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• SECTION 1.0 EXECUTIVE SUMMARY

•

•

The Flood Control District of Maricopa County (FCDMC) contracted Cardno WRG to

conduct this Pilot Study in order to determine the appropriate FLO-2D modeling

protocols for the forthcoming Broadway & Rural DMP. Applying FLO-2D to an urban

area is a relatively new application for the FCDMC. Consequently, the FCDMC had

several questions on the best way to model urban areas using FLO-2D. By conducting

this Pilot Study, some of these questions could be answered, which should save time and

money for Broadway & Rural DMP. The Broadway & Rural DMP will be used to

identify solutions that can mitigate some of the flood hazards in the study area so it is

important to quantify and identify the extent of the flood hazards as accurately as

possible. By addressing some of the modeling protocol questions in the Pilot Study,

confidence in the accuracy of the FLO-2D model results will be higher than if these

unknowns were not addressed.

The FCDMC had many questions and unknowns that could have been addressed as part

of this pilot study, however, due to time and budget constraints, as well as the practicality

of this effort, the FCDMC had to focus on a few key modeling issues. These key

modeling issues were the optimal grid size, the use of one-dimensional street elements,

the effect of block wall obstructions in the model, and the effect of storm drains. The

results & recommendations pertaining to these three parameters are briefly summarized

below.

Grid Size:

The 25-foot grid size should be used in the forthcoming Broadway & Rural DMP for the

following reasons:

• In urbanized areas, smaller grid elements allow the ground features to be

characterized with greater detail, which means the model results should represent

the flood hazard more realistically.

• In order to represent the surface and study area appropriately, streets and levee

elements needed to be added to the 50-foot grid model. As a consequence,
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building the 50-foot grid model took significantly more time compared to

building the 25-foot grid model.

• The street elements in the 50-foot model created instabilities that required

additional time to interpret and evaluate; however, the instabilities should be

reduced if digital terrain models are used to characterize the topographic data,

which would result in uniform street profiles for this study area (see section 3.2.1

for more information).

Modeling Fences/Block Walls:

Incorporating block walls/fences into the FLO-2D model in an urban area can

significantly increase the amount of field work required, modeling preparation time, and

troubleshooting time the model may require. Therefore, one objective of this pilot

project was to determine if modeling the block walls/fences in the FLO-2D model

resulted in significant differences in the model results. Block walls were coded into the

25-foot grid model for a wall located along the west side of Rural Road north of

Broadway Road. The models results including the block walls were compared to the

results of not including the walls. The results were approximately one-half of a foot

difference in water depth, which was considered to be significant. Therefore,

fences/block walls will be included in the Broadway & Rural DMP , however, the

specific fences/block walls that will be modeled will need to be evaluated with respect to

the location, integrity of the wall, and the potential effects on the results.

Storm Drains:

Determining the potential effect of storm drains on the modeling results was also

evaluated for this project. Two storm drains were evaluated for this pilot study:

• 30" storm drain located in Rural Road north of the Broadway & Rural Road

intersection.

• 42" storm drain located ill Rural Road immediately south of the railroad

tracks.

Cardno WRG estimated the capacity of the pipe size and inlets to determine which of

these storm drain parameters was the limiting factor for storm drain flow. Distinguishing

<.J-' Care/no
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this is important because collecting data and modeling storm drain inlets reqUIres

significantly more time than modeling the storm drain capacity. For the Pilot Study, the

size of the storm drain, and therefore the estimated storm drain capacity, was the limiting

parameter on flow; although, the limiting factor for maximum flow in a storm drain

system should be determined for each individual study. The two storm drains were

modeled at maximum flow. The effects of storm drains modeled within this Pilot Study

were minimal, yielding reductions of two inches or less in depth. However, this effect

could be more pronounced when modeling higher frequency storms. Cardno WRG is

recommending that storm drains greater than 36" in diameter be included in the

Broadway & Rural DMP model to appropriately characterize the reduction in peak flow

and volume within the watershed.

Additional FCDMC Analysis:

While evaluating the results of this pilot study, the Project Team noticed numerous

oscillations in several of the hydrographs, which are an indication of numerical

instabilities or surging in the models. As a result, the FCDMC conducted an additional

study and investigations to determine the cause for these oscillations, which are

summarized below.

• Hydrograph Timesteps/HYCROSS.OUT

The hydrograph time ordinates were incorrectly written to the HYCROSS.OUT file.

The FCDMC notified Dr. O'Brien at FLO-2D Inc., who promptly corrected this error.

• Depth Variable -Value

Shallow n-values were suspected of causing instabilities. After running tests with

three different n-value settings, the FCDMC concluded that there was no evidence of

a relationship between the hydrograph oscillations and the shallow n-value settings.

• Street Component Analysis

In the 50-foot model, linear street elements were added to represent the study area

more realistically and capture appropriate detail. The FCDMC noticed that the
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hydrograph oscillations appeared to be associated with incorporating the street

elements in the 50-foot grid models. Based on the FCDMC's evaluation, the

following observations were noted:

o The WRF (width reduction factor) and Levee coded grids next to the street

coded grids caused oscillations and resulted in high peak discharges.

Removing the blockages for the grids adjacent to the streets resulted in

reductions in the hydrograph oscillations.

o The FCDMC also noticed that the How direction assigned to a cross

section can also cause hydrograph oscillations. Assigning the flow

direction to a cross section should agree with the direction of the overland

How.

• Surface Analysis Interpretation

The street profiles generated by the ODS resulted in average grid elevations that did

not represent the actual street surface accurately; e.g., the street had significant

undulations. One reason for this was landscaping features, curves and other point

topographical elevations adjacent to the streets were included in computing the

average grid elevations, therefore, biasing the surface estimate. [n areas of low relief,

developing a Triangulated Irregular Network (TIN) based on the mass point and

breakline data may represent the surface more accurately.

For more details on the FCDMC's evaluation, the study is documented in the report

"Broadway-Rural Pilot Study FLO-2D Hydrograph Analysis", which is located in

Appendix O. The results and recommendations of the FCDMC study complement and

complete the results of this Pilot Study.
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SECTION 2.0 INTRODUCTION

2.1 Purpose of Study
Cardno WRG has been retained to prepare the Broadway & Rural Drainage Master

Plan: FLO-2D Pilot Study as a part of the Flood Control District of Maricopa County's

(FCDMC) On-Call Contract FCD2009C035. The Broadway & Rural Drainage Master

Plan: FLO-2D Pilot Study herein referred to as the FLO-2D Pilot Study, serves as a

supplement to the Candidate Assessment Report (CAR) prepared by Project Engineering

Consultants on September 30, 2002. Furthermore, this FLO-2D Pilot Study precedes the

forthcoming Broadway & Rural Drainage Master Plan (DMP) which is intended to

identify problematic drainage areas within the study area associated with the Broadway &

Rural DMP.

The FCDMC initiated the Broadway Rural FLO-2D Pilot Study as well as the

forthcoming Broadway & Rural DMP due to historic storm water flooding occurrences

within the Daley Park neighborhood, which was originally platted as University Heights.

The Daley Park neighborhood encompasses approximately 58-acres of the Broadway &

Rural FLO-2D Pilot Study Area and consists of 192 households originally built in the

early to mid 1950s.

This FLO-2D Pilot Study serves as an assessment tool for two-dimensional modeling

protocol particularly for projects that may use the FLO-2D software program for

hydrologic and hydraulic modeling in urbanized areas. The results of this assessment will

be incorporated into the forthcoming Broadway & Rural DMP.

During the process of scopmg this Pilot Study, many modeling parameters were

considered for sensitivity evaluation. These parameters included:

• FLO-2D optimal grid element size

• Characterization of existing roadways within the Pilot Study Area

• Characterization of existing buildings within the Pilot Study Area

• Characterization of existing fences and walls within the Pilot Study Area

CJr-') Care/no
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• Characterization of existing storm drain systems within the Pilot Study Area

• Multiple frequency events

As a part of this scoping, a matrix of options was considered for the sensitivity testing

considering how each variable interacted with the other variables. The variables were:

• Utilizing 25,50, and 100 foot grid element sizes

• Area reduction factors included and not included in the models

• Building polygons reflected and not reflected in the topographic mapping

• Fence and wall blockage included and not included in the models

• One dimensional street elements included and not included in the models

• Storm drain systems based on pipe capacity, based on inlet capacity, and not

included within the models

• Modeling the 2-year, la-year, and lOa-year return frequency events.

This matrix of options would have constituted over 400 FLO-2D models to be prepared

and compared to each other to determine the most appropriate modeling techniques. Due

to time and budgeting constraints, this detailed of sensitivity testing was not feasible.

These sensitivity considerations had to be reduced to a manageable number for this Pilot

Study. Therefore our focus was limited to a 25 foot grid element model without

additional roadway elements modeled, a 50 foot grid element model with additional

roadway elements modeled, a small localized evaluation of wall blockage on the 25 foot

grid element model, and an evaluation of the Rural Road Storm drain system on the 25

foot grid element model.

Two grid sizes including a 25- and 50-foot grid were considered for the purposes of this

FLO-2D Pilot Study. The two grid sizes were selected for analysis in an effort to assess

the benefits of a smaller grid size with no additional detail incorporated into the model or

a larger grid size supplemented with additional detail inclusive of street and channel

elements.

Additionally, an evaluation was performed on a portion of the storm drain system in

Rural Road to determine the limiting capacity of the system. The purpose was to
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determine if the storm drain capacity was limited to the capacity of either the pipe or the

contributing storm drain inlets.

Cardno WRG submitted the digital FLO-2D models prepared as a part of this FLO-2D

Pilot Study to the FCDMC on July 7, 2010 for review. The FCDMC compiled the results

of their review and prepared a supplemental report entitled Broadway-Rural Pilot Study,

FLO-2D Interior Hydrograph Analysis. The primary focus of the supplemental analysis

was to investigate anomalies in the FLO-2D models prepared by Cardno WRG that were

precipitated in the interior cross-section hydrographs established throughout the Pilot

Study Area. The discussion of this analysis is also included herein. The report is included

in Appendix G - Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis.

This FLO-2D Pilot Study and the FCDMC's Broadway-Rural Pilot Study, FLO-2D

Interior Hydrograph Analysis utilizes several hypothetical 100-year frequency

hydrographs modeled to inflow into the Pilot Study area. Therefore, the hydrologic and

hydraulic results presented herein are not to be relied upon for the purposes of identifying

and quantifying any specific flood hazards within the Pilot Study Area. Instead, the

quantities obtained and presented herein are hypothetical in nature and represent the Pilot

Study Area's hydraulic response to the arbitrary inflow hydrographs at potential inflow

points along the Pilot Study Area's boundary. This FLO-2D Pilot Study and the

associated Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis is

specifically intended to assess two-dimensional modeling protocols for use in the

forthcoming Broadway & Rural DMP.

• c.r·, Care/no
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2.2 Location of Study
The overall study area associated with the Broadway & Rural DMP is approximately

5.65 square miles. It is located within the City of Tempe corporate boundaries and is

generally bounded by the U.S. 60 on the south, the Union Pacific Railroad on the north,

the Price Road/Loop 101 Freeway on the east, and the railroad spur west of College

Avenue on the west. The FLO-2D Pilot Study Area is generally located within the

northwestern portion of the Broadway & Rural DMP Study Area and consists of

approximately 227 acres. The locations of the Broadway & Rural DMP Study Area as

well as the Pilot Study Area are graphically illustrated on Exhibit I - Location Map.
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Exhibit 1 - Location Map

2.3 Site Description

The Study Area associated with the FLO-2D Pilot Study is located entirely within the

City of Tempe Corporate boundaries. The Pilot Study Area may generally be

characterized by a mix of well-established single and multi-family residential

neighborhoods, commercial centers, general industrial, and schools. The Daley

Park/University Heights Subdivision generally consists of homes constructed in the

1950s.
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City of Tempe zoning categories along with their respective area component of the Pilot

Study Area are tabulated below for the purpose of characterizing the land use within its

boundaries. While this data serves to characterize the general land use within the

watershed, a more detailed breakdown of the existing land surface features found

throughout the Pilot Study Area was incorporated into the two-dimensional models.

These existing surface features, which include concrete, asphalt, swimming pools, grass,

and bare ground are discussed in subsequent sections of this report. Table 2.3.1 - Pilot

Study Area Zoning Categories summarizes the aerial contribution to the Pilot Study Area

by each zoning category.

Table 2.3.1 - Pilot Study Area Zoning Categories

City of Tempe Zone Code Description
Area Component( I)

[%]

RI-6 Single Family Residential 57.9

R-4 Multi-Family Residential 3.7

R-3 Multi-Family Residential 4.7

R-3R Multi-Family Residential 0.1

R-2 Multi-Family Residential 0.3

Planned Commercial Center-
PCC-I 6.3

Neighborhood

OlD General Industrial District 2.3

RO Residential/Office 1.3

CSS
Commercial Shopping and

6.0
Services

MU-ED Mixed Use-Educational 0.3

Notes:
I. Balance of area consists of right-of-way

CJ~ Care/no
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SECTION 3.0 HYDROLOGIC AND HYDRAULIC

MODELING

3.1. Hydrologic Input Parameters

Cardno WRG utilized the procedures available in FLO-2D to produce a rainfall/runoff

model for the Pilot Study Area. Input parameters used in this FLO-2D Pilot Study include

the use of a 100-year, 24-hour precipitation depth of 3.51 inches, Soil Conservation

Service (SCS) Type II rainfall distribution, Green and Ampt infiltration parameters, and

land surface characterization categories associated with the study area.

It is noted that the FCDMC's Drainage Design Manual for Maricopa County identifies

the use of 6-hour duration models for watershed sizes less than 20 square miles, and 24­

hour duration models for watershed sizes greater than 20 square miles. However, the SCS

Type II rainfall depth and distribution was used for the purposes of this FLO-2D Pilot

Study due to the availability of 100-year, 24-hour duration inflow hydrographs from the

immediately contiguous Guadalupe FRS.

FLO-20's executable FLO.EXE file, version 2009.06, dated 5/8/2010, was originally

utilized for the execution of the FLO-2D models discussed herein. FLO-2D released an

updated version of the program during the course of this study based on the FCDMC's

identification of an error in the program that yielded incorrect reporting of hydrograph

time steps associated with the HYCROSS.OUT data output file.

3.1.1 Onsite Hydrologic Parameters

The FCDMC provided Cardno WRG with recent digital topographic mappmg data

procured as a part of Contract o. FCD 08-20, Project 10 1291-Phoenix-Tempe Area

Mapping. Specific details regarding this mapping data as provided by the FCDMC are

listed below in Table 3.1.1.1 - Topographic Mapping Parameters.

<.r-, Cardno
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• Table 3.1.1.1 - Topographic Mapping Parameters

Phoenix-Tempe Area Mapping - FCD 08-20

Flight Date 12/11/2008

Contour Interval

Vertical Datum

Horizontal Datum

2-foot

NAVD88

State plane NAD83, Arizona Central

FLO-2D hydrologic modeling procedures reqUire input of Green and Ampt soil

infiltration data, land use data, and precipitation data. FCDMC provided GIS shape files

and database files to Cardno WRG for direct input into the FLO-2D Grid Developer

System (GDS). The shape files and data were used to determine the initial abstraction

(IA) and impervious area percentages (RTIMP).

The Green and Arnpt soils data found throughout the Pilot Study Area are listed in Table

• 3.1.1.2 - Green and Ampt Soils Data. It should be noted that the entire Pilot Study Area

is characterized by urban development constructed upon compacted soil. Therefore, the

soil hydraulic conductivity or (XKSAT) values were not corrected for the effects of

vegetated cover in the landscaped areas. This approach is generally conservative in

nature. It is however, believed to be a reasonable approach due to arid landscaping

practices in the area.

Table 3.1.1.2 - Green and Ampt Soils Data

Soil Data ID Soil Description
XKSAT

[inches/hour]

Rock Outcrop

[%]

Effective

Impervious

Area

6552063
Avondale Clay

0.04 0 100
Loam

655422120 Laveen Loam 0.25 0 100

• 655422920 Laveen Clay Loam 0.04 0 100

<.T·) Cardno
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The land surface feature categories identified by the FCDMC within the Pilot Study Area

are listed in Table 3.1.1.3 - Land Use Feature Categories. The value utilized for the TOL

parameter (0.01 feet) incorporated into FLO-2D was established with consideration given

to the initial abstraction values. This was done in order to not overcompensate for initial

abstraction values.

The Special Projects Branch of the FCDMC has analyzed the 0.8 ft pixel 2009 aerial

images with the Feature Analyst software program and, in combination with existing

cartography files, characterized the surfaces present in the study area. Feature Analyst 4.2

is an automated feature extraction extension, developed by Overwatch Geospatial, that

allows GIS to interpret images and extract lines and polygons, such as buildings,

vegetation, roads, rock, etc. The Broadway-Rural DMP study area is heavily urbanized.

The following surface features were collected: vegetation, bare ground, concrete and

asphalt. Vegetation consists of palms, shrubs, trees, grass, and large surfaces with

vegetation like colors. Bare ground consists of those surfaces that are tan or brown.

Concrete is attained by using bright surfaces such as sidewalks and driveways. Asphalt

consists of dark surfaces such as streets and parking lots. It is important to highlight that

the color scheme ranges for some surfaces vary, such as the low vegetation, bare ground

and asphalt, which affect the accuracy of the extracted features. The results however

seem to generate a good depiction of the general surface conditions in the study area. In

order to complement the results from Feature Analyst, existing mapping cartography files

were used to increase the level of detail for streets, sidewalks, buildings and driveways.

Exhibit 2 - Final Mapping Examplefor Surface Analysis
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Table 3.1.1.3 - Land Use Surface Feature Categories

Modeling Parameters

Existing Land Feature
Initial

RTIMP
Vegetation

Manning's n
Abstraction Cover

[inches]
[%]

[%]
value

Buildings 0.05 95 a 0.025
Asphalt sidewalk curb 0.05 95 a 0.025

Concrete 0.05 95 0 0.025
Swimming Pools 3.00 100 0 0.020

Vegetation 0.20 0 100 0.100
Grass Park 0.20 0 100 0.030

Bare Ground 0.10 0 0 0.035

3.1.2 Inflow Hydrographs

In order to simulate the hydraulic response, hydrographs were assigned to nme

hypothetical inflow points located along the Study Area boundary. The inflow

hydrographs assigned do not represent actual 100-year flood events, peak flows, or time

distributions within the Pilot Study Area as has been mentioned previously.

Based on discussions with the FCDMC, a representative hydrograph from the Guadalupe

FRS project was used for this FLO-2D Pilot Study. This 100-year, 24-hour hydrograph,

selected to represent a developed urban area with similar contributing watershed area,

was extracted from the Guadalupe FRS FLO-2D model in the vicinity of Fair Lane and

Alameda Drive. The subject hydrograph is graphically illustrated in Exhibit 3 ­

Representative Inflow Hydrograph.
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Hydrograph at Fair Ln Upstream of Alameda Dr
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Exhibit 3 - Representative Inflow Hydrograph

Cardno WRG identified strategic inflow points generally along the eastern and southern

boundaries of the study area, The eastern and southern boundaries were selected based

on the general direction of flow occurring from southeast to northwest. Nine (9) distinct

points of inflow were selected at local residential, collector, and arterial roadways

entering the Pilot Study Area. Inflow points were located at roadways rangmg m

classification from local residential to arterial. The FCDMC and Cardno WRG then

collectively identified several distinct scale factors to apply to the peak flow magnitude

of the representative lOa-year, 24-hour hydrograph. Scale factors were identified from

O.25X for local residential and up to 4X for arterial street classifications. The original

time distribution associated with the Guadalupe FRS representative hydrograph was

maintained for each scaled inflow hydrograph for the purposes of this FLO-2D Pilot

Study. The original time distribution was maintained in an effort to not increase runoff
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volumes and the associated FLO-2D model run time. The locations of these inflow points

and the associated scale factor are compiled in Table 3.1.2.1 - Inflow Hydrograph

Locations.

Table 3.1.2.1 - Inflow Hydrograph Locations

ROADWAY GRID ELEMENT NUMBER(S)
SCALE FACTOR

LOCATION 25-foot GRID 50-foot GRID

Broadway Rd. 4X 15411,15412,15413,15414 3770,3771

Rural Rd. 3X 10726, 10829, 10932, 11035 2653,2705

Vista Del Cerro Dr. IX 15450, 15451 3790

Palmcroft Dr. 0.25X 15380 3755

Redondo Dr. 0.25X 15497 3806

Granada Dr. 0.25X 8759 2133

La Rosa Dr. 0.25X 7407 1821

Sierra Vista Dr. 0.25X 4807 1145

La Corta Dr. 0.25X 2727 625

The location of inflow hydrograph scale factors are also graphically illustrated on Exhibit

4 - Inflow Hydrograph Scale Factors.
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Exhibit 4 -Inflow Hydrograph Scale Factors

3.2. Hydraulic Model Parameters

Two grid sizes including a 25- and 50-foot grid were considered for the purposes of this

FLO-2D Pilot Study. The two grid sizes were selected for analysis in an effort to assess

the benefits of a smaller grid size with no additional detail incorporated into the model or

a larger grid size supplemented with additional detail including street and channel

elements.

Hydraulic modeling parameters considered for this FLO-2D Pilot Study include the

digital terrain model data provided by the FCDMC, Manning's roughness coefficients

assigned to the uniquely identified surface features throughout the study area, linear street

and channel elements within the Study Area, and blockage factors to characterize the

<'.1'., Cardno
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existing buildings within the Study Area. GIS data provided by the FCDMC for reduction

factor coding as well as for existing land surface feature classification was overlaid on

aerial photography and reviewed for accuracy. Reduction factor coding data was revised

with localized supplemental blockage factors (WRF) to characterize existing buildings.

The assignment of initial abstraction values [IA] for impervious land surface features

such as buildings, asphalt, and concrete were assumed to be represented by Land Use

Code Pavement and Rooftops [P] and maintained at 0.05 in accordance with

recommendations provided by the FCDMC's Drainage Design Manual for Maricopa

County. Values for vegetation/grass were assumed to be represented by Land Use Code

Lawns/Parks/Cemetaries [LPC] with an initial abstraction value of 0.20. Values for bare

ground were assumed to be represented by Land Use Code Desert Landscaping 1 [DLI]

with an initial abstraction value of 0.10. An initial abstraction value of 3.0 inches was

assumed to characterize the typical freeboard found in maintained swimming pools. A

summary of initial abstraction values for the land use surface features encountered within

the Pilot Study Area are included in Table 3.1.1.3 - Land Use Surface Feature

Categories.

Values for percent impervious area [RTIMP] were generally assumed to be 95 - 100% for

impervious surfaces and 0% for pervious surfaces. Manning's Roughness Coefficient [n]

was discussed with the FCDMC and established at values commonly associated with

similar surfaces in hydraulic analysis situations. This was done in order to reflect the

potential for varied and erratic flowpaths and shallow flow depth characteristics within

the Pilot Study Area.

3.2.1 Digital Terrain Model

The digital topographic mapping data procured as a part of the FCDMC's Contract No.

FCD 08-20, Project ID 1291-Phoenix-Tempe Area Mapping was utilized as the basis for

the digital terrain model incorporated into this FLO-2D Pilot Study. Specifically for the

purposes of this FLO-2D Pilot Study, Cardno WRG incorporated the break line and mass
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point data (.if and .pf data files) into a .PTS data file imported directly into FLO-2D's

Orid Developer System (ODS) based on initial discussions regarding modeling protocol

with the FCDMC. The break line and mass point data are typically used as the basis of

development of final elevation contours. This data was used in lieu of the residual

contour data in an effort to provide sufficient topographic detail for features such as

storm water storage basins throughout the Study Area.

Average grid element elevations were established for each grid size based on this break

line and mass point data. Cardno WRG utilized values of 2 for the minimum number of

DTM points to consider in the vicinity of each grid element, 1 for the radius of

interpolation, and 2 for the inverse distance weighting formula exponent within GDS to

calculate average grid element elevations.

Care must be exercised in the use of this .PTS data file approach as is identified and

further emphasized by the FCDMC's Broadway-Rural Pilot Study, FLO-2D Interior

Hydrograph Analysis. Specifically, its use can yield average grid element elevations that

are based largely on superfluous dense topographic detail obtained by aerial mapping

methodology. This can have the effect of biasing the average elevation computation of a

grid element and not accurately reflect its character.

An example of a biased average grid element elevation computation may be a condition

in which a small landscape mounding feature with a high level of relief is located

immediately contiguous to a roadway. Procurement of aerial mapping may yield a

significant yet superfluous level of detail for the landscape feature while conversely

yielding a minimal level of elevation detail in the adjacent roadway, due to its more

uniform character and low level of relief. The superfluous level of topographic detail

obtained for the landscape feature may tend to bias FLO-2D's computation of an average

grid element elevation.

The preparation of a Digital Elevation Model (DEM) may serve as an option for the

appropriate characterization of topographic detail in a developed environment.
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3.2.2 Modeling Controls
Modeling controls utilized throughout this FLO-2D Pilot Study include, in part, the

following numerical stability parameters in the TOLER.DAT input file:

• Dynamic wave stability coefficient [WAVEMAX] - 0.25(50-foot Grid Model)
• Dynamic wave stability coefficient [WAVEMAX] - 1.0 (25-foot Grid Model)
• Surface detention depth [TOL]- 0.01 feet
• Percent change in flow depth [DEPTOL] - 0.2

The dynamic wave stability coefficient of 0.25 was utilized based on recommendations

by FLO-2D to improve modeling stability on the streets within the 50-foot grid size

model. The surface detention depth [TOL] variable dictates a threshold below which no

routing of flow takes place between grid elements, and can be considered analogous to

depression storage rainfall abstraction or initial abstraction as is coded within the

rNFIL.DAT data input file. As indicated previously, initial abstraction values were

assigned within the rNFIL.DAT data input file to reflect each of the land use surface

features found within the Study Area. The surface detention depth [TOL] was maintained

at the indicated minimal value of 0.01 feet so as not to reduce the rainfall depth by the

combined effect of both surface detention depth and initial abstraction depth. This

relationship is exemplified below.

P r.'FFt:CTlI"J::RlISF.ILLRLXOH'Of.'PT!f = P R. 1I.W: 11.1. Dt:PT"- IA!F.:cf.·..I:ITlo,V-TOL

3.19 inches=3.51 inches-D. 20 inches - 0.12 inches

The change in flow depth percentage value [DEPTOL] was maintained at the default

value provided by FLO-2D.

Additional modeling controls utilized during the course of this FLO-2D Pilot Study

include the following parameters in the CO T.DAT input file:

• Floodplain limiting Froude umber - 0.95
• Simulation time and output interval - 40 hours / 0.5 hours
• Shallow flow n-value - 0.15
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A limiting Froude number of 0.95 was used to maintain a subcritical flow regime within

the model. The 40-hour simulation time was used to accommodate the general time

period associated with the inflow hydrograph. Cardno WRG used a shallow flow n-value

of 0.15 based on discussions with the FCDMC and previous modeling experience with

FLO-2D.

The FCDMC's supplemental Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph

Analysis investigated the sensitivity of the variation of the shallow flow n value

(SHALLOWN) with values of 0.00,0.10, and 0.15. The analysis based on the use of a

value of 0 for SHALLOWN was found to yield an increase in peak flow over analyses

based on values of 0.10 and 0.15 for this particular project. No conclusions are drawn in

this report in regard to a specific trend associated with the SHALLOWN variable. It is

however recommended that a SHALLOWN variable sensitivity analysis be conducted for

future projects based on the use of FLO-2D.

3.2.3 Levee Modeling Input Parameters
Modeling of levees was considered in two distinct conditions within this FLO-2D Pilot

Study. The modeling of levees within this FLO-2D Pilot Study was performed in part to

assess the effects of existing walls on hydraulic performance as well as to assess the

logistics (e.g., time and data requirements) of the modeling.

Per the scope of work, the first levee/wall condition evaluated was a small portion of the

Pilot Study Area with existing masonry walls. Specifically, the existing masonry wall

segregating the residential and commercial area located on the northwest comer of

Broadway and Rural Roads was modeled as a levee. Cardno WRG manually coded a wall

with a fixed height of six (6) feet and preclusion from failure. Distinct locations in the

vicinity of this particular wall were found in the field to be staggered for pedestrian

access. Access points similar to these would need to be addressed on an individual basis

in the event they are found to either preclude or convey storm flows.

The second levee/wall condition was based on incorporation of a levee within the 50-foot

grid model only, and is discussed in more detail within subsequent sections of this report.
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This levee was coded along the existing Union Pacific Railroad (UPRR) tracks along the

northern boundary of the Pilot Study Area.

3.2.4 Blockage Factors
Cardno WRG utilized the reduction factor coding procedures available in FLO-2D to

characterize the blockages created by existing buildings throughout the Pilot Study Area.

The FCDMC provided ARF.DAT reduction factor coding input files for both 25- and 50­

foot grid element sizes to Cardno WRG for review and incorporation into the FLO-2D

models. Specifically, the Width Reduction Factor (WRF) component of the reduction

factor dialogue box was utilized in lieu of the Area Reduction Factor (ARF) feature in

order to individually characterize the reduction factors for each of the four available

compass directions (N, NE, E, and SE). Cardno WRG and the FCDMC collectively

agreed on a decision to utilize the Width Reduction Factor (WRF) procedures available in

FLO-2D to characterize the building blockages based on the inherent flexibility to input

values for the four different compass directions. Cardno WRG and the FCDMC have

since collectively agreed to utilize the Area Reduction Factor (ARF) component for the

forthcoming Broadway & Rural DMP in conjunction with the building polygon GIS

shape files to construct the Area Reduction Factor data input file (ARF.DAT) based on

the streamlined ability to characterize building blockages.

Exhibit 5 - Typical FLO-2D Grid Elements with Width Reduction Factor Coding
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Exhibit 6 - Reduction Factor Coding Dialogue Box Within FLO-2D.

The FLO-2D model affords the ability to designate WRF values at four of the eight

compass directions in any given grid element. These include the north [N], northeast

[NE], east [E], and southeast [SE] directions. WRF coding in any of these four directions

mirrors the opposing compass direction of adjacent grid elements. Cardno reviewed the

WRF data provided by the FCDMC by overlay of the graphical blockages on aerial

photography within FLO-2D's ODS and supplemented blockages where needed.

A WRF value of 95% to characterize existing building blockages was assumed for the

purposes of this FLO-2D Pilot Study; thereby yielding a 5% width residual opening that

would afford a grid element the ability to drain accumulated volume from the building

area. Refer to Section 5.2 Future Modeling Considerations of this report for subsequent

discussion regarding blockage factor modeling.
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3.2.5 25-Foot Grid Element Size

Cardno WRG utilized GOS to develop a 25-foot grid for use in FLO-20. Tools available

in GDS were utilized in conjunction with the digital terrain data and GIS land use shape

file provided by the FCOMC to then compute the average grid element elevation and

spatially varied manning's roughness coefficients. See Table 3.1.1.3 - Land Use Feature

Categories for a detailed assignment of Manning's roughness coefficients values for each

existing surface feature.

3.2.5.1 Linear Elements

Linear elements such as streets were not incorporated into the 25-foot grid size modeling

due to the finer nature of the grid size.

Review of the Candidate Assessment Report (CAR) prepared by Project Engineering

Consultants on September 30, 2002 along with subsequent field reconnaissance identified

the existing Salt River Project (SRP) earthen channel extending along the south side of

the UPRR track alignment as a potential one-dimensional (10) channel element to be

incorporated into the FLO-20 modeling. Refer to Exhibit 7 - SRP Outfall Ditch for a

photograph of the existing feature.
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Exhibit 7 - SRP Outfall Ditch
(Looking west with SRP outfall ditch on left hand side ofphoto: UPRR tracks on right hand side)

(Note elevated nature oftracks which yield conveyance ability)

In anticipation of modeling the earthen channel as a ID channel element in FLO-2D,

Cardno WRG surveyed the channel. It appears, however, that the existing channel

element may function as a storm water storage basin as opposed to a channel based on

review of the field topography, the restricted nature of the outfall pipes, and the results of

the preliminary two-dimensional FLO-2D modeling. The existing outfall of the ditch as

it drains underneath the railroad tracks is constricted and consists of (3)-24" pipes with

significant sediment deposits. Furthermore, this existing outfall is situated generally

adjacent to the outflow node established in the FLO-2D modeling.
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Exhibit 8 - Railroad Track Outfall ofSRP Outfall Ditch
(Third pipe is to the left and hidden by vegetation)

Due to the apparent function of the SRP outfall ditch as a storm water storage basin,

modeling the SRP outfall channel as a ID channel element in the FLO-2D model was

therefore disregarded for this FLO-2D Pilot Study.

3.2.6 50-Foot Grid Element Size

Cardno WRG utilized GDS to develop a 50-foot grid for use in FLO-2D. Tools available

in FLO-2D were utilized in conjunction with the digital terrain data and GIS land use

shape file provided by the FCDMC to then compute the average grid element elevation

and representative manning's roughness coefficient for each 50-foot grid element within

the computational domain.

3.2.6.1 Linear Elements

Linear street elements were incorporated into the 50-foot grid size modeling due to the

coarser nature of the 50-foot grid size. Specifically, Cardno WRG utilized the linear one-
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dimensional (10) street coding options available in the FLO-20 model. The 10 channel

option was considered for modeling the streets; however, Cardno WRG dismissed this

option based on consultation and the recommendation of the FLO-2D Software

developer. Additionally, Cardno WRG was concerned about the lack of sufficient detail

in the FLO-20 street coding routine used to characterize a typical street cross-section.

The FLO-2D software developer indicated that the additional characterization of street

cross-slopes, medians, etc., did not yield a sufficient level of additional accuracy that

would warrant the additional effort.

Cardno WRG reviewed the 2030 Street Classification Map presented in the City of

Tempe's Comprehensive Transportation Plan in order to appropriately characterize the

existing streets throughout the Pilot Study Area. Refer to Exhibit 9 - City o/Tempe Street

Classification Map for street classifications.

- Colector Streets

- Aner1al Streets

Freeways

Exhibit 9 - City o/Tempe Street Classification Map
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• Three general street classifications were identified for use within the Study Area which

include the following:

• Local
• Collector
• Arterial

Parameters utilized to characterize streets within the Study Area consist of the following

which are listed below in Table 3.2.6.1 -1D Street Element Parameters.

• Global street width
• Global curb height
• Global street n-value
• Maximum street Froude number

•

The FLO-2D program represents street cross-sections as rectangular cross-sections. The

curb height coded into the FLO-2D model was therefore adjusted to yield equivalent

cross-sectional area between the representative rectangular cross-section and the more

typical street cross-section complete with a crown, gutter pan, and rolled/vertical curbing.

Maximum street Froude number was set at a value of 0.95 in order to maintain a

subcritical flow regime throughout the model. The elevation of each street element was

based on the corresponding average grid element elevation. Table 3.2.6.1 - 1D Street

Element Parameters summarizes the variables and the values associated with them, used

for the purposes of this FLO-2D Pilot Study.

Table 3 2 6 1 - 1D Street Element Parameters...
1D STREET ELEMENT PARAMETERS

Street
Street Width Curb Height( I) Froude

Classification Street n-value
[feet] [feet] Number

Local 30 0.148 0.04 0.95

Collector 40 0.24 0.04 0.95

Arterial 40X2 0.19 0.04 0.95

Notes:
I. A variable curb height value that yielded a cross-sectional area equivalent to that yielded by a typical crowned roadway

cross-section was used to characterize the rectangular cross-section required by FLO-2D.

•
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The existing SRP earthen channel extending along the UPRR was not modeled as aID

channel element in FLO-2D in the 50-foot grid model for the reasons as described in

Section 3.2.5.1.

The characterization of average grid element elevations that closely resemble the

corresponding surface are of utmost importance when implementing the 10 street

element modeling capabilities in FLO-20. As mentioned, the FLO-20 program's

development of 1D street profiles was based on a corresponding grid element's average

elevation. Several of the street profiles developed for this FLO-20 Pilot Study yielded

non-uniform street profiles with reversals and differentials in grade. These grade

differentials can introduce instabilities to a FLO-20 model. ID street element instabilities

associated with the FLO-2D Pilot Study were further investigated in the FCDMC's

Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis.

3.2.7 Differences between the 25 foot grid and the 50 foot grid models

The primary differences with the exception of the grid element size difference, between

the 25-foot and 50-foot FLO-2D models are the incorporation of 1D street elements. The

average grid element elevations yielded by FLO-20's GDS are significantly more refined

for the 25-foot grid size model. Furthermore, the 25-foot grid element size model affords

enhanced ability to characterize existing building blockages throughout the Pilot Study

Area. This enhanced ability is due to the smaller more refined size of the grid element

and the additional level of detail it afforded to characterize irregular shaped buildings.

3.2.8 Storm Drain Modeling Analysis

Cardno WRG performed a hypothetical analysis of a portion of the existing storm drains

found within the Pilot Study Area. Specifically, the hypothetical analysis was performed

for a portion of two (2) existing storm drains located within Rural Road and their

associated contributing storm drain inlets. The remaining storm drain facilities found

throughout the Pilot Study Area were disregarded for the purposes of this FLO-2D Pilot

Study.
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The two storm drains considered for the purposes of this FLO-2D Pilot Study are as

follows.

• The existing 30" diameter irrigation line reportedly abandoned by SRP as an

irrigation line and re-commissioned as a storm drain with outfall to the north in

the vicinity of the SRP Outfall Ditch discussed previously.

• The existing 42" diameter storm drain located in Rural Road originating just south

of the existing railroad tracks.

The 30-inch storm drain in Rural Road extends north from its intersection with Broadway

Road toward the SRP outfall ditch. The storm drain accommodates intercepted runoff

from catch basins located within the Daley Park neighborhood. The 42-inch storm drain

originates farther north and parallels the 30-inch storm drain. There is connection

between the 30-inch and the 42-inch storm drains based upon review of documents

provided by the FCDMC as a part of the CAR mentioned previously. It is therefore

assumed for the purposes of this FLO-2D Pilot Study that the 30-inch storm drain outfalls

into the 42-inch storm drain which in turn, outfalls north of the Pilot Study Area on Rural

Road. Exhibit lO - Rural Road Storm Drain Facilities illustrates the location of the

existing storm drain facilities within Rural Road.
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Exhibit lO - Rural Road Storm Drain Facilities

This storm drain analysis generally consists of the two components listed below.

• Pipe capacity evaluation

• Inlet capacity evaluation
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These two evaluations were performed in an effort to identify an advantage or

disadvantage of performing an analysis on the general full flow capacity of a storm drain

main line versus performing an analysis of an overall storm drain system including storm

drain inlets. A reduction of modeling input time could result in the event that the

evaluation of full flow capacity only for a particular storm drain would deem sufficient

and negate the need for a comprehensive evaluation of storm drain system(s) complete

with inlets and laterals.

This storm drain analysis seeks to assess protocols for storm drain analyses within the

forthcoming Broadway & Rural DMP and for other urbanized areas that may use the

FLO-2D software program for hydrologic and hydraulic modeling. As such, the results of

the analyses presented herein are to be considered hypothetical and are not to be used as

an assessment of their effects on flood hazards or storm drain performance.

3.2.8.1 Pipe Capacity Evaluation

An evaluation of the capacity of each of the two storm drain main lines mentioned

previously was performed for the initial portion of this storm drain evaluation. Storm

drain data consisting of size, material, and invert elevations, were obtained when

available, from GIS storm drain data obtained from the City of Tempe and provided by

the FCDMC. The data was then used to identify slope for the purposes of estimating a

full flow capacity for each of the referenced storm drains with the use of the Manning's

Equation.

Invert elevation data for the existing 30-inch diameter storm drain line was not available

from the City of Tempe. In its absence and for the purposes of this hypothetical analysis,

Cardno WRG then reviewed topographic data to assess a longitudinal street slope for

substitution as a pipe slope for estimation of full flow capacity. The topographic point file

data (* .pf files) provided by the FCDMC was used in this effort for the purposes of this

FLO-2D Pilot Study.

CJ,.., Carclno
WRG

-31- Broadway & Rural DMP
FLO-2D Pilot Study



Invert elevation data for the existing 42-inch diameter storm drain line was obtained from

GIS data and utilized to estimate pipe slope and the associated full flow capacity. The

full flow capacity for each of the two storm drains estimated with the use of the Bentley

FlowMaster V8i Software is tabulated below. Table 3.2.8.1 - Estimated Storm Drain Full

Flow Capacity summarizes the parameters estimated for each of the storm drains

considered for the purposes of this FLO-2D Pilot Study.

Table 3.2.8.1 - Estimated Storm Drain Full Flow Capacity
MANNING'S ESTIMATED FULL

PIPE SLOPE
STORM DRAIN ROUGHNESS FLOW CAPACITY

[ft/ft]
COEFFICIENT [ft3Isec]

30-inch RCP 0.0016 0.013 16

42-inch RCP 0.0020 0.013 45

3.2.8.2 Inlet Capacity Evaluation

An evaluation of each of the existing storm drain inlets contributing to each of the subject

storm drain main lines was then performed as part of the secondary portion of this storm

drain analysis. Cardno WRG reviewed the provided GIS data for information regarding

the location and characterization of each of the storm drain inlets identified to drain

toward the 30- and 42-inch diameter storm drain lines. No data was available however,

thus requiring Cardno WRG to perform field reconnaissance along Rural Road to identify

and characterize each storm drain inlet appearing to outfall into the subject storm drain

lines. Characterization of each of the storm drain inlets generally included the following

parameters.

• Type of inlet (e.g., curb opening or grate)

• Dimensions of inlet

• Condition of inlet (e.g., in an on-grade or sag roadway condition)

<.l-' Cardno
WRG

-32- Broadway & Rural DMP
FLO-2D Pilot Study



• Several storm drain inlet types, dimensions, and conditions were observed in the field. A

hydraulic capacity for each of the inlets was then estimated utilizing hydraulic analysis

and clogging factor procedures established in the Drainage Design Manual, Hydraulics

DRAFT and the Drainage Policies and Standards Manual, both published by the

FCDMC. Cardno WRG estimated the capacity of the storm drain inlets by first assuming

a curb full condition for both a roadway sump and on-grade conditions. Cardno WRG

believes this a reasonable assumption particularly in consideration of a 1% annual chance

(IOO-year) frequency model. For on-grade curb opening catch basin calculations, Cardno

WRG estimated the curb full condition half-street flow capacity and then utilized this as

the peak flow for on-grade catch basin calculations.

Table 3.2.8.2.1 - Estimated Storm Drain Inlet Capacity tabulates the storm drain inlets

associated with each of the two main line storm drains, their characteristics, and their

estimated capacity in a 6-inch curb flowing full condition is included below.

Table 3.2.8.2.1 - Estimated Storm Drain Inlet Capacity
30-INCH STORM DRAIN - QFuLLFLOwcAP=16 eft

INLET QUANTITY QINLETCAP QTOTALCAP

8-ft curb opening (sump) '"" 7 21.)

8-ft curb opening (on-grade) 2 5.6 11.2

LQTOTAL cAP=32.2 cfs

42-INCH STORM DRAIN - QFULLFLOWCAP=45 cft

INLET QUANTITY QINLETCAP QTOTALCAP

2-ft x 2-ft grated inlet (sump) 1 3.9 3.9

5-ft curb opening (sump) 1 4 4

8-ft curb opening (sump) 3 7 21

11.5-ft slotted drain (sump) 2 7.6 15.2

LQTOTAL cAP=44.1 cfs

44 cfs+(32 cfs-16 cfs)=60 cfs > LQTOTAL cAP=44.1 cfs

•

•
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Each of the cumulative storm drain inlet capacities for inlets associated with each of the

two subject main lines was found to generally equal or exceed the full flow capacity of

the respective storm drain main lines. The utilization of full flow capacity was therefore

used as the basis for storm drain capacity for the purposes of this FLO-2D Pilot Study.

Table 3.2.8.2.2 - Storm Drain Full Flow Capacity Rating Curves tabulates the rating

curves incorporated into the HYSTRUC.DAT data input file for this FLO-2D Pilot Study.

Table 3.2.8.2.2 - Storm Drain Full Flow Capacity Rating Curves
30-inch Storm Drain 42-inch Storm Drain

Headwater [ft] Discharge [ftY/sec] Headwater [ft] Discharge [ftj /sec]

0.00 0 0.00 0

0.01 1 0.01 1

0.05 6 0.05 6

0.10 12 0.10 12

0.20 16 0.20 25

0.25 16 0.25 29

0.50 16 0.50 29

0.70 16 0.70 29

0.80 16 0.80 29

0.90 16 0.90 29

1.00 16 1.00 29

1.10 16 1.10 29

1.20 16 1.20 29

3.2.9 Fence and Wall Obstructions

Following the grid element size evaluation, a limited evaluation of the effect of fence and

wall obstructions was performed. A small, three city block segment of wall obstruction

was strategically located on the northwest corner of Broadway and Rural Road and

incorporated into the 25-foot grid element model. This was done to evaluate the effect the
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obstruction would have on an area where the model identified flow passing through a

walled area. This model was then evaluated to determine the effect of the obstruction on

the flow depth results and to assess the future need for more comprehensive modeling in

similar developed areas.

Exhibit 11 - Location ofModeled Wall Obstruction

The wall alignment shown in Exhibit 11 - Location of Modeled Wall Obstruction was

manually coded as a six-foot tall wall directly offset from the average grid element

elevation along the wall alignment. Cardno WRG's belief, based on field observation of

the subject wall is that it may withstand the 0.5 to 1.5 feet of flow depth identified by the

FLO-2D modeling performed in its vicinity. Therefore, a "No Failure" selection was

applied to the Global Failure Mode.
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SECTION 4.0 MODEL RESULTS INTERPRETATION

4.1. Grid Element Size Evaluation

As a part of this FLO-2D Pilot Study, the merits and disadvantages of the two individual

grid element sizes (25-foot and 50-foot) were assessed. The basis for this assessment

includes a comparison of modeling time, run time, and hydraulic results, each discussed

in detail in the following sections. Additional investigation into instability issues

associated with ID street elements was also performed as a part of the FCDMC's

Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis.

4.1.1 Model Preparation Time

Several key factors regarding the modeling time associated with each grid element size

(25-foot and 50-foot) are considered herein. Utilization of a larger grid element size

would intuitively require supplemental data to effectively characterize the features of a

study area. A compromise between utilizing a larger grid size and the additional input

parameters required to effectively supplement the larger grid element size model is

generally expected. Additional data used to supplement the larger grid element size for

the purposes of this FLO-2D Pilot Study included the linear street elements mentioned

previously and the supplemental levee coding mentioned in Section 3.2.3. The modeling

time necessary to add the street and levee elements to the 50-foot grid element model is

significant. Furthermore, the time required to troubleshoot the 10 street elements in the

50-foot grid element model was considerably greater than the time needed to troubleshoot

the 25-foot grid element model.

While supplemental detail is required for the larger 50-foot grid size, additional effort and

consideration must also be given to the additional reduction factor coding associated with

the 25-foot grid size. This additional data input effort may not be significant when

accommodated with available GIS programs. Furthermore, this additional effort could be

surpassed by the time required to input and optimize the 10 street elements within a

FLO-2D model. Time associated with the optimization of model instabilities associated

with 10 street elements is expected to be reduced with the use of uniform street profiles.
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• Uniform street profiles may be obtained by the refined computation of average grid

element elevations based on improved digital terrain models that appropriately

characterize the surface features as described in Section 3.2.1.

Several modeling components such as incorporation of digital terrain model preparation,

estimation of infiltration parameters, and precipitation data are common to the efforts

associated with each grid element size analysis. Any modeling time difference associated

with these components is believed to be negligible.

4.1.2 Run Time Comparison

The run time associated with both the 25-foot and 50-foot grid size element model were

noted in an effort to identify the difference in time that could be required to execute either

of the two models. Specifications for the hardware utilized in the execution of the FLO­

2D models presented herein are tabulated below in Table 4.1.2.1 - Computer Hardware

• Specifications.

Table 4.1.2.1 - Computer Hardware Specifications

Random Access
Processor Clock Speed Operating System

Memory

Intel Xeon CPU 5130 2.00 GHz 8.00 GB Windows 7-64-bit

The run time associated with both the 25-foot and 50-foot grid element size models,

along with each of their component features are tabulated below in Table 4.1.2.2 - FLO­

2D Model Run Time Comparison.

•
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Table 4.1.2.2 - FLO-2D Model Run-Time Comparison

Model Run
Number Time FLO-2D Model Switches

Grid
of Grid (hours)

Size
Elements Reduction

(hours) Rainfall Infiltration Streets Levees
Factors

25- X(I)15529 1.35496 X X X
feet

50-
3816 0.47976 X X X X X

feet

Notes:
I. Levee coding associated with the 25-fool grid element size model includes the wall case study area located at the northwest

corner of Broadway Road and Rural Road.

The run time associated with the 50-foot grid element size model was effectively one­

third of the run time associated with the 25-foot grid element size model.

4.1.3 Hydrologic Results Comparison

The comparison of hydrologic results between the 25-foot and 50-foot grid element size

models prepared by Cardno WRG was facilitated with the use of hydrographs associated

with interior cross-sections incorporated into the FLO-2D models. The locations of

interior cross-sections were coordinated with the FCDMC. The location of twenty-two

interior cross-sections and their associated hydrographs are illustrated on Exhibit 12 ­

Interior Hydrograph Locations.
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Exhibit 12 - Interior Hydrograph Locations

The hydrographs for the individual cross-sections were achieved with the use of FLO­

2D's HYCROSS.out output data file. The hydrographs yielded by Cardno WRG's FLO-

• 2D models for 25- and 50-foot grid element sizes yielded significant contrast in time of

peak, peak flow, and runoff volume. A tabulation of peak flow, time of peak, and volume

for each of the two grid element size models is included in Table 4.1.3.1 - FLO-2D

Interior Cross-Section Hydrograph Comparison. Note that the results associated with the

25-foot grid element size model do not reflect incorporation the effects of storm drain

facili ties.

•
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Table 4.1.3.1 - FLO-2D Interior Cross-Section Hydrograph Comparison

Cross- Peak Flow [cfs] Time [hrs] Volume [acre-ft]

Section

ID
25-ft grid 50-ft grid 25-ft grid 50-ft grid 25-ft grid 50-ft grid

1 0.77 23.79 16.83 16.94 0.78 29.36

2 1.38 7.49 17.31 16.08 0.51 10.05

" 4.5 12.4 14.89 16.2 3.54 11.29-'

4 18.97 41.86 15.93 16.13 18.22 37.15

5 44.63 127.64 15.85 17.22 29.94 58.33

6 61.1 223.29 14.45 15.42 47.41 147.28

7 174.42 329.74 14.51 15.36 160.47 254.33

8 174.65 609.72 14.62 15.42 160.22 420.09

9 249.21 136.12 14.29 14.6 221.93 110.23

10 107.93 254.17 14.35 15.81 92.03 100.51

11 130.93 327.15 14.08 15.49 101.18 229.58

12 0.28 1.98 14.5 17.1 0.06 1.47

13 0.07 2.8 11.87 15.86 0.01 2.73

14 130.83 299.45 14.56 16.09 120.35 201.29

15 63.16 76.01 15.63 18.09 66.8 65.77

16 65.99 203.57 15.96 18.55 60.11 121.31

17 57.73 229.62 15.9 16.8 42.3 178.94

18 139.57 174.43 15.98 16.55 141.92 208.7

19 181.59 186.03 15.99 16.55 183.22 222.58

20 18.08 72.84 16.03 16.78 8.39 56.71

21 36.8 109.3 15.64 17.4 22.89 51.07

22 221.57 211.56 15.71 17.08 209.62 243.38

Review of the interior hydrograph plots yielded by the FLO-2D models yielded untypical

characteristics in some cases and these are discussed as follows.
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• Several hydrographs yielded by the 25-foot grid element size model revealed two distinct

peak flow magnitudes. The two distinct peak flows are believed to be the result of the

peak flows of the modeled rainfall/runoff event and the inflow hydrographs occurring at

distinctly different times. This situation is graphically illustrated by Exhibit 13 - Cross­

Section 2 (25-foot Grid) Hydrograph.

CROSS-SECTION HYDROGRAPH
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Exhibit 13 - Cross-Section 2 (25-foot Grid) Hydrograph

Several hydrographs yielded by the 50-foot grid element size model, which are composite

and reflect floodplain and street element flow components together, revealed portions of

what would initially appear to be inverted time distributions. The 50-foot grid element

size model incorporates 10 Street Elements throughout. The interior hydrographs

developed with the use of FLO-20's HYCROSS.OUT data output file, yielded by this

50-foot grid element size model are composite and reflect the floodplain and street

element flow components together in a single hydrograph. Review of the

HYSTREET.OUT output file in conjunction with the HYCROSS.OUT output file reveals
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that the inverted time distribution portion of the composite hydrograph matches that of

the street flow component. This situation is graphically illustrated by Exhibit 14 - Cross­

Section 2 (50-foot Grid) Hydrograph.

CROSS-SEC.TION HYDROGRAPH
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Exhibit 14 - Cross-Section 2 (50-foot Grid) Hydrograph

The FCDMC's subsequent review of Cardno WRG's FLO-2D models and the associated

anomalies in the temporal distribution led to the identification of an error in FLO-2D's

HYCROSS.OUT data output file in whi h hydrograph time increments were incorrectly

reported. FLO-2D's FLO.EXE executable file has since been updated to correct this

Issue.

Other hydrograph anomalies identified included substantial oscillations along with

significant increases in peak flow. This is illustrated by Exhibit 15 - Cross Section J7

(50-foot Grid) Hydrograph in which both the street hydrograph component and the
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• composite hydrograph are shown. The FCDMC's Broadway-Rural Pilot Study, FLO-2D

Interior Hydrograph Analysis provides an investigation of the source of these apparent

instabilities yielded by the 50-foot grid size model. The basis of the FCDMC's

investigation into these instabilities was the sensitivity of the shallow n values, street

profiles and their relationship to the DTM and proximity to grid elements with a levee or

Area Reduction Factor Coding.
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Exhibit 15 - Cross-Section 17 (50-foot Grid) Hydrograph

The FCDMC performed a sensitivity analysis in which the shallow n variable was

established at values of 0.00, 0.10, and 0.15 with a value of ayielding the maximum peak

flow in interior cross-section hydrographs. The FCDMC has indicated that a value

between 0.1 and 0.2 will be used for the forthcoming Broadway & Rural DMP. However,

consideration should be given to preparation of an analysis on the sensitivity of the depth

variable shallow n value (SHALLOWN) on peak flows and runoff volumes.
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The FCDMC evaluated the street profiles yielded by the average grid element elevations.

The variations in street grade resulting from the average grid element elevations were

found to introduce instability to the FLO-2D model. Review of the mass point and

breakline data files procured as part of the Phoenix-Tempe Area Mapping project in

conjunction with the grid layout indicated that issues associated with aerial mapping data

as discussed in Section 3.2.1 yielded average grid element elevations biased based on

superfluous landscape features. The street profiles, which are initially based on the

elevations of the grid elements were then found to yield significant slope or grade

variability.

Furthermore, the contiguity of grid elements with associated ID street elements to grid

elements with levee or reduction factor coding was identified by the FCDMC to

contribute to the instability and oscillation in the model. The peak discharge increases as

well as the oscillations were found to dissipate once the FLO-2D model was executed

without the ARF.DAT and LEVEE.DAT data input files.

The FCDMC's detailed analysis of the interior cross-section hydrographs are included in

Appendix G - Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis.

4.1.4 Hydraulic Results Comparison

A larger grid element size model reduces the level of topographic detail by which a study

area can be characterized. This is of particular importance when a subject area is

characterized by minimal relief. The existing storm water storage basin located in the

commercial shopping center on the northeast comer of Broadway Road and Rural Road

serves as an example of the additional topographic detail afforded by the finer 25-foot

grid size.

This additional topographic detail may be further enhanced by the use of a Digital

Elevation Model (DEM) approach. The DEM would be based on the development of a

Triangulated Irregular Network (TIN) from the mass point and breakline data and would
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•

•

provide additional detail in uniform areas such as streets and roadways void of elevation

data.

Exhibit 16 - FLO-2D Grid Element Elevation Comparison
(25-1001 on left. 50-1001 on right)

Utilization of the same digital terrain model data in both the 25-foot and 50-foot grid

element sizes yields substantially different average grid element elevations for those grid

elements located within the storm water storage basin. Specifically, the 25-foot grid size

yields a lowest grid element elevation of 1170.25 while the 50-foot grid size yields a

lowest grid element elevation of 1171.81 or 1.56 feet higher. Topographic data provided

by the FCDMC indicates a lowest contour elevation within the basin of 1170.

The supplemental levee coding was incorporated into the 50-foot grid element size model

due to the location of the outflow grid elements in respect to the elevated UPRR track

alignment. Specifically, the UPRR track alignment which creates the downstream

boundary of the Pilot Study Area is elevated in nature. Storm water runoff is expected to

collect along its southern side and generally drain toward the west. The outflow grid

elements associated with the larger 50-foot grid element size encompassed the elevated

railroad track alignment and allowed accumulated storm water runoff to exit the Pilot

Study Area along the railroad tracks, thereby precluded its conveyance toward the west

along the south side of the track embankment. Therefore, additional modeling effort was

necessary to model a levee to maintain the flow conveyance to the west.
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The hydraulic results yielded by the 2S-foot grid element size model appear to more

reasonably represent the anticipated hydraulic conditions expected from this type of

flooding event.

4.2. Fence I Wall Modeling Evaluation

The fence / wall modeling evaluation associated with this FLO-2D Pilot Study focused on

a select area of the Pilot Study Area comprising existing masonry walls. Specifically, the

existing masonry wall segregating the residential and commercial area located on the

northwest comer of Broadway and Rural Roads was modeled as a levee.

The wall alignment shown in Exhibit 10 - Location of Modeled Wall Obstruction was

manually coded as a six-foot tall wall directly offset from the average grid element

elevation along the wall alignment. Cardno WRG's belief, based on field observation of

the subject wall is that it may withstand the 0.5 to 1.5 feet of hydrostatic pressure

identified by the FLO-2D modeling performed in its vicinity. Therefore, a "No Failure"

selection was applied to the Global Failure Mode.

The FLO-2D modeling results reveal the effects on flow depths due to the presence of

existing walls. A general decrease in flow depth due to incorporation of the wall is

observed in the downstream vicinity of the subject wall identified in Exhibit 10 ­

Location ofModeled Wall Obstruction. Modeling of the wall in the FLO-2D model yields

a decrease in flow depth of up to 6-inches in the residential area located northwest of the

intersection of Broadway Road and Rural Road. Consequently, a general increase in flow

depth of up to 10-inches is yielded in the vicinity of Rural Road as a result of the wall

being incorporated into the model. Accordingly, grid element velocities were also found

to decrease in the general residential area downstream of the wall as a result of its

incorporation.

The decrease in flow depth and velocity is indicative of the significant effects that

existing walls may have on the results of a FLO-2D model. Furthermore, selection of
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• existing walls in a developed environment for use in FLO-2D modeling must be

performed with care so as not to artificially influence flowpath directions.

• 4.3.

Exhibit 17 - Effects ofFence / Wall on FLO-2D Model
(see larger scale Exhibit located in Appendix C)

Storm Drain Modeling Evaluation

•

The storm drain modeling evaluation associated with this FLO-2D Pilot Study sought to

identify the limiting storm drain capacity as that of either the main line storm drain

capacity or the capacity of the cumulative storm drain inlets. This was performed for a

particular portion of existing storm drain located within Rural Road and identified to exit

the Pilot Study Area. The storm drain modeling evaluation was performed as a separate

task with the results evaluated independently and any comparison performed strictly with

the 25-foot grid element analysis.

Due to the absence of comprehensive storm drain data, field reconnaissance,

measurement, and characterization of each of the storm drain inlets were required to

model the existing storm drain systems. The hydraulic capacity of each inlet was

estimated and combined. This combined inlet hydraulic capacity was then compared to

the full flow capacity of the main line storm drain.
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The full flow capacity was found to be the limiting capacity for the case study performed

as a part of this FLO-2D Pilot Study. Estimation of full flow capacity requires a lesser

modeling preparation time commitment. The time commitment associated with the

estimation of full flow capacity for this exercise was generally 25% of the time

commitment associated with estimation of hydraulic capacity for each of the individual

storm drain inlets.

The storm drain system capacity was included in a separate 25-foot grid element FLO-2D

model. This capacity was based on the full flow capacity of the 42-inch pipe leaving the

Pilot Study Area. The 45 cfs capacity of the 42-inch stofm drain had an insignificant

effect on the model, yielding reductions in flow depth in some small portions of the

Daley Park Subdivision of 0.5 feet or less.
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Exhibit 18 - Effects ofStorm Drain on FLO-2D Model
(see larger scale Exhibit located in Appendix F)

This FLO-2D Pilot Study did not yield comprehensive recommendations for future storm

drain modeling protocols. The estimation of individual storm drain inlet hydraulic

capacity could be more appropriate in the event that a higher frequency storm is modeled

Of storm drain systems known to have been constructed to accommodate low frequency

storm events are present in a study area. The identification of limiting capacity by either

the storm drain main line or by the storm drain inlets should be performed on an

individual study basis.
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• SECTION 5.0 CONCLUSIONS

5.1. Modeling Comparisons

This FLO-2D Pilot Study evaluated the merits and disadvantages of modeling an

urbanized area using a 25-foot grid element size with no supplemental modeling data

compared to using a 50-foot grid element size with supplemental one-dimensional

roadway conveyance. FLO-2D was utilized to model the hydrology as well as the

hydraulics of the Pilot Study Area. The basis for the assessment included a comparison of

modeling time, run time, surface characterization, hydrologic results, and hydraulic

results.

The level of effort associated with the 50-foot grid element model was significantly more

time consuming than that associated with the 25-foot grid element size model. The

increased level of effort was generally a result of the additional time required to code

• street data into the model as well as the time required to optimize and troubleshoot the

model for instabilities. Cardno WRG believes that the additional level of effort required

to input street data and optimize the results for the 50-foot grid model far outshadows its

quicker model run times. The time required for parameter input and model optimization

far exceeded the model run time differential between the two grid element size models.

The 50-foot grid element size model required significantly less run time. The computer

run time was approximately one-third of that needed to run the 25-foot grid element size

FLO-2D model.

•

The smaller 25-foot grid element SIze model yielded a significantly better

characterization of the terrain within the study area than the 50-foot grid element size

model. This was illustrated by the average grid element elevations estimated by FLO-2D

for each of the grid element size models. Although residual flow depths are generally

consistent between the 25- and 50-foot grid element size models, the additional detailed
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characterization of the terrain is believed to enhance the characterization of flow between

grid elements.

Analysis of storm drain within the study area indicates that the systems can be effectively

modeled using the pipe full flow capacity in a typical significant event.

5.2. Future Modeling Considerations

Several considerations for future two-dimensional hydrologic and hydraulic modeling

with the use of the FLO-2D program for developed urban areas were identified

throughout the course of this FLO-2D Pilot Study. These are discussed as follows.

*.PTS File and Topographic Data

Detailed topographic data serves as the underlying baseline for the development of the

FLO-2D model. It is of utmost importance to sufficiently characterize the topographic

land surface to appropriately predict flow depth and direction. While important in any

FLO-2D application, it is of particular importance in areas of minimal to low relief.

The FCDMC provided digital aerial topography data with a 2-foot contour interval to

Cardno WRG for incorporation into FLO-2D models. The topographic data consisted of

mass point and breakline elevations in conjunction with the residual contours yielded by

this data. Initial efforts to incorporate the topographic data into the FLO-2D program's

.PTS file included the breakdown of the residual contours into a series of line segments

with start and endpoint coordinates and elevations. Review of the residual contour data

yielded minimal characterization of the Pilot Study Area's topographic surface.

Subsequent incorporation of the source data (mass point *.pf and breakline *.if data files)

used to prepare the residual contours was used to more substantially characterize the

topographic surface. Such mass point *.pf and breakline *.If data files can typically be

large in size and cumbersome to manipulate in a program such as Microsoft Notepad. The

Textpad Text Editor Program was utilized to manipulate the data sets used in this FLO­

2D Pilot Study.
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Extreme care must be exercised in the use of the .PTS file approach, particularly in an

area of low relief. Mass point and breakline data should be reviewed in conjunction with

the FLO-2D grid to ensure that sufficient and appropriate detail exists to compute

average elevations for the grid elements. Furthermore, the data should be reviewed to

identify any superfluous topographic detail for features such as landscape mounding that

may bias the elevations of the grid elements and are not expected to significantly

influence the FLO-2D model.

An alternative approach is to develop a Triangulated Irregular Network (TIN) based on

the mass point and breakline data, which is expected to provide additional detail to

uniform or low relief features that are void of topographic detail. The FCDMC is

requesting that this approach be utilized for the topographic basis of the forthcoming

Broadway & Rural DMP.

Incorporation ofBuilding Elevations into Topographic Data

Initial consideration was given to incorporating representative building elevations into the

topographic data sets in order to reflect the effects of building blockage. The topographic

data sets provided for the purposes of this FLO-2D Pilot Study did not reflect the

elevations of existing buildings. Such an effort would entail overlay of available building

polygons onto the aerial topography and applying a vertical offset. This concept was

discontinued in order to avoid the potential for the elevation of a grid element partially

encompassed by a building to be influenced by the building's elevation.

Reduction Factor Coding - WRF vs. ARF

Initial direction and input data files provided by the FCDMC focused on the use of Width

Reduction Factor coding (WRF) to characterize existing building blockages throughout

the Pilot Study Area. This protocol was based on our initial assumption that usage of

WRF values would not preclude the generation of storm runoff due to rainfall from a grid

element encumbered with a building blockage. Furthermore, it was conversely

understood that usage of area reduction factor coding (ARF) protocol would preclude the

generation of storm runoff due to rainfall from a grid element.
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Subsequent consultation between the FCDMC, Cardno WRG, and the developer of the

FLO-2D Software Program revealed that no rainfall runoff would be generated by a grid

element in the event that a value of 95% or greater was input for ARF. Conversely, the

model is understood to recognize an ARF value of less than 95% as enabling the

generation of rainfall runoff from a grid element.

The FCDMC has indicated that ARF protocol will be utilized in lieu of WRF protocol for

future similar modeling efforts including the Broadway & Rural DMP due to its similar

results and less time intensive modeling efforts. The ARF protocol consists of changing

ARF values considered greater or equal to 95% to a value of 94% to allow for the

generation of rainfall runoff and all WRF values set to O.

Assignment ofManning's Roughness Coefficients

Shallow overland flow would typically characterize the nature of conveyance of storm

flows throughout the Pilot Study Area. An increase in Manning's roughness coefficient

from typical published prismatic channel values would be expected over a surface

subjected to a shallow flow depth due to the pronounced effect of flow variation, surface

obstructions, or vegetation. The assignment of Manning's Roughness Coefficients to

existing land surface features must be done with consideration given to the variable flow

paths and shallow flow depths typical of an unconfined shallow flow condition. In the

case of this FLO-2D Pilot Study, the values used were significantly higher than what

might typically be associated with these types of surfaces for consideration in a typical

normal depth channel analysis.

Coding ofStreet Sections as lD Channel Elements

The FLO-2D Program provides for the hydraulic modeling of street elements. The

parameters available to characterize street cross-section geometry include street width

and curb height with no parameter available to reflect roadway cross-slope. In absence of

<.J-' Cardno
WRG

-52- Broadway & Rural DMP
FLO-2D Pilot Study



•

•

•

this, Cardno WRG initially sought to model street sections within the FLO-2D Pilot

Study Area with the available 1D channel element feature. Cardno WRG discontinued

this effort based on consultation with and recommendation from the developer of the

FLO-2D Program. This recommendation stemmed from the lack of additional detail

afforded by the ability to reflect street cross-slope, raised medians, etc., in the 1D channel

element modeling procedures.

Coding o(Street Sections Adjacent to Elements with ARF and Levee Coding

The FCDMC's Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis

identified problems associated with 1D Street Element in a grid element located adjacent

to grid elements containing ARF and Levee coding. Peak flow increases and oscillations

were found to occur in these instances. Coding of street elements should not be

incorporated into grid elements adjacent to those with ARF and Levee coding to avoid

these occurrences in interior cross-section hydrographs.

Storm Drain Analysis

Cardno WRG utilized the HYSTRUC.DAT data input file for the purposes of

characterizing the existing main line storm drain segments in Rural Road. The

HYSTRUC.DAT data input file incorporated a discharge-headwater depth relationship.

Use of this procedure may tend to oversimplify the function of a storm drain system.

Difficulties associated with its use in modeling the main line of a storm drain system

include the lack of a temporal data to reasonably characterize the relationship between

flow depth and available storm drain capacity. Specifically, a gutter flow depth of 0 feet

would not correlate to any particular storm drain capacity. Conversely, a curb-full

capacity would also not correlate to that of the storm drain since its capacity could be

entirely consumed by upstream storm drain inlets.

Care must be exercised when using FLO-2D to ensure that an identified flow rate exists

at the grid element in the event that a particular storm drain capacity is to be removed

from the system with the use of the HYSTRUC.DAT data input file. Cardno WRG varied

the grid element location of the discharge-headwater depth relationship in an effort to
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remove a pre-determined peak flow related to the storm drain capacity and to ensure that

this flow was present at the grid element.

Although incorporation of storm drain into this FLO-2D Pilot Study yielded some

reduction in flow depth in contiguous downstream areas; Cardno WRG would expect the

effects to be more pronounced when performed in conjunction with higher frequency

storm events. Cardno WRG is recommending that the flow capacity of main line storm

drains with diameters of 36-inches or larger be incorporated into the forthcoming

Broadway & Rural DMP.

Outflow Node Location on Larger Grid Element Size Models

The location of the outflow node must be carefully reviewed, particularly in the case of a

larger grid element size model. The outflow node associated with the Pilot Study Area

was generally located along the existing railroad track alignment which is elevated in

nature. The larger 50-foot grid element size encompassed the entire elevated railroad

track footprint thereby not reflecting its ability to influence the conveyance of storm

water along its elevated shoulder. The location of the outflow node instead allowed

runoff reaching the elevated track alignment to leave the system. The 50-foot grid

element size model was supplemented with an additional levee coded along the railroad

track to contain storm water runoff reaching the track alignment. Portions of the

topography of the existing railroad track embankment were reflected in the average grid

element elevations for the smaller 25-foot grid size. This characterization precluded the

need for supplemental levee coding along the railroad track alignment in the 25-foot grid

size model.

When using FLO-2D, assigning features such as street elements, hydraulic structures,

levees, etc., to a single grid element identified as an outflow node, should be avoided.

Inflow Hvdrograph Distribution amongst Grid Elements

Cardno WRG utilized a single hypothetical inflow hydrograph, manipulated to reflect

variations in peak flow magnitude along the Pilot Study Area Boundary. The inflow
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hydrographs were coded in the vicinity of streets entering the Pilot Study Area. Initial

modeling results revealed excessive velocity in the vicinity of grid elements associated

with the inflow hydrographs. Cardno WRG allocated the inflow hydrograph amongst a

series of grid elements encompassing existing streets to reduce the excessive velocities

yielded by incorporation of the inflow hydrograph into a single grid element.

Shallow n Values

The FCDMC's Broadway-Rural Pilot Study, FLO-2D Interior Hydrograph Analysis

found that a depth variable n-value (SHALLOWN) of 0 typically yielded an increase in

peak flow over models utilizing values of 0.10 and 0.15. Preparation of a sensitivity

analysis on SHALLOWN values is recommended for future projects utilizing FLO-2D.

5.3. Recommendations

Cardno WRG recommends using a 25-foot grid element SIze for two-dimensional

modeling in the the forthcoming Broadway & Rural DMP. The use of ID street elements

in conjunction with a larger grid element size is not recommended. The smallest grid

element size that can reasonably be modeled given the modeling time considerations and

program limitations should be used.

Furthermore, when modeling urbanized areas, smaller grid elements allow the ground

features to be characterized with greater detail. Better representation of the ground

features and additional detail should also result from using a Triangulated Irregular

Network (TIN) and associated Digital Elevation Model, in lieu of the use of a .PTS data

file. This is particularly relevant in developed areas where aerial mapping data may not

sufficiently characterize uniform low relief areas such as streets and roadways. The

additional detail afforded by the TIN will serve to better characterize the elevations of

these areas within study area of the FLO-2D model.

Cardno WRG also recommends that the effects of existing walls believed to influence

storm runoff within a developed area and main line storm drains with diameters in excess

• of 36-inches, be incorporated into a FLO-2D model.
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• 1.0 GENERAL DESCRIPTION

This scope of work (SOW) is to contract for professional engineering services to produce
a hydrologic and hydraulic analysis pilot study with the use of FLO-2D for use in the
forthcoming Broadway & Rural Drainage Master Plan (DMP). The Broadway and
Rural Study Area is within the City of Tempe boundaries and is generally bounded by the
US 60 on the south, the Union Pacific Railroad on the north, the Price Road/Loop 101
Freeway alignment on the east, and the College Avenue alignment on the west. The
results of this FLO-2D Hydrologic and Hydraulic Analysis Pilot Study, (herein referred
to as the FLO-2D Pilot Study) may also be utilized for future projects that require the use
of FLO-2D as a means to model hydrologic and two-dimensional hydraulic modeling
within highly urbanized areas.

Cardno WRG has been retained to prepare these services as a part of Flood Control
District of Maricopa County (FCDMC) On-Call Contract FCD2009C035 and as a
supplement to the Candidate Assessment Report (CAR) prepared by Project Engineering
Consultants Inc. on behalf of the FCDMC, dated September 30, 2002.

Cardno WRG agrees to provide the services discussed herein under the direction of a
Registered Engineer with the State of Arizona in the appropriate discipline.
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2.0 PURPOSE AND NEED

The purpose of this FLO-2D Pilot Study will be to investigate the sensitivity of FLO-2D
grid element size as associated with this highly urbanized area, with respect to the run
time and output results of the two-dimensional hydraulic modeling. The results of this
pilot study may be utilized as the basis for modeling the balance of the Broadway &
Rural DMP Study Area, subsequent to review and approval by the Flood Control District
of Maricopa County (FCDMC).

The purpose of the forthcoming Broadway & Rural DMP is to identify and quantify the
extent of flooding problems within the University Heights Subdivision, generally referred
to as the Daley Park subdivision, and its associated contributing watershed area. This
subdivision has reportedly been subjected to flooding on a relatively frequent basis.

Cardno WRG will consider a pilot study area defined in Section 2.2 Location, for the
purposes of the hydrologic and hydraulic analyses procured as a part of the services
associated with this SOW.

2.1. Project Phasing

No phasing is considered with this work assignment.

2.2. Location

The study area for the FLO-2D Pilot Study associated with the Broadway & Rural DMP
is generally bound by the Union Pacific Railroad on the north, the Terrace Road
alignment on the east, the Broadmor Drive alignment on the south, and the College
Avenue alignment on the west.

2.3. Participants

2.3.1. FCDMC Participants

The following project participants will act as the agency point-of-contact after approval
of the scope of work:

Theresa Pinto
Project Manager

Flood Control District of Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009
Phone: (602)506-1501
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2.3.2. Additional Jurisdictions

Cardno WRG shall coordinate with the following jurisdictions once the contract
commences for information and input into the project.

Donna Hancock
City of Tempe

Public Works Department
31 East Fifth Street

Tempe, Arizona 85281
Phone: (480) 350-8341

2.3.3. Cardno WRG Participants

The Cardno WRG team will be represented by the following individuals:

Director/Project Manager
Jack Moody

Senior Project Engineer
Sherrick Campbell

Project Engineer
Matt Pruitt

Designer
Tyler Johnson

Technician/Drafter
Cardno WRG Pool

Secretary/Clerical
Cardno WRG Pool

Cardno WRG
9977 orth 90th Street, Suite 350

Scottsdale, Arizona 85258
Phone: (602)977-8000

2.4. Contract Schedule

Work Assignment 1, which includes the FLO-2D Pilot Study for the forthcoming
Broadway & Rural DMP is to be completed by June 30, 2010.
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2.5. Project Standards and References

The FCDMC will make available to Cardno WRG the following project related
references and information:

• Digital two-foot contour mapping for all of the study area in NAVD88;
• Aerial photos;
• All existing hydrology, hydraulic, and survey information;
• Broadway Road / Rural Road Candidate Assessment Report dated September 30,

2002.
• Digital soil shape file that encompasses the study area;
• Digital land use and zoning shape files;
• Digital reduction factor (WRF), impervious area, or friction loss shape files;
• As built drawings for existing storm drains located in arterial roadways within the

study area

Cardno WRG will utilize the City of Tempe Public Works Department Engineering
Design Criteria Manual dated August 2006. In instances, where criteria are not
established by the City of Tempe, the Flood Control District of Maricopa County's
Drainage Policy and Standards for Maricopa County, Arizona, latest edition shall be
utilized. Additionally, the following references will be used for completion of the FLO­
2D Pilot Study associated with the Broadway & Rural DMP.

• Drainage Design Manual for Maricopa County, Arizona Volume I Hydrology,
Latest Edition;

• Drainage Design Manual for Maricopa County, Arizona Volume II Hydraulics,
Latest Edition;

2.6 Out of Scope Items
Should Cardno WRG believe that FCDMC Staff, or any partner agency staff, is
requesting that Cardno WRG provide work that is not within the scope of the contract
documents, Cardno WRG must notify the FCDMC Project Manager immediately in
writing and describe the work which Cardno WRG believes is out-of-scope. Such
notification shall be provided to the FCDMC Project Manager prior to the
commencement of any such out-of-scope work.

Cardno WRG will assure that no additional services beyond the scope of work defined in
the contract documents commence without written authorization from the FCDMC
Project Manager.
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3.0 TASKS

The following sections detail the specific tasks that will be prepared as a part of the
hydrologic and hydraulic analysis for the FLO-2D Pilot Study associated with the
Broadway & Rural DMP.

3.1 Data Collection
Cardno WRG will collect and reVIew pertinent additional data available from the
FCDMC and the City of Tempe. Specific data to be collected and reviewed will include
existing topographic mapping, City of Tempe drainage complaints, historical and current
aerial photographs, development drainage reports, existing storm drain documentation
available from the City of Tempe and Salt River Project, and existing arterial roadway as
built drawings available from the City of Tempe for the pilot study area only.

Cardno WRG will provide topographic field survey of the outfall ditch located
immediately south and west of the Union Pacific Railroad and Rural Road respectively.
With the exception of survey of the outfall ditch, any survey data needed for use in the
FLO-2D Pilot Study associated with the Broadway & Rural DMP will be prepared and
provided by the FCDMC. Any additional field survey work performed by Cardno WRG
will be considered as an out-of-scope task.

3.2 Field Reconnaissance
Cardno WRG will perform field reconnaissance within the Daley Park residential
subdivision and the FLO-2D Pilof Study area in effort to gain additional understanding of
the existing drainage conditions. Cardno WRG will perform additional field
reconnaissance, subsequent to obtaining hydrologic analysis results, in order to provide a
comparison to existing field conditions. Cardno WRG will invite the FCDMC Team to all
field visits.

3.3 Hydrologic and Hydraulic Analysis
Cardno WRG will utilize the combined features of the 2-dimensional FLO-2D hydrologic
and hydraulic model to both simulate and route hydrographs within the study area.

3.3.1 2D Model Input
The purpose of performing hydrologic and hydraulic FLO-2D modeling for this project is
to provide more detailed and accurate data, including spatial and temporal variation in
flow characteristics, depths, and velocities, within the study area. This FLO-2D Pilot
Study for the Broadway & Rural DMP will focus on sensitivity analyses for modeling
input parameters with the results potentially used for future FLO-2D modeling.

Cardno WRG will utilize the combined features of the 2-dimensional FLO-2D hydrologic
and hydraulic model, version 2009.06 prepared by FLO-2D Software, Inc., to both
simulate and route hydrographs within the study area.
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The general order of preparation and execution of FLO-2D models is outlined below.
Details regarding the protocol for selection or development of input parameters
associated with all models are also included in subsequent sections. Each FLO-2D model
will incorporate a 1DO-year frequency.

3.3.1.1 Digital Terrain Model Points File (.PTS) Preparation
Cardno WRG will create a digital terrain model of the topography made available from
the FCDMC and incorporate it as .pts file for use in FLO-2D. Cardno WRG will then
utilize FLO-2D's Grid Developer System (GDS) to compute average elevation for each
grid element within the computation domain of the study area.

3.3.1.2 Hydrologic Parameters Estimation
Parameters for use in the hydrologic analysis are discussed below.

Rainfall
The 1DO-year 6-hour storms shall be modeled for the FLO-2D Pilot Study area and in
accordance with the previously mentioned procedures. The NOAA Atlas 14 point
precipitation values shall be used.

Inflow Hydrographs
Representative inflow hydrographs based on similar size watersheds, provided by the
FCDMC shall be utilized at identified points of inflow.

Rainfall Losses
The Green and Ampt (G&A) method shall be applied. The FLO-2D GDS pre-processor
program shall be used to compute spatially varied G&A parameters for each grid element
using the soil.shp file provided by the FCDMC.

Impervious Areas
The FCDMC is to provide Cardno WRG with a GIS shape file that includes impervious
areas (RTIMP). In the absence of any RTIMP data, Cardno WRG will utilize zoning data
available from the City of Tempe and Maricopa County in conjunction with guidelines
for selection of RTIMP values as presented in the Drainage Design Manual-Hydrology.
Either the Grid Developer System or ArcMap shall be used to compute the RTIMP value
for each grid element for coding in the INFIL.DAT input data file.
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3.3.1.3 FLO-2D Model Preparation
Cardno WRG will prepare and execute two (2) initial FLO-2D models summarized as
follows.

TESTA

GRID
BUILDING

FENCE/WALL STREET STORM
MODEL BLOCKAGE

NO
ELEM

FACTORS fN
BLOCKAGE ELEMENTS DRAIN

SIZE
MODEL

ADDED ADDED ADDED

I 25' YES NO NO NO
2 50' YES NO YES NO

Cardno WRG will then evaluate the need and effectiveness of modeling fence/wall
obstructions on a limited basis. The resulting model from TEST A will be reviewed for
significant flow crossing fence/wall lines. A small 2 city block area will be modeled with
fence/wall obstructions to evaluate the effectiveness and/or need to model fences in the
full DMP study area.

Modeling protocol for each of the FLO-2D models is as follows.

Modeling Controls
The TOL variable shall be set to a value equal to or less than 0.05 for hydrologic
modeling purposes. The initial abstraction (IA) values shall be coordinated with the TOL
variable to ensure that excess abstraction does not occur.

The DEPTOL variable shall be set to 0.1 or less.

The SHALLOWN variable shall be set to a value between 0.1 and 0.2.

FLO-2D Model Instabilities
Inappropriate n-value assignments and/or grid elevation assignments may result in
extreme numbers of time step decrements due to numerical instabilities within the FLO­
2D model. This can result in unreasonably high velocities causing unreasonably high
maximum discharges and long model run times. Resolution of such instabilities is
considered normal to the scope of work. Cardno WRG shall meet with FCDMC staff to
discuss and agree on identified areas of numerical instability and their resolution.

Verification
Cardno WRG and the FCDMC shall agree on verification methods to assess
reasonableness of the modeling results.

Flow Regime
The flow regime for all FLO-2D models shall be forced subcritical.
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Obstructions to Flow
The modeling of obstructions to flow, including existing buildings, will be based on the
use of reduction factors (WRF) as implemented by FLO-2D.

The FCDMC is to furnish Cardno WRG with ARF.DAT input files of the area for
implementation of the WRF approach for this project.

Hydraulic modeling that incorporates a fence will utilize the WRF input method provided
by FLO-2D.

Friction Losses
Cardno WRG will assign an n-value to similar surface characteristics identified within
the study area and develop a GIS shape file of similar surface characteristic areas. Cardno
WRG will utilize FLO-2D's Grid Developer System (GDS) to compute spatially varied
n-values for each grid element within the study area computational domain. Manual
adjustment of n-values may be necessary to resolve numerical instabilities at locations
within FLO-2D models. Such adjustments are considered normal to the scope of work.
To minimize model run times, the negative value option for the FLO-2D WAVEMAX
variable may be utilized unless excessive cycling of n-values results. The use of
maximum n-values from the FLO-2D FPLAIN.RGH output file will not be used.

3.3.1.4 Street and Linear Elements
Linear hydraulic features include streets, canals, and other physical features that act as
conveyance and/or blockage of flow. Cardno WRG will perform hydraulic analyses for
street element conditions. Specifically, Cardno WRG will incorporate street cross-section
elements into FLO-2D models for grid element sizes of 50 feet and in accordance with
the procedures outlined previously. Conversely, FLO-2D models utilizing 25-foot grid
element sizes will not incorporate any street elements.

FLO-2D grid element elevations of streets, based on the 2D grid, shall be checked for
reasonableness. FLO-2D grid elements that encompass canal and canal bank features
(such as the Salt River Project Drain and Pump Ditch located north of the Daley Park
subdivision) will have their elevations hard coded using the average elevation for the top
of bank or canal normal water surface elevation. These elevations are to be obtained by
field survey provided by Cardno WRG.

3.3.1.5 Grid Element Size Evaluation
Cardno WRG will perform FLO-2D modeling for the following grid element sizes as
described above:

• 25-foot
• 50-foot
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Cardno WRG will, in conjunction with the FCDMC, review the results as well as
modeling input effort of the two grid element sizes and make a determination as to the
superiority of either grid element size in terms of accuracy of results, modeling effort,
and level of detail.

3.3.2 Optional Task
As an optional task item, consideration will then be given to the incorporation of storm
drain hydraulic capacity associated with existing storm drain / storm drain inlets
subsequent to the completion of TEST A. Cardno WRG will utilize the selected FLO-2D
model that results from TEST A and incorporate the 2-year precipitation event along with
the additional storm drain or storm drain inlet capacity characteristics.

Two distinct levels of detail are considered for this optional storm drain task and are
discussed in the following sections.

3.3.2.1 Storm Drain Capacity Analysis (36-inch and larger)
Cardno WRG will add all existing storm drain and culverts, 36-inches in diameter and
larger, located within the pilot study area into one (l) FLO-2D model. The existing
storm drains will be modeled utilizing normal depth methodology. Existing roadway
slopes will be considered to be that of an existing storm drain line in the event that no as
built data is available for an existing storm drain.

3.3.2.2 Storm Drain Capacity Analysis (Each Inlet)
Cardno WRG will add all existing storm drain and associated storm drain inlets located
within the pilot study area into one (l) FLO-2D model. Rating curves for the capacity of
existing storm drains and associated inlets in the immediate vicinity of the Daley Park
subdivision shall be developed and incorporated into the HYSTRUC.DAT data file.

The rating curves shall include the effects of any surcharged pipe flows and may need to
be tailored for each storm frequency modeled. A hydraulic rating curve for each
component shall be prepared separately using the latest version of the Federal Highway
Administration (FHWA) HY-8 computer program. The rating curve for the dominate
control (inlet or outlet for a range of discharges agreed upon with FCDMC) shall be used
to code the HYSTRUC.DAT input data file. Each rating curve shall be adjusted for debris
blockage in accord with design requirements in the Drainage Policy and Standards for
Maricopa County, latest edition.

The existing storm drains will be modeled utilizing normal depth methodology. Existing
roadway slopes will be considered to be that of an existing storm drain line in the event
that no as built data is available for an existing storm drain.

3.4 Hydraulic Results Interpretation
Cardno WRG will utilize the hydrologic results and the associated hydraulic results of the
FLO-2D analysis to identify flood hazards such as flow depth and velocity within the
study area.• ~,.., Carclno
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3.5 Public Involvement
No public involvement on the part of Cardno WRG is assumed as a part of this SOW.
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4.0 PROJECT ADMINISTRATION

4.1 Project Management
Cardno WRG will appoint Jack K. Moody, P.E., CFM, as Project Manager and as
someone knowledgeable of the progress of the project. Jack K. Moody, P.E., CFM shall
be the point-of-contact for the FCDMC and shall attend all meetings as required by the
FCDMC. The Project Manager shall keep the FCDMC informed of all coordination with
outside agencies or other parties.

4.2 Project Schedule
Cardno WRG will prepare a significant event calendar within fourteen days (14) of
Notice to Proceed (NTP) with schedule task items that include agency meetings and
submittal milestones. The initial schedule will show the original date with initial
completion date as a reference. One copy of the original schedule with tasks and
associated timeline will be submitted at the project kick-off meeting on 11 "x17"
hardcopy format and on Compact Disc. Monthly-submitted cost and schedule reports
must include an earned value report that details the percent completed task along with the
associated cost. Cardno WRG will maintain the currency of the schedule on monthly
basis and provide it to the FCDMC.

4.3 Meetings and Coordination
Cardno WRG will participate in a Kick off Meeting and Weekly Project Review
Meetings during the course of the project schedule. A maximum of ten weekly project
meetings are assumed for this scope of services. The Kick off Meeting will be held to
review the project schedule and the tasks necessary to complete the project. Cardno WRG
will bring its key project team members to the meeting to introduce them to FCDMC
staff working on the project. Monthly Project Review Meetings will be held to review
overall project status and to discuss outstanding issues.

Cardno WRG will prepare the agenda and minutes of these meetings and will provide
copies of minutes and correspondence to the FCDMC within five working days
subsequent to the meeting occurrence. Cardno WRG will also prepare a monthly progress
report that briefly discusses the project activity for the billing period in conjunction with
a projected task list for upcoming billing period.

At the end of the project, all copies of schedules, meeting minutes, correspondence, and
progress reports shall be incorporated into a Project Administration Report. Cardno WRG
will communicate with the FCDMC Project Manager once a week, either by phone,
email, or in-person, to provide a progress report update.
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4.4 Reports/Deliverables
The results of the hydrologic and hydraulic analyses prepared with the use of FLO-2D
will be incorporated into a report entitled the Broadway & Rural DMP: FLO-2D
Hydrologic and Hydraulic Analysis Pilot Study. Four paper and electronic copies will be
provided to the FCDMC for distribution.

Cardno WRG will submit a draft outline to the District Project Manager before the draft
report is initiated. Cardno WRG will submit all reports and documentation both in hard
copy format and electronically on CD to the FCDMC in draft format for review and
comment. Upon receipt of review comments, Cardno WRG will incorporate appropriate
revisions and complete the documentation.

4.5 Sub-Consultant Modeling Input
Enginuity Engineering Solutions, LLC (EES) will act as a sub-consultant during the
course of the FLO-2D Pilot Study associated with the Broadway & Rural DMP, to
provide input with regard to modeling protocol. Specifically, EES will provide input with
regard to modeling protocol for assembly and preparation of the FLO-2D models and
review of final hydrologic and hydraulic analysis results.
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Tim Phillips, P.E.
Don Rerick, P.E.

Theresa Pinto

Project Title: Broadway Rural Dramage Master Plan: FLO-2D Pilar Study I
Con tract Number: 2009C035
Consultant: Carcino \X!RG, Inc.
Assignment Number: 1

•

•

The purpose of the Broadway & Rural Drainage Master Plan is to develop flood mitigation solutions for
flooding problems in the Daley Park subdivision in Tempe, Arizona. Djstrict staff on the project team
decided to use FLO-2D to quantify the flooding for this area because of the study area characteristics (e.g.,
flat terrain, urban setting, roads, and potentially numerous split flows). In this type of study area, FLO-2D
,viI] help quantify and identify where the water flows more accurately compared to HEC-l. Also, developing
a detailed hydrology and hydraulic model using FLO-2D should help the team develop appropriately sized
flood mitigation solutions, validate (or refute) the need for the solutions, & demonsrrate the benefits of the
recommended solution.

Using FLO-2D in an urban setting is a relatively new application for the District. Consequently, there are
some uncertainties with respect to various modeling approaches & input parameters when using FLO-2D.
The purpose of this work assignment is to prepare a FLO-2D model for a small portion of the Broadway &
Rural watershed :lnd thereby resolve some of these uncertainties before we develop a FLO-2D model for the
entire study area. The desired outcome of this work assignment includes:

• Deternlining the optimum grid size for an urban area;
• Determine if streets need to be coded into the model;
• Determine tile effect and therefore the need to model walls/ fences;
• Determine the effect of existing storm drains on the model results (optional item).

By addressing these uncertainties no,v, a more refined and improved scope of work for the Broadway &
Rural D:t\fP will be developed. l\dditionally, these resulTs wiD help refine the scope & level of effort for other
planning and design projects that use FLO-2D modeling in urban settings; ctlis should result in saving time
and money for the District.

'IIlis \X!ork Assignment #1 fee is S71 ,659.13 and is scheduled to be completed in 1S weeks.

1l1eresa Pinto

2801 West Durango Street Phoenix, Arizona 85009 Phone: 602-506-1501 Fax: 602-506-4601



TO:

SUBJECT:

FLOOD CONTROL DISTRICT of Maricopa County
2801 West Durango Street
Phoen~,ArizonaB5009

(602) 506-1501
Fax (602) 506-4601

LEITER OF TRANSMIITAL

Jack K. Moody, P.E., CFM, Dir.of Water Resources
W RG Design, Inc.
9977 N. 90th St., Ste 350
Scottsdale, AZ 85258

Contract No. 2009C035
Assignment No. 1
Broadway Rural DMP: FLO-2D Pilot Study

February 22, 2010

WE ARE SENDING YOU THE FOLLOWING ITEMS:
( ) Enclosed ( ) Under separate cover

Shop Drawings

Specification

X Notice to Proceed

X Certificate of Performance

X Scope of Work

THESE ARE TRANSMITTED:

For Approval

X For your use

AS requesled

Prints

Change Order

Legal Description

Copy of Letter

Approved as submitted

Approved as noted

Returned for corrections

Samples

Plans

Resubmit ( ) copies for approval

Submit ( ) copies for distribution

FOR ESTIMATE DUE:

For review and comments

Return ( ) corrected prints

Borrowed prints being returned

Remarks: Please specify assignment number on all correspondence.

SIGNED:

Theresa Pinto
Project Manager
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FLOOD CONTROL DISTRICT of Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009
(602} 506-1501

Fax (602) 506-4601

NOTICE TO PROCEED

TO: Jack K. Moody, P.E., CFM, Dir.ofWater Resources
WRG Design, Inc.
9977 N. 90th St., Sle 350
Scottsdale, AZ 85258

February 22, 2010

SUBJECT: peN
FCD Contract No.
Assig nment No.

028.02.20
2009C035

1

Low Org 9171

•
Broadway Rural DMP: FLO-2D Pilot Study

Your not-to-exceed cost estimate of $71,659.13 for Assignment NO.1 has been received and accepted
for this project with a completion date of 7/1512010 You are hereby authorized to proceed with the
work for the referenced project as originally described in the Scope of Work. Please specify the
contract title, contract number, assignment number, and the dates of the completed service on all
related correspondence, including the invoice. Send the invoices and certificates of performance to the
attention of Finance Department, Flood Control District of Maricopa County, The certificate of
performance must be dated on or after the final invoice date and must accompany the final invoices.

The Consultant will prepare a pilot FLO-2D model for a small portion of the Broadway Rural Drainage
Master plan. The purpose of the pilot model is to address uncertainities on modeling approaches and
input parameters associated with using FLO-2D models in an urban watershed. The project is
expected to be completed within 15-weeks of notice to proceed. For more information, please see the
attached memo and scope of work.

If at any time during the project assignment a material change in the scope of services to be provided
occurs, causing an increase in the original cost estimate shown here, you must provide the District with
a written explanation of the additional work along with an estimate of additional costs. No additional
work shall commence prior to written authorization by the District. No claims for additional work shall
be accepted that have not received prior District approval.

•

SIGNED:

Theresa Pinto
Project Manager

Timothy S. Phillips, P.E.
Chief Engineer and General Manager
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•

•

Certificate of Perfonnance of Engineering Open Order Contract
and Payment of All Claims

I, , hereby certify to the Flood Control District of Maricopa County (FCDMC)

that all lawful claims for labor, rental of equipment, material used, and any other claims by company, or its
subcontractors in connection with the specific assignment described below and as authorized by the terms of the
FCDMC Contract 2009C035 have been paid.

Company understands that with receipt of payment for previously invoiced amounts plus any retained funds, thatlhis
is a settlement of all claims of every nature and kind against the FC DMC arising out of the performa nee of the
FCDMC's specific assignment through FCDMC Contract 2009C035 for Assignment NO.1 relating to the material,
equipment, and work covered in and required by the contract.

The undersigned hereby certifies that to his/her knowledge. no contractual disputes exist in regard to this
contract and that he/she has no knowledge of any pending or potential claims in regard to this contract.

Upon submission of this document and a separate invoice for any retained funds to the FCDMC, invoice processing
will be completed within forty-five (45) calendar days.

Signed the __ day of , 20o_.

Signature

Tille: _

WRG Design, Inc.



Flood Control District
of Maricopa County

Board of Directors
Fu~n Brock, District 1
Don Stapley, District 2

Andrew Kunasek, District 3
Max WilsOfI, District 4

Mary Rose Wilcox, District 5

: www,fcd.mariropa:gov

2801 West Durango Street
Phoenix, Arizona 85009
Phone: 602-506-1501 June 10, 20 I0
Fax: 602-506-4601
IT: 602-505-5897 Jack Moody

Cardno WRG
9977 N. 90th Street, Suite 350
Scottsdale, AZ 85258

Subject: Broadway Rural DMP
Contract #2009C035; Work Assignment #1
Optional Task #3.3.2

•

•

Dear Mr. Moody:

The Flood Control District of Maricopa County authorizes Canino WRG to proceed with the
Optional Task, 3.3.2, in accordance with the Contract provisions and work assignment 1 for the
Broadway Rural Drainage Master Plan. Additionally, the scope for Optional Task 3.3.2 has been
revised to reflect project team discussions and recommendations. The not-to-cxceed cost in Work
Assignment I for this optional task is $10,219.44, which has not been increased.

Please itemize on your invoices the costs ofthe optional fees as they are incurred. If you have
further questions, please call me at 602-506-8127.

Sincerely,

\~h\~~
Theresa Pinto
Project Manager

Cc: Contracts Branch Manager
Contract File 2009C035
Finance Department
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Date: July 15, 2010

Flood Control District
of Maricopa County

_ . _. INTEROFFICE MEMORANDUM

To:

From:

Subject:

Tim Phillips, P.E.

Theresa Pinto

ProjecL Title; Broadway Rural Drainage Master Plan: FLO-2D Pilot Study I
Contract Number: 2009C035
Consultant: Cardno W'RG, Inc.
Work Assignment No.1, Change Order No.

•

•

Using FLO-2D in an urban setting is a relatively new application for tbe District. Consequently, there are
some uncertainties with respect to various modeling approaches & input parameters when using FLO-2D.
The purpose of this work assignment was to prepare a FLO-2D model for a small portion of the Broadway &
Rural watershed and thereby resolve some of these uncertainties before we develop a FLO-2D model for me
entire study area. One of the primary questions that we addressed was the optimum grid size to use for the
model.

Upon review of the results of the pilot study, the Project Team recognized that additional model runs not
scoped in the original contract arc necessary to complete the pilot study_ 111e specific unresolved issues arc:

• The 50' grid model, which incorporates street hydraulic elements, typically has significantly
higher discharges than the 25' grid model, which does not include these elements.
Detennination of why this is occurring cannot be resoh-cd without several additional FLO-2D
runs to check parameter sensiti,·ity.

• \X1hy isn't the increase in peak discharge in the street element conveyances causing larger
differences in flooding depths and velocities for the study area? TI1is question will be answered
through the analysis of the runs required above.

It is very important for staff to understand what effects the street hydraulic clements are ha\'ing in
compar.sion with a smaJJ grid size without street elements. For this reason, District staff will initially update
and run the revised models, which should take about three weeks. Rased on the results of this analysis, the
Consultant, who will assist District staff with analyzing tlle results of the new runs, will update the project
models, summarize the ftndings, and updaLe the report accordingly. By addressing these uncertainties now, a
more refined and improved scope of work for the Broadway & Rural DMP \",ill be developed.

This change order was not anticipated. However, because of the newness of using FLO-2D in an urban
setting, encountering these additional issues WIlS unpredictable. Authorization of tl1is change order '\vill result
in the following:

• Revising the scope of work to update the models, results, and reporl.

• Increasing the fees and schedule LO incorporate the revised scope.
The increase in fees is $11,949.35. The increase in schedule is approximately two months, which includes Lhe
District staff time for running and interpreting the additional models.

'ThVJhL-CY~~
Theresa Pinto

2801 West Durango Street PhoeniX, Arizona 85009 Phone: 602-506-1501 Fax: 602-506-4601



TO:

SUBJECT;

FLOOD CONTROL DISTRICT or Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009
(602) 506-1501

Fax (602) 506-4601

LETIER OF TRANSMITIAL

Jack K. Moody, P.E., CFM, Dir.of Water Resources
WRG Design, Inc.
9977 N. 90th St., Ste 350
Scottsdale, AI. 85258

Contract No. 2009C035
Assignment No. 1
Broadway Rural DMP: FLO-2D Pilot Study

July 15, 2010

WE ARE SENDING YOU THE FOLLOWING ITEMS:
( ) Enclosed ( ) Under separate cover

Shop Drawings

Specification

X Notice to Proceed

X Certificate of Performance

X Scope of Work

THESE ARE TRANSMITIED:

For Approval

X For your use

As requested

Prints

Change Order

Legal Description

Copy of Letter

Approved as submitted

Approved as noted

Returned for corrections

Samples

Plans

Resubmit ( ) copies for approval

Submit ( ) copies for distribution

FOR ESTIMATE DUE:

For review and comments

Return ( ) corrected prints

Borrowed prints being returned

Remarks: Please specify assignment number on all correspondence.

SIGNED:

Theresa Pinto
Project Manager
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FLOOD CONTROL DISTRICT of Maricopa County
2801 West Durango Street
Phoenix, Arizona 85009
(602) 506-1501

Fax (602) 506-4601

NOTICE TO PROCEED

TO: Jack K. Moody, P.E., CFM, Dir.of Water Resources
WRG Design, Inc.
9977 N. 90th St., Ste 350
Scottsdale, AZ 85258

July 15, 2010

SUBJECT: PCN

FeD Contract No.
Assignment No.

028.02.20

2009C035
1

Low Or9 9171

•

Broadway Rural DMP: FLO-2D Pilot Study

Your not-to-exceed cost estimate of $83,608.76 for Assignment NO.1 has been received and accepted
for this project with a completion date of 9/17/2010. You are hereby authorized to proceed with the
work for the referenced project as originally described in the Scope of Work. Please specify the
contract title, contract number, assignment number, and the dates of the completed service on all
related correspondence, including the invoice. Send the invoices and certificates of performance to the
attention of Finance Department, Flood Control District of Maricopa County. The certificate of
performance must be dated on or after the final invoice date and must accompany the final invoices.

Change Order 1 - Approval of this change order increases the work assignment by $11,949.63 and
extends the project completion date by two months. For more information, please see the attachment.

The Consultant will prepare a pilot FLO-2D model for a small portion of the Broadway Rural Drainage
Master plan. The purpose of the pilot model is to address uncertainties on modeling approaches and
input parameters associated with using FLO-2D models in an urban watershed. For more information,
please see the attached memo and scope of work.

If at any time during the project assignment a material change in the scope of services to be provided
occurs, causing an increase in the original cost estimate shown here, you must provide the District with
a written explanation of the additional work along with an estimate of additional costs. No additional
work shall commence prior \0 written authorization by the District. No claims for additional work shall
be accepted that have not received prior District approval.

•

SIGNED:

Theresa Pinto
Project Manager

Timothy S. Phillips, PE.
Chief Engineer and General Manager
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•

Certificate of Perfonnance of Engineering Open Order Contract
and Payment of All Claims

I, , hereby certify to the Flood Control District of Maricopa County (FCDMC)

that all lawful claims tor labor, rental of equipment, material used, and any other claims by company, or its
subcontractors in connection with the specific assignment described below and as authorized by the terms of the
FCDMC Contract 2009C035 have been paid.

Company understands that with receipt of payment for previously invoiced amounts plus any retained funds, that this
is a settlement of all claims of every nature and kind against the FCDMC arising out of the performance ot the
FCDMC's specific assignment through FCDMC Contract 2009C035 for Assignment NO.1 relating to the material,
equipment, and work covered in and required by the contract.

The undersigned hereby certifies that to his/her knowledge, no contractual disputes exist in regard to this
contract and thai he/she has no knowledge of any pending or potential claims in regard 10 this contract.

Upon submission of this document and a separate invoice for any retained funds to the FCDMC, invoice processing
will be completed within forty-five (45) calendar days.

Signed the __ day of • 20o_.

Signature

Title: _

WRG Design, Inc.
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FLO..2D HYDROLOGIC AND

HYDRAULIC ANALYSIS PILOT STUDY

•
MARICOPA COUNTY} ARIZONA

JULY 13, 2010
FCD2009C035

•
Prepared For:

Flood Control District of

Maricopa County
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Phoenix, AZ 85009

Prepared By:
Cardno WRG
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Scottsdale, Arizona 85258

Phone: 602-977-8000

Fax: 602-977-8099



3.6
3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6

Table of Contents
Hydrologic Results Investigation I

FLO-2D Model Testing 1
Results Interpretations 1
Incorporation of Results I
Report Revisions 2
Coordination 2
Time Extension 2

C:illocuments and Settings\tmp\Local Senings\Temporary Internet Files\Conlent.OutlookiJRS4HRYJ\CO
#1 to WO #1 FCDMC-Broadway Rural DMP Pilot Study.docx 7/15/2010

I I



•

•

3.6 Hydrologic Results Investigation
Upon review of the draft Pilot Study, the project team identified a significant difference
in the hydrologic results. Further investigation is necessary to identify the causes of the
differences between with the 25-foot and the 50-foot grid element FLO-2D models as a
result of the significant differences in the hydrologic results evaluated in this Pilot Study.
The 50-foot grid element model, which incorporates I-dimensional street elements,
consistently yielded higher peak flows within the interior street cross sections than the
25-foot grid element model that did not incorporate I-dimensional street elements. The
magnitude of these differences is not reflected in the maximum flow depth and velocity
results of the models. Additional sensitivity testing is necessary to evaluate various
modeling approaches as a result ofthese findings.

3.6.1 FLO-2D Model Testing
The FCDMC will evaluate the results of the Draft Pilot Study dated July 7, 2010, in an
effort to identify the reason for the differences in the hydrologic results. The FCDMC
will perfonn sensitivity testing by adjusting modeling parameters on the 25-foot and 50­
foot grid element size models. The FCDMC will execute additional models in an effort
to isolate the problematic areas. These tests will focus on the Manning's n values for the
various data input (CONT.dat, STREET.dat), dynamic wave stability coefficient, limiting
Froude number for the I-dimensional street elements, as well as other potential factors.
The goal of these sensitivity tests is to conclude which model yields more reasonable
hydrologic results and to identify additional parameters that may facilitate more
reasonable results. The FCDMC will coordinate with Cardno WRG during this
evaluation.

3.6.2 Results Interpretations
Carcino WRG and the FCDMC wi)] evaluate and interpret the results of the FCDMC's
sensitivity testing to draw conclusions as to the better modeling practices. Cardno WRG
will utilize FLO-2D's HYCROSS.out data file feature for facilitation of this task, and
will compare the interior hydrographs yielded by the two grid size models. This
evaluation will focus on understanding the effects the I-dimensional street hydraulic
elements are having on the conveyance of the 50-foot grid element model in comparison
to the 25-foot grid element model without I-dimensional street elements. The goal is to
identify which model yields more reasonable hydrologic results, and what modifications
can be made to either model to yield more consistent results between the two models.
This will culminate in a decision as to which modeling parameters and techniques are to
be incorporated into the final models.

3.6.3 Incorporation of Results
Upon conclusion of results inteIJlretations, Pilot Study models will bc revised by Cardno
WRG to incorporate the results of the sensitivity testing. Both the 25-foot and the 50­
foot grid element size models will be revised to incorporate the mutually agreed upon
modeling techniques. It should be noted that further Storm Drain Capacity Analysis and

• '-.Jr-') Cardno
WRG

-1- Broadway and Rural DMP:
Hydrologic and Hydraulic Analysis Pilot St/Ady

Change Order # J £0 Work Assignment #1 Scope ofWork



the FencefWall Obstruction analysis will not be incorporated into the resultant 50-foot
grid element model.

3.6.4 Report Revisions
Cardno WRG will incorporate the results of the FLO-2D analysis resulting from this
Revised Scope of Work into the Broadway & Rural Drainage Master Plan: FLO-2D
Pilot Study.

3.6.5 Coordination
Cardno WRG will coordinate with the FCDMC during the completion of this Change
Order #1. A maximum of three meetings are assumed for the coordination of tbis task.
The first meeting is assumed to be a technical meeting focusing on the FLO-2D models
primarily between the modeling participants. The second and third meeting will include
the entire project team. Cardno WRG will prepare agendas and minutes to these
meetings in accordance with the original scope of work.

3.6.6 Schedule
This additional work is scheduled to require an additional 8 weeks which includes the
FCDMC staff time for running and interpreting the additional models and reviewing the
resultant report.

CJr-') Cardno
WRG

II I

-2- Broadway and Rural DMP:
Hydrologic and Hydraulic Analysis Pilot Study

Change Order iiI 10 Work Assignment #1 Scope o..(Work



•
Co-rclno WRG

FEE PROPOSAL - TABLE A ­
CONSULTANT

COST PROPOSAL SUMMARY

•

•

Date



•

•

•
(",}-, Cardno

WRG

Appendix B

Referenced Material



•

•

. '.' ,': ,:~ ..': Drainage Design Manual
for Maricopa County, Arizona
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Drainage Design Manua/ for Maricopa County

•
Hydr%gy: Rainfall Losses

Table 4.2
lA, RTIMp, AND VEGETATIVE CANOPY COVER FOR REPRESENTATIVE LAND USES

IN MARICOPA COUNTY

VegetationLand Use1
IA2 RTIMp2.3 Cover2·4Code Land Use Category Description inches % %

VLDR Very Low Density Residential3 40,000 sq. feet and greater lot size 0.30 5 30LOR Low Density Residential3 12,000 - 40,000 sq. feet lot size 0.30 15 50MDR Medium Density ResidentiaP 6,000 - 12,000 sq. feet lot size 0.25 30 50MFR Multiple Family Residential3 1,000 - 6,000 sq. feet lot size (# dulac) 0.25 45 5011 Industrial 13
Light and General 0.15 55 6012 Industrial 23
General and Heavy 0.15 55 60C1 Commercial 13
Light, Neighborhood, Residential 0.10 80 75C2 Commercial 23
Central, General, Office, Intermediate 0.10 80 75P Pavement and Rooftops Asphalt and Concrete, Sloped Rooftops 0.05 95 0GR Gravel Roadways & Shoulders Graded and Compacted, Treated and Untreated 0.10 5 0AG Agricultural Tilled Fields, Irrigated Pastures, slopes < 1% 0.50 0 85LPC Lawns/Parks/Cemeteries Over 80% maintained lawn 0.20 Varies5 80DL1 Desert Landscaping 1 Landscaping with impervious under treatment 0.10 95 30DL2 Desert Landscaping 2 Landscaping without impervious under treatment 0.20 0 30NOR Undeveloped Desert Rangeland Little topographic relief, slopes < 5% 0.35 Variess Varies6

NHS Hillslopes, Sonoran Desert Moderate topographic relief, slopes:> 5% 0.15 Variess Varies6
NMT Mountain Terrain High topographic relief, slopes:> 10% 0.25 Variess Varies6

Notes:
1. Other land use or zoning classifications, such as Planned Area Development and Schools must be evaluated on a case by case basis.2. These values have been selected to fit many typical settings in Maricopa County; however, the engineer/hydrologist should always evaluate the specific circum­stances in any particular watershed for hydrologic variations from these typical values.
3. RTIMP ::; Percent Effective Impervious Area, including right-at-way. Effective means that all impervious areas are assumed to be hydraulically connected. TheRTIMP values may need to be adjusted based on an evaluation of hydraulic connectivity.4. Vegetation Cover::; Percent vegetation cover for pervious areas only.
5. RTIMP values must be estimated on a case by case basis.
6. Vegetation Cover values must be estimated on a case by case basis.

November 18, 2009

L_------------------~---

4-17



Meeting Minutes

Meeting Date: March 12. 2010

• Project

Location:

Attendees:

C.C:

Prepared By:

Broadway Rural DMP Pilot Study
Contract No. FCD 2009C035

Flood Control District of Maricopa County

Theresa Pinto (FCDMC)
Tom Loomis (FCDMC)
Felicia Terry (FCDMC)
Afshin Ahouraiyan (FCDMC)
Jack Moody (Cardno WRG)
Sherrick Campbell (Cardno WRG)

Donna J.S. Hancock (City of Tempe)
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Cardno
WRG
Shaping the Future

99n N90" Street
Suite 350
SCottsdale. Arizona 8525B
USA

PhOM (602)917·8000
Fax (602) 9n-8099

VNNI.canfnowrg.com

•

•

Cardno WRG met with employees of the Flood Control District of Maricopa County (FCDMC) on
Monday. March 8, 2010. to initiate the Broadway & Rural Drainage Master Plan Pilot Study work
assignment. In attendance and representing the FCDMC were Theresa Pinto. Felicia Terry, Tom
Loomis, and Afshin Ahouraiyan. In attendance and representing Cardno WRG were Jack Moody
and Sherrick Campbell.

What follows are points of discussion from the meeting as understood by Cardno WRG, focused
on the assembly of data for use in preparation of the Pilot StUdy.

SCHEDULE

• The FCDMC indicated that in any case, the Pilot StUdy is to be completed by June 30,
2010.

• The FCDMC and Cardno WRG acknowledged that the scope for the overall Broadway &
Rural DMP will be developed throughout the course of the Pilot Study.

Action Items:
• Jack with Cardno WRG will prepare a DRAFT project schedule for the preparation of the

Pilot Study and provide it to FCDMC Staff by Friday, March 12, 2010 for review.

TOPOGRAPHY

• The FCDMC acknowledged that the FCDMC Mapping Project ID 1291, with a flight date
of 12-11-2008 and a contour interval of 2 feet will be utilized as the topographic basis for
the Pilot Study.

Action Items:
• Cardno WRG will identify the horizontal and vertical datums on which the City of Tempe

mapping is based by March 19, 2010, as necessary for our survey work.

Australia • Belgium • Indonesia • Kenya • New Zealand • Papua New Guinea
United Arab Emirates • Untted Ki~dom • United States • Operations in 60 Countries
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Page 2
Broadway & Rural DMP Pilot Study
Contract No. FCD2009C035
March 8, 2010 Meeting Minutes

DATA COLLECTION

• Cardno WRG received a digital copy of the Broadway Rural CAR from the FCDMC and
returned the paper copy to the FCOMC.

• The FCOMC will provide Cardno WRG with a digital reduction factor file(s). In order to do
so, Cardno WRG will provide a FLO-2D Grid shape file to the FCDMC for their use in
coding the reduction factors into FLO-20.

• Cardno WRG will utilize a representative hydrograph yielded from two-dimensional model
from a nearby study area. This representative hydrograph will be based on no soil
infiltration which is believed to represent the impervious nature of the study area. This
representative hydrograph will incorporate an initial abstraction or IA variable, coded into
the model as a part of the TOLER. OAT variable.

• Cardno WRG will utilize NOAA 14 rainfall data as published in the FCDMC's Drainage
Design Manual, Volume 1- Hydrology, latest edition.

Action Items:
• Cardno WRG will request land use/zoning GIS files from Donna J.S. Hancock at the City

of Tempe for use in preparation of hydrologic parameters within the FLO-2D models by
Friday, March 12,2010.

• Cardno WRG will, in conjunction with the FCDMC meeting attendees, request historical
aerial photographs and soil GIS files from Eric Feldman (FCDMC) along with any specific
City of Tempe Land Use GIS data if available, by Friday, March 12, 2010.

• Cardno WRG will provide the FCDMC with the area associated with the Pilot Study work
assignment, which is approximately 223 acres, by Friday, March 12, 2010.

• The FCDMC will provide Cardno WRG with a representative hydrograph yielded from
two-dimensional model from a nearby study area by March 19, 2010.

PROJECT ADMINISTRATION

• The FCDMC agreed that direct correspondence may occur between Sherrick Campbell
of Cardno WRG and Theresa Pinto of the FCDMC, provided that Project Manager Jack
Moody be copied on any and all such correspondence.

• Mutual agreement was reached between the FCDMC and Cardno WRG that no meeting
will be held on Monday, March 15, 2010.

Action Items:
• The FCDMC will investigate requirements for obtaining permission to enter Salt River

Project or Union Pacific Railroad Property, prior to performing any survey related tasks
associated with this Pilot Study.

These meeting minutes represent our understanding of the meeting. Please review and provide
any comments regarding these minutes via electronic mail, to jack.moody@cardnowrg.com by
close of business on Friday, March 12, 2010.
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Meeting Date: March 29. 2010
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'Project:

Location:
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Broadway Rural OMP Pilot Study
Contract No. FCO 2009C035

Flood Control District of Maricopa County

Theresa Pinto (FCDMC)
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0
'·

...

Cardno
WRG
Shaping the Future

9977 N901h Street
Suite 350
Scol1Sdale. Arizona 85258
USA

Phone (602)977·8000
Fax (602) gn-8099

www.cardnowrg.com

C.C:

Prepared By:

Donna J.S. Hancock (City of Tempe), Felicia Terry (FCDMC), Afshin Ahouraiyan
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Cardno WRG met with employees of the Flood Control District of Maricopa County (FCDMC) on
Monday, March 29, 2010, to discuss progress of the Broadway & Rural Drainage Master Plan
Pilot Study work assignment.

What follows are points of discussion from the meeting as understood by Cardno WRG, focused
on the assembly of data for use in preparation of the Pilot Study.

DATA RECEIVED FROM FCDMC

The following data sets were received by Cardno WRG from the FCDMC, with discussion
comments.

• Soil shape files: Acknowledged receipt

• FCDMC's soil database: Acknowledged receipt

• Landuse file: Acknowledged receipt, will not use

• RTIMP polygon shape file: This shape file includes roads, curb and gutter, sidewalk
adjacent to roads, driveways, and rooftops. Does not include minor sidewalks around
houses and to businesses, patios, swimming pools. The open areas are not currently
separated into bare dirt and vegetated components, Tom will make those additions.
Cardno WRG is to review the aerial photographs and make a general comparison with
this file.

• Reduction factor coding: The ARF only codes 4 of the 8 sides of a grid element.

• Inflow hydrograph for use in characterization of inflow: Acknowledged receipt.
Cardno WRG to identify inflow points and prepare graphic.
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Action Items:
• Tom to modify shape file to further identify vegetated ground and bare ground.

• Cardno WRG to render an opinion as to the necessity of separating vegetated areas from
bare ground areas. Does the XKSAT need to be corrected?

• Cardno WRG to request 2010 Aerial Photo from Theresa, who will forward the request to
the GIS department.

• Cardno WRG is to review the aerial photographs and make a general comparison with
the RTIMP file.

• Cardno WRG top copy the RTIMP shape file and combine items of similar hydrologic
properties.

• Cardno WRG will identify inflow points to the Pilot Study area and prepare a graphic.

PROTOCOL FOR ESTIMATING RAINFALL DATA

• The FCDMC and Cardno WRG agreed that the use of DDMS methodology was adequate
for precipitation and distribution data.

• The parties agreed that a point precipitation without aerial reduction factors is appropriate
for the Pilot Study area.

• FLO-2D PARAMETERS

• There was significant discussion on the use of the TOl parameter and how it interacts
with the IA parameter. Care must be taken to ensure these parameters don't duplicate
each other and result in an overestimated initial abstraction for a particular surface.

• Tom indicated that the minimum reasonable TOl is 0.01 (Feet) to maintain a reasonable
run time on the model. This alone may be an overestimation of the Initial Abstraction for
asphalt, concrete, and rooftops.

• The Initial Abstraction for each component should be reduced by the amount identified as
TOl in order not to double count.

Action Items:
• Cardno WRG is to consider the ramifications of using a TOl of 0.01 for this highly

urbanized and impervious watershed and render an opinion.

These meeting minutes represent our understanding of the meeting. Please review and provide
any comments regarding these minutes via electronic mail, to jack.moody@cardnowrg.com by
close of business on Friday, April 2, 2010.

•



Meeting Minutes

Meeting Date: April 26, 2010 Field Visit on April 28, 2010

•
Project

location:

Broadway Rural DMP Pilot Study
Contract No. FeD 2009C035

Flood Control District of Maricopa County

0'·
...

Cardno
WRG
Shaping the Future

99n N90lh Street
Suile350
Scottsdale, Arizona 85258
USA'

•

4/26 Attendees: Afshin Ahouraiyan (FCDMC)
Theresa Pinto (FCDMC)
Jack Moody (Cardno WRG)
Sherrick Campbell (Carono WRG)

4/28 Attendees: Theresa Pinto (FCDMC)
Toni Loomis (FCDMC)
Donna J.S. Hancock (COT)
Jack Moody (Cardno WRG)
Sherrick Campbell (Cardno WRG)

C.C: Felicia Terry, Julie Cox (FCDMC)

Prepared By: Jack Moody I _24'/7
~~7

Cardno WRG met with employees of the Flood Control District of Maricopa County (FCDMC) on
Monday, April 26, 2010, to discuss progress of the Broadway & Rural Drainage Master Plan Pilot
StUdy work assignment. Cardno WRG subsequently met within the pilot study area with FCDMC
employees to observe existing conditions as well as to review the preliminary results of the initial
modeling.

What follows are points of discussion from the Monday 4/26/2010 meeting as understood by
CardnoWRG.

• Cardno WRG in conjunction with the FCDMC will conduct a site visit on April 28, 2010 to
review existing conditions and review the results of initial modeling exercises.

• Cardno WRG would like to obtain existing roadway asbuilt plans from the City of Tempe
for use in assembly of the 50-foot grid modeling exercise. In absence of this data, Cardno
WRG will obtain the City of Tempe's street classification map and the City of Tempe's
supplement to the MAG Standard Details. This information will be used to code 1D
roadway elements into the 50' grid model.

• Cardno WRG will move fOlWard with obtaining field topographic survey of the Salt River
Project pump outfall ditch located along the northern periphery of the study area as soon
as FCDMC has notified SRP.

Phone (602)977-8000
Fax (602) 9n~099

• Cardno presented the graphical results of some of the preliminary modeling prepared for
the study area. This preliminary modeling reflects a 25' grid, incorporated vegetation

•

cover, inflow hydrographs scaled in accord with preVious discussions, and the land
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use/soil shape files. Cardno WRG will provide digital copies of the exhibits provided in the
meeting.

•

•

cardno WRG and the FCOMC discussed forthcoming efforts to characterize the
modeling results and implications. Cardno WRG will be preparing written text that
addresses the time requirements for data input and the benefits or efficiencies of varying
modeling protocols.

FCOMC directed Cardno WRG to send invoices directly to the FCOMC finance
department and then send a copy to Theresa with a progress report.

•

•

Cardno WRG met with employees of the Flood Control District of Maricopa County (FCOMC) and
the City of Tempe on Wednesday, April 28. 2010. within the study area to review existing
conditions in the area as well as to corroborate the results of preliminary 20 modeling within the
study area.

• FCOMC directed Cardno WRG to revise the .pts topographic file prepared for the 20
model to incorporate the breaklines and mass points obtained by the mapping consultant
as part of FCD Project 10 1291. The contours previously used to prepare the .pts file will
be stricken from the data set

• Cardno WRG in conjunction with the FCOMC observed the SRP pump outfall ditch that
extends along the northern periphery of the study area. The ponding results yielded by
the preliminary FL0-20 model appear to be consistent with the observed conditions
within the area.

• Cardno WRG will revise the rainfall incorporated into the model to be a 24-hour depth
with an SCS Type" rainfall distribution.

• Cardno WRG will revise the inflow hydrographs to be allocated across four (4) grid
elements at the Broadway Road and Rural Road locations in-lieu of one element to
reduce the potential for erroneous results at the inflow points.

Action /tems:

• Theresa will notify SRP of intent to survey the SRP pump outfall ditch.

• Tom will provide a revised RAIN.OAT file that incorporates the rainfall depth and the SCS
Type" rainfall distribution.

• Cardno WRG will inventory topography related files and ascertain the need for breakline
files.

• Cardno WRG will rebuild the .pts file to incorporate breakline and mass point data only.

• Cardno WRG will obtain topographic survey data of the SRP outfall ditch for use in
coding the 10 element into the FLO-20 model.

These meeting minutes represent our understanding of the meeting.
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Attendees: Theresa Pinto (FCDMC)
Alejandro Riano (FCDMC)
Felicia Terry (FCDMC)
Julie Cox (FCDMC)
Afshin Ahouraiyan (FCDMC)
Sherrick Campbell (Cardno WRG)

C.C: Donna J.S. Hancock (City of Tempe)

Prepared By: Sherrick Campbell~~

•
Gardno WRG met with employees of the Flood Control District of Maricopa County (FCDMC) on
Monday, May 24, 2010, to review the progress of two-dimensional modeling associated with the
Broadway & Rural Drainage Master Plan Pilot Study work assignment. In attendance and
representing the FCDMC were Theresa Pinto, Alejandro Riano, Felicia Terry, Julie Cox, and
Afshin Ahouraiyan. In attendance and representing Cardno WRG were Sherrick Campbell.

What follows are points of discussion from the meeting as understood by Cardno WRG.

INTERIOR HYDROGRAPH LOCAnONS

• Cardno WRG presented proposed locations of interior hydrographs for use in comparison
of the two-dimensional models identified in the Scope of Work (SOW).

• Cardno WRG and the FCDMC discussed adding additional interior hydrographs at
locations within the Daley Park Subdivision northwest of the Broadway and Rural
intersection, that have historically experienced flooding. Cardno WRG indicated that it
would review the Candidate Assessment Report for these locations and incorporate them
into the graphic.

• The locations of the interior hydrographs will be utilized to compare parameters that
include peak flow magnitude, time of peak, and runoff volume.

Action Items:
• Cardno WRG will review the CAR and revise the interior hydrograph location exhibit for

provision to the FCDMC.

CODING OF STREETS AS 10 CHANNELS

• Cardno WRG indicated that efforts were put forth to model the existing streets within the
pilot study area as 10 channel elements, as per our meeting on May 17, 2010. Amidst
this effort, Cardno WRG discussed these efforts in a phone conversation with Dr. Jim
O'Brien with FLO-2D in which he emphatically recommended the use of the available 10
street element components for such modeling. He indicated that the additional level of

•

detail provided with the use of a 10 channel (Le., cross-slope, etc.) would not warrant the
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additional level of effort. Furthermore. he indicated that the actual street cross-sectional
areas be equated with the rectangular street cross-sections and the curb height used as
the variable with which to equate the two areas.

REDUCTION FACTOR CODING OF ASBUILT CONDITIONS

• Cardno WRG identified variances between existing asbuilt conditions and those
represented with the FCDMC's Phoenix-Tempe Area Mapping Project 1291. Specifically,
the existing school located at the southeast corner of College Avenue and Aepli Drive
appears to have undergone significant renovations since the aerial and topographic
mapping was procured, yielding differences in the existing bUilding locations as well as
topography. Cardno WRG and the FCDMC collectively agreed to continue with the
utilization of the current aerial and topographic mapping due to the intent of this FLO-2D
Pilot Study. Any forthcoming work on the overall Broadway & Rural DMP would include
revised survey of the area to more appropriately characterize the hydraulics of the
campus.

Action Items:
• Cardno WRG will maintain the use of the current mapping and identify this issue in the

FLO-2D Pilot Study.

FLO-2D EXHIBITS

• Cardno WRG presented copies of current FLO-2D exhibits to the FCDMC. These exhibits
reflected transparent flow depths as has been requested by the FCDMC.

• The FCDMC indicated that both the grid element exhibit and the smoothed contour
exhibits for maximum flow depth and velocity provided value for review. The grid element
maximum flow depth exhibit identifies potentially problematic grid elements that may yield
excessive velocities or depth. The smooth contoured exhibit yields an overall review of
the results throughout the study area.

Action Items:
• Cardno WRG will discontinue the use of gray as a flow depth due to the difficulty in

discerning it from other colors within the aerial photo.
• Cardno WRG will incorporate street names throughout each exhibit.
• Cardno WRG will incorporate the parameters associated with each model, onto the

exhibits, for forthcoming presentations.
• Cardno WRG will reduce the precision to which flow depths are reported to and clarify the

differences in flow depth between the smoothed contour and grid element exhibits for
maximum flow depth and velocity.

SCHEDULE

• The FCDMC requested that a draft report be provided by June 6, 2010, with a draft
outline provided by June 4,2010.

• The FCDMC indicated that they would provide review and comment by June 30,2010.
• The FCDMC identified the completion date as July 15, 2010.
• Cardno WRG will meet with the FCDMC on June 2nd to review modeling efforts. Cardno

WRG will provide exhibits for each of the two grid sizes for both maximum flow depth and
velocity. Cardno WRG will also assess pros and cons of each grid size and provide a
verbal recommendation of for a selected grid size modeling protocol.

STORM DRAIN

• The FCDMC identified the optional storm drain modeling task as an important task for
consideration within this DMP and future two-dimensional modeling efforts.
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• Cardno WRG and the FCDMC agreed to ascertain the need to initiate optional storm
drain modeling tasks on June 2, 2010. Cardno WRG will document this analysis in a
supplemental report by June 23, 2010, in the event that this task is initiated.

These meeting minutes represent our understanding of the meeting. Please review and provide
any comments regarding these minutes via electronic mail, to sherrick.campbell@cardnowrg.com
by close of business on Tuesday, June 1, 2010.
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•

Cardno WRG met with employees of the Flood Control District of Maricopa County (FCDMC) and
the City of Tempe (COT) on Wednesday, June 4, 2010, to review the progress of two­
dimensional modeling associated with the Broadway & Rural Drainage Master Plan Pilot Study
work assignment. In attendance and representing the FCDMC were Theresa Pinto, Tom loomis.
Felicia Terry, and Julie Cox. In attendance and representing the COT was Donna J.S. Hancock.
In attendance and representing Cardno WRG were Jack Moody and Sherrick Campbell.

What follows are points of discussion from the meeting as understood by Cardno WRG.

• Cardno WRG presented preliminary exhibits to the FCDMC depicting maximum flow
depths and velocities based upon cells and shaded contours for both 25- and 50-foot grid
elements.

• Cardno WRG presented advantages and disadvantages of the two grid size protocols
(25-foot and 50-foot) that have been utilized throughout the course of the FlO-2D Pilot
Study.

• Cardno WRG identified the advantages associated with the 25-foot grid
model/(disadvantages associated with the 50-foot grid model) to include the issues
mentioned below:

~ The 25-foot grid model produces refined elevations for use in the .pts file. This
was exemplified by the lowest average grid element elevation of the eXisting
retention basin located in the shopping center at the northeast corner of
Broadway Road and Rural Road. Specifically, the FLO-2D program yielded
lowest average grid element elevations of 1170.25 and 1171.81 for the 25-foot
and 50-foot grids respectively.

~ The 25-foot grid model prepared on behalf of the FCDMC did not incorporate 10
street elements due to the increased level of detail afforded by the refined grid
size. The modeling time requirements are therefore reduced by virtue of this
refined grid size.

;,> Preliminary FLO-2D model run times yielded 1.75 hours and 2.95 hours for the
25-foot and 50-foot grid models respectively. The preliminary modeling indicates
that the 25-foot grid model runs faster.
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• Cardno WRG identified the disadvantages associated with the 25-foot grid
model/(advantages associated with the 50-foot grid model) to include the issues
mentioned below:

~ Reduction factor coding may be more time intensive with a 25-foot grid model.
~ Levee coding may be more time intensive with a 25-foot grid model.

• The FCDMC indicated that area reduction factor (ARF) coding is to be used for future
two-dimensional modeling efforts beyond the scope of this FLO-2D Pilot Study, in lieu of
width reduction factor (WRF) coding. It became apparent that the use of WRF coding
precludes the generation of runoff from rainfall on a grid element for elements with WRF
percentages greater than 95%.

• The FCDMC and Cardno WRG collectively reviewed the general Daley Park subdivision
area immediately south of the Salt River Project outfall ditch and observed differences in
general volume stored within the subdivision between the 25- and 50-foot grid models.

• The FCDMC indicated that a forthcoming version of FLO-2D is expected to reduce model
run times by as much as 90%.

Action Items:
• Cardno WRG will review the 25- and 50-foot grid models to assess the differences

between volume and depth within the Daley Park area.

OPTIONAL STORM DRAIN MODELING TASKS

• The FCDMC and Cardno WRG discussed optional storm drain modeling tasks. The
FCDMC indicated that such tasks would be important for identifying the scope of future
modeling tasks.

• The FCDMC and Cardno WRG collectively identified a portion of existing storm drain that
extends north of Broadway Road in Rural Road.

• Cardno WRG will, as a part of an optional storm drain modeling task, qualitatively
establish full flow capacities for the existing main line storm drains. Cardno WRG will also
inventory existing catch basins that outfall into the existing main line storm drains and
identify their collective capacity to compare to full flow capacity.

Action Items:
• Cardno WRG will review the established scope of work and revise it accordingly to match

the intent of the meeting discussion.

•

These meeting minutes represent our understanding of the meeting. Please review and provide
any comments regarding these minutes via electronic mail, to jack.moodv@cardnowrg.com by
close of business on Friday, June 11, 2010.
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Talent On Demand

july 01, 2010

Mr. jack Moody and Mr. Sherrick Cambell
CardnoWRG
9977 N 90th Street
Suite 350
Scottsdale, AZ 85258

RE: Draft Broadway & Rural Drainage Master Plan: FLO-2D Pilot Study
Cursory Review Comments

Dear jack:

Thank you for the opportunity to review and provide input on the Broadway & Rural Drainage Master Plan FLO­
20 Pilot Study. Enginuity has performed a cursory review of the Draft Report dated june 16, 2010 and the
associated FLO-2D computer models. Enginuity offers the following comments to assist with your Pilot Study and
forthcoming urban flood modeling in the Broadway & Rural DMP.

1. Topographic Data. The mass point data used on this project appears to have enough detail for use with
the small-grid FLO-2D analysis being performed. It looks like excellent point data is available for the
modeling.

2. Grid size considerations. We have generally found that a 25-foot grid size is adequate for estimating
general flow patterns and rough flow depths within urban areas. If you are attempting to determine more
detailed flow depth information such as reliable flow depths in the streets vs. flow depths along buildings
or houses, a smaller grid size such as a 1O-foot or even 5-foot grid produces much better results. Figures 1
and 2 on the following page show 5-foot grid vs. 20-foot grid results from one of our current urban
modeling projects in Denver, Colorado. Notice the 5-foot grid model can capture details such as deeper
flow depths along the street gutters compared to the crown and top of curb. In our experience, questions
and conversations seem to inevitably rise to this level of detail when working in urban areas.

Considering the size of the basin being studied for the Broadway & Rural DMP, smaller grid sizes such as a
1O-foot grid will most likely create a model with far too many grid elements to be manageable. We
generally look at the total number of grid elements in the model to determine how fast or slow it will run.
As a rule of thumb, we have generally found about 300,000 grid elements to be the upper limit for
Enginuity's current hardware set-up before the model becomes extremely slow and generally
unmanageable.

In order to achieve greater flood depth detail, one possible alternative to consider would be limiting the
area of FLO-2D modeling to only the areas where flooding is anticipated and flow depth information is
desired. Such an approach would require an external hydrologic calculation with inflow hydrographs
being used at the upstream FLO-2D boundaries. By using the FLO-2D hydrology feature for the entire
basin as proposed in the Pilot Study, you are required to use a computational grid covering the entire
basin which ultimately increases the grid size in order to keep the number of grid elements down to
reasonable number. If there are large areas where flow depth calculations are not needed, a more limited
analysis area would be an option to consider that could produce more detailed flow depth results if
desired .

9137 E. Mineral Circle, Ste. 180· Centennial, CO 80112 • Tel: 303.872.9112 • Fax: 303.972.9104 • www.enginuity-es.com
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Cursory Review Comments

3. Limiting Froude Number. When modeling streets and other paved urban areas, supercritical flow
conditions can be anticipated. Page 39 of the FLO-2D Users Manual suggests: "A practical range of the
limiting Froude number for streets is 1.2 to 1.5." The limiting Froude number in the Pilot Study models
was set to 0.95. Revising this parameter to 1.2 to 1.5 should be investigated.

4. Blockage Factors. While Enginuity has not utilized the hydrology feature of FLO-2D on our projects here
in Colorado, it is our understanding that building blockages should utilize both Width Reduction Factors
(WRF) and Area Reduction Factors (ARF) when modeling both rainfall and surface flows in a single FLO­
2D model. It is our understanding that only WRF's are required when modeling surface flow, and only
ARF's are required when modeling rainfall runoff. However, when modeling both rainfall and surface
flow as proposed in the Broadway & Rural DMP Pilot Study, both WRF's and ARF's should be coded into
the grid. This information should be verified with Jimmy O'Brien at FLO-2D (jim@fI0-2d.com) prior to
the larger modeling effort for the Master Plan.

5. Surging. Flow surging was observed at floodplain cross sections 11 and 15 in the 25-foot grid model.
Enginuity adjusted a few parameters in an attempt to reduce surging with the following results:

o Changed Floodplain Limiting Froude Number from 0.95 to 0 - result: surging still occurs.
o Changed Surface Detention Numerical Stability Parameter from 0.01 to 0.1 - result: surging still

occurs.
o Changed all calculation/output time intervals from 0.5 to 0.1 hours - result: surging still occurs.
o Ran the model with the ARF box unchecked - result: surging eliminated.
o Revised the blockage factors for buildings surrounding XS 11 and XS 15 to "Completely Blocked"

- result: surging reduced.

The flow surging observed in the model appears to be related to the 95% WRF's being used for building
obstructions, or possibly not including ARF's in the model? Further investigation of this instability should
be performed prior to the larger modeling effort for the Master Plan.

6. Run Time Comparison. Modeling run times can vary greatly depending on the computer hardware
configuration llsed. To assist with your run time comparisons in section 3.1.2 of the Draft Report,
Enginuity ran the 25-foot model provided by CardnoWRG on Enginuity's computer. Comparisons are
listed below:

•

25-feet
25-feet
25-feet

Intel Core2 6600
Intel i7 860
Intel i7 860

2.4 GHz
2.8 GHz
2.8 GHz

4 GB
8 GB
8 GB

Windows XP 32-bit
Windows 7 64-bit
Windows 7 64-bit

Limiting
Froude

Number
0.95
0.95
o limit

1.35 hour
0.54 hour
0.98 hour

Page 13
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Again, thank you for the opportunity to assist with this Pilot Study. Please feel free to contact us with any

questions you might have on these comments or any other challenges that might arise as you move forward with
the Master Plan.

Sincerely,

Donald Jacobs, P.E.
Senior Water Resources Engineer
djacobs@enginuity-es.com

Cc: File

Jeffrey Sickles, P.E.
Senior Water Resources Engineer
jsickles@enginuity-es.com

Page 14
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1.0 Introduction

The purpose of this analysis is to investigate hydrograph anomalies noted in the CARDNO submittal dated

July 12, 2010. The hydrographs generated in the HYCROSS.OUT flies for the FLO-2D runs in the

CARDNO submittal exhibited numerous oscillations that are an indication of numerical instabilities or

surging in the models. Refer to Figure 1.1 for an example. Initially, the TIME.OUT and VELTIMEFP.OUT

files were checked for evidence of surging, however, there were no significant indicators in those files that

would explain the problem. Examining of the HYCROSS.OUT flies revealed dnt the hydrograph time steps

were being incorrectly written to the flie, which was a one of the reasons for the oscillations. This error was

reported to FLO-2D Inc and Dr. O'Brien promptly addressed d1e issue and sent FCDMC a new set of

flo.exe flies. The new version is Build 2010.05.10
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Figure 1.1: Anomalies in hydrograph at Cross-Section 11, Appendices for pilot report July 12 2010

Next, the use of the depth-variable n-value and street routine options were tested. The depth-variable n­

value was tested to identify any issues associated with instabilities that would cause hydrograph oscillations.

The street routine was tested to determine its applicability to the study and its function capabilities. Several

test FLO-2D models were developed to check the effects of both routines.
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The 25 ft and 50 ft test models ran with Width Reduction Factors and Inftltration parameters turned on. The

storm drain and the levee routines were turned off for all test runs. The following runs have been performed

with the flo.exe dated July 15, 2010.

25 ft Grid Models:

1. Shallow n = 0.10

2. Shallow n=0.15

3. No shallow n (depth variable n turned off)

4. CARDNO submitted ftles

50 ft Grid Models:

5. Shallown=0.10

6. Shallow n = 0.15

7. No shallow n (depth variable n turned off)

8. Shallow n = O. 1 with street

9. Shallow n = O. 15 with street

10. 0 shallow n with street

11. CARDNO submitted ftles

• Street Models, testing other FLO-2D components:

12. CARD 0 submitted without ARF and Levee

13. Vista del Cerro Drive modilied street proftie

14. Vista del Cerro Drive modifted ground proftle

15. Vista del Cerro Drive modifted cross section orientation

The reported discharges in the HYCROSS.DAT ftle from each model were used to compare cross section

results. Runs 12 through 15 were performed to try to understand instabilities noted in the street hydrographs,

particularly for cross-section 11 (CSll). An additional analysis was performed to determine the best

approach in computing FLO-2D grid elevations. Figure 1.2 shows the proftle generated by FLO-2D's Grid

Developer System (GDS) for Rural road just north from Broadway Road. The line with the higher elevation

represents the street curve and the lower line represents the ground surface elevation. Figure 1.2 shows the

variation in proftle elevations when computing them in GDS. In this document, the Surface Analysis section

compared two approaches to compute FLO-2D surface elevations the points only (.pts) and the ESRI ASCII

Grid Approaches. These two approaches are discussed in the urface Analysis section.

•
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Street Crest and Ground Elevat~ons
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Figure 1.2: GDS street profile elevations
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2.0 Volume Conservation Analysis

The purpose of a volume conservation analysis is to determine the similarities and differences on reported

volumes of test runs and to determine issues among models. It is also the first step of FLO-2D modeling

review. The summary.out output fIle reports volumes in acre-feet and includes volumes from the inflow

hydrographs, rainfall, floodplain storage, street storage and outflow. Understanding the changes of the results

due to different model settings helps determine the root cause for the hydrograph oscillations. The next

paragraphs provide a description of the main differences among the models accompanied by Figure ?1

through Figure 2.3, and Table 2.1 and 2.2.

Test runs 1, 5 and 8 yielded higher outflow volumes when using a lower shallow n-value, about 4.4 acre-feet

(0.7% higher), which is to be expected as higher velocities result in shorter total times of inundation and

therefore less inflltration. Test runs 8, 9 and 10 yielded higher 1.3% higher outflow volumes than its non­

street counterpart. Runs 8, 9 and 10 yielded a volume conservation error of an excess of 0.54 acre-feet,

reported in column 8 in Table 2.2. This excess runoff volume is due to coding grids as both street and

outflow elements. The grid elements were identified and corrected.

The 25 ft grid CARDNO model, test run 4, is dle only model that used the storm drain component. This

model's volume conservation deficit of 0.58 acre feet suggests that the storm drain component contains

errors. Runs 1,2 and 3 do not display any deficit as illustrated in column 8 in Table :U. The modeling of dle

storm drain was not part of the testing performed in dus analysis and it was not revised.

The areal extent of dle 25 ft grid models (about 223 acres) is greater dun the 50 ft grid (about 219 acres),

which results in an increase of 2 acre-feet of rainfall excess on 25 ft models compared widl 50 ft models.

There is a reduction of 1 to 2 acre-feet for in@tration and interception and a reduction of 5 acre-feet in

system storage when dle street component is added. 5 acre-feet corresponds to 0.74% of the net 679.43 acre­

feet inflow to ilie grid system. The areal extent of the grids is not relevant to dle hydrograph analysis

provided ilie rainfall volume is less than 1% of dle total rainfall and inflow volumes.

An observation in relation to outflow volumes was made on those models that have depth variable n-value

"turned off' (test runs 3, 7 and 10). When the depdl variable n-value is "turned off', the spatially varied n­

values govern dle computation of element discharges resulting in increased velocities, reduced infiltration,

and changes in storage distribution. One expected outcome of runs 3, 7 and 10 is to have higher outflow

volumes, which is not shown in Table 2.1 and Table 2.2, and Figure 2.1 and Figure 2.1. What it is shown in

dlese tables and fIgures is that ilie reported volumes for runs 3, 7 and 10 fall in between those reported for

runs 1, 2, 5, 6, 8 and 9. These observations are not relevant to the hydrograph analysis given that dle changes

in outflow are very small, 0.3 to 3 acre-feet, wluch are less dlan 0.5% of the total outflow volume.

Flood Control District of Maricopa County
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• Total Storage
Total storage = Floodplain storage + Street storage
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Figure 2.3: Comparison of net storage for all models

Table 2.1: 25 ft Grid summary.out comparison, values in acre-feet

Volume

Infiltration & Floodplain Street
Conservation
(8)=(7)+(4)-(2)

25 ft Grid Rainfall Inflow Interception Storage Storage Outflow -(3)+(5)+(6)

(1) (2) (3) (4) (5) (6) (7) (8)

1. test sn 0.10 63.96 617.74 19.65 28.42 n/a 633.64 0.01

2. test sn 0.15 63.96 617.74 20.31 31.53 n/a 629.87 0.01

3.test no sn 63.96 617.74 20.14 30.96 n/a 630.61 0.01

4.CARDNO 63.96 617.74 20.05 29.33 n/a 631.74 -0.58

Table 2.2: 50 ft Grid summary.out comparison, values in acre-feet

Volume

Infiltration & Floodplain Street
Conservation
(8)=(7)+(4)-(2)

50 ft Grid Rainfall Inflow Interception Storage Storage Outflow -(3)+(5)+(6)

(1) (2) (3) (4) (5) (6) (7) (8)

5.test sn 0.10 61.71 617.72 20.25 25.71 n/a 633.47 0

6. test sn 0.15 61.71 617.72 20.77 29.63 n/a 629.03 0

7. test no sn 61.71 617.72 20.56 28.96 n/a 629.91 0
8. test sn 0.10
street 61.17 617.72 17.43 15.57 4.96 641.47 0.54
9. test sn 0.15
street 61.17 617.72 17.93 17.26 5.28 638.96 0.54
10. test no sn
street 61.17 617.72 17.76 16.98 5.23 639.47 0.55

II.CARDNO 61.17 617.72 18.37 19.99 .5.38 635.69 0.54
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3.0 Hydrograph Analysis

The hydrographs compared in this section are for cross sections (referred as CS from this point on) 7, 8, 9

and 11. CS7 and CS8 were chosen because their reported hydrograph volumes were 331.7 and 473.1 acre­

feet respectively when they should have nearly equal volumes. CS9 was chosen because it is located in the

floodplain, outside of the street modeling component. CSll was chosen because the hydrograph at that

location exhibited many oscillations. Refer to Figure 3.1 for cross section locations.

The group of cross-sections 7, 8 and 11 were positioned on grids containing street coding. All cross-sections

were revised from the submittal by CARDNO on July 12, 2010. The revisions consisted of verification of

direction, size and position within the grid system. In general the cross-sections were reduced in length and a

few were removed. Resulting hydrographs from the aforementioned cross-sections were used to determine

the causes of the fluctuating hydrographs reported in the CARDNO models.

Figure 3.1: Location of cross sections, directions provided by FCDMC

Flood Control District of Maricopa County
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•

•

•

The oscillations present on the hydrographs raises questions in regards to the applicability of the component

for the Broadway Rural Drainage Master Plan (DMP). Comparing the results of the models without the

street component allows setting the framework in which the DMP will be modeled. A comparison among

models was performed to assess the differences in model results due to dle use of street component and

change in shallow n-values as well as other settings. The grid size and shallow-n value analyses were

completed for CS7 and CS9. Cross-sections CSll, CS7 and CS8 were used to evaluate the street components.

3.1 Shallow-n Value Analysis

In FLO-2D overland flow can be simulated using the depth variable n-value by assigning a global value of

shallow n. The shallow n-value accounts for higher roughness associated willi shallow flow over dle land

surface and dllough low vegetation, which is applied in FLO-2D to compute a deplli variable n-value for

depdls below 3 ft, as described in FLO-2D Data Input Manual. The depdl variable n-value ranges from

shallow deplli n-value for depllis smaller than 0.2 ft to dle overland flow manning's n roughness for depdls

higher than 3 ft.

The shallow n-value analysis was performed to assess the effects of using different shallow n-value settings

and to determine its relationship to the hydrograph oscillations. The tests were performed at three settings:

1.0 Shallow n-value (sn) = 0.15

2.0 Shallow n-value (sn)= 0.10

3.0 No shallow n-value, referred as "no sn" ( depm-variable n-value turned off, AMAN = -99)

Figure 3.2 and Figure 3.3 show the changes in hydrographs properties due to three different n-value setting

used in conjunction widl llie street routine. Figure 3.2 shows 3 hydrographs willi different shallow-n value

settings which results in small differences in volume and peak discharges. On one hand, turning off the

depdl variable n-value has a slight increase in bodl peak discharge and volume. The shallow n-value of 0.10

results in a hydrograph with me smallest peak discharge and volume. The change in hydrograph volume

shown in Figure 3.2 disagrees with assertions about peak discharge order with respect to roughness of the

surface, which infers dlat the rougher n-value of 0.15 should have dle smallest peak discharge. TillS should

be investigated further in an alternative analysis but it is not relevant to dlls analysis.

Figure 3.3 shows dlat despite dle change in shallow-n values me oscillations remained. It was concluded dut

lliere was no evidence of a relationship between dle hydrograph oscillation and the shallow n-value settings.

Flood Control District of Maricopa County
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• 3.2 Street Component Analysis

•

Many of the oscillations in the hydrographs were observed when applying the street component. This

component was modeled and implemented using 50 ft grid to simulate linear street elements. Before

performing the analysis, it was observed that the street grids were also coded as outflow grids of some

locations; which are depicted on Figure 3.4. This observation identifies the source of the excess 0.55 acre­

feet of outflow volume reported in the Volume Conservation Analysis section.

50 ft Computational Domain
8 50 ft Inflow Coded Grids

~~~; Ix 50 ft Outflow Coded Grids
Street Coded Grids

Figure 3.4: Map of street coded grids

Another observation is that some hydrographs oscillations were apparendy caused by either Width Reduction

Factors or Levee coding, as shown on Figure 3.5. CS7 is adjacent to a Levee coded grid on the west and

northwest. CS8 is adjacent to Levee coded grids to the soudlwest, west and nordlwest. CS8 is also adjacent

to a \VRF coded grid on dle northeast. Figure 3.6 and Figure 3. 7 illustrate the changes in hydrograph shape

once dle \VRF and Levee coded grids are turned off.

Flood Control District of Maricopa County
10 25 October 2010
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Figure 3.5: Locations of CS7 and CS8 on Rural Road
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Figure 3.6: Hydrograph at CS8 affected by WRF and Levee blocked grids.
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Figure 3.7: Hydrograph at CS7 affected by Levee coded grids

A third observation was the assigned cross-section direction was also a factor in hydrograph oscillation.

Cross-section 11 was placed on Vista del Cerro Drive and the assumed direction of flow by CARD 0 was

oriented westward, following dle physical alignment of the street and the ground surface slope gradient. The

peak discharge reported was 252.84 cfs. The resulting hydrograph reported is illustrated Figure 3.8 below.
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Figure 3.8: Instability present at CSll
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The amplitude of the oscillations were reduced once blockages were removed the resulting discharge was

82.43 cfs. TIle oscillations were completely removed once the assumed direction of flow on the cross-section

was changed from direction 4 (west) to direction 1 (north) matching the FLO-2D computed peak flow

direction resulting in peak discharge of 21.35 cfs, which is reasonable.

SE sw NW

S W NE SE sw NW

Figure 3.11: Predominant surface flows and assumed flows in the vicinity of cross-section 11

Flood Control District of Maricopa County
13 25 October 2010

FLO-2D Hydrograph r\nalysis



4.0 Surface Analysis

A factor that can contribute to nwnerical instability with the FLO-2D street routine is an uneven street

ground profile. The computation of grid elevations can yield uneven profiles for streets that actually have

smooth profiles. The street profiles generated by GDS demonstrated that the ground surface represented by

the average grid elevation was not as smooth as the actual profiles, which led to an evaluation on the

topographical input to FLO-2D. The street profiles for CS11, CS7 and CS8 can be found in the Appendix.

The topographic mapping used in this study area was provided by the District. The density of points

provided in the mapping project is concentrated in the details for the sidewalk, ground, parking lots, etc; as

shown in Figure 4.1. The only details provided for the street crown and gutter are breaklines. The density of
topographic detail lies along sides of the street where landscaping details require extensive points to map

them properly. The dense point detail along the edges of the street in combination with relatively fewer

points necessary to define the street, results in a bias when computing average grid element elevations.

In tllls analysis, two methods of interpolating surface elevations were evaluated:

•

1.

2.

Using the points directly from tlle mapping, referred as PTS.

Developing an ASCII Grid surface using GIS tools, referred as ASCII.

Figure 4.1: Mapping Data including break lines and points

Flood Control District of Maricopa County
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The fIrst technique consists of developing a text fIle that contains three columns with easting, northing and

elevation from data extracted from breaklines and mass point @es. The text tile is then named to match the

extension required by GDS. The resulting flie is recognized by GDS with the extension of *'pts, which is

explained in further detail in the GDS manual.

The second technique involves using the 3D Analyst tool package from McGIS 9.3 to build a Triangulated

Irregular Network (TIN) surface from the break line and point data provided with the mapping. The TI

then is transformed into a raster of a fIne pixel defInition, in this case 2 ft. Then, the raster is exported to an

ESRI ASCII Grid @e using standard GIS tools. The resulting ESRI ASCII Grid flie was used in GDS to

compute FLO-2D grid elevations.

This evaluation consists of comparing the differences in volume between 6 different surfaces:

1. TIN based on FCDMC mapping using the 25-ft grid areal extent

2. 25 ft FLO-2D surface from PTS

3. 25 ft FLO-2D surface from ESRI r\SCII Grid

4. TIN based on FDMC mapping using the 50 ft grid areal extent

5. 50 ft FLO-2D surface from PTS

6. 50 ft FLO-2D surface from ESRI ASCII Grid

In order to compare the TI surface wid1 d1e 25 ft and 50 ft FLO-2D surfaces, d1e volume of each TI was

calculated using d1e TI polygon volume tool from GIS. This tool calculates the volume and the surface

area of a TI surface enclosed by a polygon and a plane of reference. The plane of reference for this analysis

was 1166 ft, the lowest point on the FLO-2D grid surfaces. Since the extent of the area covered for the 25 ft

and 50 ft grid are different, the outline of each grid was used to calculate d1e volume of the surface. The

following are d1e volume characteristic of the surfaces:

Table 4.1: Surface-volume comparison above 1166 ft elevation

Volume (acre- Percent Error
Surface 2D Area (Acres) ft) (%)
1. TIN - 25ft Area 222.81 1473.56 n/a

2. 25ft PTS 222.81 1478.54 0.338%

3. 25ft ASCII 222.81 1474.50 0.064%

4. TIN-50 ft Area 219.01 1454.89 nla

5. 50ft PTS 219.01 1460.57 0.391%

6. 50ft ASCII 219.01 1455.98 0.075%

The above comparison suggests d1at the ASCII approach provides more accurate surface representation than

the PTS approach for both grid sizes. As expected the 25 ft ASCII surface provides the closest surface

approxin1ation for this type of terrain.

Flood Control District of Maricopa County
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•

•

•

Another comparison was made along 10 different street proftles to determine the FLO-2D model surface

that provides the best estimate of the TIN surface. The profiles were drawn along the street's crown and

gutter for two arterials and two collectors as illustrated in Figure 4.2 below. The 10 individual street proftles

comparisons are in the AppendiJc section. There is no tool to generate a profile from a TIN surface or a raster

in GIS that would allow the comparison of both surfaces. Consequently, the proftles were created using 3D

points on the same line, at different linear intervals. The intervals used were 1ft for tlle TIN, 25 ft for the

25ft grid surface, and 50 ft for the 50 ft grid surface. Coincident points along this lines, which have tlle exact

same easting and northing, were used to derive the root mean squared error values presented in Table -1-.2.

ofile Description

Broadway Rd Crown West of Rural

Broadway Rd South Gutter West of Rural

Rural Rd Crown (Break Line) NOOh of Broadway

Rural Rd E Gutter (visible Brk In) N of Broadwa

Rural Rd Crown (Break Line) South of Broadwa

R..-al Rd E Gutter (visible BrI< Ln) S of Broadwa

Ventura Dr Crownr N of Broadway (BrI< Ln)

Ventura Dr West Gutter N of Broadway (Brk Ln)

Vista del Cerro Dr Crown

••- Vista del Cerro Dr NOOh Gutter

50 ft Grid Com tational Domain

Figure 4.2: ProfIle locations

Table -1-.2 compares the root mean squared error (RMSE) of the difference in elevation along each proftle.

The average RMSE for all proftles is presented in the Compound Average RMSE row in Table 4.2. Sinlllar to

the preceding volume analysis in tlus section, the r\SCII approach provides a better approxin1ation of the

TIN surface. The profile comparison shows that the 25 ft grid provides a better approxin1ation of the surface

at a local level tllan the 50 ft grid. Two bar graphs comparing the 25 ft and the 50 ft grids are included in the

Appencli.,<. The ASCII approach applied to the 25 ft grid provides tlle closest approxin1ation of tlle TI

surface.

Flood Control District of Maricopa County
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Table 4.2: Profile comparison

Root Mean Squared Error (RMSE) in
feet

Profile 25 ft PTS 25 ft ASCII 50 ft PTS 50 ft ASCII

Broadway Rd Crown West of Rural 0.627 0.576 0.751 0.685

Broadway Rd South Gutter West of Rural 0.436 0.413 0.433 0.400

Rural Rd Crown North of Broadway 0.335 0.391 0.487 0.422

Rural Rd E Gutter North of Broadway 0.786 0.709 0.744 0.726

Rural Rd Crown South of Broadway 0.294 0.292 0.291 0.326

Rural Rd E Gutter South of Broadway 0.302 0.277 0.402 0.419

Ventura Dr Crown North of Broadway 0.189 0.156 0.139 0.139

Ventura Dr West Gutter North of Broadway 0.060 0.055 0.115 0.073

Vista del Cerro Dr Crown 0.307 0.289 0.310 0.272

Vista del Cerro Dr North Gutter 0.255 0.277 0.390 0.370

Compound Average RMSE in feet 0.359 0.343 0.406 0.383

Flood Control District of Maricopa County
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•

5.0 Conclusions and Recommendations

The main objective of this report was to investigate and determine the settings that caused hydrograph

anomalies noted in the CARDNO submittal dated July 12, 2010. The following sections provide conclusions

and recommendations.

5.1 Conclusions
1. The time series error reported in the HYDCROSS.OUT file was caused by internal FLO-2D

software coding. The issue was addressed by Dr. O'Brien, who released a new version: FLO-2D

200.06 build 2010.05.10.

2. Shallow n-values were suspected of causing instabilities in the hydrograph but there was no

evidence of a relationship with the hydrographs oscillations.

3. The WRF and Levee adjacent to Street coded grids caused oscillations on the hydrographs

reporting high peak discharges. Once removed, peak discharges dropped to reasonable levels

and provided hydrographs without oscillations.

4. The selection of flow direction for a cross-section is critical when representing the overland flow

and implementing the street routine. The flow direction assigned to a cross section would have

to agree with the direction of the overland flow, which is driven by the gradient in the surface

encompassing the cross section.

5.2 Recommendations
1. FLO-2D computational domain should be greater than the study area so that no critical

topographical feature is missed and to attenuate the effects of hydrologic and hydraulics near the

model boundary.

2. Outflow cells and other components in a model should be assigned individually, avoiding the

assignment of two components to one grid; in this case a street and outflow assignment to the

same grid elements.

3. Given the constraints posed by the street routine, it is not recommended to use the street routine

for the Broadway Rural DMP.

4. Use the ESRI ASCII grid methodology and GDS to compute element grid elevations for

Broadway Rural DMP rather than the .pts approach.

5. In order to achieve the best representation of the TI surface, use a 25 ft element grid cell size

or similar for the Broadway Rural DMP.

6. Revise the cross section orientation when hydrographs present oscillations.

7. Turning off depth variable n values is not recommended for the Broadway Rural DMP. The

volume analysis and the hydrograph analysis provided results that are disagree with the expected

response of using lower n-values. The outflow volume for the shallow n-value of 0.10 was the

highest, where the expected highest outflow volume was expected from the turned off variable

n-value run. In addition to this, the hydrograph analysis resulted in the lowest peak discharge for

dle n-value of 0.10, where the expected lowest peak discharge was from the rougher n-value of

0.15. This disparity on shallow n-value settings results should be further investigated.

Flood Control District of Maricopa County
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6.0Appendix
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St~eet C~est and Ground Elevations

Assumed Flow direction at C57 and C58

O'l

'"r-
N

C58

... 0

'" '"r- r-
N N

N

'"r-N

..
1174.0

1173.8

1173.6
a
0.......,

1173.">lU.......
1173.2

1173.0

1172.8

1172.6

100 200 300 400 500

Aproximate Street Distance (ft)

Figure 6.1: GDS Street Profile for cross-sections 7 and 8

19
Flood Control District of Maricopa County

25 October 2010
FLO-2D HydIOgraph Analysis



1174.0

1173.75

1173.50

1173.25

8...
" 1173.00..
:>.....
'"'1172.75

1172.50

1172.25

1172.00

1171.75

M
o....
N

Street Crest and Ground Elevations

Assumed Flow direction at C57 and C58

C57

Ser••e
Cround

100 200 300 400 500

1,1742

•

Aproxi.JLate: Street Distance (tt)

Figure 6.2: GDS Street profile for CS7 (2684 and 2736) and CS8 (2686 and 2738)

~,-:-:::

1,174 •.""". I ..,
1,173.8 ... \. ~ :i""

1,173.& ••~....,~'

.. CNIIhot~RdCI_"West... ltulai

TM _.- - MnpTSAptlfNCIlo . --·lS .. ASCI"""'oac:lt.· _ - s.ftP'SApfHoacllo

Figure 6.3: Broadway Rd Crown Profile

Flood Control District of Maricopa County
20 25 October 2010

FLO-2D Hydrograph Analysis



2,400

--- - ---- -----,

2,0001,BOO1,600
StalJon(l'I)

1,4001,2001,000

1,171

1,170.8 -

1,170.6 - -

1,110.4 ­

1,170.2

,,170------

1.169.e-t.,.. ~-----~-----~----_~----~-----~-----~-----~ ---!
BOO

1,173.8 -_--

1.173~ ~,;:.;::;;>".",,----
1,173.4 t- _ -_"'-\.~:~.~

1.1n2- -

1,173 - '~;~:~:., ...::::;:,~ -

1,172.0 - '~_7'~

1,172.6 -....~:-~.."

1.172.4+-----------------""',,~---

1,172.2 - - ~.:~~
€ ' ....~;.:.-:.-1'.~:~~.:s 1,172 -: .._

i,,17Ul -­
iIi 1,171.6

1,171.4

1,171.2

BtOMtw'l!lRd$(MIlhGunet Wttd of Rual
Til - - ... - lSftPTSApptoach - ...---lSftASCIAppt&;l(;h· _. 5tftPTSAptMoach Sf ft ASCI ApptoKh

Figure 6.4: Broadway Rd Gutter Profile

1,1001,llOOeoo700600
Station (ft)

500400300200100

,,17•.3.,...---------------------------------------------------..,
1,1742

1,174.1

RualRdCfoWl'tBle~line, ItofUI ofBt~~

rll - -- . lit1PlSApptNCh .- 2SnASCIApl)foach - _ - StftPTSAppl6aCh Sf n ASCI AppIo_'"

Figure 6.5: Rural Rd Crown Profile 1

Flood Control District of Maricopa County
21 25 October 2010

FLO-2D Hydrograph Analysis



• 1,175.9

1,175.8

,,'15.71---------------------
1,175.8 ­

1,115.5

,,175...-1---------- ­
1,175.3

1,1752

1,175.1

€ 1,175

.g 1,174.9

i 1,174.8 ~." ,.f

W 1,174.7 ~ #

::;~:~ ?~~:~:,'~~,:,:/A·~~;~

:j~ :-j~';~;:i~::~:::-:~~/ \J ------
1,173.8 ~. _.\,- -.---- - ----------.

1,173.7 - .' --- -

'00 200 300 500 500
Station(ft)

700 000 900 1,000 1,100 '.200

lba.kdClownl· ........)SouIhol8t~
111 •• _. lIftPTSAppt....c.. ·-~··lSftASC.AHtNC"· _ - Sftt'UAptHoaclt Stft ASC' AptHI....

•
Figure 6.6: Rural Rd Crown Profile 2

1,174.8.,.----------------------...--------------------- -,
1,1747

1.174.6

1,174.5

~:~~:~ 7,. :
1,1742 ,i* "~

1.~~~: - i' i"-

~:~~~ i7- t~ -7~f

i:j~ .~-.:;:.,-,,-.....-~ .. .,_-It;,l1-·,\~,:·~;~,:;:~~ ..,_::'"~:j{;;~:~:lr·-<
1,172.8 ~'. ~,_ ..;:/~,;~r \:'_\,,.,/,17 ,_ _ ~.
~:~~:~ ': ~ \ _ ,.~~.,i
1,ln..s ~ 7'!'-.q'!'
1,172.4 \ -L-. _
1,172.3 ~ ...t:...._ _ __

1,1722 ~,;;.........~'"
1,ln.1

1,172

1.171.9l,- ~---_~---~---~_:_---~---~----~---=---~_:_---~---~_:_---'
100 200 300 Q) 500 600 700 800 900 1.000 1,1 00

Stabon (t)

•

~'alJldIEGun... f......ku.t .. fIIf ..~

TW - -_. MftPTSAptHNdli ··_·-lSftASC......NC.. - .. - Sttl:PTSAll't"oac:"

Figure 6.7: Rural Rd Gutter Profile 1

st .. ASCI AptMO;teh

Flood Control District of Maricopa County
22 25 October 2010

FLO-2D Hydrograph Analysis



1,1755 ----

1,175.4+-----

200 500 600
Slatlon(ft)

700 llOO 900 1,100

Rta"'Rdt:GtI""I.iblel5lklft)Sot8fo~~

T" - -- - ?'ftPTSAppfo.Kh ---··2SftASCIApptoach - _ - HftPTSAppioach

Figure 6.8: Rural Rd Gutter Profile 2

"ft ASCI ApvIuch

50 100 250
Slabon(ft)

500 550

Ven'.. ", Or CIOWIII N of SI o'Mh'.ay lSI k Ln.
Til - -- . 2SftPTSA,>pfoach . - 2SnASCIApptoach - _ - SlftPTSAppioach

Figure 6.9: Venrura Dr Crown Profile

SIn ASCI Appto<te:h

Flood Control District of Maricopa County
23 25 October 2010

FLO-2D Hydrograph Analysis



• 1.172B ~ -- --------------
1,172.75 ;.._......

1~,·~~ :~_..~~_
1,172.8 ", """"

1,17255 '-'..v .....:.<ro·,
t ~.~n~ --"" °'-0:... . "' ..
1,172.4 "''\. .

1,172.35 =~_........~.:\.
1.172.3 ',:,~",:-

1,17225 ...
1,172.2

~';'.~.~
.gI,l72.D5­

i 1,172
W 1,111.95 - ~ -',-

,:;~:~ ",--,--'.~~~>~~
1,171.8 .,.,.,...

,i~:~~~_~_-_-_-_-_-_-_-__-~::_-_-_-_~~~~~~~~~_-~ __'~_::'_~:_:_::~~=_'~_'~_~~_:"'_~_=_~;,;_~_:_~_';_~~_'~_~,-:_~-~-~-~-'-~-"_~~_'T:~_~~_~:_~_:_?_~_'~_-'T-_;'_~_=--..__.~_.~-~-':~;~-~~-~~-~:_'~_:"-~~-"r"
50 '''' '50

Station(ft)
350 "'" 450 SOl 550

'i.....a.. Wfl( 6*.. N of "oa-..."",,8I1l lilt
Tit - -_ - UnPTSApptNCIlI ··---2SftASCIAptNoacllI - _ - seftPTSAptlI_tlI St fit ASCI AptMoaclll

Figure 6.10: Ventura Dr Gutter Profile

• 1.173.9..----=---------------------------==-==----==--------=---------c:-:o
1,173..8

1,173.7

t,173.6 ;.

1,173.5 ;~~..:.

1,173.4 i/- ~..­

1,173..3 I

1,173.2.
.~

1,173.1 ,,:. ..

1,173 \ \~:,

g"l72.9 I r.,
g"t72.8 ~t
! l,tn.7 t ~\
~ 1,tn.S F

::~~:: \\
1,172.3 .\\\,.!
1,172.2 "t~!

1,172.1 f'\
,.1ni------~;;\~\

::[[1 t~:;:(",?".,'="~-.·~J ;:;~:;?>-

'''' "'" SOl
S1ation(ff)

700 '.000

•

v..... del c..,. II c........
DI - -- - lSftPTSAptNNCh -----15ftASCIAtltMNdl - ~. WtlPTSA,tMoac"

Figure 6.11: Vista del Cerro Dr Crown Profile

50... ASCI AppIoac."

Flood Control District of Maricopa County
24 25 October 2010

FLO-2D Hydrograph Analysis



1,173.3 - , .....~.

t.173.2 ....,.a:..: ..~~~ - - -- -
1,173.1 #'~- - "~"\. - -- -- - ---- -

1,113--- . \ ----- .-_

1,112.9 _ _ ..\.-i. __~~.~-:1
~ , ,~

1,172.8 -- \ \ - ---- ,,<~;

1.172.7 --- 4 , - -- - 7;-

1,172.6 - - \. \- _._- - ..::,.......,_ ••~,!/--
1,1125 - \ ~ .... r; -

€',172.4 \ ' __ -,;.#::';'-' ~~~~:;I _

j ':~~ -~ \~_ _'7~-~;:P<7;~:,:~:~..._~.;~:_:;:~i:.~.;.;k~:e:¢';"'-- - - --
1,171.7 • '''~-;;''''·"r.~.i~! --+------:...'11..,.' '--

~\'\.:;-; ,.' .
1.171.6,------....~ ------ - ----

::::::: ---~~::.~://- --------
1,171.3

100 200 300 '00 500
Stallon(1'O

700 llOO 900

Vkt~ def Coe-flO DI Nonh Goner
,.. - -+- - lS"PTSAppfo~h ·--···2SftASCIAppt_h· _. AftPTSApptoach

Figure 6.12: Vista del Cerro Dr Gutter ProfIle
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Figure 6.13: 25 ft RMSE Surface Comparison
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