $100 M 930

1: Detention + Conveyance

3: Detention + Conveyance + I-45 Tunnel $1,150 M 3.4 S70M 2,300 $125 M 1,150
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FNI proposes the following conclusions resulting from this study:

1. The alternatives proposed in this study are targeted toward mitigating the riverine flood risk
during large, infrequent storms. For structures at risk of flooding under smaller, more frequent
storms such as the 2-year and the 5-year events, elevating the structure or acquiring the property
and removing it from the floodplain is likely the most cost-effective approach. FNI calculated that

54 structures flood during the 5-year event under future conditions.

2. Improvements should be implemented wholistically — from FM 1959 down to Galveston Bay to

prevent adverse impacts.

a. Large scale vegetative clearing or channel improvements through Friendswood cannot be
constructed as stand-alone projects, and upstream or inline detention may not provide
sufficient mitigation to prevent increases in discharges and water surface elevations in

the downstream sections of the Creek.

b. Increasingthe conveyance upstream of Clear Lake necessitates increasing the conveyance
out of the Lake into Galveston Bay. Increasing the capacity of the outlets to Galveston Bay
could expose this area to greater storm surge risk and environmental impacts, and should
be analyzed further as this study progresses into future phases. A solution should be
developed in conjunction with the improvements proposed as part of the Coastal Texas

Study at the Clear Lake outlets.

3. Tunnel solutions are less cost efficient than other alternatives, and do not score well based on the
50-year project window used by USACE and FEMA given they are designed to operate during
storm events equal to or exceeding the 10-year storm. However, they provide the greatest level
of protection during events of catastrophic magnitude such as the 500-yr storm event and

Hurricane Harvey, and can be designed to provide additional benefits to local drainage systems.

4. The project benefits captured in this study do not fully account for the benefits the proposed
alternatives could provide to the local drainage systems, which could be significant, particularly
for the tunnel projects. The output from the alternatives developed in this study’s hydraulic
models should be integrated into local storm sewer network models to capture additional

benefits achieved outside of the riverine floodplain of Clear Creek and its major tributaries.
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5. The proposed alternatives mitigate but do not eliminate the flood risk in the study area. Significant
residual risk persists due to certain low-lying structures and the compound effect of rainfall and

storm surge that will likely become more severe in the future due to rising sea levels.
Based on these conclusions, FNI recommends a feasibility study be conducted to:
e Refine the combination alternatives proposed as part this study,

e |dentify supplemental benefits the alternatives could provide to areas located outside of the

riverine floodplains, particularly as it relates to the tunnel projects,

e Reduce the uncertainty associated with the compound flooding results by conducting further

analyses to improve the understanding of its impacts on the alternatives’ benefits,
e |dentify efficiencies in the alternatives to reduce cost,
e Develop a project delivery plan, and

e Recommend a distinct alternative for implementation.
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2 BACKGROUND

In August 2017, Hurricane Harvey struck the Texas coast, bringing a historic amount of rainfall to the
Houston region. The storm produced never-before-seen precipitation depths in Galveston, Harris, and
Brazoria Counties, as well as surrounding counties. As was the case with most of the watersheds in the
region, Clear Creek and Dickinson Bayou experienced widespread flooding, which resulted in significant

flood damages in the region.

The goal of this study was to develop a comprehensive flood mitigation plan for the Lower Clear Creek
and Dickinson Bayou Watersheds with a focus on the riverine impacts along the main channel of each
waterway. The flood mitigation plan is focused on mitigating the risk of extreme events similar to
Hurricane Harvey, Tropical Storm Allison, and other large tropical storms, as well as flood damages from
smaller more frequent storms. The targeted reduction in flood depths was set as multiple feet of reduction

at Interstate 45 (1-45) during a 100-year storm.

This evaluation and recommendation report is focused on the Clear Creek Watershed, and more
specifically the area defined as Lower Clear Creek (shown in red in Figure 1 below) which includes the
Clear Creek Watershed within Galveston and Harris Counties beginning near Farm to Market Road 1959

(FM 1959) through the outlet of Clear Creek/Clear Lake into Galveston Bay.

Figure 1: Lower Clear Creek Study Area
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The flood mitigation projects that FNI developed as part of this study reflect a concept-level analysis.

Although this level of detail is adequate to evaluate the general efficacy of the projects in providing flood

risk mitigation, the preliminary siting and sizing that was performed will need to be refined in a future

phase as part of a feasibility study.

In order to distinguish project improvements along the Creek and to acknowledge the different

characteristics of the Creek between FM 1959 and Galveston Bay, the project area was divided into three

Planning Areas as shown in Figure 2 provided on the following page.

1.

2.

3.

Reach 1 (CC-1) from FM 1959 to Bay Area Boulevard passes through Friendswood and is
characterized by a constrained main creek channel that is joined by multiple major tributaries
including Turkey Creek, Mary’s Creek, Cowart Creek, and Chigger Creek. Nearly all development

is built slab on grade even in close proximity to the channel.

Reach 2 (CC-2) from Bay Area Boulevard to Farm to Market Road 270 (FM 270) is a transitory
section of the creek between the higher elevation in Friendswood and the tidally influenced
section of the Creek. Reach CC-2 crosses major transportation corridors including I-45, Texas State
Highway 3 (SH 3), FM 270, and the Union Pacific Railroad (UPRR) tracks. This is the least developed
section of the Creek, although additional development is planned for the future. Nearly all

development is constructed slab on grade in this reach.

Reach 3 (CC-3) from FM 270 to the outlet at Galveston Bay is entirely tidally influenced and
includes Clear Lake and its surrounding communities. Reach CC-3 is subject to significant inflows
from Armand Bayou and Taylor Lake. Many of the structures in this reach are elevated due to

storm surge risks and previous damage from Hurricane lke and other coastal storm events.
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2.1 PROJECT PHASING

To maximize the effectiveness of the study, the effort was divided into Phases. This Alternatives Evaluation
and Recommendation report represents the culmination of Phase 3: Project(s) Identification. The previous

phases completed were:

e Phase 1: Discovery & Baselining

e Phase 2: Watershed Study

The deliverables for the prior two phases are included as Appendix B, Appendix C, and Appendix D to this
report for reference. This report includes the alternatives analysis and recommendations that conclude
Phases 1 through 3 of the project. Future phases may be authorized and developed by the City of League

City and other stakeholders based on the results of this study.

2.2  PLANNING PARTNERS

League City led the engagement of numerous stakeholders along Lower Clear Creek to fund Phases 1
through 3 of this study. League City also entered into an agreement to receive Planning Assistance to
States (PAS) funding from the United States Army Corps of Engineers (USACE) under the authority
provided by Section 22 of the Water Resources Development Act of 1974 (PL 93-251), as amended. USACE
Galveston District provided in-kind services and was engaged in all aspects of the project including
technical reviews and a downstream boundary condition analysis accounting for storm surge and future

sea level rise.

Key planning partners and contributors included:

o The United States Army Corps of Engineers (USACE)

o Harris County Flood Control District (HCFCD) including MAAPnext consultant Pape-Dawson
Engineers, Inc. (Pape-Dawson)

o Galveston County including consultant RPS Group, Inc. (RPS)

o City of Friendswood

Additional planning partners and study contributors included:

. Galveston County Consolidated Drainage District
. LJA Engineering, Inc. (LJA) through their work on the League City Municipal Drainage Plan

. Other members of the Clear Creek Watershed Steering Committee
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2.3 HYDROLOGY AND HYDRAULICS

As part of Phase 2 of this project, FNI performed a hydrologic and hydraulic study of the Clear Creek
Watershed (refer to Appendix B and Appendix C for more details). The model development for the main
stem of Clear Creek was conducted by Pape-Dawson per the partnership agreement with HCFCD as part
of the MAAPnext effort. FNI focused its modeling effort on the main tributaries within Galveston County
beginning downstream of FM 1959, and that effort was integrated into the overall Clear Creek Watershed

hydrologic and hydraulic models.

231 Data Sources
The main data sources used in this study included:

e 2018 LiDAR: FNI developed the study’s topographic information using Light Detection and Ranging
(LIDAR) data obtained from the Texas Natural Resources Information System (TNRIS) and the
Houston-Galveston Area Council of Governments (HGAC). This LiDAR data was collected January

through March 2018, and uses the vertical datum GEOID12B.

e Atlas 14 Rainfall: Precipitation data was obtained from NOAA'’s Atlas 14, Volume 11 Version 2.0

(Atlas 14). Atlas 14 is the most up to date precipitation data.

o Effective Models: The effective hydrologic and hydraulic models for the main stem of Clear Creek

were downloaded from HCFCD’s Model and Map Management (M3) System. A data request was
submitted to the Federal Emergency Management Agency (FEMA) in February 2020 to gather all

available effective models within the study area.

2.3.2 Hydrology

FNI generated updated hydrologic parameters based on the Basin Development Factor (BDF)
methodology. The hydrologic model was developed using the USACE Hydrologic Engineering Center’s
Hydrology Modeling System (HEC-HMS) version 4.3. FNI executed 24-hour duration storm events in the
model including the Annual Exceedance Probabilities (AEP) of 50% (2-year), 20% (5-year), 10% (10-year),
4% (25-year), 2% (50-year), 1% (100-year), and 0.2% (500-year), as well as historical storm events such as
Hurricane Harvey. FNI analyzed both existing conditions based on current land use, and future conditions
based on predicted future development occurring without detention. The study’s results for the 100-year

storm event are summarized in Table 2 provided on the next page.
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Table 2: 100-Year Peak Discharges (cfs) at Key Locations

ibuti FNI
. Contrilbutlng FEMA
Location Drainage Effective | Existi Eut %
Area (Sq M) XIsting | Future Increase

Watershed Outfall (SH 146)* 256 47,042 86,764 | 86,890 0.1%
Downstream of Armand Bayou 247 47,042 | 86,715 | 86,847 | 0.15%
Confluence

FM 270 (Upstream of Armand 162 24,535 | 36,788 | 37,145 | 0.97%
Bayou Confluence)

1-45 152 23,660 34,983 | 35,401 1.2%
Chigger Creek Confluence 141 22,891 32,486 | 32,972 1.5%
Turkey Creek Confluence 78 12,497 18,338 | 18,738 2.2%
FM 1959 55 5,376 9,614 | 10,011 4.1%

These 100-year results show significant increases between the effective discharges and the discharges

computed as part of this study. These increases can be attributed to multiple factors, including:

e Increases in rainfall depths associated with the latest and improved Atlas 14 precipitation data:
For the 24-hour duration 100-year storm event, depths increased from 13.5 inches to 18 inches.
e Differences in the hydrologic modeling methodology including hydrologic routing.

e Increases in resolution of the hydrologic and hydraulic models that were developed.

(*) It is important to note that revised hydrologic and hydraulic modeling is currently under development
for the Armand Bayou Watershed as part of the MAAPnext effort. Consequently, the discharges presented
in Table 2 downstream of the Armand Bayou confluence with Clear Creek are not finalized and subject to

change.

2.3.3 Hydraulics

The hydraulic model was developed using the USACE Hydrologic Engineering Center’s River Analysis
System (HEC-RAS) version 5.0.7. The hydraulic modeling approach consisted in developing detailed
combined 1D/2D unsteady-state models for the main stem of Clear Creek and all its major tributaries. The
models were then combined into a single hydraulic model that covers the entire Lower Clear Creek
Watershed. The model was calibrated using historical storms including Hurricane Harvey. To properly
model tidal and storm surge impacts, stages were applied on the downstream end of Clear Creek based

on guidance provided by USACE Galveston District.

10
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To capture future conditions, the existing conditions model was adjusted to include:

e Fully-developed discharges,

e Expected future sea level rise (+1.52 feet) over the 50-year project horizon based on the Medium
Sea Level Change Scenario analyzed by the USACE,

e Major projects under construction since 2018, which included the Imperial Estates floodplain

benching in Friendswood and the I-45 TxDOT bridge improvements.

2.3.4 Hurricane Harvey

Because this flood mitigation plan is focused on mitigating the risk of extreme events, it was important to
evaluate Hurricane Harvey as it is the most recent catastrophic flood event whose impacts are still felt by
stakeholders and the public today. This evaluation included a comparison of rainfall depths and intensity
to the new NOAA Atlas 14 events. Rainfall induced flooding is the result of both rainfall intensity and
duration. High intensity storms cause flooding when the precipitation rate exceeds the infiltration capacity
of soils and the conveyance capacity of the natural channels and stormwater systems. However, total
runoff volume is also an important contributor to flooding, particularly in flat, low-lying areas such as
Harris and Galveston Counties: Long duration storms of lesser intensity can also result in flooding by filling
detention ponds designed to reduce the stress on the conveyance system, as once the design volume is

exceeded the detention no longer mitigates the impacts to the conveyance system.

Hurricane Harvey was both a high intensity storm and a long duration storm, and therefore resulted in
significant inundation in Clear Creek and other watersheds in the Houston metropolitan area. The data
presented in green in Figure 3 provided on the next page corresponds to rainfall depths measured at the
I-45 gage on Clear Creek starting August 25 at 12:00 pm. Rainfall from Harvey lasted over 96 hours (4 days)
and exceeded a peak intensity of 5 inches in an hour at approximately hour 37 (August 27 01:00 am).
Figure 3 also shows the Atlas 14 500-year and 100-year 24-hour storm intensities in blue and yellow,

respectively, for comparison.

Harvey’s maximum intensity was greater than the Atlas 14 100-year 24-hour event but less than the 500-
year 24-hour event; however Harvey held that intensity for a long duration and was accompanied by other
rainfall exceeding a rate of 1 inch an hour nearly 7 times over the 96 hour period. Prior to the peak
intensity beginning at approximately hour 32, over 6 inches of rain had already fallen, saturating the soil

and reducing available detention storage. When the maximum intensity occurred, the local storm

11
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drainage systems and detention ponds were already stressed, resulting in even greater stress to the

conveyance system.

Figure 3: Rainfall Depths at 1-Hour Increments for Atlas 14 Frequency Storms and Harvey
8
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As can be seen in Figure 4, rainfall depths from Hurricane Harvey cummulated over the entire storm

duration exceeded the Atlas 14 500-year 96-hour duration depths.

Figure 4: Cumulative Rainfall Depths for Atlas 14 Frequency Storms and Harvey
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To evaluate project benefits during high-intensity rainfall events, all the combination alternatives were
analyzed using the Atlas 14 24-hour storm events to confirm that they were able to convey the maximum
storm intensity. To confirm efficacy during long-duration storm events such as tropical storms and
hurricanes that produce high volumes of runoff, Hurricane Harvey rainfall was also modeled through the

combination alternatives.

2.4 FLOOD RISK

As part of Phase 2 of this study, FNI performed an inundation damages assessment to identify
vulnerabilities in the Lower Clear Creek Watershed, including instances of flooding at structures and the
resulting damage estimates (refer to Appendix D for more details). These two quantitative metrics are
detailed in Section 2.5.1. A structural inventory was developed in GIS to identify the structures that are
located within the floodplains developed as part of the hydraulic modeling effort. Property value
information and property type classification were acquired from the Harris County Appraisal District
(HCAD) and Galveston Central Appraisal District (GCAD), and associated with the building footprints. Most
structures were assigned an assumed finished floor elevation of 0.5 feet above the lowest ground
elevation at the structure. As feasible, certain structures were identified as elevated (not built on at-grade
slab) and assigned a separate depth-damage curve to compute the flood risk. The elevated structures that

were identified are primarily located in Reach CC-3.

FNI evaluated both existing and future conditions flood risks based on the 2-, 5-, 10-, 50-, 100-, and 500-
year storm events, as well as a statistical prediction of what those risks could amount to over the 50-year
project design period. A discount rate of 7% was used to calculate the net present value of the damages.
This report focuses on future conditions instances of flooding and structural damages, as those factors
served as the relevant baseline against which the flood mitigation projects proposed as part of Phase 3
were evaluated. FNI also evaluated the impacts that Hurricane Harvey produced in the riverine model (see

Section 2.5.3 for the limitations of the riverine model). These results are shown in Table 3 and Table 4.

Table 3: Structural Damages ($M) for Future Conditions and Hurricane Harvey
Frequency Storms — Future Conditions

Planning

Area |500-Yr|100-Yr| 50-vr |10-vr| 5ovr |2y SOYT | Harvey
Period

cc-1 |519.2]1249] 595 | 9333 [08| 1063 | 1634

cc2  |1535] 447 | 190 | 65 | 1.8 |0.8| 432 66.0

cc-3 | 247.6]133.1] 990 |575] 7.2 |59 2156 | 127.0

Totals 920.4 | 302.7 | 177.4|73.2|12.3|7.5| 365.1 356.5

13
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Table 4: Instances of Flooding for Future Conditions and Hurricane Harvey

Frequency Storms — Future Conditions

Planning
Area | 500-Yr|100-Yr| 50-vr [10-vr [5-ve|2yr| 50T | Harvey
Period
CC-1 4,840 | 1,128 | 584 90 26 7 3,595 1,442
CC-2 1,353 | 364 154 37 6 3 1,067 635
CC-3 2,322 ( 1,153 | 832 | 452 | 22 | 12 5,349 1,117

Totals 8,515 | 2,645 (1,570( 579 | 54 | 22 | 10,011 3,194

EVALUATION FACTORS

Quantitative Metrics

Four quantitative metrics were used in this study to identify the concepts that provide the greatest flood

risk mitigation:

1.

Instances of Flooding: Number of structures flooded in a given storm event (e.g. 100-year), as well

as the number of times a given structure is predicted to flood over a 50-year period. This was
analyzed for each of the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, as well as a statistical
prediction of what the instances could amount to over the 50-year project design period. An
instance of flooding reports whether a given structure is inundated or not. See Appendix D for

more information.

Structural Damages: Monetary value resulting from the damages caused by floodwaters at a given

structure. This was analyzed for each of the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, as
well as a statistical prediction of what the damages could amount to over the 50-year project
design period. Structural damages are a function of floodwater depths at a given structure, and
are computed based on depth-damage relationships developed by USACE. See Appendix D for

more information.

Transportation System Impacts: Frequency and risk of pedestrian, roadway, and railroad crossings

being overtopped by floodwaters. These impacts are representative of public safety hazards,
mobility constraints, and impacts to emergency responders. The level of service and hazard was
calculated for all main channel and tributary crossings located in the study area. See Appendix D

for more information.
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Capital Cost: Cost to construct the improvement in 2021 dollars. Operations and maintenance
(O&M) costs were not calculated at this time, but O&M requirements were taken into account as
one of the non-cost factors. Capital cost was developed on a rough order of magnitude (ROM)
basis for comparative purposes between projects. FNI performed cost estimation in a matter that
is consistent with an AACE Level 5 estimate based on a project maturity level of 0 to 2% using
parametric methods and unit price quantity take-offs. An estimate of this class carries an accuracy

that ranges between -20% to -30% on the low end to +30% to +50% on the high end.

Qualitative Metrics

Quantitative metrics alone do not fully describe the benefits or challenges of the projects analyzed. In

order to better capture the full impact of the projects, non-cost factors were also developed in

coordination with the key stakeholder group. The group determined that the following non-cost factors,

in conjunction with the quantitative factors, would best capture the project impacts:

Land Acquisition: Ease of property acquisition. Property already owned by public entities will

receive highest scoring. Projects requiring acquisition of numerous parcels, particularly residential
and commercial acquisition, will receive the lowest scoring. Subterranean easements required for

tunnel projects are seen as less difficult to acquire even through residential and commercial areas.

Community Impact/Aesthetics: How easily will the project gain public support by minimizing

disruption during construction and providing a long-term amenity with aesthetic and recreational
benefits during operation? What is the scale of the disturbance during construction, is the
disturbance isolated to a single area or does it cover a large area? What are its transportation

impacts to bridges and roads?

O&M/Resiliency: How simple is the system to operate, how much energy and manpower is

required to operate it, and how resilient is it to natural disaster (loss of power)? Projects that
include only routine operation and maintenance already performed by the sponsors will score the
highest. Projects that operate passively without the need to operate control structures and pumps
will also score the highest. Projects that have ongoing operational cost (pump stations) will score

the lowest.

Other Agency Coordination: How much coordination is required outside of the project sponsor

group with entities including but not limited to TXDOT, railroad and environmental groups?

15
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5. Speed of Implementation: How quickly can the project be planned, designed and constructed

including all necessary land acquisition and permitting? Projects that are the fastest at delivering

benefits will score the highest.

A pair-wise analysis was conducted to develop a weighting of these non-cost factors in a May 2020
meeting with the key stakeholders. The results and weighting of this effort is shown below in Table 5. A
score of 1 means the row category is less important than the column category, 2 means it is equally

important, and 3 means it is more important.

Table 5: Non-Cost Factors Pair-Wise Matrix

w
Q
é > g g 5 S
B = S 9 SsS | %5 ®
2 5% £ |88 |5¢
Factor g E < & TS5 | § 2 |Total| Weight
< € B >~ [} B o g
E S s = £8 |32
§|°E| 8 |83|"¢
Land Acquisition - 3 2 3 1 9 22.5%
C it
ommunity 1 - 2 3 2 8 | 20.0%
Impact/Aesthetics
0O&M/Resiliency 2 2 - 3 3 10 | 25.0%
Other Agenc
. & . y 1 1 1 - 1 4 10.0%
Coordination
Speed of Implementation 3 2 1 3 - 9 | 22.5%

2.5.3 Limitations

This study is focused on mitigating riverine flooding along Clear Creek. The model that was developed was
calibrated to historical storms and water level measurements along the Creek, as discussed in Appendix
C. The model incorporates the main stem of Clear Creek and all its major tributaries, and was developed
to accurately capture the flooding risks associated with the swelling of the creeks. The model is not meant
to accurately depict the propagation of floodwaters within neighborhoods and on roadways located
outside of the riverine floodplains. It was beyond the scope of this study to fully capture the instances of
flooding and structural damages that are caused by ponding water that cannot be conveyed effectively to
the streams through the local storm sewer/culvert network. This is evidenced by flood damages and
rescues that occurred during Hurricane Harvey in Friendswood and League City outside of the riverine
floodplains. To fully capture the instances of flooding and structural damages occurring away from the
main stem of Clear Creek and its major tributaries, the output from this study’s hydraulic models should

be integrated into local storm sewer network models. The results presented herein do not account for
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local drainage system benefits and therefore likely underpredict the actual reductions in instances of

flooding and structural damages provided by the solutions.

The flood mitigation projects that FNI developed as part of this study reflect a concept-level analysis.
Although this level of detail is adequate to evaluate the general efficacy of the projects in providing flood
risk mitigation, the preliminary siting and sizing that was performed will need to be refined in a future

phase as part of a feasibility study.

2.6  PREVIOUS STUDIES AND PROJECT CONSTRAINTS

Flood risk management efforts on Clear Creek have been discussed for decades, dating back at least to
the 1960s. A major Federal civil works project has been planned for Clear Creek for nearly as long, dating
back to the USACE 1982 Preconstruction Authorization Planning Report. The improvements proposed in
the 1982 report included improvements to the outlet of Clear Lake into Galveston Bay, and channel
widening of Clear Creek from the Lake all the way upstream to Mykawa Road in Pearland, Texas. The Clear
Lake outlet structure improvements were constructed in 1997 including a new outlet channel and gated
structure, but the remaining proposed improvements were met with environmental and community

roadblocks that delayed and eventually prevented their construction.

TiMoa DROSS SECTION
MLE R TOMED 282

REW GUTLET

CLEAR LAKE TO GALVESTON fAY
[APPROKHILATE LENGTH | $AILE)
R e itz e il

TYACAL CROZE SECTION
MEE 50 TO MWLE 1S
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Hurricane Harvey and the never-before-seen flood damages in the watershed prompted a review of
previous efforts, and galvanized additional project funding for the completion of studies and the
construction of mitigation improvements. The largest of these projects is the Clear Creek Federal Project
being advanced by USACE and HCFCD. Currently, a design-build package is underway for construction of
conveyance improvements and detention along the main channel of Clear Creek and its tributaries from

State Highway 288 to FM 1959. The funds for this project were appropriated by Congress in 2018.

The section of Clear Creek from FM 1959 to the outlet at Clear Lake was not included as part of the Federal
project in part due to the environmental and community concerns raised in this section of the creek in
the early 1980s. Previous project recommendations for major channel modifications such as widening did
not receive local stakeholder support at that time. These community and environmental concerns led to
the development of the following conceptual design constraints which informed our approach in this

study:

1. No channel widening on Clear Creek downstream of Bay Area Blvd: Environmental concerns exist

in this tidally-influenced section due to the prevalence of wetlands, which increase both cost and

permitting schedule.

2. No new open cut crossings of Interstate 45: I-45 is a major transportation corridor, thus an open

cut crossing would result in major traffic disruptions that would impact not only the local

stakeholders but also regional and national stakeholders.

3. No _additional conveyance to Clear Lake without additional conveyance out of the lake: The

current outlet capacity from Clear Lake to Galveston Bay is finite. Conveyance improvements
made upstream of Clear Lake will affect the timing and rate of floodwaters discharging into the
Lake. Providing additional conveyance out of the Lake is necessary to prevent an increase in

flooding instances and damages in the Lake communities.

4. No clearing/de-snagging downstream of Bay Area Blvd. on Clear Creek: Similarly to constraint 1,

significant vegetative clearing along the banks of Clear Creek downstream of Bay Area Blvd. is
likely to impact wetland habitats and would be difficult and time consuming to permit.
Furthermore, this section of the creek is not as densely vegetated as other parts upstream, and

therefore the opportunity to increase conveyance through vegetative clearing is more limited.
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Considering these constraints, FNI evaluated numerous flood risk mitigation concepts. These concepts

included one or a combination of the following:

o Detention basins,

o Channel modifications including benching, widening and deepening,

o Vegetative clearing and de-snagging of channel banks,

o Diversions including bypass channels and tunnels,

o Capacity improvements at key structures such as roadway and railroad crossings,
. Structural elevations and voluntary property buyouts

The performance of these concepts has been evaluated based on the quantitative and qualitative factors
presented above. The results are presented collectively as combination alternatives in Section 3, and

individually in Appendix A.

2.7 IMPROVEMENTS MADE SINCE HURRICANE HARVEY

In addition to the multiple study efforts that began following Hurricane Harvey, there have been
improvements completed along Clear Creek by the Galveston County Consolidated Drainage District
(GCCDD) and HCFCD, particularly in Reach CC-1. Minor improvements have been made including localized
vegetative clearing, but the following improvements represent major modifications to the behavior of

Clear Creek:

e Imperial Estates Floodplain Benching: The GCCDD has completed a floodplain benching project

along the west side of Clear Creek in the Imperial Estates neighborhood just downstream of FM
2351. The grading starts at the ordinary high water mark elevation, slopes upward at a 1% slope,
and then transitions to existing grade at the interior limits with a 4:1 slope. 880 acre-feet of
material has been removed from the site. A location map for this project is shown in Figure 6

provided on the next page.
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Figure 6: GCCDD Iperial Estates Floodplain Benching chatigrL Map

N4

e (learing of West Bank of Clear Creek from FM 2351 to FM 528: As part of a bond project

completed in May 2019, GCCDD has performed vegetative clearing on the west bank of Clear
Creek between FM2351 and FM 528. The clearing extends about 60 feet up the bank, and

corresponds to a complete clearing of all vegetation, as can be seen in Figure 7.

Figure 7: GCCDD Vegetative Clearing Location Map
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2.8 COASTAL TEXAS STUDY - CLEAR LAKE GATE SYSTEM

The Coastal Texas Protection and Restoration Feasibility Study Draft Report published in October 2020
presents a Multiple Lines of Defense strategy used to design cost-effective, environmentally friendly
solutions that will reduce risks of storms impacting the coastal communities and restore important wildlife

habitat at the same time. For Clear Creek, the draft plan proposes the following:

¢ In the southernmost of the two Clear Lake outlets, a 75-foot floating sector gate would be
constructed to accommodate boat traffic into and out of the Lake. The sector gate would have a
sill elevation of -10 feet (NAVD88) to match the authorized depth of the existing channel. To the
right and left of the sector gate, circulation gates would be added to address potential water

quality concerns and assure tidal flow between the outlet and Clear Lake.

e In the northernmost outlet, a pumping station would be needed so that, when the gates are
closed, water coming down from the watershed (due to rainfall) would be pumped out to the Bay.

The pumping station would have a designed capacity of 20,000 cubic feet per second.

e To tie the gates and the pumping station together, and to connect to the land on both sides, a
floodwall system at an elevation of 17 feet would be constructed. The floodwall and closure
structure would start on the west side of State Highway 146, near NASA Road 1, and end on the

south side of the outlet, near Marina Bay Drive west of State Highway 146.

The primary objective of the FNI study presented in this report is to analyze and mitigate the risks
associated with riverine flooding. Although this objective differs from the Coastal Texas Study’s objective,
the two studies’ objective interconnect in the downstream reach of Clear Creek near its outlet to
Galveston Bay. As these two studies are refined in the years to come, solutions should be jointly designed
to mitigate risks associated with both riverine and coastal flooding along this downstream section of Clear

Creek.
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3 COMBINATION ALTERNATIVES

FNI investigated and modeled a total of 16 flood mitigation projects along Clear Creek. These projects
consist of detention basins, linear conveyance improvements, channel and tunnel diversions, and crossing
improvements, and are presented individually in detail in Appendix A. Based on the analysis of each
discrete project’s impacts, FNI developed three combination alternatives that incorporate multiple
projects to optimize benefits while preventing adverse impacts. These alternatives were analyzed based
on the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, and their benefits were calculated over the 50-
year design period. To confirm efficacy during long-duration storm events, Hurricane Harvey rainfall was

also modeled through the combination alternatives.

3.1 ALTERNATIVE 1: DETENTION + CONVEYANCE IMPROVEMENTS

Alternative 1 corresponds to the combination of the following projects, as shown in Figure 8:
Friendswood Detention Basin
Timber Creek Golf Course Detention Basin
Clearing and De-snagging — FM 1959 to Bay Area Blvd.

1
2
3
4. SH 3 and UPRR Capacity Improvements
5. FM 270 Auxiliary Opening

6

Clear Lake Outlet Expansion

The estimated capital cost for Alternative 1 is $275 million. The 100-year Inundation Depth Changes Map
is shown in Figure 8. Figure 9 shows the 100-year future conditions and Alternative 1 water surface

profiles plotted with the estimated finished floor elevations of structures along the Clear Creek.

Alternative 1 provides the greatest benefits in Reach CC-1 through the City of Friendswood, with water
surface elevation reductions of about 1.5 feet in the 100-year storm event. Reach CC-2 sees notable
benefits in the vicinity of I-45, with maximum reductions in 100-year water surface elevations of about
0.9 feet. Reach CC-3 through Clear Lake benefits from the expansion of the Lake’s outlet, with reductions

in 100-year water surface elevations of about 0.5 feet.
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The increased conveyance through Reach CC-1 associated with the clearing and de-snagging occurs

without causing adverse impacts downstream of Bay Area Blvd. thanks to:

e The decrease in peak discharges upstream associated with the detention at the Friendswood and

Timber Creek Golf Course basins.

e The increase in conveyance capacity associated with the improvements of the SH 3, UPRR, and

FM 270 crossings, as well as the expansion of the Clear Lake outlet.

The implementation sequencing for Alternative 1 is as follows:

No mitigation required, Mitigation required,
can be completed at any time must be completed in the following order
Friendswood Detention Basin 1. Clear Lake Outlet Expansion
Timber Creek Golf Course Detention Basin 2. FM 270 Aucxiliary Opening
Clear Lake Outlet Expansion 3. SH 3 and UPRR Capacity Improvements
Structural Elevations and Voluntary Buyouts 4. Clearing and De-snagging — FM 1959 to Bay
Area Blvd.

The non-cost factors associated with this combination alternative are presented in Table 6.

Table 6: Alternative 1 Non-Cost Factors

Factor Score

Land Acquisition

Community Impact/Aesthetics
O&M/Resiliency

Other Agency Coordination

Speed of Implementation

Non-Cost Factor Weighted Score

The structural damages and flooding instances for future conditions (no project) and Alternative 1 are
presented in Figure 10 and Figure 11, respectively. Over the 50-year design period, Alternative 1 leads to
a decrease in flood damages of $60 million, and 1,960 reductions in flooding instances. This translates to
7.1 instances of flooding reduced for every $ million spent in construction costs, and a benfit/cost ratio of
0.23. Additionally, Alternative 1 leads to 45 reductions in roadway overtopping over the 50-year design

period.

25



Lower Clear Creek Alternatives Evaluation and Recommendation Report ' FREESE
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan ‘NICHOLS

FNI also ran a Hurricane Harvey simulation to assess Alternative 1’s performance during tropical storms
and hurricanes that can produce large amounts of rainfall over multiple days. Alternative 1 would have
reduced structural damages by $100 million and flooding instances by 930, without creating adverse

impacts.

Figure 10: Structural Damages ($M) by Event — Alternative 1
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Figure 11: Flood Instances by Event — Alternative 1
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Key Take-Aways:

1.

3.2

Clearing and de-snagging significantly increase conveyance through Reach CC-1 (Friendswood).

The downstream impacts associated with the clearing and de-snagging from FM 1959 to Bay Area

Blvd. are partially offset by the Friendswood and Timber Creek Golf Course Detention Basins.

Improving the capacity of the SH 3 and UPRR bridge crossings provides greater benefit than

improving the capacity of the bridge opening at I-45.

Increasing the conveyance out of Clear Lake is necessary to increase conveyance through the SH

3, UPRR, and FM 270 crossings.

Storm surge and the predicted future sea level rise limit the efficacy of projects to mitigate the

flood risk in the Clear Lake communities.

Dredging of Clear Lake is not anticipated to improve conveyance during large storm events due to

elevated water levels in Galveston Bay and Clear Lake.

Significant residual risk remains with the construction of Alternative 1.

ALTERNATIVE 2: DETENTION + CONVEYANCE + FM 2351 TUNNEL

Alternative 2 corresponds to the combination of the following projects, as shown in Figure 12:

N o Uk~ w DN

Friendswood Detention Basin

Timber Creek Golf Course Detention Basin

Clearing and De-snagging — FM 1959 to Bay Area Blvd.

40-Foot Diameter Tunnel Diversion from FM 2351 to Clear Lake
SH 3 and UPRR Capacity Improvements

FM 270 Auxiliary Opening

Clear Lake Outlet Expansion

The estimated capital cost for Alternative 2 is $1,250 million. The 100-year Inundation Depth Changes

Map is shown in Figure 12. Figure 13 shows the 100-year future conditions and Alternative 2 water surface

profiles plotted with the estimated finished floor elevations of structures along the Clear Creek.
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As described in detail in Appendix A, the 40-foot FM 2351 to Clear Lake tunnel was retained based on an
efficiency analysis of various tunnel configurations. This alternative provides the greatest benefits in
Reach CC-1 through the City of Friendswood, with water surface elevation reductions of over 6 feet in the
100-year storm event at FM 2351. Water surface elevation reductions and benefits lessen moving
downstream away from the tunnel intake. In Reach CC-2, I-45 sees a reduction in 100-year water surface
elevations of 1.8 feet. Reach CC-3 through Clear Lake benefits from the expansion of the Lake’s outlet,

with reductions in 100-year water surface elevations of about 0.5 feet.

The tunnel diverts flow from FM 2351 down to Clear Lake thus bypassing most of Reach CC-1, and all of
Reach CC-2. This not only provides significant water surface elevation reductions in these reaches, but
also allows for the clearing and de-snagging to occur without causing adverse impacts. However, the
tunnel diversion provides a more efficient pathway for water get to Clear Lake than the winding densely
vegetated creek, and therefore increasing the conveyance out of the Lake is necessary to offset the
increase in peak discharges that occurs at the tunnel outlet. The implementation sequencing for

Alternative 2 is as follows:

No mitigation required, can be completed at any Mitigation required, must be completed in the

time following order
Friendswood Detention Basin 1. Clear Lake Outlet Expansion
Timber Creek Golf Course Detention Basin 2. FM 270 Aucxiliary Opening
Clear Lake Outlet Expansion 3. SH 3 and UPRR Capacity Improvements
Structural Elevations and Voluntary Buyouts 4. 40-Foot Diameter Tunnel Diversion from FM

2351 to Clear Lake
5. Clearing and De-snagging — FM 1959 to Bay
Area Blvd.

The non-cost factors associated with this project are presented in Table 7.

Table 7: Alternative 2 Non-Cost Factors

Factor Score

Land Acquisition

Community Impact/Aesthetics

0&M/Resiliency

Other Agency Coordination

Speed of Implementation

Non-Cost Factor Weighted Score
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The structural damages and flooding instances for future conditions (no project) and Alternative 2 are

presented Figure 14 and Figure 15, respectively.
Figure 14: Structural Damages ($M) by Event — Alternative 2
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Figure 15: Flood Instances by Event — Alternative 2
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Over the 50-year design period, Alternative 2 leads to a decrease in flood damages of $95 million, and
3,110 reductions in flooding instances. This translates to 2.5 instances of flooding reduced for every SM
spent in construction costs, and a benfit/cost ratio of 0.08. Additionally, Alternative 2 leads to 50

reductions in roadway overtopping over the 50-year design period.

Alternative 2 is shown to provide significant flood mitigation benefits in events of catastrophic magnitude
such as the 500-year storm event: Alterative 2 reduces structural damages by $400 million, and flooding

instances by 3,480.

FNI also ran a Hurricane Harvey simulation to assess Alternative 2’s performance during tropical storms
and hurricanes that can produce large amounts of rainfall over multiple days. Alternative 2 would have
reduced structural damages by $155 million and flooding instances by 1,490, and not create adverse

impacts.

Key Take-Aways:

1. The FM 2351 tunnel diversion, in combination with the clearing and de-snagging, significantly

reduces water surface elevations through Reach CC-1 (Friendswood).
2. Having the tunnel discharge into Clear Lake requires an expansion of the Lake’s outlet capacity.

3. The tunnel could be supplemented with a pump station that would increase its maximum
conveyance capacity by pulling more water through the syphon. This could provide either

increased benefits or a decrease in construction costs by reducing the tunnel diameter.

4. The tunnel presents opportunity for local drainage connections along its alignment in
Friendswood, Webster, and Houston that could provide additional flood risk mitigation not

captured in this study.

5. Because the tunnel is designed to only operate during storm events equal to or exceeding the 10-
year storm, Alternative 2 provides limited benefits in frequent storm events such as the 2-year
and 5-year events, and therefore does not score well on a 50-year basis. However, Alternative 2
provides significant flood risk mitigation during storm events of catastrophic magnitude such as

the 500-year storm.

6. Improving the capacity of the SH 3 and UPRR bridge crossings provides greater benefit than

improving 1-45.
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7. Storm surge and the predicted future sea level rise limit the efficacy of projects to mitigate the

flood risk in the Clear Lake communities.

8. Dredging of Clear Lake is not anticipated to improve conveyance during large storm events due to

elevated water levels in Galveston Bay and Clear Lake.

9. Significant residual risk remains with the construction of Alternative 2.

3.3 ALTERNATIVE 3: DETENTION + CONVEYANCE + I-45 TUNNEL

Alternative 3 corresponds to the combination of the following projects, as shown Figure 16:
Friendswood Detention Basin
Timber Creek Golf Course Detention Basin
Channel Benching Above OHWM — FM 1959 to Bay Area Blvd.

1
2
3
4. 40-Foot Diameter Tunnel Diversion from I-45 to Galveston Bay
5. SH 3 and UPRR Capacity Improvements

6

FM 270 Auxiliary Opening

The estimated capital cost for Alternative 3 is $ 1,150 million. The 100-year Inundation Depth Changes
Map is shown in Figure 16. Figure 17 shows the 100-year future conditions and Alternative 3 water surface

profiles plotted with the estimated finished floor elevations of structures along the Clear Creek.

As described in detail in Appendix A, the 40-foot I-45 to Galveston Bay tunnel was retained based on an
efficiency analysis of various tunnel configurations. This alternative provides significant benefits in Reach
CC-1 through the City of Friendswood, with water surface elevation reductions of over 7 feet in the 100-
year storm event immediately downstream of FM 1959. Alternative 3 also provides notable water surface
elevation reductions in Reach CC-2 in the vicinity of I-45, with reductions exceeding 2 feet in the 100-year
storm event. Reach CC-3 through Clear Lake benefits from water being diverted by the tunnel out of Clear
Creek and bypassing the Lake down to Galveston Bay. Unlike for Alternatives 1 and 2 that necessitate an
improvement of the Lake’s outlet capacity, the information presented in Figure 16 and Figure 17 reflect

the Lake’s primary and second outlets being left in their existing state.

33



INVIANLA

cadvIw X 11

(@]
&

FREESE
‘NICHOLS

2711 North Haskell Ave.
Suite 3300

Dallas, Texas 75204

P: 214-217-2200

=

AP LALEL

(NI

I GO EINNAS

Alternative 3

Location Map - 100

ges

FN JOB NO
LEA 19688
FILE
ig16 Alternative3 LocationMap
P e
SCALE
1:50,000
DRAFTED
90206




Elevation (ft)

40

35

30

25

15

10

Figure 17: Alternative 3 100-Year Water Surface Profile

0 20000 40000 60000 80000 100000

Stream Stationing (ft)

[ Fma23s1 | x E

x Estimated Finished Floor Elevations
—— Future Conditions - No Project

—— Alternative 3

120000

140000



Lower Clear Creek Alternatives Evaluation and Recommendation Report 'n!;ﬂREESE

Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan ICHOLS

Placing the tunnel intake on the upstream side of |-45 downstream of the proposed channel benching
allows this alternative to include major channel improvements in Friendswood (OHWM benching) to
achieve a significant increase in conveyance without causing adverse impacts downstream. Additionally,
placing the intake at I-45 maximizes the water surface elevation reductions in that section of the reach,
notably at the Clear Creek Village neighborhood that is shown to include multiple structures at risk of
flooding during the 100-year storm event. This alignment also follows FM 518 through League City,
presenting an opportunity to benefit the local drainage system with various connections along the
alignment. Finally, this tunnel alignment bypasses Clear Lake and outfalls to Galveston Bay directly, which

removes the need to expand the Lake’s outlet capacity.

The implementation sequencing for Alternative 3 is as follows:

No mitigation required, can be completed at any Mitigation required, must be completed in the
time following order

Friendswood Detention Basin 1. 40-Foot Diameter Tunnel Diversion from | 45 to

Timber Creek Golf Course Detention Basin Galveston Bay

40-Foot Diameter Tunnel Diversion from | 45 to 2. FM 270 Aucxiliary Opening
Galveston Bay 3. SH 3 and UPRR Capacity Improvements

Structural Elevations and Voluntary Buyouts 4. Channel Benching Above OHWM

The non-cost factors associated with this project are presented in Table 8.

Table 8: Alternative 3 Non-Cost Factors

Factor Score

Land Acquisition

Community Impact/Aesthetics

3
O&M/Resiliency 3
Other Agency Coordination 3
Speed of Implementation
Non-Cost Factor Weighted Score 34

The structural damages and flooding instances for future conditions (no project) and Alternative 3 are

presented in Figure 18 and Figure 19, respectively.
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Figure 18: Structural Damages ($M) by Event — Alternative 3
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Figure 19: Flood Instances by Event — Alternative 3
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Over the 50-year design period, Alternative 3 leads to a decrease in flood damages of $70 million, and
2,300 reductions in flooding instances. This translates to 2 instances of flooding reduced for every SM
spent in construction costs, and a benfit/cost ratio of 0.06. Additionally, Alternative 3 leads to 82

reductions in roadway overtopping over the 50-year design period.

Alternative 3 is shown to provide significant flood mitigation benefits in events of catastrophic magnitude
such as the 500-year storm event: Alterative 3 reduces structural damages by $290 million, and flooding

instances by 2,480.

FNI also ran a Hurricane Harvey simulation to assess Alternative 3’s performance during tropical storms
and hurricanes that can produce large amounts of rainfall over multiple days. Alternative 3 would have

reduced damages by $125 million and flooding instances by 1,150, and not create adverse impacts.

Key takeaways:

1. This alternative does not require expanding Clear Lake’s outlet capacity.

2. The tunnel could be supplemented with a pump station that would increase its maximum
conveyance capacity by pulling more water through the syphon. This could provide either

increased benefits or a decrease in construction costs by reducing the tunnel diameter.

3. The tunnel presents a major opportunity for local drainage connections along its alignment in

League City that could provide additional flood risk mitigation not captured in this study.

4. Because the tunnel is designed to only operate during storm events equal to or exceeding the 10-
year storm, Alternative 3 provides limited benefits in frequent storm events such as the 2-year
and 5-year events, and therefore does not score well on a 50-year basis. However, Alternative 3
provides significant flood risk mitigation during storm events of catastrophic magnitude such as

the 500-year storm.

5. Improving the capacity of the SH 3 and UPRR bridge crossings provides greater benefit than

improving 1-45.

6. Storm surge and the predicted future sea level rise limit the efficacy of projects to mitigate the

flood risk in the Clear Lake communities.

7. Dredging of Clear Lake is not anticipated to improve conveyance during large storm events due to

elevated water levels in Galveston Bay and Clear Lake.

8. Significant residual risk remains with the construction of Alternative 3.
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4 CONCLUSIONS

Table 9 shows the 100-year peak water surface elevation reductions at FM 2351 and |-45 between
Alternatives 1, 2, and 3, and future conditions (no project). A comparison of the complete 100-year water

surface profiles is presented in Figure 20 provided on the next page.

Table 9: 100-Year Peak Water Surface Elevation Reductions at FM 2351 and 1-45

Alternative FM 2351 I-45
1: Detention + Conveyance 2.04 feet 0.88 feet
Improvements
2: Detention + Conveyance
+ EM 2351 Tunnel 6.06 feet 1.82 feet
3: Detention + Conveyance 7 83 feet 7 28 feet

+ 1-45 Tunnel

As presented in Section 3, Alternative 1 Detention + Conveyance Improvements is the lowest capital cost
alternative and provides significant flood risk mitigation compared to pre-project conditions. Alternative
1 provides the highest 50-year design period benefit/cost ratio, but does not provide the greatest

reductions in water surface elevations.

Alternatives 2 and 3 provide greater flood risk mitigation than Alternative 1, but this increase in benefits
is not linearly correlated with their increase in construction costs. To better evaluate the benefits of all
three alternatives, and particularly Alternatives 2 and 3, the riverine analysis prepared for this study needs
to be integrated with local storm drainage networks to capture both riverine and localized storm drain

benefits to better define the true benefit/cost ratios.

In addition to integrating localized benefits, Alternatives 2 and 3 can also be further refined: The analysis
presented was based on a 40-foot diameter gravity flow tunnel. Opportunities exist for the tunnels to
supplement gravity conveyance with stormwater pump stations, potentially reducing construction costs

and increasing benefits.
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Flood risk mitigation in Reach CC-3 is very difficult. Implementing projects that reduce water levels
downstream of FM 270 during large storm events is very challenging due to the high flows discharged by
Armand Bayou, elevated Bay and Lake elevations generated by tropical storms and hurricanes such as
Harvey, and future predicted sea level rise. It may be possible to increase the outlet capacity of Clear Lake
into Galveston Bay, but increasing the size of the opening to Galveston Bay could also expose this area to
greater storm surge risk and environmental impacts. Furthermore, the outlet at Clear Lake is being
considered for a surge gate as part of the Texas Coastal study. Recommendations for any increase or
change to the outlet from Clear Lake into Galveston Bay will require coordination with a number of entities
including USACE, HCFCD, GLO, and environmental and community interests. Alternative 3 discharges
directly into Galveston Bay thus mitigating this conflict, and could provide even greater benefits if
coordinated with the improvements proposed at the existing outlet by the Texas Coastal Study. Figure 21
and Figure 22 summarize the structural damages and instances of flooding associated with each

Alternative compared to future conditions (no project).

Figure 21: Summary of Structural Damages ($M) by Event for All Alternatives
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Figure 22: Summary of Flood Instances by Event for All Alternatives
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1. The alternatives proposed in this study are targeted toward mitigating the riverine flood risk

during large, infrequent storms. For structures at risk of flooding under smaller, more frequent

storms such as the 2-year and the 5-year events, elevating the structure or acquiring the property

and removing it from the floodplain is likely the most cost-effective approach. FNI calculated that

54 structures flood during the 5-year event under future conditions.

2. Improvements should be implemented wholistically — from FM 1959 down to Galveston Bay to

prevent adverse impacts.

a. Large scale vegetative clearing or channel improvements through Friendswood cannot be

constructed as stand-alone projects, and upstream or inline detention may not provide

sufficient mitigation to prevent increases in discharges and water surface elevations in

the downstream sections of the Creek.
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b. Increasing the conveyance upstream of Clear Lake necessitates increasing the conveyance
out of the Lake into Galveston Bay. Increasing the capacity of the outlets to Galveston Bay
could expose this area to greater storm surge risk and environmental impacts, and should
be analyzed further as this study progresses into future phases. A solution should be
developed in conjunction with the improvements proposed as part of the Coastal Texas

Study at the Clear Lake outlets.

3. Tunnel solutions are less cost efficient than other alternatives, and do not score well based on the
50-year project window used by USACE and FEMA given they are designed to operate during
storm events equal to or exceeding the 10-year storm. However, they provide the greatest level
of protection during events of catastrophic magnitude such as the 500-yr storm event and

Hurricane Harvey, and can be designed to provide additional benefits to local drainage systems.

4. The project benefits captured in this study do not fully account for the benefits the proposed
alternatives could provide to the local drainage systems, which could be significant, particularly
for the tunnel projects. The output from the alternatives developed in this study’s hydraulic
models should be integrated into local storm sewer network models to capture additional

benefits achieved outside of the riverine floodplain of Clear Creek and its major tributaries.

5. The proposed alternatives mitigate but do not eliminate the flood risk in the study area. Significant
residual risk persists due to certain low-lying structures and the compound effect of rainfall and

storm surge that will likely become more severe in the future due to rising sea levels.
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5 RECOMMENDATIONS

Since the combination alternatives analyzed do not have a benefit/cost ratio greater than 1.0, project
recommendations are closely tied to project funding potential with a focus on local funding for a

significant share of the project.

5.1 PROJECT FUNDING
5.1.1 Local Funding

All of the combination alternatives and any of the individual projects greater than $50 million in capital
cost are unlikely to be funded by an individual entity such as the City of League City or the City of
Friendswood. These improvements will require partnerships and cost sharing agreements between the
entities. These agreements could be developed piecemeal on a project by project basis, but would be
better accomplished through the development of a watershed-wide entity focused on flood risk
mitigation along the main channel of Clear Creek such as the Clear Creek Flood Control District originally

proposed in 1995 and offered for consideration again at the State level in 2019.

Such an entity would have a clear mission of flood protection for Clear Creek and provide a single clear
partner for larger entities such as USACE, the Texas General Land Office, and the Texas Water
Development Board. This entity would not conflict or restrict Harris County Flood Control District, Brazoria
County Drainage District 4, Galveston County Consolidated Drainage District, and other entities along the
Creek from their responsibilities. Instead, the newly formed Clear Creek Flood Control District would allow
other entities to focus their efforts on tributary drainage to Clear Creek thus maximizing the benefit of
their existing ad valorem taxes. The Clear Creek Flood Control District would need to be created by the
Texas State Legislature and then voted upon by the Watershed’s residents to grant it taxing authority. The
tax rate for the District would be a function of the projects recommended following the next phase of this
study. Discussions with state and local officials as well as the Clear Creek Watershed Steering Committee

to gain traction for this concept should proceed immediately.

5.1.2 External Funding

In addition to local funding opportunities through ad valorem, additional grant and matching programs
exist at the Federal and State level that should be evaluated once clear cost benefit metrics are prepared
including local benefits. These funding entities and their programs are discussed in greater detail in

Appendix E and include:
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e United States Army Corps of Engineers

e Texas General Land Office

e Federal Emergency Management Agency

e Texas Water Development Board

e United States Department of Housing and Urban Development

e United States Department of Agriculture

There are many different financial partnership opportunities, but external sources come with their own
objectives. Even if a project may qualify and be selected for a program, most programs require a local
match that is a significant percentage, and many programs have strings attached. Each partner will have
distinct eligibility and accountability criteria by which they are legally obligated to, often including

benefit/cost ratios.

Many of these requirements include:

* Additional Protections for Cultural Resources and the Environment

* Restrictions on what actions are reimbursable

* Additional reporting requirements on how money is spent

* Transparency and fairness in how contracts are advertised and awarded

* Special contract provisions regarding how work will be recorded and conducted

As these programs are pursued, it is important to understand the implications that each program’s
requirements may impose on the project. Because of the makeup of the communities along Clear Creek,
these projects will not perform well for programs that put a heavy emphasis on low to moderate income

and socially vulnerable populations.

For structures at risk of flooding under frequent storms, elevating the structure or acquiring the property
and removing it from the floodplain is likely the most cost-effective approach. This can be specifically
undertaken with the help of the following programs:

e NRCS-EWP Pilot Program

e FEMA-HMGP

e FEMA-BRIC

e TWDB-FIF
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5.2  NEXT STEPS

The first recommendation and next step is to integrate the outputs from the alternatives developed as
part of this study into local storm sewer network models for Friendswood, League City, Webster, Houston,
and other municipalities to capture additional benefits achieved outside of the riverine floodplain of Clear
Creek and its major tributaries. This should be completed for all three alternatives, but especially for
Alternatives 2 and 3 which provide opportunities to route the tunnels in a way that allows the tunnel to

improve local drainage system performance with additional shafts.

The only individual project with a capital cost less than $50 million that can be pursued independently is
the Friendswood Detention Basin which, if not being included as part of the Clear Creek Federal Project
to mitigate upstream impacts, should be prioritized for design and construction as the land is already

owned by Harris County Flood Control District and a conceptual design of the basin exists.

The other project elements are all contingent on either one of the large tunnels and/or improvements to
the Clear Lake outlet into Galveston Bay. Further analysis of the Clear Lake outlet into Galveston Bay in
coordination with the potential surge gate from the Texas Coastal Study should proceed immediately.
Improvements to the outlet would allow other smaller capital cost improvements including the FM 270
Bypass and SH 3/UPRR bridge replacement to be initiated, as well as larger improvements such as the FM

2351 Tunnel or clearing and de-snagging of the Creek from FM 1959 to Bay Area Boulevard.
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1 EXECUTIVE SUMMARY

The purpose of this study was to develop a comprehensive flood mitigation plan for Dickinson Bayou with
a focus on the riverine impacts along the main channel beginning near Farm to Market Road 528 through
the outlet into Dickinson Bay. In conjunction with RPS Group, Inc. (RPS), Freese and Nichols, Inc. (FNI)
developed state-of-the-art hydrologic and hydraulic models leveraging current NOAA Atlas 14 rainfall,
2018 LiDAR data, and a 1D/2D unsteady-state modeling approach. FNI evaluated both existing and future
conditions flood risks based on the 24-hour duration 2-, 5-, 10-, 50-, 100-, and 500-year Atlas 14 storm
events, as well as Hurricane Harvey rainfall. FNI identified vulnerabilities in the Dickinson Bayou
Watershed, including instances of flooding at structures and the resulting damage estimates, as well as

impacts to critical infrastructure and transportation systems.

FNIinvestigated and modeled a total of 10 flood mitigation projects along Dickinson Bayou. These projects
consist of detention basins and channel diversions. FNI evaluated each project based on four quantitative
metrics including instances of flooding, flood damages reduced, constructions costs, and transportation
system impacts. FNI also assessed five qualitative (non-cost) metrics in its project evaluation, including
operations and maintenance requirements, and impacts to aesthetics and the community. Each concept
was modeled individually, and based on the analysis of each discrete project’s impacts, FNI developed
two combination alternatives that incorporate multiple projects to optimize benefits while preventing
adverse impacts. A summary of these flood mitigation alternatives is presented in Table 1 provided on
the next page. Maps presenting these alternatives are provided in Section 3 of this report as Figure 7 and

Figure 11.

Based on discussions with stakeholders, the combination alternatives and any of the individual projects
greater than $50 million in capital cost are unlikely to be funded by an individual entity. Mitigation will
require partnerships and cost sharing agreements between the entities. These agreements could be
developed piecemeal on a project-by-project basis, or by development of a watershed-wide entity
focused on flood damage reduction along the main channel of Dickinson Bayou. In addition to local
funding opportunities through ad valorem, additional grant and matching programs exist at the Federal
and State level that should be further evaluated as this study progresses into future phases. For
improvements in and around the City of Dickinson, population metrics may qualify for grants through the

Texas General Land Office (Community Development Block Grants (CDBG)).



Table 1: Summary of Flood Mitigation Alternatives

Alternative

Discrete Projects

Cost

Non-Cost Score

Reductions Over the 50-year Design Period

Reductions During Harvey

Umammmm

Flooding Instances

Damages

Flooding Instances

1: Detention

Mc Farland Rd. Detention Basin

W Cemetery Rd. Detention Basin

Hilton Ln. Detention Basin

Magnolia Bayou and Borden Gully Detention Basins

$220 M

3.7

S40 M

2,490

$35M

420

2: Detention + Bypass Channel

Mc Farland Rd. Detention Basin

W Cemetery Rd. Detention Basin

Hilton Ln. Detention Basin

Magnolia Bayou and Borden Gully Detention Basins

Desel Dr. 11,000 cfs Channel Diversion

$500 M

2.9

$245 M

15,100

$180 M

1,940
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FNI proposes the following conclusions resulting from this study:

1. The alternatives proposed in this study are targeted toward mitigating the riverine flood risk
during large, infrequent storms. For structures at risk of flooding under smaller, more frequent
storms such as the 2-year and the 5-year events, elevating the structure or acquiring the property
and removing it from the floodplain is likely the most cost-effective approach. FNI calculated that
over 1,300 structures flood during the 5-year event under future conditions. A significant number

of these structures are located in the Dickinson “Bowl” in the vicinity of I-45.

2. Placing detention in the upstream portion of the watershed where undeveloped land is currently
available will prove critical as the area develops in the future, but offers limited benefits in the

Dickinson “Bow!” where most of the structures at risk of flooding are located.

3. Constructing a diversion channel from downstream of [-45 to the Bayou’s outlet provides
significant flood risk mitigation in the population centers located around I-45 that are at the

highest risk of riverine flooding.

4. The project benefits captured in this study do not fully account for the benefits the proposed
alternatives could provide to the local drainage systems, which could be significant. The output
from the alternatives developed in this study’s hydraulic models should be integrated into local
storm sewer network models to capture additional benefits achieved outside of the riverine

floodplain of Dickinson Bayou and its major tributaries.

5. The proposed alternatives mitigate but do not eliminate the flood risk in the study area. Significant
residual risk persists east of 1-45 due to an abundance of low-lying structures in the Dickinson
“Bowl”. Flooding risks will likely increase in the future as the upstream portion of the watershed
develops, and the compound effect of rainfall and storm surge becomes more severe due to rising

sea levels.
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Based on these conclusions, FNI recommends a feasibility study be conducted to:

e Refine the combination alternatives proposed as part this study,

e |dentify supplemental benefits the alternatives could provide to areas located outside of the

riverine floodplains,

e Reduce the uncertainty associated with the compound flooding results by conducting further
analyses to improve the understanding of its impacts on the alternatives’ benefits,

e Identify efficiencies in the alternatives to reduce cost,

e Develop a project delivery plan, and

e Recommend a distinct alternative for implementation.



Dickinson Bayou Alternatives Evaluation and Recommendation Report ' FREESE
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan ‘NICHOLS

2 BACKGROUND

In August 2017, Hurricane Harvey struck the Texas coast, bringing a historic amount of rainfall to the
Houston region. The storm produced never-before-seen precipitation depths in Galveston, Harris, and
Brazoria Counties, as well as surrounding counties. As was the case with most of the watersheds in the
region, Clear Creek and Dickinson Bayou experienced widespread flooding, which resulted in significant

flood damages in the region.

The goal of this study was to develop a comprehensive flood mitigation plan for the Lower Clear Creek
and Dickinson Bayou Watersheds with a focus on the riverine impacts along the main channel of each
waterway. The flood mitigation plan is focused on mitigating the risk of extreme events similar to
Hurricane Harvey, Tropical Storm Allison, and other large tropical storms, as well as flood damages from
smaller more frequent storms. The targeted reduction in flood depths was set as multiple feet of reduction

at Interstate 45 (1-45) during a 100-year storm.

This report is focused on the Dickinson Bayou Watershed shown in blue in Figure 1 below. The detailed
planning area extends from the American Canal downstream of FM 528 down to the outlet on the

upstream side of State Highway 146.

Figure 1: Dickinson Bayou Study Area
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The flood mitigation projects that FNI developed as part of this study reflect a concept-level analysis.

Although this level of detail is adequate to evaluate the general efficacy of the projects in providing flood

risk mitigation, the preliminary siting and sizing that was performed will need to be refined in a future

phase as part of a feasibility study.

In order to distinguish project improvements along the Bayou and to acknowledge the different

characteristics of the Bayou between FM 528 and SH 146, the project area was divided into three Planning

Areas as shown in Figure 2 provided on the following page.

1.

2.

3.

Reach 1 (DB-1) from the American Canal downstream of FM 528 to FM 517 passes through mostly
undeveloped land in the western part of League City. Nearly all existing development is built slab
on grade, even in close proximity to the main channel and an existing channel bypass in this reach,
but there are very few structures. This area is slated for large residential developments which are

already being constructed.

Reach 2 (DB-2) from FM 517 to 1-45 is a more populated section of the watershed. Beginning at
Cemetery Road, low density residential properties begin to line the Bayou on both banks. The
Bayou is easily navigable up to Cemetery Road for recreational watercraft. Approaching 1-45,
higher density suburban residential developments abut the bayou. Nearly all development is

constructed slab on grade in this reach.

Reach 3 (DB-3) from I-45 to SH 146 is the most densely populated section of the watershed,
particularly the section between 1-45 and SH 3 referred to as the Dickinson “Bowl!” due to its low-
lying elevation. Within the “Bowl”, there are many structures at low elevation at risk of riverine
and storm surge flooding. Most of the structures located in the “Bow!” are slab on grade, while
further east towards SH 146 structures begin to be mostly elevated. Water levels are controlled

by Galveston Bay throughout this reach.
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2.1 PROJECT PHASING

To maximize the effectiveness of the study, the effort was divided into Phases. This Alternatives Evaluation
and Recommendation report represents the culmination of Phase 3: Project(s) Identification. The previous

phases completed were:

e Phase 1: Discovery & Baselining

e Phase 2: Watershed Study

The deliverables for the prior two phases are included as Appendix B, Appendix C, and Appendix D to this
report for reference. This report includes the alternatives analysis and recommendations that conclude
Phases 1 through 3 of the project. Future phases may be authorized and developed by the City of League

City and other stakeholders based on the results of this study.

2.2 PLANNING PARTNERS

League City led the engagement of numerous stakeholders along Dickinson Bayou to fund Phases 1
through 3 of this study. League City also entered into an agreement to receive Planning Assistance to
States (PAS) funding from the United States Army Corps of Engineers (USACE) under the authority
provided by Section 22 of the Water Resources Development Act of 1974 (PL 93-251), as amended. USACE
Galveston District provided in-kind services and was engaged in all aspects of the project including
technical reviews and a downstream boundary condition analysis accounting for storm surge and future

sea level rise.

Key planning partners and contributors included:

o The United States Army Corps of Engineers (USACE)

o Harris County Flood Control District (HCFCD) including MAAPnext consultant Pape-Dawson
Engineers, Inc. (Pape-Dawson) for the work on Lower Clear Creek.

o Galveston County including consultant RPS

o City of Friendswood

Additional planning partners and study contributors included:

. Galveston County Consolidated Drainage District

. LJA Engineering, Inc. (LJA) through their work on the League City Municipal Drainage Plan
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2.3 HYDROLOGY AND HYDRAULICS

During Phase 2 of this project, FNI performed a hydrologic and hydraulic study of the Dickinson Bayou
Watershed (refer to Appendix B and Appendix C for more details). The model development was
conducted by RPS per the partnership agreement with Galveston County as part of the Mainland

Galveston County Master Drainage Plan Update.

2.3.1 Data Sources

Some of the main data sources used in this study were:
e 2018 LiDAR: The study’s topographic information was developed using Light Detection and
Ranging (LiDAR) data obtained from the Texas Natural Resources Information System (TNRIS) and
the Houston-Galveston Area Council of Governments (HGAC). This LiDAR data was collected

January through March 2018, and uses the vertical datum GEOID12B.

e Atlas 14 Rainfall: Precipitation data was obtained from NOAA'’s Atlas 14, Volume 11 Version 2.0

(Atlas 14). Atlas 14 is the most up to date precipitation data.

e Effective Models: A data request was submitted to the Federal Emergency Management Agency

(FEMA) in February 2020 to gather all available effective models within the study area.

e Previous Studies: Models developed by JKC Engineering in a previous study were obtained and

reviewed.

2.3.2 Hydrology

FNI generated updated hydrologic parameters based on the Basin Development Factor (BDF)
methodology. The hydrologic model was developed using the USACE Hydrologic Engineering Center’s
Hydrology Modeling System (HEC-HMS) version 4.3. FNI executed 24-hour duration storm events in the
model including the Annual Exceedance Probabilities (AEP) of 50% (2-year), 20% (5-year), 10% (10-year),
4% (25-year), 2% (50-year), 1% (100-year), and 0.2% (500-year), as well as historical storm events such as
Hurricane Harvey. FNI analyzed both existing conditions based on current land use, and future conditions
based on predicted future development occurring without detention. The study’s results for the 100-year

storm event are summarized in Table 2 provided on the next page.
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Table 2: 100-Year Peak Discharges (cfs) at Key Locations

Contributin RPS/FNI
Location Drainage ° FEMA L %
Area (5q M) Effective | Existing | Future Increase
Watershed Outfall (SH 146) 98.9 22,000 22,495 | 23,855 6.0%
Gum Bayou Confluence 86.4 17,100 20,965 | 22,409 6.9%
Benson Bayou Confluence 69.1 12,000 15,948 | 17,202 7.9%
[-45 52.5 5,920 11,936 | 12,629 5.8%
FM 517 24.6 N/A 3,893 4,179 7.3%

These 100-year results show increases between the effective discharges and the discharges computed as
part of this study, especially in the upstream sections of the reach. These increases can be attributed to
multiple factors, including:
e Increases in rainfall depths associated with the latest and improved Atlas 14 precipitation data.
For the 24-hour duration 100-year storm event, depths increased from 13.5 inches to 18 inches.
e Differences in the hydrologic modeling methodology including hydrologic routing.

e Increases in resolution of the hydrologic and hydraulic models that were developed.

2.3.3 Hydraulics

The hydraulic model was developed using the U.S. Army Corps of Engineers Hydrologic (USACE) Hydrologic
Engineering Center’s River Analysis System (HEC-RAS) version 5.0.7. A detailed 1D/2D unsteady-state
model was developed for the main stem of Dickinson Bayou and its major tributaries. To properly model
tidal and storm surge impacts, stages were applied on the downstream end of Dickinson Bayou based on
guidance provided by USACE Galveston District. To capture future conditions, the existing conditions
model was adjusted to include:

e Fully-developed discharges,

e Expected future sea level rise (+1.52 feet) over the 50-year project horizon, based on the Medium

Sea Level Change Scenario analyzed by the USACE,
e Major projects under construction along the Bayou since 2018, which included the I-45 TxDOT

bridge improvements on Dickinson Bayou, Borden Gully, and Magnolia Bayou.

10
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2.3.4 Hurricane Harvey

Because this flood mitigation plan is focused on mitigating the risk of extreme events, it was important to
evaluate Hurricane Harvey as it is the most recent catastrophic flood event whose impacts are still felt by
stakeholders and the public today. This evaluation included a comparison of rainfall depths and intensity
to the new NOAA Atlas 14 events. Rainfall induced flooding is the result of both rainfall intensity and
duration. High intensity storms cause flooding when the precipitation rate exceeds the infiltration capacity
of soils and the conveyance capacity of the natural channels and stormwater systems. However, total
runoff volume is also an important contributor to flooding, particularly in flat, low-lying areas such as
Harris and Galveston Counties: Long duration storms of lesser intensity can also result in flooding by filling
detention ponds designed to reduce the stress on the conveyance system, as once the design volume is

exceeded the detention no longer mitigates the impacts to the conveyance system.

Hurricane Harvey was both a high intensity storm and a long duration storm, and therefore resulted in
significant flooding in Dickinson Bayou and other watersheds in the Houston metropolitan area. The data
presented in green in Figure 3 provided on the next page corresponds to rainfall depths measured at the
I-45 gage on Clear Creek starting August 25 at 12:00 pm. Rainfall from Harvey lasted over 96 hours (4 days)
and exceeded a peak intensity of 5 inches in an hour at approximately hour 37 (August 27 01:00 am).
Figure 3 also shows the Atlas 14 500-year and 100-year 24-hour storm intensities in blue and yellow,

respectively, for comparison.

Harvey’s maximum intensity was greater than the Atlas 14 100-year 24-hour event but less than the 500-
year 24-hour event; however Harvey held that intensity for a long duration and was accompanied by other
rainfall exceeding a rate of 1 inch an hour nearly 7 times over the 96 hour period. Prior to the peak
intensity beginning at approximately hour 32, over 6 inches of rain had already fallen, saturating the soil
and reducing available detention storage. When the maximum intensity occurred, the local storm
drainage systems and detention ponds were already stressed, resulting in even greater stress to the

conveyance system.

11
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Figure 3: Rainfall Depths at 1-Hour Increments for Atlas 14 Frequency Storms and Harvey
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As can be seen in Figure 4, rainfall depths from Hurricane Harvey cummulated over the entire storm
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on exceeded the Atlas 14 500-year 96-hour duration depths.

Figure 4: Cumulative Rainfall Depths for Atlas 14 Frequency Storms and Harvey

Depth (inches)

50 Atlas 14 100-yr 24-hr
45 | =—Atlas 14 100-yr 96-hr
40 | =—=ptlas 14 500-yr 24-hr
35 | w——ptlas 14 500-yr 96-hr

30 —Hurr‘]cane Harvey /-

25

20

15

10

o
=
o
N
o

30 40 50 60 70 80 90
Duration (hours)

100

12



Dickinson Bayou Alternatives Evaluation and Recommendation Report - FREESE
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan ‘NICHOLS

To evaluate project benefits during high-intensity rainfall events, all the combination alternatives were
analyzed using the Atlas 14 24-hour storm events to confirm that they were able to convey the maximum
storm intensity. To confirm efficacy during long-duration storm events such as tropical storms and
hurricanes that produce high volumes of runoff, Hurricane Harvey rainfall was also modeled through the

combination alternatives.

2.4 FLOOD RISK

As part of Phase 2 of this study, FNI performed an inundation damages assessment to identify
vulnerabilities in the Dickinson Bayou Watershed, including instances of flooding at structures and the
resulting damage estimates (refer to Appendix D for more details). These two quantitative metrics are
detailed in Section 2.5.1. A structural inventory was developed in GIS to identify the structures that are
located within the floodplains developed as part of the hydraulic modeling effort. Property value
information and property type classification were acquired from the Harris County Appraisal District
(HCAD) and Galveston Central Appraisal District (GCAD), and associated with the building footprints.
Structures were assigned an assumed finished floor elevation of 0.5 feet above the lowest ground

elevation at the structure.

FNI evaluated both existing and future conditions flood risks based on the 2-, 5-, 10-, 50-, 100-, and 500-
year storm events, as well as a statistical prediction of what those risks could amount to over the 50-year
project design period. A discount rate of 7% was used to calculate the net present value of the damages.
This report focuses on future conditions instances of flooding and structural damages, as those factors
served as the relevant baseline against which the flood mitigation projects proposed as part of Phase 3
were evaluated. FNI also evaluated the impacts that Hurricane Harvey produced in the riverine model (see

Section 2.5.3 for the limitations of the riverine model). These results are shown in Table 3 and Table 4.

Table 3: Structural Damages ($M) for Future Conditions and Hurricane Harvey

Frequency Storms — Future Conditions

Planning

Area [500-Yr|100-Yr| 50-Yr [10-Yr| 5-Yr [2-Yr 50—.Yr Harvey
Period

DB-1 0.9 0.6 05 (02]01] 0.0 1.3 0.4

DB-2 398.5 | 164.2 | 100.7 | 28.5| 15.5| 8.0 | 227.2 227.2

DB-3 419.1240.6 | 182.4(79.0| 38.7 |20.3| 483.5 325.7

Totals 818.5 | 405.5 | 283.6 |107.7| 54.4 |28.4| 712.0 553.3

13
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Table 4: Instances of Flooding for Future Conditions and Hurricane Harvey

Frequency Storms — Future Conditions

Planning o T
Area |500-Yr|100-Yr|50-vr [ 10-vr|5-vr|2-vr| 270" y
Period
DB-1 62 54 45 15 3 2 62 34

DB-2 6,421 | 3,153 (1,995| 566 | 304 [ 136| 6,421 4,111
DB-3 8,147 | 5,789 (4,78412,044(1,018| 444 | 8,147 7,030
Totals 14,630| 8,996 | 6,824 (2,625|1,325| 582 ( 14,630 11,175

2.5 EVALUATION FACTORS

2.5.1 Quantitative Metrics

Four quantitative metrics were used in this study to identify the concepts that provide the greatest flood

risk mitigation:

1.

Instances of Flooding: Number of structures flooded in a given storm event (e.g. 100-year), as well

as the number of times a given structure is predicted to flood over a 50-year period. This was
analyzed for each of the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, as well as a statistical
prediction of what the instances could amount to over the 50-year project design period. An
instance of flooding reports whether a given structure is inundated or not. See Appendix D for

more information.

Structural Damages: Monetary value resulting from the damages caused by floodwaters at a given

structure. This was analyzed for each of the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, as
well as a statistical prediction of what the damages could amount to over the 50-year project
design period. Structural damages are a function of floodwater depths at a given structure, and
are computed based on depth-damage relationships developed by USACE. See Appendix D for

more information.

Transportation System Impacts: Frequency and risk of pedestrian, roadway, and railroad crossings

being overtopped by floodwaters. These impacts are representative of public safety hazards,
mobility constraints, and impacts to emergency responders. The level of service and hazard was
calculated for all main channel and tributary crossings located in the study area. See Appendix D

for more information.
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Capital Cost: Cost to construct the improvement in 2021 dollars. Operations and maintenance
(O&M) costs were not calculated at this time, but O&M requirements were taken into account as
one of the non-cost factors. Capital cost was developed on a rough order of magnitude (ROM)
basis for comparative purposes between projects. FNI performed cost estimation in a manner that
is consistent with an AACE Level 5 estimate based on a project maturity level of 0 to 2% using
parametric methods and unit price quantity take-offs. An estimate of this class carries an accuracy

that ranges between -20% to -30% on the low end to +30% to +50% on the high end.

Qualitative Metrics

Quantitative metrics alone do not fully describe the benefits or challenges of the projects analyzed. In

order to better capture the full impact of the projects, non-cost factors were also developed in

coordination with the key stakeholder group. The group determined that the following non-cost factors,

in conjunction with the quantitative factors, would best capture the project impacts:

Land Acquisition: Ease of property acquisition. Property already owned by public entities will
receive highest scoring. Projects requiring acquisition of numerous parcels, particularly residential
and commercial acquisition, will receive the lowest scoring. Subterranean easements required for

tunnel projects are seen as less difficult to acquire even through residential and commercial areas.

Community Impact/Aesthetics: How easily will the project gain public support by minimizing

disruption during construction and providing a long-term amenity with aesthetic and recreational
benefits during operation? What is the scale of the disturbance during construction, is the
disturbance isolated to a single area or does it cover a large area? What are its transportation

impacts to bridges and roads?

O&M/Resiliency: How simple is the system to operate, how much energy and manpower is

required to operate it, and how resilient is it to natural disaster (loss of power)? Projects that
include only routine operation and maintenance already performed by the sponsors will score the
highest. Projects that operate passively without the need to operate control structures and pumps
will also score the highest. Projects that have ongoing operational cost (pump stations) will score

the lowest.

Other Agency Coordination: How much coordination is required outside of the project sponsor

group with entities including but not limited to TXDOT, railroads and environmental groups?
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5. Speed of Implementation: How quickly can the project be planned, designed and constructed

including all necessary land acquisition and permitting? Projects that are the fastest at delivering

benefits will score the highest.

A pair-wise analysis was conducted to develop a weighting of these non-cost factors in a May 2020
meeting with the key stakeholders. The results and weighting of this effort is shown below in Table 5. A
score of 1 means the row category is less important than the column category, 2 means it is equally

important, and 3 means it is more important.

Table 5: Non-Cost Factors Pair-Wise Matrix

c 8 > c
il - e S <€ il
= 2 c 9] c 2 — B
L c 3 = [T~ o o
> S o n [sTy] c o <
Factor § g < é T | § & |Total| Weight
T |S8| = |£8]|%2
g gl 8 |°° E
Land Acquisition - 3 2 3 1 9 | 22.5%
Communit
o 1 - 2 3 2 8 | 20.0%
Impact/Aesthetics
O&M/Resiliency 2 2 - 3 3 10 | 25.0%
Other Agenc
Agency 1 1 1 - 1 4 | 10.0%
Coordination
Speed of Implementation 3 2 1 3 - 9 | 22.5%

2.5.3 Study Limitations

This study is focused on mitigating riverine flooding along Dickinson Bayou. The model incorporates the
main stem of Dickinson Bayou and all its major tributaries, and was developed to accurately capture the
flooding risks associated with the swelling of the streams. The model is not meant to accurately depict the
propagation of floodwaters within neighborhoods and on roadways located outside of the riverine
floodplains. It was beyond the scope of this study to fully capture the instances of flooding and structural
damages that are caused by ponding water that cannot be conveyed effectively to the streams through
the local storm sewer/culvert network. This is evidenced by flood damages and rescues that occurred
during Hurricane Harvey in League City and Dickinson outside of the riverine floodplains. To fully capture
the instances of flooding and structural damages occurring away from the main stem of Dickinson Bayou

and its major tributaries, the output from this study’s hydraulic models should be integrated into local
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storm sewer network models. The results presented herein do not account for local drainage system
benefits and therefore likely underpredict the actual reductions in instances of flooding and structural

damages provided by the solutions.

The flood mitigation projects that FNI developed as part of this study reflect a concept-level analysis.
Although this level of detail is adequate to evaluate the general efficacy of the projects in providing flood
risk mitigation, the preliminary siting and sizing that was performed will need to be refined in a future

phase as part of a feasibility study.

2.6 PREVIOUS STUDIES AND PROJECT CONSTRAINTS

A watershed wide flood study of Dickinson Bayou had not been completed since the mid 1990s. Walsh
Engineering Inc. and Dodson & Associates completed a study in 1994 that recommended construction of
a major bypass channel and other flood improvements including detention, channel dredging, and

tributary improvements as shown in Figure 5.

Figure 5: Projects Evaluated as Part of the 1994 Study
R e : : :

¥

Orwwrsam - [ahmaen Sayms  Wish Diadson Shdy
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r—‘m INDOCATES CHAMNELIZED §
& INCLUYDED N DESIGN CALEUL ATIONS

INDICATES 100 YEAR SLPCE PLAW

Previous project recommendations for major channel modifications such as widening did not receive local
stakeholder support at that time. FNI developed the following conceptual design constraints which guided
concept development towards solutions with higher probability of implementation. Those constraints

included:
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No channel widening: Downstream of Cemetery Road, a project that would significantly impact

aesthetics and the community in that section of the Bayou is not seen as a favorable alternative.
Upstream of Cemetery Road, the low number of structures at risk does not justify a major

conveyance improvement.

No significant benefits achievable through vegetative clearing and de-snagging: Dickinson Bayou,

unlike other natural streams in the region such as Clear Creek, is not densely vegetated in the
areas most at risk of riverine flooding. The more densely vegetated sections of the Bayou are
located upstream of FM 646, and a clearing project in this low population density area would not

produce significant benefits while potentially creating adverse impacts downstream.

No new open cut crossings of Interstate 45: |-45 is a major transportation corridor, thus an open

cut crossing would result in major traffic disruptions that would impact not only the local

stakeholders but also regional and national stakeholders.

Infeasible to eliminate flood risk in Dickinson “Bowl”: As shown in Figure 6 provided on the next

page, a topographic depression exists between [-45 and SH 3. This topographic “Bow!” coincides
with the confluence of Borden Gully, Magnolia Bayou, and Benson Bayou, three major flow
contributors in the watershed. This area has a significant number of low-lying structures at risk of
flooding during frequent storm events like the 2-year and 5-year events. While significant
reductions in the flood risk can be achieved in this area, removal of all structures from the

floodplain is not feasible.
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2.7 COASTAL TEXAS STUDY - DICKINSON BAY GATE SYSTEM

The Coastal Texas Protection and Restoration Feasibility Study Draft Report published in October 2020
presents a Multiple Lines of Defense strategy used to design cost-effective, environmentally friendly
solutions that will reduce risks of storms impacting the coastal communities and restore important wildlife

habitat at the same time. For Dickinson Bayou, the draft plan proposes the following:

e There is only one outlet from Dickinson Bayou into Galveston Bay. At the entrance into Dickinson
Bay, the plan calls for a 100-foot-wide floating sector gate with a sill depth of -9 feet (NAVD88) to
match the authorized depth of the existing channel. To allow for additional tidal flow through the

system, the gate width would be 40 feet wider than the authorized channel (which is 60 feet).

e A pumping station would be constructed, that, when the gates are closed, would pump water
coming from the watershed (due to rainfall) out to the bay. The pumping station would have a

designed capacity of 19,500 cubic feet per second.

e To the north and south of the sector gate-pumping station complex, a tie into the land with an
18-foot-high floodwall would be required. The entire structure would start on the west side of
State Highway 146, near Avenue T, and end on the south side of the bayou, near Waterman’s

Harbor west of State Highway 146.

The primary objective of the FNI study presented in this report is to analyze and mitigate the risks
associated with riverine flooding. Although this objective differs from the Coastal Texas Study’s objective,
the two studies’ objectives interconnect in the downstream reach of Dickinson Bayou near its outlet to
Galveston Bay. Additionally, due to the compound flooding risk in Reach 3 east of I-45, implementation of
the Dickinson Bayou Gate may allow additional flood mitigation measures to be implemented once the
surge barrier is constructed to address riverine impacts. As these two studies are refined in the years to
come, solutions should be jointly designed to mitigate risks associated with both riverine and coastal

flooding along this downstream reach of Dickinson Bayou.
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3 COMBINATION ALTERNATIVES

FNIinvestigated and modeled a total of 10 flood mitigation projects along Dickinson Bayou. These projects
consist of detention basins and channel diversions, and are presented individually in detail in Appendix
A. Based on the analysis of each discrete project’s impacts, FNI developed two combination alternatives
that incorporate multiple projects to optimize benefits while preventing adverse impacts. These
alternatives were analyzed based on the 2-, 5-, 10-, 50-, 100-, and 500-year storm events, and their
benefits were calculated over the 50-year design period. To confirm efficacy during long-duration storm

events, Hurricane Harvey rainfall was also modeled through the combination alternatives.

3.1 ALTERNATIVE 1: DETENTION

Alternative 1 focuses solely on mitigation by detention and includes the following projects, as shown in

Figure 7:
1. Mc Farland Rd. Detention Basin
2. W Cemetery Rd. Detention Basin
3. Hilton Ln. Detention Basin
4. Magnolia Bayou and Borden Gully Detention Basins

The estimated capital cost for Alternative 1 is $220 million. The 100-year Inundation Depth Changes Map
is shown in Figure 7. Figure 8 shows 100-year future conditions and Alternative 1 water surface profiles

plotted with the estimated finished floor elevations of structures along Dickinson Bayou.

Reach DB-1 sees maximum reductions in 100-year water surface elevations of about 0.5 feet. Alternative
1 provides the greatest benefits in Reach DB-2 upstream of FM 646, with water surface elevation
reductions of over 0.6 feet in the 100-year storm event. Reach DB-3 downstream of [-45 sees limited
benefits from this alternative, with reductions in 100-year water surface elevations of up to about 0.25

feet.

Since Alternative 1 consists of detention basins only, all of its individual projects can be completed
independently without adverse impacts. The minor increases in depths in the immediate vicinity of the
Mc Farland Rd. basin are caused by ponding overland drainage, and can be mitigated as the project is
refined in future phases. The non-cost factors associated with this combination alternative are presented

in Table 6.
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Table 6: Alternative 1 Non-Cost Factors

Factor Score

Land Acquisition

Community Impact/Aesthetics
O&M/Resiliency
Other Agency Coordination

Speed of Implementation

Non-Cost Factor Weighted Score

The flood damages and instances for future conditions (no project) and Alternative 1 are presented in
Figure 9 and Figure 10, respectively. Over the 50-year design period, Alternative 1 leads to a decrease in
flood damages of $40 million, and 2,490 reductions in flooding instances. This translates to 11.3 instances
of flooding reduced for every $ million spent in construction costs, and a benefit-cost ratio of
0.19. Additionally, Alternative 1 leads to 40 reductions in roadway overtopping over the 50-year design

period.

FNI also ran a Hurricane Harvey simulation to assess Alternative 1’s performance during tropical storms
and hurricanes that can produce large amounts of rainfall over multiple days. Alternative 1 would have

reduced structural damages by $35 million, and flooding instances by 420.

Figure 9: Flood Damages ($M) by Event — Alternative 1
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M Future Conditions $818.5 $405.5 $283.6 $107.7 $54.4 $28.4
W Alternative 1 $748.8 $369.3 $259.5 $102.1 $52.9 $27.1
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Figure 10: Flood Instances by Event — Alternative 1

500 100 50 10 5 2

M Future Conditions 14,630 8,996 6,824 2,625 1,325 582
M Alternative 1 13,960 8,499 6,355 2,506 1,305 565
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Key Take-Aways:

1. The Dickinson Bayou Watershed upstream of Cemetery Rd. is mostly undeveloped, and therefore
the quantifiable benefits associated with the inundation depth reductions provided by Alternative

1 are limited. New development should be built with slab elevations above flood risk levels.

2. A portion of the land in Reach DB-1 and DB-2 that is undeveloped today should be set aside for
regional detention to allow for future development to occur without generating adverse impacts

downstream.

3. Placing detention in the upstream portion of the watershed where undeveloped land is currently
available has limited benefits in the Dickinson “Bowl!” where most of the structures at risk of

flooding are located.

4. Significant residual risk remains with the construction of Alternative 1.
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3.2 ALTERNATIVE 2: DETENTION + BYPASS CHANNEL

Alternative 2 corresponds to the combination of the following projects, as shown in Figure 11.
1. Mc Farland Rd. Detention Basin
2. W Cemetery Rd. Detention Basin
3. Hilton Ln. Detention Basin
4. Magnolia Bayou and Borden Gully Detention Basins
5. Desel Dr. 11,000 cfs Channel Diversion

The estimated capital cost for Alternative 2 is $500 million. The 100-year Inundation Depth Changes Map
is shown in Figure 11. Figure 12 shows 100-year future conditions and Alternative 2 water surface profiles

plotted with the estimated finished floor elevations of structures along Dickinson Bayou.

Reach DB-1 sees maximum reductions in 100-year water surface elevations of about 0.5 feet. The benefits
of Alternative 2 become progressively greater moving downstream towards the bypass channel’s intake.
Reach DB-2 sees water surface elevation reductions of up to 2 feet in the 100-year storm event just
upstream of |-45. Alternative 2 provides the greatest water surface elevation reduction in reach DB-3
where the bypass channel’s intake is located, with reductions in 100-year water surface elevations of up

to 3 feet.

The detention basins proposed as part of Alternative 2 can be completed independently without adverse
impacts. The minor increases in depths in the immediate vicinity of the Mc Farland Rd. basin are caused
by ponding overland drainage, and can be mitigated as the project is refined in future phases. The bypass
channel is shown to cause a rise in water surface elevations at its downstream confluence with Dickinson
Bayou. Although this increase occurs in an area of low population density, further property-specific
evaluations should be conducted to determine what measures are required to mitigate the flooding
impacts at these properties. The non-cost factors associated with this combination alternative are
presented in Table 7.

Table 7: Alternative 2 Non-Cost Factors

Factor Score

Land Acquisition

Community Impact/Aesthetics
O&M/Resiliency
Other Agency Coordination

Speed of Implementation 3
Non-Cost Factor Weighted Score 29
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The flood damages and instances for future conditions (no project) and Alternative 2 are presented in
Figure 13 and Figure 14, respectively. Over the 50-year design period, Alternative 2 leads to a decrease in
flood damages of $245 million, and 15,100 reductions in flooding instances. This translates to 30.2
instances of flooding reduced for every $ million spent in construction costs, and a benefit-cost ratio of
0.49. Additionally, Alternative 2 leads to 111 reductions in roadway overtopping over the 50-year design

period.

Alternative 2 is shown to provide significant flood mitigation benefits in events of catastrophic magnitude
such as the 500-year storm event: Alternative 2 reduces structural damages by $225 million, and flooding

instances by 1,900.

FNI also ran a Hurricane Harvey simulation to assess Alternative 2’s performance during tropical storms
and hurricanes that can produce large amounts of rainfall over multiple days. Alternative 2 is shown to

reduce structural damages by $180 million, and flooding instances by 1,940.

Figure 13: Flood Damages ($M) by Event — Alternative 2

500 100 50 10 5 2

H Future Conditions $818.5 $405.5 $283.6 $107.7 $54.4 $28.4
M Alternative 2 $592.4 $258.8 $172.3 $65.8 $36.9 $20.1
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Figure 14: Flood Instances by Event — Alternative 2
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W Future Conditions 14,630 8,996 6,824 2,625 1,325 582
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Key Take-Aways:

1. The Dickinson Bayou Watershed upstream of Cemetery Rd. is mostly undeveloped, and therefore
the quantifiable benefits associated with the inundation depth reductions provided by Alternative
2 are limited. New development should be built with slab elevations above flood risk levels.

2. A portion of the land in Reach DB-1 and DB-2 that is undeveloped today should be set aside for
regional detention to allow for future development to occur without generating adverse impacts
downstream.

3. Constructing a diversion channel from downstream of [-45 to the Bayou’s outlet provides
significant flood risk mitigation in the population centers located around 1-45, particularly in the
Dickinson “Bowl” east of I-45. It also eliminates the need to build a channel across I-45. Alternative
2 has a benefit/cost ratio of 0.5 which is the highest of any alternative evaluated as part of the
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan.

4. The Dickinson “Bowl” contains a vast number of low-lying structures at risk of flooding during
frequent storm events like the 2-year and 5-year events. Alternative 2 cannot adequately mitigate
the flood risk at these structures. Voluntary buyouts and elevation of the finished floors is
recommended for these structures.

5. Significant residual risk remains with the construction of Alternative 2.
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4 CONCLUSIONS

Table 8 shows the 100-year peak water surface elevation reductions at Cemetery Rd. and 1-45 between
Alternative 1, Alternative 2, and future conditions (no project). A comparison of the complete 100-year

water surface profiles is presented in Figure 15 provided on the next page.

Table 8: 100-Year Peak Water Surface Elevation Reductions at Cemetery Rd. and 1-45

Alternative Cemetery Rd. [-45
1: Detention 0.59 feet 0.37 feet
2: Detention + Diversion 0.88 feet 229 feet
Channel

Alternative 1 is about half the cost of Alternative 2 but provides significantly less flood risk mitigation.
Alternative 2 has a benefit/cost ratio of 0.5 which is the highest of any alternative evaluated as part of the
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan. The proposed diversion channel provides
significant flood risk mitigation in the population centers located around I-45 that are subject to an
elevated risk of riverine flooding. As presented in Appendix A, increasing the channel capacity increases
constructions costs but also the benefits obtained from the project. As this study progresses into future
phases, the design of the diversion channel can optimized based on available funds and flood risk

mitigation objectives.
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Figure 16 and Figure 17 summarize the structural damages and instances of flooding associated with each

alternative compared to future conditions (no project).

Figure 16: Summary of Structural Damages ($M) by Event for All Alternatives

500 100 50 10 5

W Future Conditions 818.5 405.5 283.6 107.7 54.4 28.4
B Alternative 1 748.8 369.3 259.5 102.1 52.9 27.1
B Alternative 2 592.4 258.8 172.3 65.8 36.9 20.1
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Figure 17: Summary of Flood Instances by Event for All Alternatives
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M Alternative 2 12,727 6,711 4,700 1,830 1,054 452

33



Dickinson Bayou Alternatives Evaluation and Recommendation Report 'nFREESE
Lower Clear Creek and Dickinson Bayou Flood Mitigation Plan ‘NICHOLS

FNI proposes the following conclusions resulting from this study:

1. The alternatives proposed in this study are targeted toward mitigating the riverine flood risk
during large, infrequent storms. For structures at risk of flooding under smaller, more frequent
storms such as the 2-year and the 5-year events, elevating the structure or acquiring the property
and removing it from the floodplain is likely the most cost-effective approach. FNI calculated that
over 1,300 structures flood during the 5-year event under future conditions. A significant number

of these structures are located in the Dickinson “Bowl” in the vicinity of I-45.

2. Placing detention in the upstream portion of the watershed where undeveloped land is currently
available will prove critical as the area develops in the future, but offers limited benefits in the

Dickinson “Bowl” where most of the structures at risk of flooding are located.

3. Constructing a diversion channel from downstream of |-45 to the Bayou’s outlet provides
significant flood risk mitigation in the population centers located around I-45 that are at the

highest risk of riverine flooding.

4. The project benefits captured in this study do not fully account for the benefits the proposed
alternatives could provide to the local drainage systems, which could be significant. The output
from the alternatives developed in this study’s hydraulic models should be integrated into local
storm sewer network models to capture additional benefits achieved outside of the riverine

floodplain of Dickinson Bayou and its major tributaries.

5. The proposed alternatives mitigate but do not eliminate the flood risk in the study area. Significant
residual risk persists east of |-45 due to an abundance of low-lying structures in the Dickinson
“Bowl”. Flooding risks will likely increase in the future as the upstream portion of the watershed
develops, and the compound effect of rainfall and storm surge becomes more severe due to rising

sea levels.
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5 RECOMMENDATIONS

Since the combination alternatives analyzed do not have a benefit-cost ratio greater than 1.0, project
recommendations are closely tied to project funding potential with a focus on local funding for a

significant share of the project.

5.1 PROJECT FUNDING
5.1.1 Local Funding

All of the combination alternatives and any of the individual projects greater than $50 million in capital
cost are unlikely to be funded by an individual entity such as the City of League City or the City of Dickinson.
These improvements will require partnerships and cost sharing agreements between the entities. These
agreements could be developed piecemeal on a project-by-project basis, but would be better
accomplished through development of a watershed-wide entity focused on flood damage reduction along
the main channel of Dickinson Bayou such as the Clear Creek Flood Control District originally proposed in

1995 and offered for consideration again at the State level in 2019.

Such an entity would have a clear mission of flood protection for Dickinson Bayou and provide a single
clear partner for larger entities such as USACE, Texas General Land Office, and the Texas Water
Development Board. This entity would not conflict or restrict Galveston County Consolidated Drainage
District and other entities along the Bayou from their responsibilities. Instead, the newly formed Dickinson
Bayou Flood Control District would allow other entities to focus their efforts on tributary drainage to
Dickinson Bayou thus maximizing the benefit of their existing ad valorem taxes. The Dickinson Bayou Flood
Control District would need to be created by the Texas State Legislature and then voted upon by the
Watershed’s residents to grant it taxing authority. The tax rate for the District would be a function of the
projects recommended following the next phase of this study. Discussions with state and local officials to

gain traction for this concept should proceed immediately.

5.1.2 External Funding

In addition to local funding opportunities through ad valorem, additional grant and matching programs
exist at the Federal and State level that should be evaluated once clear cost/benefit metrics are prepared
that include potential local benefits. These funding entities and their programs are discussed in greater

detail in Appendix E and include:
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e United States Army Corps of Engineers

e Texas General Land Office

e Federal Emergency Management Agency

e Texas Water Development Board

e United States Department of Housing and Urban Development

e United States Department of Agriculture

There are many different financial partnership opportunities, but external sources come with their own
objectives. Even if a project may qualify and be selected for a program, most programs require a local
match that is a significant percentage and many programs have strings attached. Each partner will have
distinct eligibility and accountability criteria by which they are legally obligated to, often including benefit

cost ratio.

Many of these requirements include:

* Additional Protections for Cultural Resources and the Environment

* Restrictions on what actions are reimbursable

* Additional reporting requirements on how money is spent

* Transparency and fairness in how contracts are advertised and awarded

* Special contract provisions regarding how work will be recorded and conducted

As these programs are pursued it is important to understand the implications that each program’s
requirements may impose on the project; these projects will not perform well for programs that put a

heavy emphasis on low to moderate income and socially vulnerable populations.

For structures at risk of flooding under frequent storms, elevating the structure or acquiring the property
and removing it from the floodplain is likely the most cost-effective approach. This can be specifically
undertaken with the help of the following programs:

e NRCS-EWP Pilot Program

e FEMA-HMGP

e FEMA-BRIC

e TWDB-FIF
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5.2 NEXT STEPS

FNI recommends that this concepts analysis study be followed by a feasibility study to:

Refine the combination alternatives proposed as part this study,

Identify supplemental benefits the alternatives could provide to areas located outside of the
riverine floodplains. The outputs from the alternatives developed as part of this study should be
integrated into local storm sewer network models for League City, Dickinson, and other

municipalities,

Reduce the uncertainty associated with the compound flooding results to improve the

understanding of its impacts on the alternatives’ benefits,
Identify efficiencies in the alternatives to reduce cost,
Develop a project delivery plan, and

Recommend a distinct alternative for implementation.
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Appendix A

Evaluation of Discrete Projects
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Appendix B

Hydrologic Technical Memorandum
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Appendix C

Hydraulic Technical Memorandum
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Appendix D

Inundation Damages Assessment

Technical Memorandum
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Appendix E

Preliminary Funding Memorandum
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APPENDIX 5-4H SJMDP

The San Jacinto Regional Master Drainage Plan report can be accessed at the following location.

Citation:

Halff Associates, Inc. & Freese and Nichols, Inc. "San Jacinto Regional Watershed Master Drainage
Plan." 2020. Document.

Website:

https://www.hcfcd.org/Activity/Active-Projects/San-Jacinto-River/C-17-San-Jacinto-River-
Watershed-Study



https://www.hcfcd.org/Activity/Active-Projects/San-Jacinto-River/C-17-San-Jacinto-River-Watershed-Study
https://www.hcfcd.org/Activity/Active-Projects/San-Jacinto-River/C-17-San-Jacinto-River-Watershed-Study

Appendix 5-4D:
Galveston Bay Storm Surge Protection Coastal Storm Risk
Management




APPENDIX 5-4D COASTAL TEXAS PROTECTION AND
RESTORATION FEASIBILITY STUDY FINAL REPORT

The Coastal Texas Protection and Restoration Feasibility Study Final Report can be accessed at the
following location.

Citation:

USACE. “Coastal Texas Protection and Restoration Feasibility Study Final Report.” 2021. Document.
Website:

https://coastalstudy.texas.gov/draft-proposal/index.html
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Appendix 5-4E:
City of Houston Fifth Ward Area Flood Mitigation
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1. Study Area Location and Description

The City of Houston (City) contracted with Cobb Fendley & Associates, Inc to perform an
Existing Condition Analysis for the drainage systems associated with the area commonly
referred to as the Greater Fifth Ward Super Neighborhood near downtown Houston. The
study area is in City Council District B just northeast of downtown and can be found on Key
Map grids 494A through 494L, see Exhibit 1 — Project Location Map.

Under the Capital Improvement Projects program, several areas of concern were identified
as drainage concerns or as needing street repairs performed. As such, the City determined
these were “Need Areas” and assigned individual project numbers to each. Drainage
studies were performed for each of these Need Areas (M-2013-B01, N-2013L-B01, and N-
2014L-B02), but an overall solution was not possible on an individual project basis. As such,
this project combines those areas into what is now referred to as the Greater Fifth Ward
Drainage Masterplan. As a drainage masterplan, it is now possible to combine the
improvements associated with each individual area into a larger, more comprehensive,
solution which serves the area with a regional solution, rather than having to obtain
additional right-of-way (ROW) in order to have several small detention ponds scattered
throughout the region.

The project location is primarily residential, comprised of single-family homes. The majority
of drainage systems in the project location are comprised of concrete curb and gutter streets
with underground storm sewer systems, but there are also a few areas with asphalt streets
and roadside ditches. Buffalo Bayou (HCFCD Unit# W100-00-00) serves as the primary
outfall location at 3 different locations.

2. Scope of Work

The purpose of this study is to review and evaluate existing conditions for the project area in
order to facilitate solutions which will address the flooding problems. Specific tasks include

¢ Define the existing condition drainage area boundaries

¢ Identify existing drainage systems and outfall locations

o Develop drainage area map

o Determine hydrologic drainage parameters

e Perform existing condition drainage system capacity analysis
¢ Identify existing drainage problem locations

It should be noted that findings within this report are preliminary and were intended to find
possible solutions to address the identified deficiencies. Any proposed improvements will
be verified through a more detailed proposed condition analysis.



Preliminary Engineering Tech Memo
Fifth Ward Drainage Masterplan | City of Houston

3. Methodology

3.1. Hydrology

The July 2019 City of Houston Infrastructure Design Manual was followed for the hydrologic
analysis. The total study area is comprised of approximately 1,309 acres. Newly obtained
LiDAR data for this project location was utilized to study the overland terrain allowing for
identification of sheetflow patterns in order to determine drainage area boundaries. To
perform hydrologic calculations, the rational method was used to calculate peak flow rates
for the 2-, 10-, 100-, and 500-year Atlas-14 rainfall event using City of Houston Time of
Concentration calculation. The calculated rational method drainage area peak flows were
used to calibrate the flows for each rainfall event which were generated within runoff mode
of the XP-SWMM model. The drainage area map is provided in Exhibit 2 and existing
condition Hydrologic calculations are provided in Exhibit 3

3.2.Hydraulics

XP-SWMM models were created for the 2-, 10-, and 100-year rainfall events to simulate
conveyance through interconnected drainage systems within the Greater Fifth Ward area.
These XP-SWMM models are comprehensive models which allow interconnection of all
drainage systems (roadside ditches, culverts, storm sewer trunks) with Buffalo Bayou as the
primary outfall location. The drainage system network was created by utilizing collected
survey data, City of Houston GIMS data, and as-built plan sets. The topographic survey
was collected through the use of a new LIiDAR data set with detailed high definition points to
identify overland terrain as well as cross sectional roadside ditch details. Storm sewer
manholes were identified from the LIDAR data and top of rim elevations were determined.
Storm sewer sizing and flowline elevation was manually obtained via on-site measurements
and observations. The outfall boundary condition for the XP-SWMM model utilized rating
curves to establish the backwater effect on the drainage system at each outfall location.
The rating curves utilize established water surface elevations for the various rainfall events
with respect to expected flows for each event. For instance, the 2-year rainfall event utilizes
the top of pipe elevation, the 10- and 100-year models utilize the 10- and 100-year water
surface elevations and flows from the Effective FEMA HEC-RAS models.
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4. Existing Condition

According to the Effective FEMA 100- and 500-year floodplain data (FEMA Floodplain Map
Number 48201C0690N, Effective 1/6/2017), water surface elevations remain within the
banks of Buffalo Bayou throughout the extents of the project area; therefore, the project is
primarily located outside the 100-, and 500-year floodplains. However, the northern most
portion of the project area is located within the Hunting Bayou 500-year floodplain. Although
storm sewer systems within this area convey flow south towards Buffalo Bayou, the Hunting
Bayou (north of the project location) 500-year water surface elevations reach as far south as
the Southern Pacific Railroad as shown in Exhibit 4 — Floodplain map.

The existing storm sewer system ranges in size from 18” reinforced concrete pipes (RCPs)
to 12'x 10’ reinforced concrete boxes (RCBs) and there is a small section of open channel
where Ingraham Gully (HCFCD Unit# G122-00-00) was previously located, which was
primarily enclosed in RCBs years ago.

Analysis of the existing storm sewer systems and roadside ditches (where applicable)
indicated the majority of the existing drainage infrastructure within the project area is
undersized and does not have adequate capacity to convey the 2-year Atlas 14 rainfall
event to the outfall locations, resulting in significant street ponding in areas, see Exhibit 5 —
Existing Condition Storm Sewer Layout. Compounded with the undersized drainage system,
overland sheetflow is unable to be conveyed directly to the channel in some locations as
well. Areas north of the railroad tracks are unable to convey overland sheetflow south
towards Buffalo Bayou because the railroad tracks are elevated and act similar to a dam,
preventing flow further south. As such, water is stored above ground until it can either enter
the storm sewer system/culverts under the tracks or reaches an elevation in which it
eventually flows north into Hunting Bayou. As shown in Exhibit 6A, B and C —-2-, 10- 100-
year Overland Ponding Map respectively, there is significant ponding north of the railroad
tracks and along the historical flow path of what used to be Ingraham Gully. Coincidentally,
these ponding areas identified on the overland ponding map coincide with the majority of the
repetitive loss claims.
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5. Proposed Condition

The proposed project was developed to encompass the four project areas included in this
assessment, M-2013-B01, N-2013L-B01, M-2017-TDOO03, and N-2014L-B02, along with any
additional area that would logically drain to the proposed storm sewer. This solution was
selected because it addresses the extreme event sheet flow deficiencies and uses a
continuous trunk throughout the entire project area. The proposed storm sewer system, which
largely runs along Gregg St, will have sufficient capacity to convey the 2-year rainfall event
and keep the extreme event contained within the ROW along the proposed storm sewer
trunkline, see Exhibit 7A, B, C, D, and E, — Proposed Ponding Maps. This proposed storm
sewer trunk will provide relief necessary for the undersized pipes in the north side of the
project area. The proposed storm sewer ranges in size from a 54" RCP at the upstream end
to 3—11'x 10’ RCBs at the outfall, see Exhibit 8. The roadways required to be reconstructed
to install the proposed storm sewer, will be replaced with equivalent sections to the existing
condition.

For constructability, this proposed project has been broken in to 4 sub-projects, see Exhibit 8.
The sub-projects are ordered from downstream to upstream. The first sub-project is from the
outfall to Buffalo Bayou to just north of IH-10. The second sub-project continues from the end
of sub-project 1 and ends just north of the railroad. The third sub-project includes the
remaining portion north of the railroad. The fourth sub-project is located just east of sub-
project 2.

The proposed project has a combined overall cost of $67,193,376, see Exhibit 9 for a per sub-
project cost. The proposed project reduces the length of impassible streets in the 100-year
by 9.29 miles, reduced the risk of flooding in the 100-year for 915 structures, see Exhibit 10
for a Benefitted Population Map.
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6. Mitigation Analysis

In order to determine if the project had an adverse impact to Buffalo Bayou, the increase in
flow from the proposed project was incorporated in to the effective HEC-HMS and HEC-RAS
models. Since the proposed project was analyzed using Atlas-14 and the effective HEC-
HMS and HEC-RAS models have not yet been updated, the difference between the existing
and propose XP-SWMM hydrographs was input in to the effective HEC-HMS model to
determine if the project caused the flows in Buffalo Bayou to increase.

The proposed project is located in the most downstream basin in the effective HEC-HMS
model, sub-basin W1000, which has a 100-year (TP-40) peak flow of 5,230 cfs and peaks
at Day 1 18:30. Just upstream of the tie in with this sub basin, Buffalo Bayou has a peak
flow of 59,034 and peaks at Day 2 2:15. Downstream of the tie in, the peak flow is 61,636
and peaks at Day 2 1:45.

The proposed project allows the area to drain more effectively, which increases peak flow
and causes the area to peak earlier. When taking the proposed project in to account, sub
basin W1000 has a proposed peak flow of 6,064 and peaks at Day 1 18:00, an increase of
834 cfs. When combined with the mainsteam of Buffalo Bayou, which is unchanged from
the existing condition, Buffalo Bayou downstream of the tie in with W1000 has a peak flow
of 61,306 and peaks at Day 2 2:00, a decrease of 330 cfs. This shows that the proposed
project does not increase the peak flows along the mainsteam of Buffalo Bayou.

Additionally, any detention that was included in the proposed storm sewer system delayed
the peak, which causes it to negatively affect the flows in Buffalo Bayou. If detention is
included in this project, it would be more effective along Buffalo Bayou and not included as
part of the proposed storm sewer system.
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7. Additional Considerations

It is noteworthy to mention that this project location is immediately adjacent to the Texas
Department of Transportation’s North Houston Highway Improvement Project (NHHIP)
which is currently under design. The NHHIP project is intended to relocate Interstate 45 so
that it no longer passes directly through downtown Houston but will divert towards the east
side of downtown and merge with US-69. It should also be noted that the current IH-10
storm sewer system does not have any connections with the City of Houston storm sewer
system in this area. Drainage improvements recommended in the proposed condition
analysis should include consideration for this future construction to ensure the
recommendations do not negatively impact the progress of the future freeway construction.
See Exhibit 11 — TXDOT NHHIP Schematic

Recommended improvements resulting from the proposed condition analysis could
potentially result in negative impacts to Buffalo Bayou, either by increased flow to the Bayou
or increased water surface elevations. Typically, detention ponds are recommended to
mitigate these types of impacts. It should be noted that there is a potential Superfund Site
(See Exhibit 12 — Superfund Sites) in the general vicinity and additional research should be
performed to determine if there is contamination prior to deciding where to locate the
detention facilities if deemed necessary.
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EXHIBIT 3 - Existing

Condition Hydrologic Calculations

2 year 5 year 10 year 25 year 50 year 100 year
Drainage Area Intensity || Flow Q | Intensity | [ Flow Q [Intensityl| FlowQ |Intensity || FlowQ |Intensity!| Flow Q [Intensity!l| FlowQ
OUTFALL Area (acre) | Tc(min) [4 %IMP (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs)
Buck E BEO1 3.05 27.17 0.45 41.67 3.59 493 4.50 6.17 5.28 7.25 6.39 8.78 7.29 10.01 8.19 11.25
Buck E BEO2 2.27 26.55 0.35 25.00 3.63 2.88 4.55 3.61 5.34 4.24 6.47 5.14 7.37 5.85 8.29 6.58
Buck E BEO3 1.80 26.09 0.35 25.00 3.67 231 4.59 2.90 5.39 3.40 6.53 4.11 7.44 4.69 8.36 5.27
Buck E BEO4 1.49 25.72 0.45 41.67 3.70 2.47 4.63 3.09 5.43 3.63 6.57 4.39 7.49 5.01 8.42 5.63
Buck W BWO1 11.97 30.48 0.80 100.00 3.37 32.25 4.22 40.45 4.96 47.53 6.02 57.63 6.87 65.80 7.73 74.05
Buck W BW02 3.53 27.49 0.65 75.00 3.57 8.19 4.47 10.26 5.25 12.04 6.35 14.59 7.25 16.64 8.15 18.70
Buck W BWO03 2.61 26.84 0.55 58.33 3.61 5.18 4.53 6.49 5.31 7.61 6.43 9.22 7.33 10.51 8.24 11.82
Buck W BW04 2.19 26.48 0.65 75.00 3.64 5.18 4.56 6.48 5.35 7.61 6.48 9.21 7.38 10.51 8.30 11.81
Buck W BWO05 2.72 26.92 0.65 75.00 3.61 6.37 4.52 7.98 5.30 9.37 6.42 11.34 7.32 12.93 8.23 14.54
Buck W BWO06 1.12 25.20 0.80 100.00 3.74 3.35 4.68 4.20 5.49 4.92 6.64 5.96 7.57 6.79 8.50 7.63
Buck W BWO07 1.16 25.26 0.35 25.00 3.73 1.51 4.67 1.90 5.48 2.22 6.63 2.69 7.56 3.07 8.49 3.45
Buck W BWO08 1.98 26.28 0.65 75.00 3.65 4.70 4.58 5.89 5.37 6.91 6.50 8.37 7.41 9.54 8.33 10.72
Buck W BWO09S 2.30 26.58 0.65 75.00 3.63 5.43 4.55 6.81 5.34 7.99 6.46 9.67 7.37 11.03 8.28 12.39
Buck W BW10 2.94 27.09 0.65 75.00 3.59 6.86 4.50 8.59 5.29 10.09 6.40 12.21 7.30 13.93 8.21 15.66
Buck W BW11 1.60 25.87 0.65 75.00 3.69 3.84 4.62 4.81 5.42 5.64 6.56 6.83 7.47 7.79 8.40 8.75
Buck W BW12 0.98 24.97 0.65 75.00 3.76 2.40 4.70 3.00 5.52 3.52 6.68 4.26 7.61 4.85 8.54 5.45
Buck W BW13 1.33 25.51 0.65 75.00 3.71 3.21 4.65 4.02 5.45 4.71 6.60 5.70 7.52 6.50 8.45 7.30
Buck W BW14 1.74 26.03 0.65 75.00 3.67 4.16 4.60 5.21 5.40 6.11 6.53 7.40 7.45 8.43 8.37 9.47
Buck W BW15 0.77 24.54 0.45 41.67 3.79 1.31 4.74 1.63 5.57 1.92 6.73 2.32 7.67 2.64 8.62 2.97
Buck W BW16 1.82 26.12 0.65 75.00 3.67 4.34 4.59 5.44 5.39 6.38 6.52 7.73 7.44 8.81 8.36 9.90
Buck W BW17 1.84 26.13 0.65 75.00 3.66 4.38 4.59 5.49 5.39 6.44 6.52 7.80 7.43 8.89 8.35 9.99
Buck W BW18 1.58 25.83 0.65 75.00 3.69 3.78 4.62 4.73 5.42 5.55 6.56 6.72 7.48 7.66 8.40 8.60
Buck W BW19 1.74 26.02 0.65 75.00 3.67 4.15 4.60 5.19 5.40 6.09 6.54 7.38 7.45 8.41 8.37 9.45
Buck W BW20 2.01 26.31 0.55 58.33 3.65 4.03 4.57 5.05 5.37 5.92 6.50 7.17 7.41 8.18 8.33 9.19
Buck W BW21 2.63 26.86 0.45 41.67 3.61 4.28 4.52 5.36 5.31 6.29 6.43 7.61 7.33 8.68 8.24 9.76
Buck W BW22 1.48 25.71 0.80 100.00 3.70 4.37 4.63 5.48 5.43 6.43 6.58 7.78 7.49 8.86 8.42 9.96
Buck W BW23 2.54 26.78 0.35 25.00 3.62 3.22 4.53 4.03 5.32 4.73 6.44 5.73 7.34 6.53 8.25 7.34
Buck W BW24 1.61 25.87 0.65 75.00 3.68 3.85 4.61 4.82 5.42 5.65 6.56 6.84 7.47 7.80 8.40 8.76
Buck W BW25 1.24 25.38 0.80 100.00 3.72 3.68 4.66 4.61 5.47 5.41 6.62 6.55 7.54 7.47 8.47 8.39
Buck W BW26 234 26.62 0.65 75.00 3.63 5.53 4.55 6.93 5883 8.13 6.46 9.84 7.36 11.22 8.28 12.61
Clinton Clo1l 2.41 26.67 0.65 75.00 3.62 5.67 4.54 7.11 5.33 8.34 6.45 10.10 7.36 11.51 8.27 12.94
Clinton Clo2 1.79 26.08 0.45 41.67 3.67 2.95 4.60 3.70 5.39 4.34 6.53 5.25 7.44 5.99 8.36 6.73
Clinton Clo3 1.60 25.86 0.45 41.67 3.69 2.65 4.62 3.32 5.42 3.90 6.56 4.72 7.47 5.38 8.40 6.04
Clinton Clo4 2.38 26.65 0.55 58.33 3.63 4.75 4.54 5.95 5883 6.98 6.46 8.45 7.36 9.63 8.27 10.83
Clinton Clos 2.38 26.65 0.65 75.00 3.63 5.60 4.54 7.02 5.33 8.23 6.46 9.97 7.36 11.37 8.27 12.77
Clinton Cloé 1.86 26.15 0.45 41.67 3.66 3.06 4.59 3.83 5.38 4.50 6.52 5.44 7.43 6.21 8.35 6.97
Clinton clo7 2.37 26.64 0.65 75.00 3.63 5.59 4.54 7.00 5.33 8.21 6.46 9.94 7.36 11.34 8.27 12.74
Clinton Clog 2.62 26.85 0.35 25.00 3.61 3.31 4.53 4.14 5.31 4.86 6.43 5.89 7.33 6.72 8.24 7.55
Clinton Clo9 17.40 31.54 0.18 0.00 3.30 10.35 4.15 12.98 4.87 15.26 5.91 18.51 6.75 21.14 7.60 23.80
Clinton cl1o 38.56 34.02 0.50 50.00 3.17 61.02 3.97 76.63 4.68 90.13 5.68 109.44 6.49 125.09 7.31 140.97
Clinton Cl11 8.36 29.53 0.45 41.67 3.43 12.90 4.30 16.17 5.05 19.00 6.12 23.03 6.98 26.28 7.86 29.57
Clinton Cl12 8.40 29.55 0.80 100.00 3.43 23.03 4.30 28.87 5.05 33.91 6.12 41.11 6.98 46.92 7.86 52.79
Clinton Cl13 0.29 23.06 0.90 100.00 3.92 1.04 4.90 1.30 5.75 1.52 6.95 1.84 7.91 2.09 8.88 2.35
Clinton Cl14 2.53 26.77 0.80 100.00 3.62 7.31 4.53 9.16 5.32 10.75 6.44 13.02 7.34 14.84 8.25 16.68
Clinton Clis 1.36 25.56 0.80 100.00 3.71 4.05 4.64 5.07 5.45 5.95 6.60 7.20 7.52 8.21 8.44 9.22
Clinton Cli6 5.78 28.62 0.45 41.67 3.49 9.07 4.37 11.37 5.13 13.35 6.22 16.17 7.10 18.45 7.98 20.75
GREGG G001 2.86 27.03 0.45 41.67 3.60 4.63 4.51 5.80 5.29 6.80 6.41 8.24 7.31 9.40 8.21 10.56
GREGG G002 2.85 27.03 0.45 41.67 3.60 4.62 4.51 5.79 5.29 6.80 6.41 8.23 7.31 9.38 8.21 10.55
GREGG G003 3.02 27.15 0.45 41.67 3.59 4.88 4.50 6.11 5.28 7.17 6.39 8.69 7.29 9.91 8.20 11.14
GREGG G004 1.89 26.19 0.45 41.67 3.66 3.12 4.58 3.91 5.38 4.58 6.51 5.55 7.43 6.33 8.34 7.11
GREGG G005 1.99 26.28 0.45 41.67 3.65 3.27 4.58 4.09 5.37 4.80 6.50 5.81 7.41 6.62 8.33 7.44
GREGG G006 1.99 26.29 0.45 41.67 3.65 3.27 4.58 4.10 5.37 4.81 6.50 5.83 7.41 6.64 8.33 7.47
GREGG G007 2.65 26.87 0.45 41.67 3.61 4.31 4.52 5.40 531 6.33 6.43 7.67 7.33 8.75 8.24 9.83
GREGG G008 1.72 26.00 0.45 41.67 3.67 2.85 4.60 3.57 5.40 4.18 6.54 5.06 7.45 5.77 8.37 6.49
GREGG G009 2.29 26.57 0.45 41.67 3.63 3.74 4.55 4.69 5.34 5.50 6.47 6.66 7.37 7.59 8.28 8.54
GREGG G010 3.05 27.17 0.45 41.67 3.59 4.93 4.50 6.18 5.28 7.25 6.39 8.78 7.29 10.02 8.19 11.26
GREGG G011 5.44 28.47 0.45 41.67 3.50 8.56 4.38 10.73 5.15 12.60 6.24 15.26 7.12 17.41 8.00 19.58
GREGG G012 1.03 25.06 0.45 41.67 3.75 1.74 4.69 2.18 5.51 2.56 6.66 3.10 7.59 3.53 8.53 3.97
GREGG G013 0.98 24.96 0.45 41.67 3.76 1.66 4.70 2.07 5.52 243 6.68 2.94 7.61 3.35 8.54 3.77
GREGG G014 2.96 27.11 0.80 100.00 3.59 8.52 4.50 10.67 5.28 12.53 6.40 15.17 7.30 17.30 8.20 19.45
GREGG G015 2.75 26.95 0.45 41.67 3.60 4.46 4.52 5.59 5.30 6.56 6.42 7.95 7.32 9.06 8.23 10.18
GREGG G016 1.64 25.92 0.45 41.67 3.68 2.72 4.61 3.41 5.41 4.00 6.55 4.85 7.46 5.53 8.39 6.21
GREGG G017 2.56 26.80 0.45 41.67 3.62 4.16 4.53 5.22 5.32 6.12 6.44 7.41 7.34 8.45 8.25 9.50
GREGG G018 4.06 27.80 0.45 41.67 3.54 6.48 4.44 8.12 5.21 9.53 6.32 11.54 7.20 13.17 8.10 14.81
GREGG G019 1.97 26.26 0.45 41.67 3.66 3.23 4.58 4.05 5.37 4.75 6.50 5.75 7.41 6.56 8.33 7.37
GREGG G020 4.47 28.02 0.45 41.67 3.53 7.10 4.42 8.90 5.19 10.45 6.29 12.66 7.18 14.44 8.07 16.24
GREGG G021 5.22 28.38 0.45 41.67 3.50 8.23 4.39 10.32 5.16 12.12 6.25 14.68 7.13 16.75 8.02 18.84
GREGG G022 9.15 29.77 0.45 41.67 3.41 14.06 4.28 17.63 5.03 20.71 6.09 25.11 6.96 28.65 7.83 32.24
GREGG G023 12.84 30.68 0.45 41.67 3.36 19.40 4.21 24.33 4.95 28.59 6.00 34.67 6.85 39.59 7.71 44.56
GREGG G024 6.78 29.01 0.45 41.67 3.46 10.56 4.34 13.24 5.10 fi5155] 6.18 18.84 7.05 21.50 7.93 24.19
GREGG G025 5.82 28.64 0.45 41.67 3.49 9.13 4.37 11.45 5.13 13.45 6.22 16.29 7.10 18.59 7.98 2091
GREGG G027 5.81 28.63 0.45 41.67 3.49 9.12 4.37 11.43 5.13 13.43 6.22 16.27 7.10 18.56 7.98 20.88
GREGG G028 6.17 28.78 0.45 41.67 3.48 9.65 4.36 12.10 5.12 14.21 6.20 17.21 7.08 19.64 7.96 22.09
Grove GRO1 1.97 26.27 0.35 25.00 3.65 2.52 4.58 3.16 5.37 3.71 6.50 4.49 7.41 5.12 8.33 5.75
Grove GR02 1.44 25.67 0.55 58.33 3.70 2.94 4.63 3.68 5.44 4.32 6.58 5.23 7.50 5.96 8.43 6.69
Grove GR03 2.77 26.97 0.35 25.00 3.60 3.50 4.51 4.38 5.30 5.14 6.42 6.23 7.32 7.10 8.22 7.98
Grove GR04 2.63 26.86 0.35 25.00 3.61 3.33 4.52 4.17 5.31 4.89 6.43 5.93 7.33 6.76 8.24 7.60
Grove GR0O5 1.55 25.80 0.65 75.00 3.69 3.71 4.62 4.65 5.42 5.45 6.56 6.60 7.48 7.52 8.41 8.46
Grove GR06 1.60 25.87 0.65 75.00 3.68 3.84 4.61 4.81 5.42 5.65 6.56 6.84 7.47 7.79 8.40 8.76
Grove GR0O7 1.93 26.23 0.65 75.00 3.66 4.59 4.58 5.75 5.38 6.75 6.51 8.17 7.42 9.31 8.34 10.46
Grove GR08 1.90 26.19 0.65 75.00 3.66 4.51 4.58 5.65 5.38 6.63 6.51 8.03 7.42 9.15 8.34 10.29
Grove GRO9 2.56 26.80 0.65 75.00 3.62 6.01 4.53 7.54 5.32 8.84 6.44 10.71 7.34 12.21 8.25 13.72
Grove GR10 1.37 25.57 0.65 75.00 3.71 3.30 4.64 4.13 5.45 4.84 6.59 5.86 7.52 6.68 8.44 7.50
Grove GR11 1.79 26.07 0.45 41.67 3.67 2.95 4.60 3.69 5.39 4.33 6.53 5825 7.44 5.98 8.36 6.72
Grove GR12 1.47 25.70 0.35 25.00 3.70 1.90 4.63 2.38 5.43 2.80 6.58 3.38 7.50 3.86 8.42 433
Grove GR13 1.34 25.53 0.45 41.67 3.71 2.24 4.65 2.80 5.45 3.28 6.60 3.98 7.52 4.53 8.45 5.09




Grove GR14 1.75 26.04 0.65 75.00 3.67 4.19 4.60 5.24 5.40 6.15 6.53 7.45 7.45 8.49 8.37 9.54
Grove GR15 2.26 26.55 0.65 75.00 3.63 S5] 4.55 6.70 5.34 7.86 6.47 9.52 7.37 10.86 8.29 12.20
Grove GR16 2.87 27.04 0.65 75.00 3.60 6.72 4.51 8.42 5.29 9.88 6.41 11.97 7.31 13.65 8.21 15.34
Grove GR17 1.58 25.84 0.65 75.00 3.69 3.79 4.62 4.75 5.42 5.58 6.56 6.75 7.48 7.69 8.40 8.64
Grove GR18 2.00 26.30 0.45 41.67 3.65 3.29 4.57 4.12 537 4.84 6.50 5.86 7.41 6.68 8.33 7.51
Grove GR19 1.81 26.10 0.80 100.00 3.67 S} 4.59 6.66 589 7.81 6.52 9.46 7.44 10.78 8.36 12.11
Grove GR20 1.18 25.30 0.65 75.00 3.73 2.86 4.67 3.58 5.48 4.20 6.63 5.09 7.56 5.80 8.49 6.51
Grove GR21 0.77 24.56 0.35 25.00 3.79 1.03 4.74 1.29 5.56 1.51 6.73 1.83 7.67 2.08 8.61 2.34
Grove GR22 2.02 26.32 0.35 25.00 3.65 2.58 4.57 3.24 537 3.80 6.50 4.60 7.41 5.24 8.32 5.89
Grove GR23 1.98 26.28 0.65 75.00 3.65 4.70 4.58 5.89 5.37 6.91 6.50 8.36 7.41 9.53 8.33 10.72
Grove GR24 1.85 26.15 0.65 75.00 3.66 4.41 4.59 5.52 5.39 6.48 6.52 7.84 7.43 8.94 8.35 10.05
Grove GR25 1.83 26.13 0.30 16.67 3.67 2.02 4.59 2.53 5.39 2.96 6.52 3.59 7.43 4.09 8.35 4.60
Grove GR26 1.99 26.28 0.45 41.67 3.65 3.27 4.58 4.09 537 4.80 6.50 5.81 7.41 6.62 8.33 7.44
Grove GR27 1.79 26.08 0.30 16.67 3.67 1.97 4.60 2.47 5.39 2.90 6.53 3.51 7.44 4.00 8.36 4.49
Grove GR28 1.58 25.84 0.30 16.67 3.69 1.75 4.62 2.19 5.42 2.57 6.56 3.12 7.48 3.55 8.40 3.99
Grove GR29 1.15 25.24 0.65 75.00 3.73 2.78 4.67 3.48 5.48 4.09 6.64 4.94 7.56 5.63 8.50 6.33
Grove GR30 1.39 25.60 0.45 41.67 3.71 2.32 4.64 2.90 5.44 3.41 6.59 4.13 7.51 4.70 8.44 5.28
Grove GR31 1.60 25.86 0.55 58.33 3.69 3.24 4.62 4.06 5.42 4.76 6.56 5.76 7.47 6.57 8.40 7.38
Grove GR32 117 25.28 0.45 41.67 3.73 1.96 4.67 2.46 5.48 2.88 6.63 3.49 7.56 3.98 8.49 4.47
Grove GR33 1.07 25.12 0.30 16.67 3.74 1.20 4.69 1.50 5.50 1.76 6.65 213 7.58 2.43 8.52 2.73
Grove GR34 2.84 27.02 0.30 16.67 3.60 3.07 4.51 3.84 5.29 4.51 6.41 5.46 7.31 6.23 8.22 7.00
Grove GR35 1.67 25.94 0.30 16.67 3.68 1.84 4.61 231 5.41 2.71 6.55 3.28 7.46 378 8.38 4.20
Grove GR36 217 26.47 0.30 16.67 3.64 2.37 4.56 2.97 5.35 3.49 6.48 4.23 7.39 4.82 8.30 5.41
Hare HO1 5.23 28.38 0.18 0.00 3.50 3.30 4.39 413 5.16 4.85 6.25 5.88 7.13 6.71 8.02 7.54
Hare HO02 0.61 24.17 0.18 0.00 3.82 0.42 4.78 0.53 5.61 0.62 6.79 0.75 7.73 0.85 8.68 0.95
Hare HO03 4.11 27.83 0.18 0.00 3.54 2.62 4.44 3.28 5.21 3.86 6.31 4.67 7.20 533 8.10 5.99
Hare HO4 4.00 27.77 0.18 0.00 3.55 2.55 4.44 3.20 5.22 3.76 6.32 4.55 7.21 5.19 8.10 5.84
Hare HO5 3.16 27.24 0.45 41.67 3.58 5.09 4.49 6.38 5.27 7.49 6.38 9.07 7.28 10.34 8.18 11.62
Ingraham 101 4.44 28.00 0.80 100.00 3.53 12.54 4.42 15.72 5.19 18.46 6.29 22.36 7.18 25.50 8.07 28.68
Ingraham 102 4.19 27.87 0.80 100.00 3.54 11.88 4.43 14.88 5.21 17.47 6.31 21.17 7.19 24.14 8.09 27.15
Ingraham 103 3.26 27.31 0.80 100.00 3.58 9.32 4.48 11.68 5.26 13.71 6.37 16.60 7.27 18.93 8.17 21.28
Ingraham 104 4.26 27.91 0.80 100.00 3.54 12.06 4.43 15.11 5.20 17.74 6.30 21.50 7.19 24.52 8.08 27.57
Ingraham 105 1.44 25.66 0.80 100.00 3.70 4.26 4.63 5.34 5.44 6.26 6.58 7.58 7.50 8.64 8.43 9.71
Jensen Jo1 6.28 28.82 0.45 41.67 3.47 9.82 4.36 1231 5.11 14.46 6.20 17.52 7.07 19.99 7.95 22.49
Jensen J02 1.94 26.24 0.80 100.00 3.66 5.69 4.58 7.12 5.37 8.36 6.51 10.12 7.42 11.54 8.34 12.97
Jensen Jo3 2.35 26.62 0.35 25.00 3.63 2.98 4.55 3.73 5.33 4.38 6.46 5.30 7.36 6.05 8.28 6.80
Jensen 104 2.83 27.01 0.45 41.67 3.60 4.59 4.51 5.74 5.29 6.74 6.41 8.17 7.31 9.31 8.22 10.47
Jensen Jo5 2.75 26.95 0.35 25.00 3.60 3.47 4.52 4.35 5.30 5.10 6.42 6.18 7.32 7.05 8.23 7.92
Jensen Jo6 1.45 25.67 0.55 58.33 3.70 2.94 4.63 3.69 5.44 4.33 6.58 5.24 7.50 597 8.43 6.71
Jensen J07 2.66 26.88 0.55 58.33 3.61 5.28 4.52 6.62 5.31 7.77 6.43 9.41 7.33 10.73 8.24 12.06
Jensen Jog 2.75 26.95 0.55 58.33 3.60 5.45 4.52 6.83 5.30 8.01 6.42 9.71 7.32 11.07 8.23 12.44
Jensen J09 1.33 25.51 0.55 58.33 S 2.71 4.65 3.39 5.45 3.98 6.60 4.81 7.52 5.48 8.45 6.16
Jensen J10 1.94 26.24 0.65 75.00 3.66 4.61 4.58 5.77 5.38 6.78 6.51 8.20 7.42 9.35 8.34 10.51
Jensen J11 2.08 26.38 0.65 75.00 3.65 4.93 4.57 6.18 5.36 7.25 6.49 8.78 7.40 10.00 8.31 11.24
Jensen J12 1.81 26.10 0.45 41.67 3.67 2.98 4.59 3.74 5.39 4.39 6.53 531 7.44 6.05 8.36 6.80
Jensen 113 2.43 26.70 0.65 75.00 3.62 5.73 4.54 7.18 5.33 8.43 6.45 10.20 7.35 11.63 8.27 13.07
Jensen 114 2.52 26.77 0.80 100.00 3.62 7.29 4.53 9.13 5.32 10.71 6.44 12.97 7.34 14.79 8.25 16.62
Jensen 115 3.18 27.26 0.45 41.67 3.58 5.12 4.49 6.41 5.27 7.53 6.38 9.12 7.28 10.40 8.18 11.69
LYONS L001 3.94 27.73 0.45 41.67 3.55 6.30 4.45 7.89 522 9.26 6.32 11.22 7.21 12.79 8.11 14.39
LYONS L002 1.36 25.56 0.45 41.67 3.71 2.28 4.64 2.85 5.45 3.34 6.60 4.05 7.52 4.61 8.45 5.18
LYONS L003 4.01 27.77 0.45 41.67 3.55 6.40 4.44 8.02 522 9.42 6.32 1141 7.21 13.01 8.10 14.63
LYONS L004 2.86 27.03 0.45 41.67 3.60 4.63 4.51 5.80 5.29 6.81 6.41 8.24 7.31 9.40 8.21 10.57
LYONS L005 2.75 26.95 0.45 41.67 3.60 4.47 4.52 5.60 5.30 6.57 6.42 7.96 7.32 9.07 8.23 10.20
LYONS L006 1.60 25.87 0.45 41.67 3.68 2.66 4.62 3.33 5.42 3.91 6.56 4.73 7.47 5.39 8.40 6.06
LYONS L007 3.29 27.33 0.80 100.00 3.58 9.41 4.48 11.79 5.26 13.84 6.37 16.76 7.27 19.11 8.17 21.49
LYONS L008 1.82 26.12 0.80 100.00 3.67 5185} 4.59 6.70 5.39 7.86 6.52 9.52 7.44 10.85 8.36 12.19
LYONS L009 1.62 25.88 0.80 100.00 3.68 4.77 4.61 5.97 5.41 7.00 6.55 8.48 7.47 9.66 8.39 10.86
LYONS L010 221 26.50 0.45 41.67 3.64 3.62 4.56 4.53 5185} 5.32 6.47 6.44 7.38 7.34 8.30 8.25
LYONS L011 0.81 24.63 0.45 41.67 3.78 1.38 4.74 1.72 5.55 2.02 6.72 2.45 7.66 2.79 8.60 3.13
LYONS L012 7.44 29.24 0.80 100.00 3.45 20.52 4.32 2573 5.08 30.21 6.15 36.62 7.02 41.79 7.90 47.01
MARKET MO0 4.94 28.25 0.45 41.67 3.51 7.82 4.40 9.80 5.17 11.50 6.26 13.94 7.15 15.90 8.04 17.88
MARKET MO1 2.09 26.38 0.45 41.67 3.65 3.42 4.57 4.29 5.36 5.03 6.49 6.10 7.40 6.95 8.31 7.81
MARKET M02 2.58 26.82 0.45 41.67 3.61 4.20 4.53 5.26 531 6.18 6.43 7.48 7.34 8.53 8.25 9.59
MARKET MO03 3.16 27.25 0.45 41.67 3.58 5.10 4.49 6.39 5.27 7.50 6.38 9.09 7.28 10.36 8.18 11.65
MARKET M04 1.36 25.55 0.45 41.67 3.71 2.26 4.65 2.84 5.45 3.33 6.60 4.03 7.52 4.59 8.45 5.16
MARKET MO05 0.79 24.60 0.45 41.67 3.79 1.35 4.74 1.69 5.56 1.98 6.73 2.40 7.66 2.73 8.61 3.07
MARKET MO06 1.43 25.65 0.55 58.33 3.70 2.92 4.64 3.65 5.44 4.29 6.58 5.19 7.50 591 8.43 6.65
MARKET Mo7 1.40 25.60 0.55 58.33 371 2.84 4.64 3.56 5.44 4.18 6.59 5.06 7.51 5.76 8.44 6.48
MARKET M08 2.20 26.49 0.45 41.67 3.64 3.61 4.56 4.52 5.35 5.30 6.48 6.42 7.38 7.32 8.30 8.23
MARKET M09 1.54 25.79 0.45 41.67 3.69 2.56 4.62 3.20 5.42 3.76 6.57 4.55 7.48 5.18 8.41 5.82
MARKET M10 2.75 26.95 0.45 41.67 3.60 4.46 4.52 5.59 5.30 6.56 6.42 7.95 7.32 9.06 8.23 10.18
MARKET M11 1.95 26.25 0.45 41.67 3.66 3.21 4.58 4.02 5557 4.72 6.51 572 7.42 6.52 833 U8
MARKET M12 2.29 26.57 0.35 25.00 3.63 2.91 4.55 3.64 5.34 4.27 6.47 5.18 7.37 5.90 8.29 6.63
MARKET M13 1.44 25.66 0.55 58.33 3.70 2.93 4.63 3.66 5.44 4.30 6.58 5.20 7.50 593 8.43 6.66
MARKET M14 1.51 25.75 0.45 41.67 3.69 2.51 4.63 3.14 5.43 3.69 6.57 4.47 7.49 5.09 8.41 5.72
MARKET M15 4.24 27.90 0.45 41.67 3.54 6.75 4.43 8.46 5.20 9.93 6.30 12.03 7.19 13.73 8.09 15.43
MARKET M16 2.30 26.58 0.45 41.67 3.63 3.76 4.55 4.71 5.34 5.52 6.46 6.69 7.37 7.62 8.28 8.57
MARKET M17 2.33 26.61 0.35 25.00 3.63 2.96 4.55 3.71 5.34 4.35 6.46 5.27 7.37 6.01 8.28 6.75
MARKET M18 12.01 30.49 0.80 100.00 3.37 32.36 4.22 40.58 4.96 47.68 6.02 57.82 6.87 66.01 7.73 74.29
ORANGE 0001 6.53 28.91 0.45 41.67 3.47 10.19 4.35 12.77 Sdlil 15.00 6.19 18.18 7.06 20.74 7.94 23.33
ORANGE 0002 4.59 28.08 0.45 41.67 3.52 7.28 4.42 9.13 5.19 10.72 6.28 12.98 7.17 14.81 8.06 16.66
ORANGE 0003 1.30 25.48 0.45 41.67 3.72 2.18 4.65 2.73 5.46 3.20 6.61 3.88 7.53 4.42 8.46 4.96
ORANGE 0004 1.47 25.70 0.45 41.67 3.70 2.44 4.63 3.06 5.43 3.59 6.58 434 7.50 4.95 8.42 5.56
ORANGE 0005 1.69 25.97 0.45 41.67 3.68 2.80 4.61 3.51 5.40 4.12 6.54 4.99 7.46 5.69 8.38 6.39
ORANGE 0006 0.65 24.26 0.45 41.67 3.81 111 4.77 1.39 5.60 1.63 6.77 1.97 7.72 2.24 8.66 2.52
ORANGE 0007 1.81 26.10 0.45 41.67 3.67 2.98 4.59 3.74 5.39 4.39 6.53 531 7.44 6.05 8.36 6.80
ORANGE 0008 2.89 27.06 0.45 41.67 3.60 4.68 4.51 5.87 5.29 6.89 6.41 8.34 7.30 9.51 8.21 10.69
ORANGE 0009 2.25 26.54 0.45 41.67 3.63 3.69 4.55 4.62 5.34 5.42 6.47 6.56 7.38 7.48 8.29 8.41
ORANGE 0010 1.98 26.28 0.45 41.67 3.65 3.25 4.58 4.07 5.37 4.78 6.50 5.78 7.41 6.59 8.33 7.41
ORANGE 0011 1.99 26.29 0.45 41.67 3.65 3.27 4.58 4.09 537 4.81 6.50 5.82 7.41 6.63 8.33 7.45




ORANGE 0012 2.00 26.30 0.45 41.67 3.65 3.28 4.58 4.11 537 4.83 6.50 5.84 7.41 6.66 8.33 7.49
ORANGE 0013 1.89 26.18 0.45 41.67 3.66 3.11 4.59 3.89 5.38 4.57 6.51 358 7.43 6.31 8.35 7.09
PANNELL P001 1.27 25.43 0.45 41.67 3.72 2.13 4.66 2.67 5.46 3.13 6.61 3.79 7.54 4.32 8.47 4.85
PANNELL P002 2.64 26.86 0.45 41.67 3.61 4.29 4.52 5.37 B0l 6.31 6.43 7.64 7.33 8.71 8.24 9.79
PANNELL P003 1.95 26.25 0.45 41.67 3.66 3.21 4.58 4.02 537 4.71 6.51 571 7.42 6.50 8.34 7.31
PANNELL P004 0.68 24.34 0.45 41.67 3.81 116 4.77 1.45 5.59 1.70 6.76 2.06 7.70 238 8.65 2.63
PANNELL P005 0.97 24.94 0.45 41.67 3.76 1.63 4.70 2.04 5.52 2.40 6.68 2.90 7.61 3.31 8.55 3.71
PANNELL P006 135 25.55 0.45 41.67 371 2.26 4.65 2.83 5.45 3.32 6.60 4.02 7.52 4.58 8.45 33
PANNELL P007 1.22 25.36 0.45 41.67 3.72 2.05 4.66 2.56 5.47 3.01 6.62 3.64 7.55 4.15 8.48 4.66
PANNELL P008 4.30 27.93 0.45 41.67 3.54 6.84 4.43 8.57 5.20 10.06 6.30 12.19 7.19 13.90 8.08 15.64
PANNELL P009 2.84 27.02 0.45 41.67 3.60 4.60 4.51 5.77 5.29 6.77 6.41 8.20 7.31 9.35 8.22 10.51
PANNELL P010 0.99 24.98 0.45 41.67 878 1.67 4.70 2.09 5.51 2.45 6.67 2.96 7.60 3.38 8.54 3.79
PANNELL P011 3.12 27.22 0.45 41.67 3.59 5.04 4.49 6.31 5.27 7.41 6.39 8.97 7.28 10.23 8.19 11.50
PANNELL P012 2.65 26.87 0.45 41.67 3.61 4.30 4.52 5.38 5.31 6.32 6.43 7.65 7.33 8.73 8.24 9.81
PANNELL P013 2.09 26.38 0.45 41.67 3.65 3.43 4.57 4.29 5.36 5.04 6.49 6.10 7.40 6.95 8.31 7.81
PANNELL P014 3.86 27.68 0.45 41.67 858 6.17 4.45 7.73 5.23 9.08 6.33 10.99 7.22 12.54 8.12 14.10
PANNELL P015 2.23 26.52 0.45 41.67 3.64 3.65 4.55 4.57 5.35 5.36 6.47 6.49 7.38 7.40 8.29 8.32
PANNELL P016 2.66 26.88 0.45 41.67 3.61 4.32 4.52 5.41 5.31 6.35 6.43 7.69 7.33 8.77 8.24 9.86
PANNELL P017 2.68 26.89 0.45 41.67 3.61 4.35 4.52 5.45 531 6.39 6.43 7.74 7.33 8.83 8.23 9.92
PANNELL P018 3.38 27.39 0.45 41.67 3.57 5.43 4.48 6.80 5.26 7.99 6.36 9.67 7.26 11.03 8.16 12.40
PANNELL P019 2.43 26.69 0.45 41.67 3.62 3.97 4.54 4.97 533 5.83 6.45 7.06 7.35 8.05 8.27 9.05
PANNELL P020 2.35 26.62 0.45 41.67 3.63 3.83 4.55 4.80 5.33 5.64 6.46 6.83 7.36 7.78 8.28 8.75
PANNELL P021 2.29 26.57 0.45 41.67 3.63 3.75 4.55 4.69 5.34 5.51 6.47 6.67 7.37 7.61 8.28 8.55
PANNELL P022 2.28 26.57 0.45 41.67 3.63 3.73 4.55 4.68 5.34 5.49 6.47 6.64 7.37 7.58 8.29 8.51
PANNELL P023 4.37 27.97 0.45 41.67 3.53 6.95 4.43 8.71 5.20 10.22 6.30 12.38 7.18 14.13 8.08 15.88
PANNELL P024 1.70 25.98 0.45 41.67 3.68 2.81 4.60 3.52 5.40 4.13 6.54 5.00 7.46 5.70 8.38 6.41
PANNELL P025 1.13 25.22 0.45 41.67 3.73 191 4.68 2.39 5.49 2.80 6.64 3.39 7.57 3.86 8.50 4.34
PANNELL P026 1.38 25.58 0.45 41.67 Sl 2.30 4.64 2.88 5.45 3.38 6.59 4.09 7.51 4.66 8.44 5.24
PANNELL P027 4.40 27.98 0.45 41.67 3.53 6.99 4.43 8.76 5.20 10.29 6.29 12.46 7.18 14.22 8.07 15.99
PANNELL P028 2.13 26.43 0.45 41.67 3.64 3.49 4.56 4.38 5.36 5.14 6.48 6.22 7.39 7.09 8.31 7.97
PANNELL P029 4.03 27.78 0.45 41.67 3.55 6.42 4.44 8.05 522 9.45 6.32 11.45 7.21 13.05 8.10 14.68
PANNELL P030 1.18 25.29 0.45 41.67 3.73 1.98 4.67 2.48 5.48 291 6.63 3.52 7.56 4.01 8.49 4.50
PANNELL P031 2.08 26.37 0.45 41.67 3.65 3.41 4.57 4.27 5.36 5.01 6.49 6.06 7.40 6.91 8.32 7.77
PANNELL P032 2.56 26.80 0.45 41.67 3.62 4.17 4.53 5.22 5.32 6.13 6.44 7.42 7.34 8.46 8.25 9.51
PANNELL P033 3.68 27.58 0.45 41.67 3.56 5.89 4.46 7.38 5.24 8.66 6.34 10.49 7.23 11.97 8.13 13.46
PANNELL P034 5.49 28.50 0.45 41.67 3.50 8.64 4.38 10.83 5.15 12.72 6.24 15.41 7.11 17.58 8.00 19.77
PANNELL P035 1.82 26.12 0.45 41.67 3.67 3.01 4.59 3.77 5.39 4.42 6.52 5.36 7.44 6.10 8.36 6.86
PANNELL P036 131 25.49 0.45 41.67 S 2.20 4.65 2.75 5.46 3.23 6.60 3.91 7.53 4.45 8.46 5.00
PANNELL P037 5.05 28.30 0.45 41.67 3.51 7.98 4.40 10.00 5.16 11.74 6.26 14.22 7.14 16.23 8.03 18.25
PANNELL P038 26.72 32.83 0.45 41.67 3.23 38.84 4.05 48.75 4.77 57.32 5.79 69.57 6.61 79.48 7.45 89.53
PANNELL P039 4.92 28.24 0.45 41.67 3.51 7.78 4.40 9.75 5.17 11.45 6.26 13.87 7.15 15.82 8.04 17.79
PANNELL P040 2.35 26.62 0.45 41.67 3.63 3.83 4.55 4.80 5.33 5.63 6.46 6.82 7.36 7.77 8.28 8.74
PANNELL P041 2.73 26.93 0.45 41.67 3.61 4.43 4.52 5.54 5.30 6.51 6.42 7.88 7.32 8.99 8.23 10.10
PANNELL P042 12.32 30.56 0.55 58.33 3.36 22.80 4.22 28.59 4.96 33.60 6.01 40.74 6.86 46.51 7.72 52.35
PANNELL P043 4.24 27.90 0.45 41.67 3.54 6.75 4.43 8.46 5.20 9.93 6.30 12.04 7.19 13.73 8.09 15.44
PANNELL P044 3.60 27.53 0.45 41.67 3.56 5.77 4.46 7.23 5.24 8.49 6.35 10.29 7.24 11.73 8.14 13.19
PANNELL P046 3.54 27.50 0.45 41.67 3.57 5.69 4.47 7.13 5.24 8.36 6.35 10.13 7.24 11.55 8.14 12.99
PANNELL P047 4.87 28.21 0.45 41.67 3.52 7.70 4.41 9.65 5.17 11.33 6.27 13.72 7.15 15.65 8.04 17.60
PANNELL P048 8.12 29.46 0.45 41.67 3.43 12.54 4.30 15.72 5.06 18.47 6.13 22.38 6.99 25.55 7.87 28.74
PANNELL P049 11.21 30.30 0.45 41.67 3.38 17.04 4.24 21.37 4.98 23,71 6.04 30.45 6.89 34.76 7.76 39.12
PANNELL P050 5.19 28.37 0.45 41.67 3.51 8.19 4.39 10.27 5.16 12.06 6.25 14.61 7.13 16.67 8.02 18.74
PANNELL PO51 2.52 26.77 0.45 41.67 3.62 4.10 4.53 5.13 5.32 6.03 6.44 7.30 7.34 8.32 8.25 9.35
PANNELL P052 2.07 26.37 0.45 41.67 3.65 3.40 4.57 4.26 5.36 5.00 6.49 6.05 7.40 6.90 8.32 7.75
PANNELL P053 4.30 27.93 0.45 41.67 3.54 6.84 4.43 8.57 5.20 10.06 6.30 12.19 7.19 13.90 8.08 15.63
PANNELL P059 4.78 28.17 0.45 41.67 3.52 7.57 4.41 9.48 5.18 11.13 6.27 13.49 7.16 15.39 8.05 17.30
PANNELL P060 3.35 27.37 0.45 41.67 3.57 5.38 4.48 6.75 5.26 7.92 6.37 9.59 7.26 10.94 8.16 12.30
PANNELL P061 2.50 26.75 0.45 41.67 3.62 4.08 4.53 5.11 5.32 6.00 6.44 7.26 7.35 8.28 8.26 9.31
PANNELL P062 1.03 25.05 0.45 41.67 3.75 1.74 4.69 2.18 5.51 2.55 6.66 3.09 7.59 3.52 8.53 3.96
PANNELL P063 21.10 32.11 0.55 58.33 3.27 37.97 4.11 47.65 4.83 56.01 5.86 67.96 6.69 77.63 7.53 87.42
PANNELL P064 3.52 27.48 0.45 41.67 3.57 5.65 4.47 7.09 5.25 8.32 6.35 10.07 7.25 11.49 8.15 12.92
PANNELL P065 2.07 26.37 0.45 41.67 3.65 3.40 4.57 4.26 5.36 5.00 6.49 6.05 7.40 6.90 8.32 7.75
PANNELL P066 1.29 25.46 0.45 41.67 3.72 2.16 4.65 2.71 5.46 3.18 6.61 3.85 7.53 4.39 8.46 4.93
PANNELL P067 1.08 25.14 0.55 58.33 3.74 2.23 4.68 2.79 5.50 3.28 6.65 3.96 7.58 4.52 8.51 5.07
PANNELL P068 1.07 25.12 0.55 58.33 3.74 2.20 4.69 P2¥S) 5.50 3.23 6.65 3.91 7.58 4.45 8.52 5.00
PANNELL P069 2.21 26.49 0.45 41.67 3.64 3.61 4.56 4.52 5.35 531 6.48 6.43 7.38 7.33 8.30 8.24
PANNELL P070 3.37 27.39 0.55 58.33 3.57 6.63 4.48 8.31 5.26 9.75 6.37 11.81 7.26 13.47 8.16 1515
PANNELL P071 1.89 26.18 0.45 41.67 3.66 3.11 4.59 3.90 5.38 4.57 6.51 5.53 7.43 6.31 8.35 7.09
PANNELL P072 7.92 29.40 0.45 41.67 3.44 12.26 431 15.37 5.06 18.05 6.13 21.88 7.00 24.97 7.88 28.09
PANNELL P073 39.47 34.10 0.55 58.33 3.16 68.63 3.97 86.18 4.67 101.37 5.67 123.09 6.48 140.70 7.30 158.56
SUMPTER 5001 18.02 31.64 0.45 41.67 3.30 26.74 4.14 33.56 4.86 39.44 5.90 47.84 6.74 54.64 7.59 61.52
SUMPTER 5002 3.85 27.68 0.45 41.67 3.55 6.15 4.45 7.71 5.23 9.05 6.33 10.96 7.22 12.50 8.12 14.05
SUMPTER 5003 1.85 26.14 0.45 41.67 3.66 3.05 4.59 3.82 5189 4.48 6.52 5.42 7.43 6.18 8.35 6.95
SUMPTER 5004 3.55 27.50 0.45 41.67 3.57 5.69 4.47 7.13 5.24 8.37 6.35 10.13 7.24 11.56 8.14 12.99
SUMPTER 5005 3.50 27.47 0.45 41.67 3.57 5.62 4.47 7.05 5925] 8.27 6.36 10.02 7.25 1143 8.15 12.85
SUMPTER 5008 9.50 29.86 0.45 41.67 3.41 14.56 4.27 18.25 5.02 21.44 6.08 26.00 6.94 29.67 7.81 33.39
SUMPTER 5009 5.09 28.32 0.45 41.67 Sl 8.03 4.40 10.07 5.16 11.82 6.26 14.32 7.14 16.34 8.03 18.37
SUMPTER 5010 5.04 28.30 0.45 41.67 3.51 7.97 4.40 9.99 5.17 11.73 6.26 14.21 7.14 16.21 8.03 18.23
SUMPTER S012 3.22 27.29 0.45 41.67 3.58 5.18 4.49 6.50 5.27 7.63 6.38 9.24 7.27 10.53 8.18 11.84
SUMPTER 5013 2.39 26.66 0.45 41.67 3.63 3.91 4.54 4.89 5.33 5.74 6.45 6.95 7.36 7.93 8.27 8.91
SUMPTER 5014 2.78 26.97 0.45 41.67 3.60 4.50 4.51 5.64 5.30 6.62 6.42 8.02 7.32 9.15 8.22 10.28
SUMPTER S015 217 26.46 0.45 41.67 3.64 3.55 4.56 4.44 5.35 522 6.48 6.32 7.39 7.20 8.30 8.09
SUMPTER S016 5.30 28.41 0.45 41.67 3.50 8.35 4.39 10.46 5.15 12.28 6.24 14.88 7.12 16.98 8.01 19.09
SUMPTER S017 3.23 27.29 0.45 41.67 3.58 5.20 4.49 6.52 5.26 7.65 6.38 9.27 7.27 10.57 8.17 11.88
SUMPTER 5018 3.63 27.55 0.45 41.67 3.56 5.81 4.46 7.28 5.24 8.55 6.35 10.36 7.24 11.81 8.14 13.28
SUMPTER 5020 6.90 29.05 0.45 41.67 3.46 10.73 4.34 13.46 5.09 15.80 6.17 19.15 7.04 21.86 7.92 24.59
SUMPTER 5021 3.16 27.25 0.45 41.67 3.58 5.10 4.49 6.38 5.27 7.49 6.38 9.08 7.28 10.35 8.18 11.63
SUMPTER 5022 5.54 28.52 0.45 41.67 3.49 8.71 4.38 10.91 5.14 12.82 6.23 15.53 7.11 17.72 8.00 19.93
SUMPTER 5023 1.38 25.58 0.45 41.67 3.71 2.30 4.64 2.88 5.45 3.38 6.59 4.09 7.51 4.67 8.44 5.24
SUMPTER 5024 3.10 27.21 0.45 41.67 3.59 5.01 4.49 6.28 5.27 7.37 6.39 8.92 7.28 10.17 8.19 11.44
SUMPTER 5025 2.89 27.06 0.45 41.67 3.60 4.68 4.51 5.86 5.29 6.88 6.41 8.33 7.30 9.50 8.21 10.68




SUMPTER 5026 2.70 26.91 0.45 41.67 3.61 4.38 4.52 5.49 5.30 6.44 6.42 7.80 7.32 8.90 8.23 10.00
SUMPTER 5027 2.54 26.78 0.45 41.67 3.62 4.13 4.53 5.17 5.32 6.07 6.44 7.35 7.34 8.38 8.25 9.42
SUMPTER 5028 2.20 26.49 0.45 41.67 3.64 3.60 4.56 4.51 5.35 5.30 6.48 6.41 7.38 7.31 8.30 8.22
SUMPTER 5029 2.46 26.72 0.45 41.67 3.62 4.02 4.54 5.03 5.32 5.90 6.45 7.15 7.35 8.15 8.26 9.16
SUMPTER 5030 1.50 25.75 0.45 41.67 3.69 2.50 4.63 3.13 5.43 3.67 6.57 4.45 7.49 5.07 8.42 5.70
SUMPTER S031 2.07 26.36 0.45 41.67 3.65 B39 4.57 4.25 5.36 4.99 6.49 6.04 7.40 6.88 8.32 7.74
SUMPTER 5032 1.89 26.19 0.45 41.67 3.66 3.12 4.58 391 5.38 4.59 6.51 5.55 7.43 6.33 8.34 7.11
SUMPTER 5033 2.52 26.77 0.45 41.67 3.62 4.10 4.53 5.14 5.32 6.03 6.44 7.31 7.34 8.33 8.25 9.36
SUMPTER 5034 4.85 28.21 0.45 41.67 3.52 7.67 4.41 9.62 5.17 11.29 6.27 13.68 7.15 15.60 8.04 17.55
SUMPTER S036 13.03 30.72 0.45 41.67 BS5] 19.66 4.21 24.66 4.94 28.98 5.99 35.14 6.84 40.12 7.70 45.16
SUMPTER 5040 151 25.75 0.45 41.67 3.69 2.51 4.63 3.14 5.43 3.69 6.57 4.47 7.49 5.09 8.41 572
SUMPTER 5041 1.88 26.18 0.45 41.67 3.66 3.10 4.59 3.88 5.38 4.55 6.52 5.51 7.43 6.28 8.35 7.06
SUMPTER S044 8.74 29.65 0.30 16.67 3.42 8.97 4.29 11.25 5.04 13.21 6.11 16.02 6.97 18.28 7.84 20.57
SUMPTER S046 3.38 27.39 0.45 41.67 3.57 5.44 4.48 6.81 5.25 7.99 6.36 9.68 7.26 11.04 8.16 12.41
SUMPTER 5047 2.14 26.43 0.30 16.67 3.64 2.34 4.56 293 5.35 3.43 6.48 4.16 7.39 4.74 8.31 533
SUMPTER 5048 2.21 26.50 0.45 41.67 3.64 3.62 4.56 4.53 5.35 5.32 6.47 6.44 7.38 7.34 8.30 8.25
SUMPTER S049 9.54 29.88 0.45 41.67 3.41 14.62 4.27 18.33 5.02 21.53 6.08 26.10 6.94 29.80 7.81 33.53
SUMPTER 5053 2.08 26.37 0.45 41.67 3.65 3.41 4.57 4.27 5.36 5.01 6.49 6.06 7.40 6.91 8.32 7.77
SUMPTER S055 15.29 31.17 0.30 16.67 3.33 15.26 4.17 19.15 4.90 22.50 5.95 27.29 6.79 31.16 7.65 35.08
SUMPTER 5058 4.79 28.18 0.45 41.67 3.52 7.58 4.41 9.50 5.18 11.15 6.27 13.51 7.15 15.41 8.05 17.33
SUMPTER 5060 4.79 28.18 0.45 41.67 3.52 7.59 4.41 9.51 5.18 11.16 6.27 13.53 7.15 15.43 8.05 17.35
SUMPTER 5062 4.80 28.18 0.45 41.67 3.52 7.59 4.41 9.52 5.18 11.17 6.27 13.54 7.15 15.44 8.05 17.36
SUMPTER S064 7.08 29.11 0.45 41.67 3.46 11.00 4.33 13.80 5.09 16.20 6.17 19.64 7.04 22.41 7.91 25.21
SUMPTER 5065 6.90 29.05 0.45 41.67 3.46 10.74 4.34 13.47 5.09 15.82 6.17 19.17 7.04 21.87 7.92 24.60
SUMPTER S066 11.49 30.37 0.45 41.67 3.38 17.45 4.23 21.88 4.97 25.71 6.03 31.17 6.88 35.59 7.75 40.05
Us59 uoo1 7.36 29.21 0.65 75.00 3.45 16.50 4.32 20.68 5.08 24.29 6.15 29.44 7.02 33.60 7.90 37.79
Us59 U002 3.26 27.32 0.65 75.00 3.58 7.59 4.48 9.51 5.26 11.16 6.37 13.52 7.27 15.42 8.17 17.33
Us59 uoo3 23.61 32.45 0.45 41.67 808 34.55 4.08 43.36 4.80 50.98 5.82 61.87 6.65 70.68 7.49 79.60
Us59 U009 25.03 32.63 0.45 41.67 3.24 36.51 4.07 45.82 4.78 53.87 5.81 65.38 6.63 74.69 7.47 84.13
WACO Wo1 216.20 40.77 0.55 58.33 2.85 338.74 3.59 426.36 4.23 502.53 5.15 611.81 5.89 700.79 6.66 791.70
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Exhibit 9 - Cost/Benefit Matrix

Cost Flooded Quantities in Each Condition Benefit
Flooded Streets (miles) Flooded Flooded Structures
Total Cost > 6" Deep Parcels > 3" > 3" Deep Reductions
10-Year 100-Year 100-Year 100-Year 10-Yea.r 100-Yea:\r Parcels | Structures
Street Miles| Street Miles
Existing N/A 3.7 13.0 2370 1240
Sub-Project 1+2 S 56,322,906 2.1 6.8 1483 768 1.58 6.24 887 472
Sub-Project 3 S 7,843,438 0.9 41 841 338 1.22 2.72 642 430
Sub-Project 4 (2.5) S 3,027,032 0.8 3.8 771 325 0.05 0.33 70 13
TOTAL S 67,193,376 2.86 9.29 1599 915
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Houston Greater Fifth Ward Area Flood Mitigation Project
Benefit-Cost Analysis

Study Purpose and Scope

The goal of the “Houston Greater Fifth Ward Area Flood Mitigation Project” is to reduce the
long-term risk of loss of life, injury, damage to and loss of property, and suffering and hardship
by more rapidly conveying water from the identified service areas to reduce flooding. Dynamic
hydraulic and hydrologic (H&H) modeling was used to identify existing ponding impacts and
illustrate the benefits of reduced ponding associated with the proposed project.

The target areas are listed as Fifth Ward and Market Square, and both projects are located within
the Greater Fifth Area. The project areas are located just north of Buffalo Bayou and to the east
and west side of US-59 in Houston, Harris County, TX. The limits of the studied areas are shown
in Exhibit 1. The Greater Fifth Ward Area neighborhood drainage infrastructure was constructed
between 1940 and 1970. The existing drainage system is a curb and gutter system and provides
less than 2-year level of service (LOS) under Atlas 14 rainfall, with potential structural and street
flooding during a 100-year storm event.

The H&H modeling identified flooding issues under existing conditions, including structural
inundation and ponding that impacts safe roadway mobility. The impacts are further validated by
other data points including FEMA National Flood Insurance Program (NFIP) data, FEMA
Individual Assistance (IA) data, and/or calls for service.

The proposed project in Fifth Ward will add a new trunk line draining directly to Buffalo Bayou.
The proposed work in Market Square will add new trunk lines through the neighborhood and
outfall into Japhet Creek. Japhet Creek has sufficient capacity and drains to Buffalo Bayou. The
proposed drainage improvement in both neighborhoods will reduce flood risk to existing
properties and improve street ponding. The new trunklines will provide resiliency in the
neighborhood and create reliable access for infrastructure and public transportation.

Data Collection
The following documents and data were obtained and used to guide this study:

e 2018 LiDAR dataset
e Building Footprint GIS shapefile

e COH Technical Memorandum “Fifth Ward Master Drainage Plan”, prepared by
CobbFendley, August 2020.

e COH Technical Memorandum “Market Square Area Paving and Drainage”, Prepared by
Jacobs, August 2020

Methodology

FEMA “Benefit-Cost Calculator” Version V.6.0 and FEMA guidelines and procedures were used
to develop this BCA. The BCA determines the future risk reduction benefits for a specific
drainage improvement project and compares those benefits to the construction cost for the
drainage improvements. The Benefit-Cost Ratio (BCR) is calculated by dividing the estimated
benefit for all structures by the proposed improvements’ construction cost.

The 2018 Lidar, building footprint shapefile, limited survey and site visits were used to determine
the lowest floor elevation of each building. Buildings that are on piers or are elevated were
identified using available data and the lowest floor elevation were adjusted accordingly.
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Houston Greater Fifth Ward Area Flood Mitigation Project
Benefit-Cost Analysis

The proposed drainage improvements (see Exhibit 2) were modeled in detail using two-
dimensional unsteady modeling using the XPSWMM program. The “Fifth Ward Master Drainage
Plan” and “Market Square Area Paving and Drainage” Technical Memorandums provide pre-
improvements and post-improvement 2-, 10-, 50 and 100-Year water surface elevations and
discharge values which were used in this BCA report. The 100-yr ponding limits of existing and
proposed condition are shown in Exhibit 3 and Exhibit 4, respectively.

Exhibit 5 presents the location of structures where 100-yr Water Surface Elevation (WSE) is
higher than the lowest floor elevation. These Structures will directly benefit from lowering the
WSE after the proposed drainage improvements are implemented (Benefited Structures). These
Benefitted Structures were utilized to develop the BCA.

BCA Toolkit
The Benefitted Structures are mainly residential with each structure is identified by the latitude
and longitude at its centroid.

The mitigation action and project cost are based on drainage improvements identified in the
“Fifth Ward Master Drainage Plan” and “Market Square Area Paving and Drainage” Technical
Memorandums.

The values for Hazard Probability Parameters (flood) such as discharge and water surface
elevation, for storm events with a recurrence interval of 2-, 10-, 50 and 100-Year were used from
“Fifth Ward Master Drainage Plan” and “Market Square Area Paving and Drainage” Technical
Memorandums.

The BCA toolkit’s default values and standard processes were used to calculate the standard
building benefit. Only values for the first floor of each structure were used (one story), with no
basement. Standard benefit for each building is calculated using the first floor square footage
multiply by the default building replacement value.

In the BCA, it was assumed that utilities are not elevated. The BCA toolkit’s default values for
contents and displacement were used. No volunteer, ecosystem services, or social benefits were
used in these calculations.

The total drainage improvement cost were distributed between all benefitted structures uniformly,
resulting in similar BCR value for consistency.
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Houston Greater Fifth Ward Area Flood Mitigation Project
Benefit-Cost Analysis

The total project cost and benefit are the summation of all the structures’ costs and
benefits. The total BCR is presented in Table 1. The detail of each structure BCR
calculation is provided in Attachment 1.

Table 1. Total Benefit-Cost Ratio

Project Name Total Benefit Total Cost Total BCR
() ®) $) ()
Fifth Ward $117,313,214 $ 68,267,901 1.72
Market Square $ 50,643,729 $ 21,485,586 2.35
TOTAL $ 167,956,943 $ 89,753,487 1.87
Conclusion

The “Houston Greater Fifth Ward Area Flood Mitigation Project” has a benefit-cost ratio
greater than 1.
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Attachment 1

Note: Due to the high number of benefitted structures and BCA Toolkit’s limit, the BCR calculation is
split into 6 excel files as listed below:

Fifth Ward

e Groupl
e Group?2
e Group3
e Group4d
e Group5
e Groupb
e Group?7
e Group8
e Group9

Market Square

e Group 10
e Group 1l
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HER ® Halff Associates, Inc.
H 100 1-45 North, Suite 260
=== A L F F Conroe, Texas 77301
(936) 756-6832
Fax (936) 756-6833
MEMORANDUM
TO: Maureen Crocker DATE: April 6, 2020
Assistant Director Transportation and Drainage
Operations
FROM: C. Andrew Moore, P.E., CFM AVO: 31051
EMAIL: amoore@halff.com

SUBJECT: WO121 - Pleasantville Detention Analysis

INTRODUCTION

The City of Houston (City) has contracted Halff Associates, Inc. (Halff) to perform a stormwater
analysis of the Pleasantville area using Atlas 14 rainfall to determine how detention could reduce
drainage improvements needed while increasing the level of service for the neighborhood. Goals
of the study included:

e Updating the existing drainage models (previously developed by Halff) to incorporate the
Atlas 14 rainfall and determining the level of service of the drainage network for both
existing conditions and the recommended Alternative 1A-1.

¢ Identifying locations for potential detention that would provide benefit to the Pleasantville
neighborhood. Selecting most feasible detention site(s) for detailed modeling.

e Updating the previously recommended subprojects identified as Alternative 1A-1 to
include the detention pond. Determine the actual detention volume needed to improve
drainage and storm sewer improvements needed to achieve the highest level of service
possible for the neighborhood.

e Providing opinions of probable construction cost for the drainage and paving
improvements for the previous recommended Alternative 1A-1 and the new Detention
Alternative.

LOCATION AND PREVIOUS STUDIES

The Pleasantville area is located west of 610 East, south of Market Street Rd, east of Pearl St
and north of Clinton Dr. The project area is shown on Exhibit 1.

The existing storm sewer system was constructed in the 1960s and 1970s. Drainage
improvements, known as Subproject 1 and Subproject 1A (described below) were constructed in
2016 and 2017 per the 2013 Study. These improvements provide relief from flooding for residents
within the Pleasantville area. The improvements consisted of large RCBs that convey flow
towards the outfall that is near the existing TXxDOT system at IH-610 East. The existing storm
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sewer system range in size from 18" RCPs to 10'’x10’ RCBs. Storm water is drained via Type-B
inlets throughout the drainage area . The existing storm sewer layout is shown in Exhibit 2.

The Pleasantville neighborhood has had several previous studies conducted to identify drainage
issues and recommend solutions. These studies are summarized below:

o Pleasantville/Glendale Preliminary Engineering Report (2012 PER) - Preliminary
Engineering Report completed in 2012 of the Pleasantville/Glendale neighborhood to
identify existing drainage issues and propose solutions. The PER recommended
neighborhood wide storm sewer upgrades and detention located on the southwest portion
of the neighborhood.

o Pleasantville/Glendale Additional Services (2013 Study) — The detention ponds sought in
the 2012 PER were not pursued and therefore additional alternatives were analyzed to
determine changes to the proposed storm sewer system. The study recommended
Alternative 1A-1 which consisted of large trunklines throughout the neighborhood
outfalling into the TXDOT system along 1-610 providing a 25-year level of service (pre-
Atlas 14).

o Pleasantville/Glendale Storm Sewer Design Subproject 1 (2016) — Completed in 2016, the
first subproject of the neighborhood drainage that installed the main trunk line from
Industrial Drive near 1-610 to the west end of Guinevere Street. Project included 6°x6’
RCB and 10'x10’ RCB.

¢ Pleasantville/Glendale Storm Sewer Design Subproject 1A (2017) — Completed in 2017,
the second subproject of the drainage system that installed the final piece of the storm
sewer trunk along Industrial Drive and additional storm sewer along Turning Basin.

ATLAS 14 HYDROLOGY UPDATE

Hydrology calculations prepared from the previous studies were updated to account for the new
rainfall documented in the NOAA Atlas 14 Precipitation-Frequency Atlas of the United States
Volume 11 (Atlas 14) and the City of Houston Infrastructure Design Manual (IDM). The updated
rainfall includes new e, b, d values used to calculate rainfall intensity. A table of the rainfall
parameters based on the previous National Weather Service documents and NOAA Atlas 14 is
shown below in Table 1.

Table 1. Rainfall Intensity Parameters
REE National Weather NOAA Atlas 14
Event Service

b d e b d e

2-yr 75.01 | 16.2 | 0.8315 | 48.35 | 9.07 | 0.7244
10-yr 93.53 | 18.9 | 0.7742 | 54.68 | 6.96 | 0.6623
25-yr 1159 | 21.2 | 0.7808 | 57.79 | 5.89 | 0.6294
100-yr 1254 | 21.8 | 0.7500 | 60.66 | 4.44 | 0.5797

A graph comparing the previous IDF curves to the Atlas 14 IDF curves is shown below in Figure
1.
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Figure 1. Comparison of Pre-Atlas 14 and Atlas 14 IDF Curves

The drainage basins delineated as part of the 2013 Study were used to determine new flows from
the updated rainfall parameters based on Atlas 14.

As of late 2019, construction began on an approximately 84-acre area east of Pearl St and south
of Northton St and consists of an industrial complex with onsite detention. A figure showing the
before and after pictures of the area being developed is shown below Figure 2.
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Figure 2. Before and After Photos of Development

Prior to development, runoff from this site sheet-flowed north into the Pleasantville neighborhood.
After construction, the development appears to now drain west to the storm sewer on McCarty
Street. Therefore, these drainage areas were removed from the analysis performed for this study.
The existing topography of the Pleasantville area is shown in Exhibit 3. The removed subbasins
are shown below in Figure 3. The drainage basins used for the hydrologic analysis in Pleasantville
are shown in Exhibit 4.
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Drainage Area removed
from analysis

55

Figure 3. Previous vs Updated Subbasins - Offsite Area

Flows were determined in previous studies using the Rational Method. The methodology was
updated with Atlas 14 rainfall intensity parameters. Flow hydrographs for each basin were
developed using the HEC-HMS model from the 2013 Study. In general, flow rates increased by
11% for the 2-year storm event, 11% for the 10-year storm event, 15% for the 50-year storm
event, and 23% for the 100-year storm event. The Rational Method peak flow rate calculations
are included in Appendix A.

Hydrographs for each drainage area were developed using HEC-HMS v 3.5. Drainage area size,
impervious percentage and time of concentration were input to the HEC-HMS model based on
the basin characteristics. The transform parameter storage coefficient “R” value was adjusted so
that the resultant peak flow from the HEC-HMS model matched with the Rational Method peak
flows. The “R” values were adjusted separately for each of the 2-, 10-, 25-, 50-, and 100-year
storm events. The runoff hydrographs were imported into the Infoworks ICM model which was
used to calculate storm sewer capacity and flooding extents.
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ATLAS 14 HYDRAULIC UPDATE
Existing Conditions

The existing conditions ICM model was updated to include the Atlas 14 runoff hydrographs and
the newly constructed storm sewer improvements from Subproject 1. The storm sewer
characteristics were input into the model from the design drawings. The revised hydraulic model
was then simulated for the 2-year, 10-year, 25-year, 50-year and 100-year storm events to
determine the revised existing level of service based on the Atlas 14 rainfall.

Existing Results

In the 2013 Study, the existing storm sewer system had a 25-year LOS with pre-Atlas 14 rainfall.
Based on the new existing conditions results, the storm sewer system generally has less than a
2-year level of service (LOS) since there is 2-year ponding with Atlas 14 rainfall. A table of ponding
depths for various intersections for the 2-year and 100-year events is shown below in Table 2.

Table 2. Existing Ponding Depths (Atlas 14)
Ponding Depths (ft)

Intersection

- 2YR 100YR

Bucroft - Pleasantville 0.85 2.82
Fillmore - Gellhorn 0.20 2.24
Bucroft - Gellhorn 0.32 3.18
Northton - Gellhorn 0.84 3.28
Josie - Gellhorn 1.84 2.78
Ledwicke - Guinevere 0.00 2.65
Flossie Mae - Quaker 0.00 2.35
Laurentide - Pattibob 0.00 2.39
Cowart - Ledwicke 0.00 1.58
Laurentide - Tilgham 0.00 1.80
Berndale - Candy 0.29 1.62
Laurentide - Candy 0.00 1.78
Tilgham - Teanaway 0.00 1.01
Norvic - Teanaway 0.40 1.77
Wiggins - Silverdale 0.31 2.13
Berndale - Silverdale 0.51 2.63

Several intersections have ponding depths above 0.5 feet during the 2-year. During the 100-year
event, there is potential structural flooding that occurs within the Pleasantville area. The homes
with flooding potential are concentrated in the east and the south ends of the neighborhood. The
ponding depths also indicate that for many intersections, ponding occurs past the ROW line based

6
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on the assumed ROW depth (6 inches of curb + 15 inches from curb to ROW). Ponding maps for
the 2-year and 100-year existing conditions are shown in Exhibit 5 and Exhibit 6, respectively.

Ponding in the existing conditions is caused by undersized storm sewer throughout the
neighborhood, lack of overland sheet flow patterns, and limited outfall capacity of the TxDOT
system. While the main trunk line was upsized during the construction of Subproject 1, the rest
of the storm sewer is still undersized for both the frequent and extreme events. The neighborhood
also is located a low area and that has no positive overland flow outfall. The neighborhood is
blocked by I-610 to the east and the dredge sites to the south. Runoff that is not conveyed in the
storm sewer does not flow out of the neighborhood but remains above ground until the storm
system has the capacity to convey the flow.

Alternative 1A-1 (2013 Study)

Alternative 1A-1 was previously analyzed in the 2013 Study and included improvements on the
existing storm sewer systems in Pleasantville. The alternative was analyzed in this study to
determine the level of service based on Atlas 14 rainfall. The proposed improvements consisted
of upsizing trunklines along Gellhorn Dr, Ledwicke Dr and east of Pleasantville Dr along with the
receiving lateral systems upsized. The proposed storm sewer improvement sizes range from a
24” RCP to a 120" RCP. The Alternative 1A-1 storm sewer layout is shown in Exhibit 7.

The cost estimate for the alternative was updated to reflect increases in unit prices. The opinion
of probable construction cost of the paving and storm sewer improvements is approximately $27.1
million. The estimate includes:

e $4.8 million for roadway reconstruction assuming full pavement where storm sewer is
placed.

e $15.3 million for storm sewer improvements

e $6.2 million for mobilization and contingencies

The opinion of probable cost is shown in Appendix B.1.
Alternative 1A-1 Results

The alternative was simulated in the updated ICM model with the Atlas 14 hydrology to determine
the revised level of service based on the 2-year, 10-year, 25-year, 50-year and 100-year storm
events.

The improvements recommended in Alternative 1A-1 show a reduction in ponding throughout
the project. There is no significant ponding for the 2-year event while the 100-year event shows
ponding depths are reduced by up to 1.1 feet. In addition to reduction of ponding depths as a
result of Alternative 1A-1, there are no flow increases into the TXDOT system. A table of
ponding depths for various intersections for the 2-year and 100-year events compared to the
existing conditions is shown below in Table 3.
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Table 3. Existing vs Alternative 1A-1 Ponding Depths

pep A A Dep
- e O
R 00YR R 00YR

Bucroft - Pleasantville 0.85 2.82 0.14 2.10
Fillmore - Gellhorn 0.20 2.24 0.00 0.96
Bucroft - Gellhorn 0.32 3.18 0.00 2.41
Northton - Gellhorn 0.84 3.28 0.00 2.45
Josie - Gellhorn 1.84 2.78 0.00 2.92
Ledwicke - Guinevere 0.00 2.65 0.00 2.70
Flossie Mae - Quaker 0.00 2.35 0.00 2.34
Laurentide - Pattibob 0.00 2.39 0.00 2.34
Cowart - Ledwicke 0.00 1.58 0.00 1.57
Laurentide - Tilgham 0.00 1.80 0.00 1.73
Berndale - Candy 0.29 1.62 0.00 1.65
Laurentide - Candy 0.00 1.78 0.00 1.70
Tilgham - Teanaway 0.00 1.01 0.00 0.76
Norvic - Teanaway 0.40 1.77 0.00 1.55
Wiggins - Silverdale 0.31 2.13 0.00 2.27
Berndale - Silverdale 0.51 2.63 0.00 2.71

Based on the results from Table 3, Alternative 1A-1 provides a benefit for the 2-year event when
compared to the existing conditions. The benefit is diminished slightly during the 100-year storm
event in which a number of intersections are reduced by less than 0.5 feet. Ponding maps for the
2-year and 100-year are shown in Exhibit 8 and Exhibit 9 respectively.

While Alternative 1A-1 improves the drainage system, the capacity of the main trunk line is still
limited due to the limited capacity of the TxDOT system. Without improving the system
downstream or creating additional storage within the neighborhood, the alternative is limited to a
10-year level of service.
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PRELIMINARY DETENTION LOCATIONS

Six sites were initially investigated as potential locations for detention ponds to assist in reducing
ponding elevations throughout the neighborhood. The initial sites were identified based on
availability of open land and are shown in Figure 4. A preliminary grading plan was developed for
each site with consideration to potential invert elevations of the existing storm sewer and typical
HCFCD design criteria including side slopes and maintenance berms. The preliminary grading
plans provided a maximum available detention volume. The preliminary grading plans of the initial
locations are shown in Figure 4 and Appendix B.

Figure 4: Potential Detention Pond Locations
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The sites were then further screened based on landowner, potential detention benefit of the pond
alone, and conflicting utilities to determine which sites were most feasible for further study. The
screening is summarized below and in Table 4.

Pond #1 — Located on the northwest side of the neighborhood at the end of Pleasantville
Drive and Teanaway Lane. The pond provides approximately 8.4 acre-feet of detention
across 1.1 acres owned by the City of Houston and private owners. The pond has the
potential to outfall into the recently constructed 6°x6’ RCB constructed in Subproject #1.
By constructing the pond without any other improvements in the neighborhood, regional
benefits are negligible due to the size and location on the upstream end of the
neighborhood.

Pond #2 — Located on the existing Pleasanton Manor Park on the west side of the
neighborhood, the pond provides approximately 17 acre-feet of detention on 1.7 acres.
The pond has the potential to outfall into the recently constructed 6’x6’” RCB constructed
in Subproject #1. By constructing the pond without any other improvements in the
neighborhood, regional benefits are negligible due to the size and location on the
upstream end of the neighborhood.

Pond #3 — Located on a small piece of land owned by the Houston Independent School
District, the pond provides approximately 0.75 acre-feet of detention on 1.1 acres. The
pond has the potential to outfall into the recently constructed 10'’x8’ RCB constructed as
part of Subproject #1. However, the pond location near the school and lack of available
volume shows no benefit for this site.

Pond #4 — Located on the existing Port of Houston Authority site near the downstream
trunkline, the pond provides up to 350 acre-feet of detention on 19 acres. The pond can
outfall into the existing 10°x10’ RCB along Ledwicke Street. By constructing the pond, the
existing 100-year ponding is reduced up to 1.2 feet and reduces downstream flows. The
pond has the potential of improving the level of service in the neighborhood and reducing
the local infrastructure costs. The City indicated that the Port of Houston was receptive to
using the area for detention. The site has a USACE easement that is used for placing
dredge material which could affect acquisition for the detention pond. The site is also
raised 3 to 6 feet higher than the adjacent roadways of the neighborhood. Therefore,
additional excavation may be required.

Pond #5 — This pond location was identified in the 2012 PER as a potential location of
detention. As previously discussed, a large industrial facility has been constructed on this
site.

Pond #6 — This pond was identified in the 2012 PER as a potential location of detention
for offsite flow. The pond is located on the southwestern portion of the neighborhood and
could provide up to 51 acre-feet of detention and would outfall into the storm sewer along
Pleasantville Drive. The existing 100-year water surface elevation is reduced up to 3-
inches. However, the location of the pond only provides local benefits in the southwestern
portion of the neighborhood.

10
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and O e Red 0 Pub
e pDe a O e o

pDE ONaQ 0 O
Pond #1 8.4 acre-feet COH & Private 0.16 ft Yes
Pond #2 17.0 acre-feet COH 0.16 ft No
Pond #3 0.75 acre-feet Houston ISD 0.16 ft No
Pond #4 350 acre-feet Port of Houston 1.2 ft No
Pond# | = -—--- Private | = --—-- Yes
Pond #6 50.6 acre-feet Private 0.25 ft Yes

Of the initial sites, Pond #4 was the only detention pond that provided benefit to the whole
neighborhood and was therefore recommended for further investigation and more detailed
modeling.

DETENTION ALTERNATIVE

The proposed detention pond, Pond #4, can provide up to 350 ac-feet of detention improving the
level of service and reducing ponding in the neighborhood. The Detention Alternative consists of
a combination of detention and storm sewer improvements within Pleasantville. Proposed pipe
sizes range from a 24” RCP to a 10’x10’ RCB and also include upsizing inlets from B Inlets to 5-
foot BB Inlets. The improvements consisted of upsizing the Ledwicke St trunkline system and the
lateral systems from the adjacent streets, the lateral system along Norvic St, and the systems
along Pleasantville Dr, Bucroft St and Gellhorn Dr. The proposed storm sewer layout is shown in
Exhibit 10.

The opinion of probable construction cost including the paving, detention, and storm sewer
improvements is approximately $24.3 million. The estimate includes:

e $3.8 million for roadway reconstruction assuming full pavement where storm sewer is
placed.

e $10.5 million for storm sewer improvements

e $3.7 million for detention construction

e $6.3 million for mobilization and contingencies

The opinion of probable cost is shown in Appendix B.2.

Detention Alternative Results

The Detention Alternative resultant ponding depths in both the 2-year and 100-year storm events
are reduced from existing conditions. Most of the ponding during the 2-year event is below top of
gutter and within the street during the 100-year event. Ponding depths are reduced during the
100-year event by up 2.5 feet. In addition to reducing ponding depths there is no increase of flow
into the TxDOT system. A table of ponding depths for various intersections for the 2-year and
100-year events compared to the existing conditions is shown below in Table 5.

11
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Table 5. Existing vs Detention Alternative Ponding Depths

Intersection EX Depths (ft) Det. Alt Depths (ft)
2YR 100YR 2YR 100YR

Bucroft - Pleasantville 0.85 2.82 0.49 1.10
Fillmore - Gellhorn 0.20 2.24 0.00 0.00
Bucroft - Gellhorn 0.32 3.18 0.00 0.76
Northton - Gellhorn 0.84 3.28 0.00 0.91

Josie - Gellhorn 1.84 2.78 0.48 2.45

Ledwicke - Guinevere 0.00 2.65 0.00 1.38

Flossie Mae - Quaker 0.00 2.35 0.00 1.65

Laurentide - Pattibob 0.00 2.39 0.00 1.56
Cowart - Ledwicke 0.00 1.58 0.00 1.14

Laurentide - Tilgham 0.00 1.80 0.00 1.13
Berndale - Candy 0.29 1.62 0.00 1.37
Laurentide - Candy 0.00 1.78 0.00 1.12

Tilgham - Teanaway 0.00 1.01 0.00 1.00
Norvic - Teanaway 0.40 1.77 0.00 1.38

Wiggins - Silverdale 0.31 2.13 0.32 1.72

Berndale - Silverdale 0.51 2.63 0.37 2.42

The Detention Alternative provided more benefit during the 100-year event compared to
Alternative 1A-1, with the entire neighborhood achieving a 100-year level of service. Ponding
depths during the 2-year event are slightly less beneficial when compared to Alternative 1A but
overall provide a substantial reduction in ponding. Ponding maps for the 2-year and 100-year
existing conditions are shown in Exhibit 11 and Exhibit 12 respectively.
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Service Layer Credits: Sources: Esri, HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO,
NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong),

(c) OpenStreetMap contributors, and the GIS User Community
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100 Q100

C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs)

001P 0.0013 0.85 0.75 92 24.72 | 0.41 3.77 2.4 5.54 3.5 6.71 4.3 7.64 4.9 8.59 5.5
003P 0.0015 0.95 0.20 0 2491 | 0.42 3.76 0.7 5.52 1.0 6.68 1.3 7.61 1.4 8.55 1.6
002P 0.0027 1.74 0.65 75 26.03 [ 0.43 3.67 4.2 5.40 6.1 6.53 7.4 7.45 8.4 8.37 9.5
007P 0.0013 0.86 0.65 75 2474 | 041 3.77 2.1 5.54 3.1 6.71 3.7 7.64 4.3 8.58 4.8
009P 0.0015 0.97 0.65 75 2495 | 0.42 3.76 2.4 5.52 3.5 6.68 4.2 7.61 4.8 8.55 5.4
011P 0.0015 0.97 0.65 75 2495 | 0.42 3.76 2.4 5.562 3.5 6.68 4.2 7.61 4.8 8.55 5.4
006P 0.0015 0.97 0.65 75 2494 | 0.42 3.76 2.4 5.52 3.5 6.68 4.2 7.61 4.8 8.55 5.4
014P 0.0057 3.62 0.25 8 27.54 | 0.46 3.56 3.2 5.24 4.7 6.35 5.7 7.24 6.6 8.14 7.4
012P 0.0040 2.56 0.65 75 26.80 [ 0.45 3.62 6.0 5.32 8.9 6.44 10.7 7.34 12.2 8.25 13.7
004P 0.0013 0.81 0.30 17 2463 | 0.41 3.78 0.9 5.56 1.3 6.72 1.6 7.66 1.8 8.60 2.1
015P 0.0141 9.00 0.60 67 29.72 | 0.50 3.42 18.5 5.03 27.3 6.10 33.0 6.96 37.7 7.83 42.4
016P 0.0040 2.57 0.74 90 26.81 0.45 3.61 6.9 5.31 10.1 6.44 12.2 7.34 14.0 8.25 15.7
017P 0.0018 1.14 0.34 24 25.23 0.42 3.73 15 5.49 2.1 6.64 2.6 7.57 3.0 8.50 3.3
018P 0.0101 6.47 0.73 89 28.89 0.48 3.47 16.5 5.11 24.2 6.19 29.4 7.06 33.5 7.95 37.7
019L 0.0029 1.88 0.78 96 26.18 0.44 3.66 5.3 5.38 7.9 6.52 9.5 7.43 10.8 8.35 12.2
021L 0.0034 2.19 0.55 58 26.48 0.44 3.64 4.4 5.35 6.4 6.48 7.8 7.38 8.9 8.30 10.0
020L 0.0027 1.73 0.55 58 26.01 | 0.43 3.67 3.5 5.40 5.1 6.54 6.2 7.45 7.1 8.37 8.0
038P 0.0048 3.06 0.55 58 27.18 | 0.45 3.59 6.0 5.28 8.9 6.39 10.8 7.29 12.3 8.19 13.8
043P 0.0014 0.89 0.68 80 24.80 | 0.41 3.77 2.3 5.54 3.4 6.70 4.1 7.63 4.6 8.57 5.2
044P 0.0009 0.59 0.55 58 24.10 | 0.40 3.83 1.2 5.62 1.8 6.80 2.2 7.74 2.5 8.69 2.8
045P 0.0007 0.46 0.55 58 23.72 | 0.40 3.86 1.0 5.66 14 6.85 1.7 7.80 2.0 8.76 2.2
046P 0.0038 2.43 0.55 58 26.69 | 0.44 3.62 4.8 5.33 7.1 6.45 8.6 7.35 9.8 8.27 11.0
047L 0.0017 1.11 0.55 58 25.18 | 0.42 3.74 2.3 5.49 3.3 6.65 4.0 7.57 4.6 8.51 5.2
026L 0.0020 1.30 0.55 58 25.47 | 0.42 3.72 2.7 5.46 3.9 6.61 4.7 7.53 5.4 8.46 6.0
025L 0.0020 1.28 0.55 58 25.44 | 0.42 3.72 2.6 5.46 3.8 6.61 4.7 7.53 5.3 8.46 6.0
027L 0.0012 0.79 0.55 58 2459 | 041 3.79 1.6 5.56 2.4 6.73 2.9 7.66 3.3 8.61 3.7
022L 0.0040 2.55 0.55 58 26.79 | 0.45 3.62 5.1 5.32 7.5 6.44 9.0 7.34 10.3 8.25 11.6
028L 0.0023 1.48 0.55 58 25.72 | 0.43 3.70 3.0 5.43 4.4 6.57 5.4 7.49 6.1 8.42 6.9
034L 0.0021 1.32 0.55 58 2551 | 0.43 3.71 2.7 5.46 4.0 6.60 4.8 7.52 5.5 8.45 6.2
039L 0.0022 141 0.55 58 25.62 | 0.43 3.70 2.9 5.44 4.2 6.59 5.1 7.51 5.8 8.44 6.5
048L 0.0025 1.58 0.55 58 25.83 | 0.43 3.69 3.2 5.42 4.7 6.56 5.7 7.48 6.5 8.40 7.3
060P 0.0025 1.58 0.55 58 25.84 0.43 3.69 3.2 5.42 4.7 6.56 5.7 7.48 6.5 8.40 7.3
061L 0.0028 1.81 0.55 58 26.11 | 0.44 3.67 3.7 5.39 5.4 6.52 6.5 7.44 7.4 8.36 8.3
029L 0.0021 1.36 0.55 58 25.56 | 0.43 3.71 2.8 5.45 4.1 6.60 4.9 7.52 5.6 8.45 6.3
032L 0.0020 1.29 0.55 58 25.45 | 0.42 3.72 2.6 5.46 3.9 6.61 4.7 7.53 5.3 8.46 6.0
035L 0.0013 0.85 0.55 58 2471 | 041 3.78 1.8 5.55 2.6 6.71 3.1 7.64 3.6 8.59 4.0
040L 0.0032 2.08 0.55 58 26.38 | 0.44 3.65 4.2 5.36 6.1 6.49 7.4 7.40 8.5 8.32 9.5
049L 0.0032 2.08 0.55 58 26.37 0.44 3.65 4.2 5.36 6.1 6.49 7.4 7.40 8.4 8.32 9.5
062L 0.0014 0.92 0.55 58 24.85 | 0.41 3.76 1.9 5.53 2.8 6.69 3.4 7.62 3.8 8.56 4.3
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100 Q100

C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs)

023L 0.0019 1.25 0.55 58 25.40 | 0.42 3.72 2.6 5.47 3.8 6.62 4.5 7.54 5.2 8.47 5.8
024L 0.0024 154 0.42 37 25.79 | 0.43 3.69 24 5.42 3.5 6.57 4.3 7.48 4.8 8.41 5.4
030L 0.0018 1.16 0.55 58 25.27 | 0.42 3.73 2.4 5.48 3.5 6.63 4.2 7.56 4.8 8.49 5.4
031L 0.0032 2.02 0.46 43 26.32 | 0.44 3.65 3.4 5.37 5.0 6.50 6.0 7.41 6.8 8.32 7.7
033L 0.0030 1.94 0.55 58 26.24 | 0.44 3.66 3.9 5.37 5.7 6.51 7.0 7.42 7.9 8.34 8.9
036L 0.0029 1.85 0.55 58 26.15 | 0.44 3.66 3.7 5.38 5.5 6.52 6.6 7.43 7.6 8.35 8.5
041L 0.0023 1.50 0.55 58 25.73 0.43 3.70 3.0 5.43 4.5 6.57 5.4 7.49 6.2 8.42 6.9
037L 0.0051 3.27 0.37 28 27.32 0.46 3.58 4.3 5.26 6.3 6.37 7.6 7.27 8.7 8.17 9.8
050L 0.0020 1.27 0.55 58 25.42 | 0.42 3.72 2.6 5.46 3.8 6.61 4.6 7.54 5.2 8.47 5.9
063L 0.0028 1.78 0.55 58 26.07 | 0.43 3.67 3.6 5.39 5.3 6.53 6.4 7.44 7.3 8.36 8.2
064L 0.0017 1.12 0.55 58 25.20 | 0.42 3.74 2.3 5.49 3.4 6.64 4.1 7.57 4.7 8.50 5.2
076L 0.0016 1.02 0.55 58 25.03 | 0.42 3.75 2.1 5.51 3.1 6.67 3.7 7.60 4.2 8.53 4.8
065L 0.0023 1.46 0.55 58 25.69 | 0.43 3.70 3.0 5.43 4.4 6.58 5.3 7.50 6.0 8.42 6.8
075L 0.0028 1.78 0.55 58 26.07 | 0.43 3.67 3.6 5.39 5.3 6.53 6.4 7.44 7.3 8.36 8.2
082L 0.0022 141 0.55 58 25.62 0.43 3.70 2.9 5.44 4.2 6.59 5.1 7.51 5.8 8.44 6.5
081L 0.0024 1.52 0.55 58 25.77 | 0.43 3.69 3.1 5.43 4.5 6.57 5.5 7.49 6.3 8.41 7.0
089L 0.0030 1.90 0.55 58 26.20 | 0.44 3.66 3.8 5.38 5.6 6.51 6.8 7.42 7.8 8.34 8.7
095L 0.0032 2.04 0.55 58 26.33 | 0.44 3.65 4.1 5.36 6.0 6.50 7.3 7.40 8.3 8.32 9.3
108L 0.0032 2.06 0.55 58 26.36 | 0.44 3.65 4.1 5.36 6.1 6.49 7.4 7.40 8.4 8.32 9.4
094L 0.0019 1.20 0.55 58 25.33 | 0.42 3.73 2.5 5.47 3.6 6.63 4.4 7.55 5.0 8.48 5.6
088L 0.0034 2.20 0.55 58 26.49 | 0.44 3.64 4.4 5.35 6.5 6.48 7.8 7.38 8.9 8.30 10.0
080L 0.0034 2.20 0.55 58 26.49 | 0.44 3.64 4.4 5.35 6.5 6.48 7.8 7.38 8.9 8.30 10.0
107L 0.0026 1.64 0.55 58 25.91 0.43 3.68 3.3 5.41 4.9 6.55 5.9 7.47 6.7 8.39 7.5
074L 0.0012 0.77 0.55 58 24.55 0.41 3.79 1.6 5.56 2.4 6.73 2.9 7.67 3.3 8.61 3.7
109L 0.0014 0.91 0.55 58 2483 | 041 3.77 1.9 5.53 2.8 6.69 3.3 7.63 3.8 8.57 4.3
112L 0.0021 1.34 0.55 58 25.52 [ 0.43 3.71 2.7 5.45 4.0 6.60 4.8 7.52 5.5 8.45 6.2
111L 0.0026 1.66 0.55 58 2593 [ 0.43 3.68 3.4 5.41 4.9 6.55 6.0 7.46 6.8 8.39 7.6
110L 0.0012 0.80 0.55 58 2461 | 041 3.78 1.7 5.56 2.4 6.72 2.9 7.66 3.4 8.60 3.8
113L 0.0020 1.26 0.55 58 25.42 | 0.42 3.72 2.6 5.46 3.8 6.61 4.6 7.54 5.2 8.47 5.9
114L 0.0026 1.67 0.55 58 2594 | 0.43 3.68 3.4 5.41 5.0 6.55 6.0 7.46 6.8 8.38 7.7
115L 0.0017 1.11 0.55 58 25.18 0.42 3.74 2.3 5.49 3.3 6.65 4.0 7.57 4.6 8.51 5.2
116L 0.0007 0.44 0.55 58 23.64 | 0.39 3.86 0.9 5.67 1.4 6.86 1.6 7.81 1.9 8.77 2.1
128H 0.0021 1.36 0.55 58 2556 | 0.43 3.71 2.8 5.45 4.1 6.60 4.9 7.52 5.6 8.45 6.3
136H 0.0025 1.62 0.48 47 25.88 | 0.43 3.68 2.9 5.41 4.2 6.55 5.1 7.47 5.8 8.39 6.5
141H 0.0027 1.74 0.51 51 26.02 | 0.43 3.67 3.2 5.40 4.7 6.54 5.7 7.45 6.5 8.37 7.3
140L 0.0027 1.74 0.55 58 26.03 [ 0.43 3.67 3.5 5.40 5.2 6.53 6.3 7.45 7.1 8.37 8.0
135L 0.0035 2.22 0.55 58 26.51 | 0.44 3.64 4.4 5.35 6.5 6.47 7.9 7.38 9.0 8.29 10.1
127L 0.0037 2.39 0.55 58 26.66 | 0.44 3.63 4.8 5.33 7.0 6.45 8.5 7.36 9.7 8.27 10.9
139L 0.0020 1.27 0.55 58 25.43 | 0.42 3.72 2.6 5.46 3.8 6.61 4.6 7.54 5.3 8.47 5.9
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100
C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr)
106L 0.0045 2.85 0.49 48 27.02 | 0.45 3.60 5.0 5.29 7.4 6.41 8.9 7.31 10.2 8.22 114
087L 0.0074 471 0.34 23 28.14 | 0.47 3.562 5.6 5.18 8.2 6.28 10.0 7.16 11.4 8.05 12.8
105G 0.0079 5.04 0.42 37 28.29 | 0.47 3.51 7.5 5.17 11.0 6.26 13.3 7.14 15.2 8.03 17.1
079L 0.0038 241 0.55 58 26.67 0.44 3.62 4.8 5.33 7.1 6.45 8.5 7.36 9.7 8.27 10.9
126L 0.0024 1.54 0.55 58 25.79 | 0.43 3.69 3.1 5.42 4.6 6.57 5.6 7.48 6.3 8.41 7.1
134L 0.0023 1.46 0.55 58 25.69 | 0.43 3.70 3.0 5.43 4.4 6.58 5.3 7.50 6.0 8.42 6.8
125G 0.0023 1.45 0.55 58 25.67 | 0.43 3.70 2.9 5.44 4.3 6.58 5.2 7.50 6.0 8.43 6.7
133G 0.0021 1.37 0.55 58 25.57 0.43 3.71 2.8 5.45 4.1 6.59 5.0 7.52 5.7 8.44 6.3
104G 0.0010 0.62 0.67 78 24.18 | 0.40 3.82 1.6 5.61 2.3 6.78 2.8 7.73 3.2 8.68 3.6
092L 0.0016 1.00 0.42 37 2499 | 0.42 3.75 1.6 5.51 2.3 6.67 2.8 7.60 3.2 8.54 3.6
086L 0.0004 0.24 0.42 36 22.75 | 0.38 3.94 0.4 5.79 0.6 7.00 0.7 7.96 0.8 8.94 0.9
073L 0.0026 1.67 0.55 58 2595 | 0.43 3.68 3.4 5.41 5.0 6.54 6.0 7.46 6.9 8.38 7.7
078L 0.0007 0.48 0.55 58 23.78 | 0.40 3.85 1.0 5.66 1.5 6.84 1.8 7.79 2.0 8.75 2.3
072P 0.0024 154 0.55 58 25.79 | 0.43 3.69 3.1 5.42 4.6 6.56 5.6 7.48 6.3 8.41 7.1
077P 0.0030 1.89 0.55 58 26.19 | 0.44 3.66 3.8 5.38 5.6 6.51 6.8 7.43 7.7 8.34 8.7
059P 0.0014 0.87 0.55 58 24.77 | 0.41 3.77 1.8 5.54 2.7 6.70 3.2 7.64 3.7 8.58 4.1
058P 0.0017 1.09 0.55 58 25.16 | 0.42 3.74 2.2 5.49 3.3 6.65 4.0 7.58 4.5 8.51 5.1
085P 0.0029 1.84 0.55 58 26.14 | 0.44 3.66 3.7 5.39 5.5 6.52 6.6 7.43 7.5 8.35 8.5
091P 0.0021 1.37 0.55 58 25.57 | 0.43 3.71 2.8 5.45 4.1 6.59 5.0 7.52 5.7 8.44 6.4
090P 0.0015 0.95 0.55 58 2491 | 0.42 3.76 2.0 5.52 2.9 6.68 3.5 7.61 4.0 8.55 4.5
084P 0.0033 2.09 0.55 58 26.38 | 0.44 3.65 4.2 5.36 6.2 6.49 7.5 7.40 8.5 8.31 9.5
093P 0.0021 1.38 0.55 58 25.58 | 0.43 3.71 2.8 5.45 4.1 6.59 5.0 7.51 5.7 8.44 6.4
057P 0.0017 1.11 0.46 44 25.19 [ 0.42 3.74 1.9 5.49 2.8 6.64 3.4 7.57 3.9 8.51 4.4
083P 0.0034 2.15 0.45 42 26.44 | 0.44 3.64 3.5 5.35 5.2 6.48 6.3 7.39 7.2 8.30 8.1
056P 0.0003 0.18 0.55 58 22.37 | 0.37 3.98 0.4 5.83 0.6 7.05 0.7 8.03 0.8 9.01 0.9
051P 0.0012 0.78 0.55 58 2456 | 0.41 3.79 1.6 5.56 2.4 6.73 2.9 7.67 3.3 8.61 3.7
052P 0.0009 0.56 0.55 58 24.03 | 0.40 3.83 1.2 5.63 1.7 6.81 2.1 7.75 2.4 8.70 2.7
053P 0.0011 0.70 0.55 58 2440 | 0.41 3.80 1.5 5.58 2.2 6.75 2.6 7.69 3.0 8.64 3.3
054P 0.0009 0.55 0.55 58 24.00 | 0.40 3.83 1.2 5.63 1.7 6.81 2.1 7.76 2.3 8.71 2.6
070P 0.0038 2.43 0.55 58 26.69 | 0.44 3.62 4.8 5.33 7.1 6.45 8.6 7.35 9.8 8.27 11.0
069P 0.0025 1.63 0.55 58 2590 | 0.43 3.68 3.3 5.41 4.8 6.55 5.9 7.47 6.7 8.39 7.5
068P 0.0026 1.70 0.55 58 25.97 0.43 3.68 3.4 5.40 5.0 6.54 6.1 7.46 7.0 8.38 7.8
067P 0.0027 1.71 0.55 58 2599 [ 0.43 3.68 3.4 5.40 5.1 6.54 6.1 7.45 7.0 8.38 7.9
066P 0.0033 2.14 0.51 52 26.43 | 0.44 3.64 4.0 5.35 5.8 6.48 7.1 7.39 8.1 8.31 9.1
096P 0.0026 1.64 0.55 58 2591 | 0.43 3.68 3.3 5.41 4.9 6.55 5.9 7.47 6.7 8.39 7.6
097P 0.0020 1.27 0.55 58 25.44 | 0.42 3.72 2.6 5.46 3.8 6.61 4.6 7.53 5.3 8.47 5.9
098P 0.0023 1.50 0.55 58 25.74 | 0.43 3.70 3.0 5.43 4.5 6.57 5.4 7.49 6.2 8.42 6.9
099P 0.0023 1.48 0.55 58 25.72 | 0.43 3.70 3.0 5.43 4.4 6.57 5.4 7.49 6.1 8.42 6.9
100P 0.0014 0.89 0.55 58 24.80 | 0.41 3.77 1.8 5.54 2.7 6.70 3.3 7.63 3.7 8.57 4.2
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100
C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr)

101P 0.0007 0.47 0.55 58 23.75 | 0.40 3.86 1.0 5.66 1.5 6.85 1.8 7.80 2.0 8.76 2.3
102P 0.0022 1.38 0.26 10 2559 [ 0.43 3.71 1.3 5.45 2.0 6.59 24 7.51 2.7 8.44 3.0
123P 0.0102 6.52 0.35 25 28.91 | 0.48 3.47 7.9 5.11 11.7 6.19 14.1 7.06 16.1 7.94 18.1
122P 0.0010 0.61 0.49 48 24.17 | 0.40 3.82 1.1 5.61 1.7 6.79 2.0 7.73 2.3 8.68 2.6
121P 0.0024 1.56 0.55 58 25.82 0.43 3.69 3.2 5.42 4.7 6.56 5.6 7.48 6.4 8.40 7.2
120P 0.0009 0.55 0.55 58 24.00 | 0.40 3.83 1.2 5.63 1.7 6.81 2.1 7.76 2.3 8.71 2.6
119P 0.0008 0.53 0.55 58 23.96 | 0.40 3.84 1.1 5.63 1.7 6.82 2.0 7.76 2.3 8.72 2.6
118P 0.0005 0.32 0.55 58 23.19 | 0.39 3.90 0.7 5.73 1.0 6.93 1.2 7.89 14 8.86 1.6
117P 0.0008 0.52 0.51 52 23.91 | 0.40 3.84 1.0 5.64 1.5 6.82 1.8 7.77 2.1 8.73 2.3
A-4 0.0026 1.65 0.55 58 2592 [ 0.43 3.68 3.3 5.41 4.9 6.55 5.9 7.46 6.8 8.39 7.6
A-5 0.0022 1.38 0.55 58 2559 [ 0.43 3.71 2.8 5.45 4.1 6.59 5.0 7.51 5.7 8.44 6.4
A-8 0.0080 5.10 0.31 18 28.32 | 0.47 3.51 5.5 5.16 8.2 6.26 9.9 7.14 11.3 8.03 12.7
A-10 0.0045 291 0.55 58 27.07 | 0.45 3.60 5.7 5.29 8.4 6.40 10.2 7.30 11.7 8.21 13.1
154H 0.0015 0.96 0.55 58 2493 | 0.42 3.76 2.0 5.562 2.9 6.68 3.5 7.61 4.0 8.55 4.5
153H 0.0034 2.20 0.35 25 26.49 | 0.44 3.64 2.8 5.35 4.1 6.48 4.9 7.38 5.6 8.30 6.3
170H 0.0154 9.86 0.27 12 29.96 [ 0.50 3.40 9.1 5.01 13.5 6.07 16.3 6.93 18.6 7.80 21.0
171H 0.0024 1.54 0.47 45 25.79 | 0.43 3.69 2.7 5.42 3.9 6.57 4.7 7.48 5.4 8.41 6.1
172H 0.0040 2.58 0.41 35 26.82 [ 0.45 3.61 3.8 5.31 5.6 6.43 6.8 7.34 7.8 8.25 8.7
156H 0.0058 3.70 0.55 58 27.59 | 0.46 3.56 7.2 5.23 10.6 6.34 12.9 7.23 14.7 8.13 16.5
162H 0.0017 1.09 0.55 58 25.15 | 0.42 3.74 2.2 5.49 3.3 6.65 4.0 7.58 4.5 8.51 5.1
163H 0.0012 0.76 0.55 58 2453 | 041 3.79 1.6 5.57 2.3 6.74 2.8 7.67 3.2 8.62 3.6
202P 0.0058 3.69 0.33 22 27.59 | 0.46 3.56 4.4 5.24 6.5 6.34 7.8 7.23 8.9 8.13 10.0
179H 0.0053 3.38 0.55 58 27.40 | 0.46 3.57 6.7 5.25 9.8 6.36 11.8 7.26 13.5 8.16 15.2
180H 0.0053 3.36 0.55 58 27.38 | 0.46 3.57 6.6 5.26 9.7 6.37 11.8 7.26 13.4 8.16 15.1
181H 0.0029 1.87 0.55 58 26.17 0.44 3.66 3.8 5.38 5.5 6.52 6.7 7.43 7.6 8.35 8.6
203P 0.0003 0.21 0.65 75 22.59 | 0.38 3.96 0.5 5.81 0.8 7.02 1.0 7.99 1.1 8.97 1.2
205P 0.0003 0.21 0.65 75 22.59 | 0.38 3.96 0.5 5.81 0.8 7.02 1.0 7.99 1.1 8.97 1.2
211P 0.0023 1.45 0.65 75 25.68 | 0.43 3.70 3.5 5.44 5.1 6.58 6.2 7.50 7.1 8.43 8.0
212P 0.0017 1.10 0.65 75 25.16 | 0.42 3.74 2.7 5.49 3.9 6.65 4.7 7.58 5.4 8.51 6.1
215P 0.0032 2.03 0.65 75 26.33 | 0.44 3.65 4.8 5.37 7.1 6.50 8.6 7.41 9.8 8.32 11.0
214P 0.0179 11.44 0.32 21 30.36 [ 0.51 3.38 125 4.97 18.5 6.03 22.4 6.89 25.6 7.75 28.8
219Pb 0.0167 10.71 0.20 0 30.18 | 0.50 3.39 7.3 4.99 10.7 6.05 13.0 6.91 14.8 7.77 16.7
204P 0.0012 0.79 0.65 75 2460 | 0.41 3.79 1.9 5.56 2.9 6.73 3.5 7.66 3.9 8.61 4.4
220Gb 0.0389 24.89 0.20 0 32.61 | 0.54 3.24 16.1 4.78 23.8 5.81 28.9 6.63 33.0 7.47 37.2
225Gb 0.0573 36.70 0.20 0 33.86 0.56 3.17 23.3 4.69 34.4 5.69 41.8 6.51 47.7 7.33 53.8
224G 0.0040 2.53 0.55 58 26.77 0.45 3.62 5.0 5.32 7.4 6.44 9.0 7.34 10.2 8.25 11.5
221G 0.0034 2.15 0.55 58 26.44 | 0.44 3.64 4.3 5.35 6.3 6.48 7.7 7.39 8.7 8.30 9.8
218G 0.0028 1.80 0.55 58 26.09 0.43 3.67 3.6 5.39 5.3 6.53 6.4 7.44 7.3 8.36 8.3
216G 0.0005 0.34 0.55 58 23.27 0.39 3.90 0.7 5.72 1.1 6.92 1.3 7.88 15 8.84 1.6
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100
C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (in/hr)
213G 0.0040 2.55 0.55 58 26.79 | 0.45 3.62 5.1 5.32 7.4 6.44 9.0 7.34 10.3 8.25 11.6
206G 0.0005 0.35 0.55 58 23.30 [ 0.39 3.89 0.7 5.71 1.1 6.91 1.3 7.87 1.5 8.84 1.7
207G 0.0028 1.78 0.55 58 26.07 [ 0.43 3.67 3.6 5.39 5.3 6.53 6.4 7.44 7.3 8.36 8.2
182G 0.0048 3.10 0.55 58 27.20 | 0.45 3.59 6.1 5.27 9.0 6.39 10.9 7.28 12.4 8.19 13.9
199G 0.0046 2.92 0.55 58 27.08 | 0.45 3.60 5.8 5.29 8.5 6.40 10.3 7.30 11.7 8.21 13.2
197G 0.0028 1.77 0.55 58 26.06 | 0.43 3.67 3.6 5.39 5.3 6.53 6.4 7.44 7.3 8.36 8.2
194G 0.0034 2.16 0.55 58 26.45 | 0.44 3.64 4.3 5.35 6.4 6.48 7.7 7.39 8.8 8.30 9.9
183H 0.0027 1.72 0.55 58 26.01 0.43 3.67 3.5 5.40 5.1 6.54 6.2 7.45 7.1 8.37 7.9
184H 0.0031 1.96 0.55 58 26.26 | 0.44 3.66 3.9 5.37 5.8 6.51 7.0 7.42 8.0 8.33 9.0
217G 0.0040 2.55 0.55 58 26.79 | 0.45 3.62 5.1 5.32 7.5 6.44 9.0 7.34 10.3 8.25 11.6
195H 0.3220 206.07 0.20 0 40.56 | 0.68 2.86 117.8 4.24 174.7 5.16 212.7 5.91 243.6 6.68 275.2
185H 0.0042 2.66 0.20 0 26.88 | 0.45 3.61 1.9 5.31 2.8 6.43 3.4 7.33 3.9 8.24 4.4
186H 0.0029 1.88 0.25 8 26.18 | 0.44 3.66 1.7 5.38 2.5 6.52 3.1 7.43 3.5 8.35 3.9
187L 0.0007 0.45 0.50 50 23.69 | 0.39 3.86 0.9 5.67 1.3 6.86 1.5 7.81 1.8 8.77 2.0
173H 0.0022 1.39 0.55 58 2559 | 0.43 3.71 2.8 5.45 4.2 6.59 5.0 7.51 5.7 8.44 6.4
174L 0.0020 1.29 0.55 58 25.46 | 0.42 3.72 2.6 5.46 3.9 6.61 4.7 7.53 5.3 8.46 6.0
B-12 0.0021 1.32 0.55 58 2550 [ 0.43 3.71 2.7 5.46 4.0 6.60 4.8 7.52 5.5 8.45 6.1
166L 0.0022 141 0.55 58 25.62 | 0.43 3.70 2.9 5.44 4.2 6.59 5.1 7.51 5.8 8.43 6.5
159L 0.0022 142 0.55 58 25.63 | 0.43 3.70 2.9 5.44 4.2 6.59 5.1 7.51 5.8 8.43 6.6
B-4 0.0020 1.30 0.55 58 25.48 | 0.42 3.71 2.7 5.46 3.9 6.61 4.7 7.53 5.4 8.46 6.1
175L 0.0016 1.02 0.55 58 25.04 | 0.42 3.75 2.1 5.51 3.1 6.66 3.8 7.59 4.3 8.53 4.8
167L 0.0022 1.40 0.55 58 25.60 0.43 3.71 2.8 5.44 4.2 6.59 5.1 7.51 5.8 8.44 6.5
124G 0.0106 6.78 0.50 50 29.01 | 0.48 3.46 11.7 5.10 17.3 6.18 21.0 7.05 23.9 7.93 26.9
137G 0.0021 1.34 0.55 58 25.53 | 0.43 3.71 2.7 5.45 4.0 6.60 4.9 7.52 5.5 8.45 6.2
143G 0.0017 1.11 0.55 58 25.18 [ 0.42 3.74 2.3 5.49 3.3 6.65 4.0 7.57 4.6 8.51 5.2
B-3 0.0023 1.50 0.55 58 25.74 | 0.43 3.69 3.1 5.43 4.5 6.57 5.4 7.49 6.2 8.42 7.0
B-1 0.0002 0.15 0.80 100 22.13 | 0.37 4.00 0.5 5.87 0.7 7.09 0.8 8.07 0.9 9.06 1.1
A-14 0.0017 1.08 0.55 58 25.13 | 0.42 3.74 2.2 5.50 3.3 6.65 3.9 7.58 4.5 8.52 5.0
150L 0.0026 1.65 0.55 58 2592 | 0.43 3.68 3.3 5.41 4.9 6.55 5.9 7.46 6.8 8.39 7.6
144L 0.0019 1.22 0.55 58 25.36 | 0.42 3.72 2.5 5.47 3.7 6.62 4.5 7.55 5.1 8.48 5.7
138L 0.0023 1.47 0.55 58 25.70 [ 0.43 3.70 3.0 5.43 4.4 6.58 5.3 7.50 6.1 8.42 6.8
145L 0.0020 1.28 0.55 58 25.45 0.42 3.72 2.6 5.46 3.8 6.61 4.7 7.53 5.3 8.46 6.0
151L 0.0035 2.23 0.55 58 26.52 | 0.44 3.64 4.5 5.35 6.6 6.47 8.0 7.38 9.1 8.29 10.2
160L 0.0035 2.22 0.55 58 26.51 | 0.44 3.64 4.4 5.35 6.5 6.47 7.9 7.38 9.0 8.29 10.1
146L 0.0027 1.76 0.55 58 26.04 | 0.43 3.67 3.5 5.40 5.2 6.53 6.3 7.45 7.2 8.37 8.1
147H 0.0027 1.75 0.51 51 26.04 | 0.43 3.67 3.3 5.40 4.8 6.53 5.8 7.45 6.6 8.37 7.4
152H 0.0022 1.42 0.49 49 25.64 | 0.43 3.70 2.6 5.44 3.8 6.59 4.6 7.51 5.3 8.43 5.9
161H 0.0022 141 0.49 49 25.63 | 0.43 3.70 2.6 5.44 3.8 6.59 4.6 7.51 5.3 8.43 5.9
169H 0.0027 1.73 0.51 51 26.01 [ 0.43 3.67 3.2 5.40 4.7 6.54 5.7 7.45 6.5 8.37 7.3
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AVO 31051-W0121 Table A.1 Hydrologic Calculations
Atlas 14 Rational Method Flows

Atlas 14 Rational Method Calculations

TC Q2 110 Q10 125 Q25 150 Q50 1100 Q100
C % Impr (hr) 12 (in/hr)  (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs) (in/hr) (cfs)
168H 0.0025 1.61 0.55 58 25.87 | 0.43 3.68 3.3 5.42 4.8 6.55 5.8 7.47 6.6 8.40 7.4
176H 0.0025 1.60 0.55 58 25.86 | 0.43 3.69 3.2 5.42 4.8 6.56 5.8 7.47 6.6 8.40 7.4
177H 0.0012 0.75 0.55 58 2452 | 041 3.79 1.6 5.57 2.3 6.74 2.8 7.68 3.2 8.62 3.6
178H 0.0012 0.79 0.44 41 2458 | 0.41 3.79 1.3 5.56 1.9 6.73 2.3 7.66 2.7 8.61 3.0
189H 0.0009 0.60 0.25 8 24.15 | 0.40 3.82 0.6 5.61 0.8 6.79 1.0 7.73 1.2 8.69 1.3
188H 0.0014 0.92 0.23 5 24.85 | 0.41 3.76 0.8 5.53 1.2 6.69 1.4 7.62 1.6 8.56 1.8
190M 0.0009 0.56 0.31 19 24.04 | 0.40 3.83 0.7 5.62 1.0 6.80 1.2 7.75 1.4 8.70 15
191M 0.0007 0.42 0.50 50 23.58 [ 0.39 3.87 0.8 5.68 1.2 6.87 1.4 7.82 1.6 8.79 1.8
Al 0.0003 0.20 0.80 100 22.53 | 0.38 3.96 0.6 5.81 0.9 7.03 1.1 8.00 1.3 8.98 14
208M 0.0026 1.69 0.39 32 25.96 | 0.43 3.68 24 5.40 3.6 6.54 4.3 7.46 4.9 8.38 5.5
222M 0.0026 1.66 0.39 32 2594 | 0.43 3.68 