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The purpose of the hydrologic analysis is to estimate the magnitude of selected frequency
floods for the proposed project areas as defined in Section 2. Three different models were
used to develop design flows for the primary and secondary systems. For each system
analyzed, the hydrologic model(s) was selected based on the complexity of the stormwater
conveyance system.

The US Army Corps of Engineers (USACE) HEC-HMS model was selected to model the
Primary System defined as the main stem of Buckhead Creek. HEC-HMS simulates the
surface runoff response to precipitation for an interconnected system of surfaces, channels,
and ponds. Input data for the HEC-HMS model was developed using topographic, land use,
and soils maps in GIS to delineate and calculate the basin areas and SCS hydrologic
parameters. The HEC-HMS model offers a variety of methods for simulating the rainfall-
runoff response, hydrograph development, channel and pond routing. The selection of
methods for the analyses is based on the study objectives, data availability, and watershed
characteristics. The precipitation data for the 24-hour duration, NRCS Type II storm was used
to represent the synthetic rainfall event. The NRCS curve number approach was selected to
calculate runoff volumes from the precipitation data, and the sub-basin unit hydrographs for
these flood volumes were developed using the NRCS lag times. Where appropriate, reservoir
routing was selected to model attenuation behind culvert embankments.

For the larger secondary systems that may: (a) have significant backwater effects from rising
water surface elevations within the Creek, (b) have attenuation within drainage ditches or
behind roadways, and (c) show a sensitivity to the timing response of runoff to rainfall, the
Storm Water Management Model (SWMM) developed by the Environmental Protection
Agency (EPA) was selected as the hydrologic and hydraulic model. The NRCS curve number
approach was selected to calculate runoff volumes from the precipitation data, and the sub-
basin unit hydrographs for these flood volumes were developed using the watershed width
parameter. SWMM simulates the surface runoff response to precipitation for an
interconnected system of surfaces, channels, and ponds. Input data for the SWMM model
was developed using topographic data, land use data, and soils maps in GIS to delineate and
calculate the basin areas and NRCS hydrologic parameters. The SWMM model offers a
variety of methods for simulating the rainfall-runoff response, hydrograph development, and
channel routing. One advantage to using SWMM to model both hydrology and hydraulics is
that channel routing is modeled in the EXTRAN (hydraulics) block automatically based on
the geometry and nature of the conveyance system. This eliminates the need to iterate
between a hydrologic model and a hydraulic model to produce reasonable flows.

Some project areas with smaller drainage areas and less complex conveyance systems
required a less rigorous approach. Hydraflow Storm Sewers, developed by Intellisolve, was
used to generate peak flows using the Rational Method. Table A-1 lists the different systems
and shows the modeling methodology applied to each system.
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Table A-1: Project Area Model Selection

Project Area Model Selection

Buckhead Creek Primary System HEC-HMS

Buckhead Kingsford System SWMM

Broyhill System Hydraflow Storm Sewers — Rational Equation
Ferncreek Norwood System Hydraflow Storm Sewers — Rational Equation
Westwood System Hydraflow Storm Sewers — Rational Equation
Raeford Faison System Hydraflow Storm Sewers — Rational Equation
Montclair System Hydraflow Storm Sewers — Rational Equation
Odom System Hydraflow Storm Sewers — Rational Equation
Coventry System Hydraflow Storm Sewers — Rational Equation
Roxie Avenue System SWMM

Ashton Road Ramblewood Drive System Hydraflow Storm Sewers — Rational Equation
Ashton Road Friar Avenue System Hydraflow Storm Sewers — Rational Equation
Ashton Road System Hydraflow Storm Sewers — Rational Equation
Kimberly Drive System Hydraflow Express

Watershed Delineation and Connectivity

Watersheds were delineated for the primary system along Buckhead Creek and for each of the
thirteen (13) secondary systems that convey runoff to Buckhead Creek utilizing digital LiDAR
data available from the State of North Carolina and the stormwater inventory. The preliminary
watersheds were created using automated procedures in a GIS platform and then adjusted as
necessary based on the conveyance system and known ridge lines. Each flood control project
watershed for the primary system was subdivided into sub-watersheds selected at hydrologically
and hydraulically significant points, such as major roadway crossings, stream convergences,
known problem areas, etc. Each sub-watershed for the secondary systems was selected as the
area that drained to each inlet modeled on the secondary system. Twenty-six (26) sub-watersheds
were delineated for the primary system ranging in size between 31 and 223 acres. Sub-
watersheds were delineated as necessary for the secondary systems to accurately model the
hydraulics of the system. The watershed maps included in Appendix C illustrate the sub-
watershed and hydrologic connectivity for the primary system.

Soils

The NRCS curve number method uses basin characteristics, such as soil types and land use, to
compute the runoff response. The infiltration rate of a soil influences the volume of surface
runoff that results from given storm events. Soils with high infiltration rates produce lower
runoff than soils with lower infiltration rates. The Soil Conservation Service has prepared soil
maps for Cumberland County that identify four primary soil groups. This data is available
digitally and was provided by the City of Fayetteville. The groups (A, B, C, and D)
correspond to decreasing rates of infiltration. A general description of the four soil groups
taken from the USDA, SCS, NEH-4 (1972) is presented in Table A-2.
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Table A-2: Hydrologic Soils Groups

Soil Group I])escription

Group A soils have high infiltration rates even when thoroughly wetted and consis{]
A chiefly of deep, well to excessively drained sand or gravels. These soils have a high
rate of water transmission. (greater than 0.3 inches per hour)

Group B soils have moderate infiltration rates even when thoroughly wetted and consist
chiefly of moderately deep to deep, moderately well to well drained soils with

B moderately fine to moderately coarse texture. These soils have a moderate rate of water
transmission. (0.15 to 0.3 inches per hour)
Group C soils have slow infiltration rates when thoroughly wetted and consist chiefly
C of soils with a layer that impedes downward movement of water, or soils with|

moderately fine to fine texture. These soils have a slow rate of water transmission. (0.5
to 0.15 inches per hour)

Group D soils have a very slow infiltration rate when thoroughly wetted and consisf|
chiefly of clay soils with a high swelling potential, soils with a permanent high water
D table, soils with a clay pan or clay layer at or near the surface, and shallow soils over
mearly impervious material. These soils have a very slow rate of water transmission. (0|
to 0.05 inches per hour)

Group B/D soils behave as a Group B soil until the soil becomes saturated. When|

B/D saturated the soil will behave as a Group D soil.

Soils within the watershed are predominantly NRCS hydrologic soil groups A and B soils,
although five different hydrologic soil groups are present in some amount throughout the
basin (See Table A-3 and Appendix C).

Table A-3: Area Distribution of Hydrologic Soil Groups

Soil Group Total Area (acre)
A 1.605
B 1.078
C 39
D 601
B/D 20
Land Use

Land use is the watershed cover condition as it relates to the actual type of development and
zoning within the watershed. Land use influences the runoff characteristics of a watershed,
and combined with other basin characteristics, is used to determine the SCS curve number for
the basin.
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The existing zoned land uses for the Buckhead Creek basin were provided by the City of
Fayetteville. These zoning maps were used to develop peak flows for the watershed. Eight
land use categories were delineated within the Buckhead Creek basin based on the
information provided and field observation of the current uses. The following table provides
a description of the land use categories in the Buckhead Creek basin.

Table A-4: Land Use Categories

Land Use Category General Description
Commercial Commercial and Business
Office Office space

Open Space Undeveloped, unwooded land

Single-Family Residential, ranging in lot size
between 0.125 acre and 0.5 acre.

Right of Way Right of Way, including easements and roads
Schools and churches and associated land (i.e.
playgrounds. open fields)

‘Woods Wooded space

Residential — Single-Family

Institutional

In its entirety, the Buckhead Creek basin covers an area of 3,343 acres (5.22 square miles).
More than 90% of the basin is developed currently to its zoned land use. The majority of the
undeveloped area in the watershed is either wetlands or within the FEMA floodplain, which
will significantly reduce the potential for development. While a few isolated parcels may be
developed, it 1s unlikely they will significantly increase peak flows particularly with the
City’s detention requirements. Therefore, for the purposes of this study, the existing
conditions land use was considered the same as the build-out conditions land use.
Percentages of each existing land use group and the correlating acreage are listed in Table A-5
below.

Table A-5: Land Use/Zoning Groups

ILand Use Group Name Percent of Basin Area Area (acre)
Commercial 13% 419
Office 3% 117
Open Space 2% 70
Residential — Single-Family 1/2 acre lot 2% 78
Residential — Single-Family 1/3 acre lot 25% 843
Residential — Multi-Family 1/4 acre lot 18% 589
Residential — Multi-Family 1/6 acre lot 1% 23
Residential — Multi-Family 1/8 acre lot 2% 62
Right of Way 18% 612
Institutional 6% 191
(Woods 10% 339
[Total 100% 3343
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NRCS Curve Numbers

The NRCS curve number approach was used in computing the runoff response. Runoff curve
numbers (RCNs) were generated by using the NRCS document entitled Urban Hydrology for
Small Watersheds, dated June 1986 and commonly referred to as TR-55. This method relates
the drainage characteristics of the hydrologic soil group, land use category, and antecedent
moisture conditions (AMC) to a runoff curve number. The runoff curve number and an
estimate of the initial surface moisture storage capacity are used to calculate a total runoff
depth for a storm in a basin.

The AMC refers to the total rainfall in a 5-day period preceding a storm and relates to the soil
moisture condition at the beginning of the storm event. The AMC value can be used as a
calibration tool in the hydrologic computations where AMC-1 represents "dry" conditions and
AMC-3 represents "wet" conditions. The average antecedent moisture conditions (AMC-2)
are generally considered most representative for the humid southeastern portion of the country
and were used for the hydrologic calculations in this study.

Runoff curve numbers were determined for each sub-basin based on the soil group, land use,
and average antecedent moisture condition for the area. The curve numbers calculated for this
study are listed in Table A-6 below.

Table A-6: Curve Numbers Based on Land Use and Soil Groups

lLand Use Category Soil Group

A B C D
Commercial 89 92 94 95
Office 81 88 91 93
Open Space 39 61 74 80
Residential 1/2 54 70 80 85
Residential 1/3 57 72 81 86
Residential 1/4 61 75 83 87
Residential 1/6 69 80 86 920
Residential 1/8 77 85 90 92
Right of Way 83 89 92 93
[nstitutional 63 77 85 38
(Woods 36 60 73 79

For each sub-basin, the curve number was determined and weighted by area to calculate the
composite curve number for each sub-basin. A summary of the hydrologic input data
including the runoff curve numbers is shown in Table A-7 and Appendix E. The composite
curve numbers for the sub-basins within the watershed range from the low 60s to the low 90s.
The sub-basins with relatively low curve numbers typically are located at the downstream end
of the watershed, where the hydrologic soils groups are predominantly A soils. The higher
curve numbers represent commercial areas with significant impervious areas and D soils.
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Table A-7: Summary of Hydrologic Input Data
Drainage Basin ID Drainage Area RCN Time of Cloncentl'aﬁon
(acre) (minutes)

1 66.2 90 81.0
2 118.1 92 68.4
3 188.7 89 82.0
4 58.1 77 53.0
5 105.3 76 80.8
6 91.1 79 73.7
50 269.9 77 112.8
11 132.6 76 79.2
12 118.5 78 71.5
13 221.3 80 68.6
14 119.8 75 97.9
15 132.5 69 74.6
16 219.1 66 87.6
17 159.7 69 69.6
18 108.6 67 86.4
19 92.7 76 60.4
20 128.9 65 89.4
21 186.0 72 79.5
22 48.5 63 64.5
23 168.9 65 57.8
24 31.1 67 45.8
25 30.7 69 67.4
26 209.5 62 69.7
27 150.8 67 53.5
28 1159 65 40.5
29 71.1 69 46.8

Rainfall

Rainfall distributions for Fayetteville are derived using the NRCS Type II standard
distribution. Total rainfall volumes for the modeled frequency storms were based on data
published on the NOAA website, http://hdsc.nws.noaa.gov/hdsc/pfds/orb/nc pfds.html.
Table A-8 shows the total rainfall volumes used for this study based on precipitation data
collected in Fayetteville, North Carolina. These volumes are based on values obtained in
2004. As the dataset is updated, the statistical rainfall volumes may change.
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Table A-8: Design Storm Rainfall Volumes

Design Storm Total Rainfall Volume (in)
2-year 24-hour 3.66
5-year 24-hour 4.69
10-year 24-hour 5.52
25-year 24-hour 6.69
100-year 24-hour 8.67

While the depth-duration-frequency curves are calculated based on real rainfall data, the
rainfall data used for the SWMM and HEC-HMS models represent the Type II synthetic
rainfall distribution. Actual runoff is based on several factors including rainfall intensity,
duration and the antecedent moisture conditions of the watershed.

Hydrograph Translation

The lag time, as defined by the NRCS for use in the NRCS dimensionless unit hydrograph
method, is the time, or lag, between the center of mass of rainfall excess and the peak of the
unit hydrograph. The lag time is based on the sub-watershed time of concentration, or travel
time, and is a function of the sub-watershed size, shape, slope, cover, and other basin
characteristics. For the NRCS method, the sub-watershed lag time is calculated to be 0.6 times
the time of concentration for each sub-watershed.

The times of concentrations for the sub-watersheds were calculated from the methodology
described in TR-55. A summary of the calculations is shown in Appendix F. The longest
flow path is divided into three types of flow; overland flow, shallow concentrated flow, and
channel flow. A spreadsheet was developed to tabulate the incremental travel times for each
type of flow for each sub-basin. The incremental travel times were totaled and multiplied by
0.6 to compute the lag time for each sub-basin. The equation detailing the travel time for sheet
flow is as follows:

.007 (nL)%®
Tt = ———

(P2) 0.5 50.4
T, = Travel Time in hours
n = Manning Roughness Coefficient (Paved=0.011, Unpaved=0.24)
L = flow length in feet
P, = 2-year, 24 hour rainfall = 3.66 inches
S = slope of hydraulic grade line (land slope in ft/ft)

For shallow concentrated flow, the velocity (V) is calculated for either paved or unpaved
sections by using the following equations:

Unpaved V = 16.1345 (S)"?
Paved V = 20.3282 (S)"?
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The travel time for shallow flow is then calculated by dividing the flow length (L in feet) by
velocity as follows:

T;= Travel Time =L / (3600*V)

The open channel travel times are determined by a modified version of the Manning equation,
which is as follows:

1.49 RZB SO.S
n

V =

= Average full-flow velocity (ft/s)

= Hydraulic radius (ft)

= Slope of hydraulic grade line (ft/ft)
= Manning roughness coefficient

B W<

Instead of a time of concentration parameter, the SWMM model uses a watershed width
parameter to create the unit hydrograph used in the model that will translate the rainfall into
runoff. The watershed width is a parameter unique to SWMM that typically represents the
watershed area divided by the longest flow path. The width parameter is typically calibrated
to flow gauge data, if available. The City of Fayetteville watershed lacks flow gauge data, so
the peak flows from SWMM were compared to flows developed using the Rational Method.
Based on the flow comparison, the watershed widths for each basin were increased in some
instances to produce reasonable flows. Increasing the watershed width parameters is not an
uncommon practice for calibrating models for areas with gradual slopes and moderate
conveyance systems.

NRCS methodologies for developing the time of concentration were used for the remainder of
the secondary systems with the exception of small sub-watersheds less than 1.0 acres in area.
Those sub-watersheds were assumed to have a time of concentration of 5 minutes which is the
minimum value used in the NRCS equations.

Storage Routing

Reservoir storage routing was used for routing hydrographs through the storage areas
upstream from undersized structures (culverts). HEC-HMS is able to model the effects of an
undersized culvert through inputs defining the relationship between water volume or area and
elevation and the relationship between outflow and water surface elevations. The relationship
between outflow and water surface elevations is developed using an iterative process between
HEC-HMS and HEC-RAS. A rating curve generated using HEC-RAS defines the outflow of
the water leaving this system.

Structures having fill heights greater than or equal to 50% of the height of the structure were
assumed to provide significant peak flow attenuation and, therefore, were routed in the HEC-
HMS model. In addition, any structure which exhibited significant upstream floodplain
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storage or significant backwater from the HEC-RAS model output would be analyzed for
providing peak flow attenuation.

For each structure, the cutoff point in the backwater pool was determined where the structure
routing ends and upstream channel routing begins. This determination was necessary so that
available storage areas calculated for channel and structure routing did not overlap. The
following procedure was used for this determination:

e The approximate limit of the 100-year frequency flood backwater pool was delineated
in the topographic map.

e The distance from the upstream face of the structure to the upstream limit of the pool
was measured.

e From the upstream end of the backwater pool, a distance equal to 20% of the total pool
length was measured in the downstream direction and the point marked on the
topographic map.

e Through this point a line was drawn perpendicular to the contour lines.

e This line was then designated as the cutoff point to be used as the upstream limit of the
channel routing,.

For each structure, the elevation-storage relation for the Modified Puls method was derived by
calculating the surface area of the topographic contours from the upstream face of the
structure to the routing cutoff point associated with the structure. A pair of “SA” (storage
area) — “SE” (elevation) records, the elevation-storage relation for each structure was mput
from the delineated information. To avoid interpolating storage areas for each stage-
discharge point, a separate stage-discharge relation was entered into the HEC-HMS model on
a pair of “SQ” (discharge) — “SE” (elevation) records based on the HEC-RAS model output.

However, the method described in the previous paragraph does not account for the reduction
in tailwater on the structure due to the attenuation effects of the upstream storage, which in
turn can affect the stage-discharge relation of the structure. Therefore, an iterative process for
storage structures was followed with an objective to obtain a set of peak discharge values,
runoff volumes, and water surface elevations that are “balanced” between the two models.
The process was initiated by inputting a set of discharges into the HEC-RAS model to
develop a set of discharge-storage relations for each reach. This initial set of relations was
input into the HEC-HMS model. These values were supplemented by the depth-storage
relation for each structure. The HEC-HMS model was run with these values to derive new
discharges at downstream locations. These new values were input into the HEC-RAS model
and it was recomputed. The new discharges and water surface elevations listed in the HEC-
HMS summary output were compared with the discharges listed in the previous HEC-RAS
run. When the values stabilized, the model was considered “balanced”. If not then additional
iterations were performed. Typically, three iterations are adequate to derive a balanced
model.
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Summary of Hydrologic Model Results

The HEC-HMS model was used to compute peak runoff for the 2-, 10-, 25-, 50- and 100- year
design storms for the existing developed conditions. The curve numbers for the Buckhead
Creek basin range from 62 to 92 with the majority being in the upper 60s to upper 70s. The
time of concentrations were found to range from 41 minutes to 113 minutes. These results are
characteristic of urbanized residential watersheds with areas of high imperviousness.

The results of the hydrologic model are summarized in Table A-9. The HEC-HMS input and
output are included in Appendix H. Additionally, a CD is included in Appendix M and
contains the digital files for the HEC-HMS model.

Table A-9: Existing Flows from HEC-HMS

HEC-HMS Road Name / Storm Event
Node Location 2-Year 10-Year 25-Year 50-Year | 100-Year
(cfs) (cfs) (cfs) (cfs) (cfs)

Morganton | Morganton Road 54.8 97.2 104.3 109.5 112.8
Culverts

Clifidale Clifidale Road 4479 851.7 989.7 1141.4 11452
Culverts

Railroad Railroad Culverts 636.9 952.5 961.5 971.8 978.7

Raeford Raeford Road 433.0 5373 565.4 631.9 718.6
Culverts

Coventry Coventry Road 5437 914.4 1193.7 | 15446 | 18169
Culverts

Junction-29 Basin Outfall 653.0 15184 1869.2 2219.2 2559.1

Comparison of Peak Flows

For comparison purposes, flood peaks were estimated using the U.S. Geological Survey
(USGS) publication entitled "The National Flood-Frequency Program — Methods for
Estimating Flood Magnitude and Frequency in Rural and Urban Areas in North Carolina —
USGS Fact Sheet 007-00” (2001) at key locations within the watershed. The following table
compares the peak flows determined from the USGS regional regression equations for both
the Sandhills region and the Coastal-Plain region versus the peak flows from HEC-HMS and
FEMA.

Buckhead Creek Watershed Study Page A-10
WK Dickson & Co., Inc.



APPENDIX A
HYDROLOGIC ANALYSIS

Table A-10: Comparison of Existing Conditions Peak Flows

. 10-Year 50-Year 100-Year

Methodology Cross Section (cfs) (cfs) (cfs)
30388 953 972 979
28951 1060 1210 1257
HEC-HMS 23554 965 1359 1526
16331 1645 2911 3526
30388 651 908 996
USGS Regression 28146 838 1157 1268
Sandhills (2001) 23945 1009 1389 1525
16331 1433 1955 2146
. 30388 930 1476 1643
gsgf’af_{;lgarﬁf:mn 28146 1172 1819 2020
23945 1386 2126 2361

(2001)
16331 1906 2849 3158
FEMA USGS 30441 - - 1280
Regression 28951 793 1140 1280
Sandhills 23554 1080 1540 1720
(1996) 16331 1180 1680 1870

The Buckhead Creek detailed study completed by FEMA used the Sandhills regression
equations to generate peak flows. Buckhead Creek is located very close to the boundary
between the Sandhills region and the Coastal Plain region. Based on the infiltration capacity
of the soils in the Sandhills region, peak flows are lower using the Sandhills regression
equation than the Coastal Plain regression equation. Furthermore, the FEMA study assumed
the watershed was approximately 30% impervious when analyzing the watershed. This study
found the watershed to be between 40% and 50% impervious which is more consistent with
the type of land use in the watershed. The results of the HEC-HMS model are between the
values calculated using the Sandhills and Coastal Plain regression equations using the
impervious percentages calculated as part of this study. Given the urbanization in the
watershed, the likely compaction of soils due to development, and the proximity to the
Coastal Plain, 1t is not unexpected that peak flows from the HEC-HMS model are higher than
flows generated using the Sandhills regression equation.
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The purpose of the hydraulic modeling analysis is to determine an existing level of flooding
for the stormwater drainage network and to develop proposed solutions to mitigate flooding,
on both the primary system and the secondary system. Three different modeling
methodologies were used depending on the complexity and location of the conveyance
system. For the primary system comprised of Buckhead Creek, the Hydrologic Engineering
Center River Analysis System (HEC-RAS) was used for hydraulic modeling. For smaller less
complex closed drainage systems, Hydraflow Storm Sewers was used to calculate the
hydraulic grade lines using an energy grade based approach, while more complex closed
systems were modeled using SWMM. Table B-1 lists the project areas that were modeled
using each approach.

Table B-1: Project Area Model Selection

Project Area Model Selection
Primary System HEC-RAS

Buckhead Kingsford Secondary System SWMM

Broyhill Road Secondary System Hydraflow Storm Sewers
Ferncreek and Norwood Secondary System Hydraflow Storm Sewers
Westwood Secondary System Hydraflow Storm Sewers
Raeford Road Secondary System Hydraflow Storm Sewers
Montclair Secondary System Hydraflow Storm Sewers
Odom System Hydraflow Storm Sewers
Coventry Secondary System Hydraflow Storm Sewers
Roxie Ave Secondary System SWMM

Ashton Road and Ramblewood Drive Secondary System Hydraflow Storm Sewers
Ashton Road and Friar Avenue Secondary System Hydraflow Storm Sewers
Ashton Road Secondary System Hydraflow Storm Sewers
Kimberly Drive Secondary System HEC-RAS

HEC-RAS Models

The HEC-RAS model calculates water surface profiles for steady, gradually varied flow, both
sub-critical and supercritical, for user-specified discharges. The standard step backwater
analysis for sub-critical flow was modeled for the Buckhead Creek Primary System and the
Kimberly Drive Secondary System. The model calculates the effect of obstructions, such as
culverts, and building structures in the channel and floodplain on the water surface profile.
The hydraulic computations are based on the solution of a one-dimensional energy equation
with energy loss due to friction evaluated by Manning's equation.

Input data for the HEC-RAS computer model includes the following:

e Cross-section geometry of the channel and floodplain.
e Roughness coefficients to describe the characteristics of the channel and floodplain.
e Size, shape, and characteristics of culverts and roadways along the stream reach.
e Energy loss coefficients for flow in the channel and at roadway crossings.
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Primary System Study Limits

As discussed with City of Fayetteville stormwater staff, study limits for the hydraulic
evaluation of the primary system included those reaches of Buckhead Creek from the
upstream boundary approximately 1,400 feet upstream of Morganton Road to the downstream
boundary approximately 1,350 feet downstream of Cumberland Road.

Stormwater Inventory

The City of Fayetteville provided a stormwater inventory of the existing drainage systems.
However, the data did not include survey grade elevations and was somewhat outdated. To
augment the data, WK Dickson collected survey grade inventory data on select systems. The
stormwater inventory data is a useful tool for delineating watersheds and conceptual
modeling, however a more detailed survey will be required for specific project final design.

Attributes were collected for catch basins, culverts, and open channels along both the primary
system and the secondary systems listed above. The data was collected using NAD 83.
Vertical elevations of the structures are based on NAVD 88.

Attributes collected as part of the inventory were used to populate the various models. Digital
photographs for each structure and channel were used to estimate the roughness coefficients
and energy loss coefficients. The topographic data used for the Buckhead Creek Study was
the State’s LiDAR data provided by the North Carolina Department of Emergency
Management.

Cross section surveys had recently been completed for Buckhead Creek as part of the State’s
Floodplain mapping program. These surveyed cross sections were augmented with additional
cross sections surveyed by WK Dickson. The surveyed cross section points were than merged
with the digital elevation model based on the LiDAR data. Cross sections were located
perpendicular to the flow and at intervals along the stream to characterize the flow capacity of
the channel and floodplain for the primary system (and the secondary system at Kimberly
Drive). Along stream reaches where the shape, size, and geometry of the cross-section are
varying, cross sections were cut at closer intervals than for reaches having little change in
channel characteristic. Additional sections were cut as required by the HEC-RAS program to
sufficiently model structures such as culverts.

Surveyed cross sections are identified by station number, which for the HEC-RAS model,
refers to the approximate linear distance upstream from a reference point on the main channel
or tributary reach. The cross sections depict the locations of cut sections from field
topographic surveys. Similarly, the cross section at each road crossing represents the top-of-
road cross section. The cross sections just upstream and just downstream of highest point of
roadway (commonly referred to as the weir) represent the locations of the upstream and
downstream faces, respectively, of the bridge or culvert in an area not impacted by roadway
fill. All elevations in this report are referenced to NAVD 88.
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Roughness Coefficients

Manning’s roughness coefficients, or 'n' values, represent the resistance to flow and influence
the flow capacity of channels and floodplains. The HEC-RAS model uses these coefficients to
compute friction loss longitudinally in the channel and floodplain. The roughness value is a
function of the type and density of the vegetation, channel bottom and stream bank material,
degree of channel meandering, and depth of flow.

Roughness coefficients were determined for all stream reaches for which hydraulic analyses
were performed. The “Horizontal variation in n-values” option was enabled to allow for
correct modeling of the widely varied surfaces on a given cross-section. For example, many
cross-sections sufficient to represent the roughness of the floodplain and channel in the study
area, one for the channel section, one for the right overbank floodplain, and one for the left
overbank floodplain. The right or left bank of the stream is referenced facing downstream.
Roughness coefficients used in this study are listed in Table B-2.

Table B-2: Roughness Coefficients

[.ocation Typical 'n' value range
Main Channel 0.015 - 0.060
[eft Overbank 0.075-0.20
Right Overbank 0.080 - 0.20

All roughness coefficients were estimated through field observation and by referencing
standard engineering manuals.

Bridge, Culvert, and Roadway Data

Based on guidelines provided in the City of Fayetteville Minimum Design Standards for
Storm Drainage Manual, the following standards and criteria were used to evaluate the
primary system, as well as the secondary systems:

Table B-3: City of Fayetteville Design Standards and Criteria

Roadway Type Design Storm (years)
Closed Storm Drainage Systems 10
Open Channels 25
Culverts (subdivision streets) 25

Culverts generally have different characteristics than the channel and floodplains away from
roadway crossings. Often culverts constrict flood flows in the channel and floodplain, which
may create backwater effects upstream of the structure. The constriction can produce
increased velocities and result in localized scour.

For culvert analysis, the HEC-RAS model utilizes the concepts of "Inlet" control and "Outlet"
control to simplify complicated culvert hydraulics. Inlet control flow occurs when the flow
carrying capacity of the culvert entrance is less than the flow capacity of the culvert barrel.
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Outlet control flow occurs when the culvert carrying capacity is limited by downstream
conditions or by the flow capacity of the culvert barrel.

During inlet control computations, the culvert inlet acts as either a weir or an orifice, and the
resulting headwater is computed. The equations used by HEC-RAS are the same as those
developed by the Federal Highway Administration during extensive laboratory testing, which
describe the inlet control headwater under various conditions.

For outlet control flow conditions, the required headwater i1s computed considering various
conditions. For culverts flowing full, a form of the Bernoulli Equation, which considers
friction losses, entrance losses and exit losses is utilized. Friction losses are based on
Manning's equation. Entrance losses are computed as a coefficient times the velocity head in
the culvert at the upstream end. Exit losses are computed as a coefficient times the change in
velocity head from just inside the culvert (at the downstream end) to outside the culvert.

When the culvert is not flowing full, the direct step backwater procedure 1s used to calculate
the profile through the culvert up to the culvert inlet. An entrance loss is then computed and
added to the energy inside the culvert to obtain the upstream headwater. Culvert input data
for the HEC-RAS model include:

e Shape and dimensions of the structure openings.

e Culvert length.

e Entrance loss coefficient, exit loss coefficient and coefficient of discharge for weir
flow during roadway overtopping.

e Upstream and downstream invert elevations.

e Federal Highway Administration chart number for the culvert type.

e Top-of-road elevations to describe the weir during roadway overtopping and the weir
crest length.

e Four cross sections are required; one cross section sufficiently downstream of the
culvert that flow is not affected by the culvert, one at the downstream end of the
culvert, one at the upstream end of the culvert, and one located far enough upstream
that the culvert has no effect on flow.

Energy Loss Coefficients

Contraction and expansion of flow produces energy losses caused by the transition. The
magnitude of these losses is related to the velocity and the estimated loss coefficient. Where
the transitions are gradual, the losses are small. At abrupt changes in cross-sectional area, the
losses are higher. Energy losses resulting from expansion are greater than losses associated
with contraction. Energy loss coefficients used for the Buckhead Creek hydraulic models are
presented in Table B-4 below:
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Table B-4: Energy Loss Coefficients

[T'ype of Transition tExpansion [Contraction
None 0 0

Gradual 0.3 0.1

Culvert sections 0.5 0.3

Starting Water Surface Elevation
The starting water surface elevations for the primary system HEC-RAS model was calculated
using the slope-area method found in HEC-RAS using a slope of 0.005 feet/feet.

Model Run Descriptions and Assumptions

The HEC-RAS model was used to compute flood elevations at each cross-section for
Buckhead Creek and the Kimberly Drive system for the 2-, 10-, 25-, 50- and 100-year floods.
A hard copy of the HEC-RAS input and output is included in Appendix I, while a digital copy
of the input and output is located on the CD in Appendix M.

The hydraulic analysis for this study is based only on the condition of unobstructed flow.
Therefore, flood elevations shown on the profiles are considered valid only if hydraulic
structures remain unobstructed and do not fail. Flood elevations may be raised by debris
blockage of the culvert, channel, or floodplain.

Model Verification

Efforts were made to verify the model for various storm events. Attempts were made to
contact residents living adjacent to the stream near the culverts to obtain high water marks.
Only a small number of residents were successfully reached. These residents were able to
provide pictures of flood waters during high rain events, along with the dates of occurrence.
This information was submitted to the State Climate Office of North Carolina, and rainfall
totals were provided from a monitoring station in Fayetteville. These rainfall totals were used
to generate flows in the creek to find WSELs and compare those WSELs with the flooding
events reported by the residents.

Feedback obtained from the questionnaires was also reviewed for relevant information that
could be used to verify the model. The comments and responses provided dates of flooding
instances and the dates were researched at the State Climate Office of North Carolina for
rainfall totals. Again, rainfall totals were used to develop input flows for the HEC-RAS
model for verification purposes. Likewise, the information received during the public
meetings was also compared to rainfall totals from the dated events and proved useful in
verifying the model.
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Open Channel System

Roadway Flooding

Six crossings were analyzed for flooding potential in the Buckhead Creek Drainage Basin
Study. All roadway crossings that were analyzed in this study are listed in Table B-5
including the minimum top-of-road elevations and the 2-, 10-, 25-, 50- and 100-year flood
elevations at the crossing for existing and proposed conditions.

Table B-5: Overtopping Analysis of Roadway Crossings

EXISTING CONDITIONS
Minimum Elevation| Calculated Water Surface Elevations (feet NAVD)
Location at Top of Road 2-year | 10-year | 25-year | 50-year | 100-year
(feet NAVD) flood flood flood flood flood
Bold Print Indicates Overtopping
Morganton Road 226.98 221.29 | 222,18 | 222.46 | 222.82 223.07
Cliffdale Road 212.93 207.27 | 210.02 | 210.95 | 212.21 213.80
Railroad Crossing 191.00 188.19 | 191.51 | 192.86 | 194.36 195.43
Raeford Road 197.78 18643 | 191.08 | 192.58 [ 194.15 195.24
Coventry Road 154.76 153.08 | 156.36 | 156.90 [ 157.35 157.60
Cumberland Road 145.32 138.90 | 141.73 | 143.02 [ 144.51 145.97
PROPOSED CONDITIONS
Bold Print Indicates Overtopping
Morganton Road 226.98 221.29 | 222,18 | 222.46 | 222.82 223.07
Cliffdale Road 212.93 207.27 | 210.02 | 210.95 | 21221 213.80
Railroad Crossing 191.00 188.15 | 190.59 | 191.43 | 192.35 193.18
Raeford Road 197.78 185.52 | 189.50 | 190.69 [ 191.93 192.83
Coventry Road 154.76 151.64 | 153.41 | 154.11 | 155.04 155.61
Cumberland Road 145.32 139.03 | 14231 | 143.45 | 14494 146.29

As shown above, the Railroad Crossing and Coventry Road are not meeting the City design
standards for overtopping. The culvert improvements necessary to bring Coventry Road up to
City standards have been described in Section 3 of this report. Overtopping at the railroad is
largely due to backwater from Raeford Road, so culvert improvements were not considered
for the railroad.
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Hydraflow Storm Sewers

Input parameters for an energy grade analysis include invert elevations, length, slope, culvert
or channel dimensions, roughness coefficient, and tailwater condition. When modeling
culverts, the roadway or embankment elevation is included to determine if there is
overtopping during the design event. Hydraulic grade lines are based off of a peak flow event
calculated in Hydraflow Storm Sewers using NRCS methodologies. Appendix J shows the
profiles of the proposed improvements

Several assumptions were made regarding the input parameters for the models:
e Manning’s roughness coefficient for concrete gutters would be n =0.013.
e Manning’s roughness coefficient for reinforced concrete pipe would be n =0.013.
e All inlets were modeled as NCDOT type inlet (inlets that have both a grate and an
open throat).
e All grates would be depressed two inches.
e All streets would have a transverse pavement slope section of 2.1% (input as Sy).
e All grates would have a transverse gutter slope of 4.2% (input as Sy).

Hydraulic Grade Lines

Hydraflow utilizes the energy-based Standard Step method when computing hydraulic grade
lines. This method uses a procedure that applies iterations of the Bernoulli's energy equation
between the downstream and upstream ends of each line in the closed system. It also uses
Manning's equation to calculate head losses due to pipe friction. One benefit to using this
method i1s that a solution can always be found regardless of the flow regime. This method
does not make assumptions as to the depth of flow and is only accepted when the energy
equation has balanced.

Hydraflow uses the following equation for all flow conditions:
ViRg+Z,+Y,=V,"2g+Z,+Y,+HL
Where: V =velocity (ft/s)
Z, = 1invert elevation (ft)
Y =difference between the HGL and the invert elevation (ft)
Friction losses are computed by:

HL = (hg + hp)/2

hs=[Qn/KqAR(0.667 )]2 X (line length)

Where: Q = flow rate (cfs)
Kq = 1.486 (dimensionless)
n = Manning's n

A = cross-sectional area of flow (sqft)

R = Hydraulic radius
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Hydraflow computes the hydraulic grade line in a fashion similar to methods used for open
systems. With the closed system consisting of pipes and junctions, Hydraflow begins
computing at the most downstream line and works in a standard step procedure upstream.
This methodology assumes the starting water surface elevation is known. Hydraflow first
assumes an upstream hydraulic grade line, HGL, for a given line and then checks the energy
equation. If the energy equation does not balance, another HG is assumed and the iterative
process repeats until the assumed HGL equals the computed HGL. The downstream HGL for
the next upstream line is the computed HGL plus any losses at the upstream junction. It
should be noted that Hydraflow does not calculate supercritical flows. When the energy
equation cannot be balanced, the model assumes critical depth and proceeds to the next
upstream line.

Critical depth is calculated using the following equation. If D, is greater than 85% of D, then
a trial and error method is used to find the minimum specific energy, i.e., critical depth. See
Open Channel Hydraulics, McGraw - Hill, 1985, by Richard H. French.

Dc =[1.01/D(0.26 )] (Q2 /2g)
Where: D. =critical depth (feet)
D = pipe diameter (in)
Q = flow rate (cfs)
Junction losses are computed by the following equation:

Junction Loss = k(Vo? / 2g)

Where: Vo = velocity of flow exiting the junction.
k =loss coefficient as defined below

If the junction loss coefficient assignment is specified as “Automatic”, Hydraflow will
calculate the k-values based on the following equations, which are based on data adapted from
FHWA HEC No. 22. For bends less than 90 degrees, Hydraflow calculates the k-values with
the following equation:

K = 1-[(90-deflection angle)/(90)]2

If the junction is an inlet, then k is multiplied by 1.5. In no case will k be less than 0.15 for
manholes or 0.50 for inlets. For bends greater than or equal to 90:

Kiptets = 1.50
Kmanholes = 1.00
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A suggested value for this coefficient is 1.0. This assumes all of the velocity head is lost at
the manhole. In other words, the junction is simply a reservoir being fed by any incoming
lines. The incoming velocity is lost and converted to static head.

SWMM

SWMM is a dynamic rainfall-runoff model capable of modeling the hydrologic response of a
watershed and hydraulic routing throughout a stormwater conveyance system. The model
calculates the effect of backwater, flat or negative slopes, energy losses, and minor headlosses
associated with bends, entrances and exits.

Input data for the EPA SWMM (hydraulics) computer model include the following:

Conveyance pipes including structure inverts, pipe sizes and lengths.
Open channel cross section geometries.

Roughness coefficients for pipes and channels.

Energy loss coefficients for flow in the pipes and channels.

Storage rating curves.

Overland flow characteristics.

SWMM provides an accurate evaluation of the existing and proposed conditions because it
combines hydrology and hydraulics while accounting for the routing affects of the channel
and over bank storage areas. Because hydrology and hydraulics are combined, changes to
peak flows or water surface elevations resulting from proposed modifications to the existing
channels or culverts are calculated in the model in one step. Additionally, changes to flows
from proposed pipes and channel improvements are seen both upstream and downstream,
reducing the potential for a stormwater system having increased flooding downstream.

Energy Loss Coefficients

Contraction and expansion of flow produces energy losses caused by the transition. The
magnitude of these losses is related to the velocity and the estimated loss coefficient. Where
the transitions are gradual, the losses are small. At abrupt changes in cross-sectional area, the
losses are higher. Energy losses resulting from expansion are greater than losses associated
with contraction. Energy loss coefficients used for the hydraulic SWMM models are
presented in Table B-6 below:

Table B-6: Energy Loss Coefficients

[Type of Transition [Expansion [Contraction

None 0 0

Manhole/Inlet 0.7 0.5

Open Channel 1 0.5 — Headwall/ 0.9 - Projecting

Additional energy losses for structures having bends were divided between the two joining
pipes. Table B-7 shows the bend losses used for this project based on NCDOT values.
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Table B-7: Bend Loss Coefficients

Angle Loss Coefficient Angle Loss Coefficient
90 0.70 40 0.38
80 0.66 30 0.28
70 0.61 25 0.22
60 0.55 20 0.16
50 0.47 15 0.10

Input and output files for the SWMM models are attached in Appendix K.

Buckhead Creek Watershed Study

WK Dickson & Co., Inc.

Page B-10






