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PREFACE

The research reported herein is a study of the performance of culverts with
and without safety grate end treatments. The experimental work was carried out on 1)
a 2-ft x 1.25-ft box culvert and 2) a 15-inch diameter helical corrugated metal pipe
culvert. Experiments were conducted to determine the effect of safety grate end
treatments on culvert hydraulics.

The study was initiated under an agreement between the State Department of
Highways and Public Transportation, the State of Texas, the Federal Highway
Administration and the Center for Highway Research of the University of Texas,
Austin. Special acknowledgment is made to Messrs. Dwight Reagan and Sam Fox of
the Texas Highway Department and Messrs. Sterling Jones and Dan O'Conner of the
Federal Highway Administration for their valuable suggestions and comments during-
the investigation.

Special thanks are also due to the Armco Metal Pipe Corp. for providing the
15-in diameter helical corrugated metal pipe used in this study. The authors also wish
to thank Messrs. Red Worley, J. Pritchard, Delbert Stark, Michael Pepe and J. Paul
Hendrix for their assistance in construction of the models and the collection of the
data. The assistance of Messrs. Nisai Wanakule and Yeou Koung Tung in carrying out
the statistical analysis, was highly appreciated. Finally the authors wish to thank Ms.
Nickla Tayarani for typing the manuscript, and the administrative staff at the Center
for Research in Water Resources for their efforts and support towards completing this

project.
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ABSTRACT

The purpose of this research was to establish through an experimental study,
the hydraulic characteristics of culvert end treatments (safety grates) on both box and
pipe culverts. A significant amount of work has been performed in the past to
establish the hydraulic characteristics of culverts, but there has been very little effort
to study the hydraulics of culverts with grates. A 1:4 scale model was built to
simulate flow conditions in a 5 x 8-ft box culvert. Investigators also tested a l:4 scale
model simulating flow in a 60-in helical corrugated metal pipe culvert. The slopes of
the culverts, the flowrates and the elevations of the tailwater were varied to simulate
the various types of flow conditions which can exist in a highway culvert. The box
culvert was tested with no safety grates, pipe safety grates and bar safety grates. The
pipe culvert was tested with no safety grates and pipe safety grates. A regression
analysis of the experimental data was performed so as to relate (1) for outlet control,
the various hydraulic parameters to the entrance headloss coefficient, and (2) for inlet

control, the headwater depth to the discharge.
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CHAPTER I INTRODUCTION

.1 Statement of Problem

Culverts are designed to convey flow of stream water both along and
across highway right of ways. If not properly designed, culverts could become
dangerous obstructions to vehicles accidentally driven off a highway. To
minimize the hazard, culverts could be designed so that the inlet and outlet
structures are outside the highway right of way. Another safety feature would
be the installation of guard rails. However, in some instances, the least costly
and most practical safety design could be to install safety grates at the culvert
ends (inlet and outlet structures).

Hydraulic engineers are concerned about the effect that safety
grates have on the hydraulic performance of the culvert. Safety grates can
cause an increase in entrance head losses affecting the culvert hydraulics and
susceptibility to clogging. During flooding conditions, a large amount of debris
(tree branches, trash, etc.) is usually present in the flow. If the debris clogs the
entrance, then the culvert could become hydraulically ineffective and the
possibility of overtopping the highwav may exist. This can result in flood
damages to adjacent property, damage to the highway embankment and struc-
ture, and increase traffic delays.

The purpose of this experimental study was to determine the effect
of safety grates on the hydraulic performance of both box culverts and
corrugated metal pipe culverts. Specifically studied were the changes in the

entrance head losses for various flow regimes and the effect of clogging on the



culvert performance. The results are presented for use in the future design of

highway culverts.

1.2 Safety Grate Design

The design of the safety grates is based on two constraints. First,
the grates must have enough structural integrity to support an automobile.
Second, the safety grates should have a minimum amount of materials for least
possible interference of the natural flow. The Texas Transportation Institute
(TTI) at Texas A & M University conducted a series of tests to determine a
safety grate design considering automobile safety. Essentially, automobiles were
driven at varying speeds over safety grates constructed of steel pipes. The
result of the TTI study was a safety grate design constructed of 3-in diameter
pipes placed on 30-in centers. These grates are referred to as "pipe safety
grates' in this study and are illustrated in Fig. 1.1.

These grates are to be installed on highway embankments such that
there are no protrusions above the highway embankments. For a complete
discussion of the TTI study, refer to Texas Highway and Transportation Project
Study No. 2-5-79-280 "Safe End Treatment for Roadside Culverts."

The experimental study described herein performed hydraulic model
studies of the TTI design using a 1:4 scale model of an 8-ft x 5-ft box culvert.
Also a bar type safety grate was tested using the l:4 scale box culvert.
Prototype dimensions of the bar grates are 1/2-in x 2-in placed on 5-in centers
(Figure 1.2). Clogging tests using the box culvert were also performed. Safety
grates for a pipe culvert (Figure 1.3) which had prototype dimensions of 3-in
pipes placed on 24-in centers were also tested. The safety grates are discussed
in detail in Section 2.7. Each of the grates are placed parallel with the highway

embankments so that there are no vertical protrusions above the embankments.
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A b:1 slope of a highway embankment was used in all the experiments presented in

this report. Results generally can be safely extrapolated to other embankment

slopes.

1.3 Review of Previous Studies

Numerous investigators have researched the hydraulic controls and
flow types of culverts. The primary controls of culverts have long been
identified. However, the hydraulic performance of a new culvert design cannot
be theoretically modeled with accuracy, and must be experimentally determined.
A review of previous experiments contributes an understanding of culvert
hydraulic controls and experimental techniques.

Mavis (1942) conducted one of the most comprehensive studies
performed on culvert hydraulics. The culverts tested were 3-in, 4-in, 6-in, and
12-in diameter pipes. These pipes represented "conduits of intermediate lengths"
which most field culverts are classified. Short length culverts have been defined
as having negligible frictional resistance, and the discharge depends upon the
geometry of the inlet and on headwater depth Mavis, 1942). Hydraulically long
culverts have headlosses which are a function of conduit geometry, frictional
forces, flow rate, and Reynold's Number, Mavis determined that intermediate-
length culverts operate under five sets of conditions which are:

1. Part-full free outfall

2. Part-full with outfall partially submerged

3. Full with outfall completely submerged

b, Full with outfall partially submerged

5. Full with free outfall.

The study results were charts and nomographs that have been used in a

substantial number of design manuals.



Shoemaker and Clayton (1953) performed a series of mode] studies of
box culverts on steep grades. Objectives of this study were to determine culvert
hydraulics and to improve effectiveness of the Oregon State Highway Standard
inlet. Three inlet types were tested: (1) an inlet with no flare or taper; (2) an
inlet with tapered sidest and (3) an inlet designed to operate under entrance
control. The investigators observed that a submerged standard inlet operates as
a sluice gate while a tapered inlet allows flow full with no sluice gate
contraction. The increase in culvert capacity due to the tapered inlet resulted
from an increase in flow area by elimination of the sluice gate contraction.

Schiller (1955) conducted a series of tests on circular pipe culvert
inlets. The purpose of the study was to determine efficient inlet designs based
on hydraulic controls. Two inlet designs were compared; (1) a square-edged flush
inlets with flared, straight, and parallel wingwalls; and (2) a mitered sharp-edged
inlet. The square-edged flush inlet performed more efficiently than the mitered,
sharp-edged inlet.

French (1955) presented a discussion of Schiller's works. He noted
that the upstream approach channel characteristics greatly influenced the
efficiency of the inlet. The greater the turbulence in the approach channel, the
larger the amount of separation occurring at the inlet boundary surface. The
ability of the upstream approach channel to control the full capacity was
experimentally shown for culverts placed on steep slopes. French also noted that
the effects of the approach channel would be smaller on larger scale models.

French (1957) also studied the effect of approach channel character-
istics on pipe culvert operations. He concluded that general reproducibility of
experimental results to field conditions involves considerable awareness of

approach flow conditions.



Bossey (1961) presented an unpublished paper outlining the hydraulics
of conventional highway culverts, He observed that two primary factors
controlled culvert capacity - {1) the cross-sectional area of the barrel and (2) the
headwater depth. Secondary factors were: (1) shape of barrel; (2) inlet
geometry; (3) resistance characteristics; (4) length; and (5) slope. The secondary
factors generated an increase in headwater depth as flow contracts into the
culvert,

French (1966) also conducted an experimental study to determine the
hydraulics of tapered box culvert inlets. Since the box culvert was placed on a
steep slope, the experimental work involved only inlet control conditions. Again,
the hydraulic performance of a highway box culvert on super-critical slopes
could be substantially increased by tapering the inlet. Also, the hydraulic
efficiency could be increased by not allowing subatmospheric pressure regions to
form.

Blaisdell (1966) further categorized culvert flow into four regimes:
(1) weir control; (2) orifice control; (3) slug and mixture control; and (4) pipe
control. Weir control was defined for either an unsubmerged entrance geometry
control on steep slopes or barrel geometry control on mild slopes. Orifice
control represents submerged entrance geometry control. Slug and mixture
control describes barrel geometry controlling a flow of water and entrained air.
Pipe control was determined for a full flowing culvert controlled by barrel
characteristics and/or tailwater depth. A graphical representation of the
different flow types can be expressed in a headwater versus discharge plot
(Figure 1.4).

Numerous design manuals exist for step by step selection of a

culvert, Some of the most widely used manuals are listed in the references. In
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addition, computer programs have been written to aid in the culvert selection
process. The State Department of Highways and Public Transportation in Texas
uses the Texas Hydraulics System (THYSYS) in culvert design. THYSYS uses
inputted values of the design discharge, the estimated tailwater, the culvert
dimension parameters and slope, and determines the appropriate flow
regime, headwater depth, and outlet velocity. THYSYS generally distinguishes

between steep and mild slope regimes and specifically determines other para-

meters.

1.4 Study Objectives

As illustrated by the previous review, numerous experimental studies
have been performed on the hydraulics of culverts, but none have been reported
in the literature on culverts with safety grates. Several objectives included:

1. Perform studies using a box culvert model to make a direct
comparison of culvert performance with and without safety
grates. This included hydraulic tests varying the culvert slope,
discharge, headwater depth, and tailwater depth. For each
variation of these parameters experimental data were collected
without grates, with pipe grates installed, and with bar grates
installed. The results of these tests are summarized in Chapter
3.

2. A second major objective was to determine the hydraulic
effects of various levels of clogging of the safety grates. The
problem of clogging is not addressed in current culvert design
as culverts are presently designed without regard to clogging.
Culverts without safety grates are usually large enough for

trash or debris to pass through. However, from informal field
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observations, safety grates can retain a significant amount of
debris and can effectively clog the culvert. The effect of
clogging on the entrance headloss coefficient was determined
using various percentages of clogging ranging from 15 to 90
percent. Since the amount of debris collected on a grate
cannot be predicted it would be difficult to develop guidelines
for future culvert design taking into the effect of clogging.
The results of the clogging tests are summarized in Chapter 4.
Perform studies using a corrugated metal pipe culvert to make
a direct comparison of culvert performance with grates install-
ed and without safety grates. This included hydraulic tests
varg/ing the culvert slope, dishcarge, headwater depth, and
tailwater depth. For each variation of these parameters,
experimental data were collected with and without safety
grates installed. The results of these tests are summarized in
Chapter 5.

For inlet control conditions, headwater-discharge relationships
were developed. Regression equations were derived using the
box culvert results for the situations: f1) no grates; (2) pipe
grates installed; and (3) bar grates installed. Regression
equations were devised using the pipe culvert results for the
situations: (1) no grates; and (2) pipe grates installed.

The results for the box culvert are summarized in Section 3.2
and for the pipe culvert are summarized in Section 5.2.

The box culvert results for outlet control were used to derive

regression equations to define the entrance head loss coeffi-
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cient as a function of the various hvdraulic parameters. Sev-

eral relationships were derived for each of the following

conditions:

(@) Each flow regime separately

(b) Submerged conditions of the inlet

()  Unsubmerged conditions of the inlet

(d)  Submerged and unsubmerged conditions combined.
Because either inlet or outlet control in general is considered

in design, the regression equations considering each flow regime

separately may not be of practical use. The results of the

above regression analysis are described in Chapter 3.

The pipe culvert results for outlet control were used to derive

regressions to define the entrance head loss coefficient as a

function of the various hydraulic parameters. Several relation-

ships were derived for each of the following conditions:

(a) Submerged conditions of the inlet

(h)  Submerged and unsubmerged combined.

Another major objective was to nut the regression results of the

entrance headloss coefficient (outlet control} for the box cul-

vert and pipe culvert, with and without grates, in a graphical

form for easy use by the designer.

Review of Culvert Hydraulics for Design

Designing culverts involves many factors including estimating flood

peaks, hydraulic performance, structural adequacy, and costs. The design of
culverts, based on the interrelationship of numerous controlling factors is not an

exact scientific procedure. Some of the many factors which control flow
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through culverts are: (1) discharge; (2) inlet and barrel geometries; (3) frictional
resistance; (4) headwater depth; (5) tailwater depth; and (6) slope. Generally,
only two or three primary factors determine the flow regime through a
particular culvert. For example, the size and shape of the inlet may determine
the capacity of a certain culvert. On the other hand, frictional resistance and
tailwater depth might control the flow in another case. However, the primary
factors are not always identifiable before a design is made. Iterative design
procedures identify the controlling factors for given design parameters.

According to Blaisdell (1966), thirty-eight factors influence the
hydraulic performance of a culvert (Table l.1). The primary controlling factors
can be divided into two main groups: (1) flow with inlet control (steep-slope
regime - S_2S ); and (2) flow with outlet control (mild slope regime - S < SC).
The inlet control group determines the capacity of the culvert based on inlet
conditions, while the outlet control group determines the capacity based on the
barrel and outlet conditions. The outlet control group is a combination of the
outlet control and barrel control groups as defined by Blaisdell.

There have been many reported laboratory tests and field observa-
tions that show the two major types of culvert flow. For each type of control,
different factors and formulas are used to compute the hydraulic capacity of a
culvert. Under inlet control, the cross-section area of the culvert barrel, the
inlet geometry and the amount of headwater or ponding at the entrance are of
primary importance. Outlet control involves the additional consideration of the
elevation of the tailwater in the outlet channel and the slope, roughness and
length of the culvert barrel.

Hydraulic computations can be used to determine the probable type

of flow under which a culvert will operate for a given set of conditions. The
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Table 1.1

CLASSIFICATION OF CULVERT HYDRAULIC CONTROLS

{after Blaisdell (1966)}

1. Inlet
A. Unsubmerged
1. Weir
2. Surface profile
B. Submerged
1. Orifice
2. Vortex
3. Full
II. Barrel
A. Length
1. Short
2. Llong
B. Slope
1. Mild
a. Barrel slope less than critical slope
i. Part full, normal depth greater than
critical depth
ii. Full, not applicable
b. Barrel slope less than friction slope
i. Part full, depth increases along barrel
ii. Full, barrel under pressure
2. Steep
a. Barrel slope steeper than critical slope
i. Part full, normal depth less than critical
depth
ii. Full, not applicable
b. Barrel slope steeper than friction slope
i. Part full, depth decreases along barrel
(increases if the inlet causes the depth
inside the inlet to be less than the
normal depth)
ii. TFull, barrel under suction
C. Flow
1. Part full
2. Slug and mixture
3. Full
III. Qutlet
A. Part full
1. Critical depth
2. Tailwater
B. Full
1. Free
2. Submerged

14



Federal Highway Administration (FHWA) in their Hydraulic Engineering Circular
(HEC) No. 5 provide charts for computing headwater depths for both inlet
control and outlet control and then use the higher value to indicate the type of
control and to determine the headwater depth.

1.5.1 Inlet Control

Inlet control means that the discharge capacity of a culvert is
controlled at the culvert entrance by the depth of headwater (HW) and the
entrance geometry, including the barrel shape and cross-sectional area, and the
type of inlet edge. For inlet control the roughness and length of the culvert
barrel and the outlet conditions {including depth of tailwater) are not factors in
determining culvert capacity. An increase in barrel slope reduces headwater to
a small degree and any correction for slope can be neglected for conventional or
commonly used culverts flowing with inlet control.

In all culvert design, headwater or depth of ponding at the entrance
to a culvert is an important factor in culvert capacity. The headwater depth (or
headwater HW) is the vertical distance from the culvert invert at the entrance
to the energy line of the headwater pool (depth + velocity head). Because of the
low velocities in most entrance pools and the difficulty in determining the
velocity head for all flows, the water surface and the energy line at the entrance
are assumed to be coincident thus the headwater depths given by the inlet
control charts (in HEC 5) can be higher than may occur in some installations.
For the purposes of measuring headwater, the culvert invert at the entrance is
the low point in the culvert opening at the beginning of the full cross-section of

the culvert barrel.
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1.5.2 QOutlet Control

For outlet control, the conditions downstream of the entrance are the
controlling factors in the culvert hydraulic performance. Either or both the
frictional forces or the tailwater depth directly control the flow through the
culvert. The barrel friction predominates if critical depth occurs at the outlet.
Tailwater controls the flow if the tailwater depth is large enough to effect the
headwater depth. Outlet control conditions usually exist in areas of low
topographical relief.

Culverts flowing with outlet control can flow with the culvert barrel
full or part full for part or all of the barrel length. If the entire cross section of
the barrel is filled with water for the total length of the barrel, the culvert is
said to be in full flow or flowing full. The procedures given in HEC 5 provide
methods for the accurate determination of headwater depth for the full flow
conditions. The method given in HEC 5 for the part full flow condition, gives a
solution for headwater depth that decreases in accuracy as the headwater
decreases.

The head, H, or energy required to pass a given quantity of water
through a culvert flowing in outlet control with the barrel flowing full through-
out its length is made up of three major parts (Figure 1.5). This energy is
obtained from ponding of water at the entrance and is expressed as

H = Hv+He+Hf (1.1)
where Hv is the velocity head, He is the entrance headloss and Hf is the friction

loss. A more usable form of the above equation is expressed as

v2 v2

2g * Ce 2g
where HW is headwater depth, d is depth of flow, V is the mean flow velocity, Ce

HW = d + + Hg-S. L (1.2)

is the entrance headloss coefficient, g is acceleration of gravity, Hf is frictional

16



Figure 1.5 Definition Sketch (from H,E.C. 5)
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losses expressed as Hf = Sf . L, Sf is the friction slope, S0 is the culvert slope,
and L is culvert length; the datum is the elevation of the culvert invert at the
exit.

The FHWA manual (HEC 5) and state highway design manuals specify
that the entrance loss, He depends upon the geometry of the inlet edge. This
loss is expressed as a coefficient, Ce, times the barrel velocity head or
He = Ce —;,—:— . The entrance loss coefficients Ce for various types of

entrances when the flow is in outlet control are listed in Table 1.2 which is from

HEC 5.

1.6 Flow Regimes

The Federal Highway Administration (FHWA) and the State Depart-
ment of Highways and Public Transportation in Texas (DHT) distinguishes
between inlet and outlet control for design purposes. DHT (1970) also categor-
izes flow into six different regimes (Figures 1.6 and 1.7) which will be used
throughout this report. Four of the flow regimes (1, 2, 4A, and 4B) are
considered outlet control (Fig. 1.6). The other two flow regimes (3A and 3B) are
considered inlet control (Fig. 1.7).

1.6.1 Outlet Control Regimes

Type | flow conditions (Fig. 1.6) occur when the culvert slope is less
than the critical slope (So< SC), the headwater is less than 1.2 times the culvert
height (HW <1.2D), and the tailwater depth is less than the critical depth

(TW < dc). The energy equation is written between the entrance and outlet as

Ve A
HW = dC + zg + Ce—zg— + Hf—SOL “.3)
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Table 1.2 . ENTRANCE LOSS COEFFICIFNTS
Outlet Control, Full or Partly Full

Entrance head loss H, = C !E
€ 2

Type of Structure and Design of Entrance Coefficient C

Pipe, Concrete

Projecting from 111, socket end (groove-end) . . . 0.2
Projecting from fi{l1l, sq. cut end , . ., . . . . . 0.5
Headwall or headwall and wingwalls
Socket end of pipe (groove-end) . . . . . . . 0.2
Square=edge . . . . 4 . e 6 e e b % e s e e s 0.5
Rounded (radtus = 1/12D) . . . . « « « « . . . 0.2
Mitered to conform to fill slope . ¢ « ¢« + « « + & 0.7
#End-Section conforming to fxll slope . . . « .+ . . 0.5
Beveled edges, 33.7° or 45° bevels . « o « & o . . 0.2
Side-or slope-tapered inlet . . . . . « « o + 4 o . 0.2

Pipe, or Pipe-Arch, Corrugated Metal

Projecting from 111 (no headwall) . . . . . . . .
Headwall or headwall and wingwalls sguare-edge . .
Mitered to conform to fill slope, paved or unpaved

6.9

0.5
Slope...........o.......... OoT
*Ind-Section conforming to fill SlOpe 4 ¢ . 4 4 . 0.5
0.2

0.2

Beveled edges, 33.7° or 45° vevels . . « . o . . .
Side-or slope-tapered inlet . . . &« + 4 s s s o .

Box, Reinforced Concrete

l{leadwvall parallel to embankment (no wingwalls)

Square-edged on 3 edges . . . . o s s e a e 0.5
Rounded on 3 edges to radius of 1/12 barrel
dimension, or beveled edges on 3 sides . . . 0.2
Wingwalls at 30° to 75° to barrel
Square-edged &t Crown . « . « + « ¢ o o & & & o.h

Crown edpe rounded to radius of 1/12 barrel
dimension, or beveled top edge . . . . . . .
Wingwall at 10° to 25° to barrel
Square-edged At Crown . . . . . e 4 o« o4 e e
Wingwalls parallel (extension of sides)
Squarc-edged at Crownt . . . . . 4 s . s e .
S5ide-or slope-tapered inlet . « « 4 ¢+ 4 4 v e e .

[

(e Qo] o =}
-

.

"

*Note: "End Section conforming to {ill slope,” mnde of either metal
or concrete, are the sections commonly available from manufacturers.
From limited hydraulic tests they are equivalent in operation to
a headwall in both inlet and outlet control. Some end sections,
incorporating a closed taper in thelir design have e superlor
hydraulic performance.
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where dC is the critical depth, VC is the critical velocity, and Hf is the friction
loss. For Type 1 flow conditions, there is a transition from subcritical flow in
the culvert to supercritical tailwater flow. This situation requires the develop-
ment of an estimate for Sf. In the DHT solution to the energy equation, Sf is
estimated by assuming uniform flow at a constant depth of l.l'dc.

Type 2 Flow Regime

Type 2 flow conditions (Figure 1.6) occur when the entrance is
unsubmerged (HW = 1.2D), the slope is less than critical (S, < SC), and the
tailwater depth is between the «critical depth and the culvert height

(dC < TW < D). The energy equation is expressed as

V2 2
tw Vtw
HY = Tw &+ zg + Ce —’ég_— + Hf—SOL (1.4)

where TW is the tailwater depth, and Vtw is the outlet velocity. For Type 2 flow
conditions Sf is estimated by assuming uniform flow at a depth equal to TW,

Type 4A Flow Regime

Type 4A flow conditions (Figure 1.6) occur when either the slope is
less than critical (SO < SC) and the tailwater depth is greater than D (TW > D), or
the slope is greater than critical (SO> SC) and the tailwater depth is greater than
slope times length plus D (TW > SO- L + D). This type of flow is controlled by
tailwater conditions. The energy equation is expressed as

2 2
\ \
HW = —E‘ + Ce zg + Hf

+ TW-S_L (1.5)

where V is based on full culvert flow, and Hf is the full pipe flow frictional

losses.
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Type 4B Flow Regime

Type 4B flow conditions (Fig. 1.6) occur when the entrance is
submerged (HW > 1.2D), tailwater is less than D, {(TW < D), and the culvert flows
full for part of its length. This type of flow is controlled by the barrel and

tailwater conditions. The culvert hydraulic performance is approximated by

+ Cq =g~ + Hy + P-SL (1.6)

where V is based on full culvert flow, P is estimated as (dc + D)/2 when TW < dc
or is TW when TW > dC and Vtw is based on dc for TwW< dc or is based on TW for
TW - dc.

1.6.2 Inlet Control Regimes

Type 3A Flow Regime

Type 3A flow conditions (Fig 1.7) occur when the slope is greater
than or equal to critical (S0 el SC) and tailwater depth is less than the slope times
the length (TW < S L). Critical depth controls at the entrance when the
entrance is unsubmerged and entrance geometry controls when the entrance is
submerged. The culvert hydraulic performance is determined by empirical
curves based on experimental measurements (HEC 5).

Type 3B Flow Regimes

Type 3B flow conditions (Figure 1.7) are similar to the Type 3A flow
conditions, except SO L<TwFE< SO L +D. The inlet is either submerged or
unsubmerged. Control may be at either the entrance, or the outlet, or may
transfer back and forth as slug flow. Hydraulic performance is predicted from

empirical nomographs or by type 4A and 4B hydraulic characteristics.
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CHAPTER 2 EXPERIMENTAL CONSIDERATIONS

The planning, construction, and hydraulic testing of the model culvert
with safety grates were divided into several stages. First, the physical
parameters effecting the hydraulic performance of a culvert were determined by
examining the energy equation. After identification of the controlling physical
parameters, hydraulic similitude was utilized to express the relationship between
the scale model culvert properties and the full size culvert performance. The
model culvert was then designed and constructed to simulate possible field
conditions. Finally, numerous hydraulic studies were performed on the culvert
and the resulting experimental data was reduced for analysis.

2.1 Energy Equation

The primary objective of this study was to determine the effect that
safety grates have on the entrance headloss coefficient. Naturally, the entrance
headloss coefficient could not be physically measured, but was determined using
experimentally collected data to solve the energy equation for Ce. Referring to

Fig. 2-1, the energy equation written between points A and C is expressed as:

Vf\ V2 ve2
HW + % = PR + Ce —ZE + Hf +d 2.1

where HW is the headwater depth, VA is the mean approach velocity, V is the

mean velocity in the culvert, C

e is the entrance headloss coefficient, Hf is the

frictional headloss in the culvert, d is the value of the hydraulic grade line at the
entrance, and Ve is the mean entrance velocity measured at the entrance, point
B in Fig. 2.1.

This general form of the energy equation could be solved for the

entrance headloss coefficient if all other terms were physically measured. To
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minimize the number of terms to be measured, the energy equation was
simplified. First, the model culvert approach channel was designed wider than
the model culvert cross-section (velocity assumed to be zero). The approach
velocity head term, VA /2g, was then neglected in the energy equation. Most
culvert design procedures do consider a zero approach velocity. However,
referring to Fig. 2.1, the energy equation between A and B is expressed as:

v2 A

HW = "'2— + de + Ce - (2-2)

where de is the value of the hydraulic gradeline at the entrance and V is the
mean velocity at the entrance. The entrance headloss coefficient* can be

expressed as:
(HW-d_+V_2/2g) (2.3)
c - e e
e V2/2g

A major problem was encountered in measuring the depth of flow at
the entrance because of a large amount of turbulence generated at the entrance.
A separation zone forms along the culvert sides (Fig. 2.1) in which the
streamlines have substantial curvature and, thus, an acceleration component of
flow. The hydrostatic law of pressure distribution cannot be applied to a flow
with a large acceleration component in the cross-sectional plane. In order to
circumvent this problem, piezometers were used in the experimental program to
measure the hydraulic head at intervals along the culvert. From the piezometer
readings and elevation data, the depth of flow and the area of flow were
calculated for each location. The velocity at each piezometer location was
determined from the area of flow and the flowrate; V = Q/A. The total energy
head at each location equals the velocity head plus the piezometer reading
(adjusted to datum). A least squares, linear fit, of the adjusted piezometer

readings downstream of the separation zone, was utilized to define the hydraulic

*All C _values were determined using the mean entrance velocity.
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gradeline. The total energy heads at these locations were similarly linearly
extrapolated to yield the energy gradeline. The calculated hydraulic and energy
gradelines together with the elevation data were used to determine the depth of
flow at the entrance and the entrance velocity.

2.2 Hydraulic Similitude

Hydraulic model studies are based on the application of the laws of
hydraulic similitude. These laws are derived from the basic relations of fluid
mechanics and express the interrelationship of the various fluid flow parameters,
such as velocity, pressure, and shear, under similar boundary conditions. Simili-
tude requires geometric, kinematic, and dynamic similarity be maintained
between the model culvert and the prototype culvert.

The first condition of geometric similarity is satisfied if the ratio of
all corresponding lengths in the model and prototype are equal. This scale ratio

(LR) can be expressed as

Lp =1 (2.4)

where Lm and Lp are corresponding lengths in the model and prototype,
respectively. Geometric similarity does not depend on fluid motion or force.

The second condition of kinematic similarity is satisfied when the
ratio of all corresponding components of velocity and acceleration are equal.
Since the ratio of the components of motion can be written in terms of the scale

ratio, the flow lines will be geometrically similar. The resulting velocity ratio,

V., is
R’ Vv

m
where Vm and Vp are velocities in model and prototype, respectively. Once the

geometric and kinematic similarities are satisfied, dynamic similarity is also

satisfied.
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In this culvert model study, gravitational forces are the dominant
factors describing flow condition. The inertial, gravitational, and pressure
forces are the major controlling factors affecting the flow in the culvert.
Viscous and surface tension forces do affect the flow, but these effects are
insignificant compared to the magnitude of the inertial, gravitational, and
pressure forces and thus can be neglected.

2.3 Laboratory Facilities

All experimental tests for this study were performed at the Center
for Research in Water Resources {CRWR) hydraulics laboratory at the Balcones
Research Center of the University of Texas at Austin.

Permanent equipment such as pumps, a pipe system, and a return
channel provide a system of recirculating water flow through the model. A
schematic layout of the CRWR hydraulics lab is shown in Fig 2.2. The outdoor
storage reservoir has a diameter of 100-ft and a storage capacity of
approximately 550,000 gallons. Two pumps supplied a range of flows up to a
maximum of approximately 12 cfs through model culverts. Regulating valves
are located between the pumps and the indoor hydraulics laboratory. The supply
piping system consists of 12-in diameter overhead pipes housed in a 97-ft by
100-ft room. The 4-ft x 4-ft return channel is located below the floor level of
the laboratory. A sharp crested weir and a Lory Point gage were used to
measure the discharge in the return channel.

A general schematic of the model setup is shown in Fig 2.3. Water
from the supply pipe system enters an 8-ft x 8-ft x 6-ft high head box. This
head box was constructed from 3/4-in thick A-C plywood and set in a metal
frame. All plywood surfaces exposed to water were impregnated with polyester

resin and all joints were reinforced with fiberglass tape. Two sets of baffles
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were used to reduce the amount of turbulence and were located at the approach
channel entrance. The baffles were constructed of l-in by 2-in vertical slats
placed on alternating sides of a wooden frame. Two large styrofoam pads were
used to decrease the amount of surface turbulence. From the head box the
water flows into an 8-ft wide by 4-ft deep by 20-ft long horizontal approach
channel. The channel was also constructed of 3/4-inch thick A-C plywood and
was placed on a 2-ft high wooden frame. The measurements of headwater depth
were made by two Lory Point gages located in the approach channel. Figure 2.4
shows the head box and approach channel. The water flows from the culvert
model into a discharge channel (Fig. 2.5), also constructed of plywood.

The 8-ft wide by #4-ft high by 9-ft 4-in long outlet or discharge
channel was supported on two stiffened W 10-ft x 12-ft steel beams. Six 5-ton
screw jacks were used to vary outlet channel elevation and culvert slope. An §-
ft wide by 4-ft 5-in high by 3/16-in thick sliding steel tailgate was mounted at
the downstream end of the outlet channel in an 8-ft by 7-ft 8-in frame made of
2-in x 2-in angle iron. Tailwater depth was varied by two pulley mechanisms to
raise and lower the tailgate. After passing the tailgate, water flows through a
12-ft wide by &-ft long by 3-ft 10-in deep outfall box made of 3/4-in A-C
plywood. The outfall box was supported by 2-in x 2-in angle iron and stiffened
with 3/8-in diameter reinforcing steel bars.

2.4 Experimental Set up for Box Culvert Tests

Schematics (side view and plan view) of the experimental set up for
the box culvert tests are shown in Fig. 2.6. The box culvert was constructed of
3/4-in plywood with 1/2-in plexiglass installed on one side (Fig. 2.7). The
plexiglass enabled visual observation of the different flow regimes. The

dimension of the culvert were 2-ft wide by 1.25-ft high by 27-ft long. The
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Figure 2.7 Box Culvert
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culvert was supported on two W 12 x 22 steel beams to keep deflections in the
culvert to a minimum. Four 5-ton screw jacks were used to change the culvert
slope and support the culvert. The slope of the culvert was set by the use of a
Dumpy level. The headwalls to the box culvert were constructed of plywood oﬁ a
4 to | slope with a wingwall flare of 4 to 1. Figure 2.8 is a schematic of the box
culvert headwalls. Figure 2.4 (b) shows water entering the box culvert.

2.5 Experimental Set Up for Pipe Culvert Tests

Schematics (side view and plan view of the pipe culvert model) are
shown in Fig. 2.9. The pipe culvert is a 15-in diameter, %-in by 2-3/4-in helical
corrugated metal pipe* (Fig. 2.10). Two sections of pipe were connected by a
bolt lock collar. The pipe was mounted on two stiffened W 10 x 12 steel beams.
Five 5-ton screw jacks provided culvert support and slope variability.

The headwalls of the pipe culvert were constructed of 3/4-in A-C
plywood (Fig. 2.11). The headwalls were mounted on a 4:1 sloping 2-in by &4-in
wood frame. Polyester resin sealant, fiberglass tape, rubber stripping, metal
plates, and sheet metal screws were used to waterproof the headwall.

2.6 Instrumentation

Discharge was measured with a sharp crested weir and depths were
measured using Lory point gages, stagnation tubes, an open air manometer, and
piezometers. The discharge was measured with a Lory point gage and a sharp
crested weir, located in the return channel. Headwater depth was measured in
the approach channel 10-ft upstream of the culvert entrance with two Lory point
gages. The tailwater depths were measured with a piezometer, located in the
outlet channel floor. The piezometers were connected by "Tygon" tubing to its
separate, graduated, open air manometer. The slope of the culvert was measured

with a Dumpy level.

*Donated to the project by Armco, Inc., Middletown, Ohio.
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Figure 2.10
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For the box culvert model the piezometric depths were measured by
twelve piezometers located along the culvert centerline, The piezometers were
connected by Tygon tubing to 1/2-in diameter open air manometers shown in Fig
2.12. Another manometer tube was placed at the downstream end of the box
culvert for the 12th piezometer.

For the pipe culvert, hydraulic depths were measured by eight
stagnation tubes and open air manometers. Eight 1-1/8-in diameter holes were
drilled at approximately 3-1/2-ft intervals along the pipe. The stagnation tubes
(Fig. 2.13) were set in rubber stoppers and mounted in the holes with silicon
sealant, rubber gaskets, steel plates, and sheet metal screws. The stagnation
tubes were connected by "Tygon" tubing to the 1/2-in diameter open air
manometers (Fig. 2.12).

2.7 Model Safety Grates

Safety grates for the box culvert model included 1:4 scale model
grates of the prototype grates (3-in diameter on 30-in centers) determined by the
Texas Transportation Institute (TTD) study (1979). The model safety grate of the
TTI design is shown in Fig. 2.14(a). These grates are referred to as the pipe
safety grates for the purpose of this report. These model pipe grates were
constructed of 3/4-in Q.D. pipe conduit and were placed on 7.5-in centers as
illustrated in Fig. 2.14(a).

In addition to using the model pipe grates, tests were also performed
for prototype grates that have been used in the field. These prototype grates are
constructed of 1/2-in x 2-in flat iron bars and are placed on 5-in centers: These
grates are referred to as "bar grates" for the purpose of this report. The model
bar grates are shown in Fig. 2.14(b). These model grates which are also a 1:4

scale model are 1/8-in x 1/2-in flat iron bars placed on 1.25-in centers. Figures
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Figure 2.12 Manometers
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Figure 2.13 Stagnation Tubes For Pipe Culvert
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2.15(a) and (b) show the pipe and bhar safety grates installed on the headwalls of
the box culvert model.

The safety grates for the corrugated metal pipe culvert are shown in
Fig. 2.16. these grates have a somewhat different design than either of the two
box culvert grates. These grates were constructed of 3/4-in diameter conduits
placed on 6-in centers; they simulate 3-in diameter conduits placed on 24-in
centers and are shown in Fig. 2.16. Figure 2.17 shows the pipe grates installed at
the pipe culvert inlet and Fig. 2.18 shows the grates installed at the outlet.

2.8 Measurements For Entrance Headloss

Several flow parameters were measured in both free outfall and
tailwater tests: (1) slope; (2) discharge; (3) headwater depth; (4) tailwater depth;
and (5) hydraulic depths. Measurements were taken for three different situa-
tions: (1) no safety grate at the inlet or outlet; (2) a safety grate at the inlet
only; and (3) safety grates at both the inlet and the outlet. A range of discharges
were considered. This testing procedure enabled a direct comparison of the
effect of safety grates on the entrance headloss coefficient.

For the pipe culvert tests, free outfall and tailwater test trials were
performed for only two situations: (1) no safety prate treatment of inlet or
outlet; and (2) safety grate installation on both inlet and outlet.

Free Outfall Tests

Free outfall conditions occur when the tail water depth is less than
the critical depth at the outlet. The general procedure to take free outfall test
measurements was as follows:

1. The discharge was determined from the weir reading once the
flow was stabilized (generally, a period of 10 minutes).

2. The headwater depth was measured with the two Lory Point
gages in the approach channel.
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Figure 2.17 Pipe Grates At Inlet
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Figure 2.18 Pipe Grates At Outlet
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3.  The hydraulic grade line in the culvert was measured.
4.  Steps 2 and 3 were repeated.
(a) No grates in place.
(b) Grate at the inlet only. (Box culvert only)
(c) Grates at both the inlet and outlet.
5. Steps 1, 2, 3 and 4 were repeated for different discharges.

Tailwater Test

The general procedure for taking measurements for the tailwater

tests (when tailwater is greater than critical depth at the outlet) were as

follows:

1. A constant flow rate was established in the culvert and weir
readings were taken for determining the discharge.

2. A free outfall test (TW< dc) was run for the constant discharge.

3. An initial tail water depth was established by lowering the
discharge channel gate.

4. After the flow stabilized, the two upstream point gages, the
culvert piezometers, and the discharge channel piezometer
were read and the values recorded.

5. The tailwater depth was increased in increments of TW _ 0.1
and Step 4 was repeated. The tailwater depth was leited to
T_W - 1 8
D -l

2.9 Data Reduction

The experimental data from the test measurements were converted
into actual values of headwater depths, tailwater depths, entrance flow depths,
and entrance velocity head. The data reduction was accomplished by using
computer programs developed only for this purpose.

The computer program, CULVERT, was developed by the authors. A
Fortran listing of the program and a user's manual is provided in Appendix A.

CULVERT was used to reduce raw data into flow parameters and the
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entrance coefficient. Routines within the program computed the following

quantities:

9.

headwater depth,

tailwater depth,

hydraulic and energy grade lines,

velocity head at the culvert entrance,

entrance loss coefficient, Ce (based on Eq. 2.3),

tailwater depth divided by culvert diameter TSV ’

headwater depth divided by culvert diameter ED! ’

discharge factors ——Q1—5 for the box culvert and (% 5 for the
BD"" D™

pipe culvert.

culvert slope.

Headwater Depth Determination

The headwater depth was measured by two Lory point gages 10-ft

upstream from the culvert entrance. The gages were placed far enough

upstream to minimize effects of the entrance turbulence but close enough to the

entrance to keep frictional losses at a minimum. The difference in elevation

between the culvert entrance invert and the pointer tip at the zero mark was

added to the Lory gage readings to determine the headwater depth.

Hydraulic Head and Velocity Head at Entrance

The determination of the hydraulic head and velocity head at the

entrance involves several steps:

d.

The piezometer readings (or the stagnation tube readings for
the pipe) were converted into elevations above the inlet invert.
The conversion is the difference in elevation between the inlet
invert and the manometer zero point. A linear extrapolation of
the converted instrument readings gives the approximate hy-
draulic grade line, from which the hydraulic head at the
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entrance is obtained.

b. The velocity head (using average velocities) at each piezometer
(stagnation tube) location was added to the hydraulic head to
obtain the energy head. The velocities  were determined by
dividing the discharge by the corresponding flow area at each
piezometer location. The approximate energy grade line
was determined by linear extrapolation of the energy head values
at each instrument location.

C. The velocity head (V2/2g) at the entrance is obtained by
subtracting the value at this location of the hydraulic grade line
from the value of the energy grade line.

Tailwater Depth Determination

The tailwater depth was measured by a piezometer located in the
middle of the outlet channel. An open air manometer was used to determine the
hydrostatic pressure measured by the piezometer. To calibrate the piezometer
to measure tailwater depth, the difference in elevation between the culvert

outlet invert and the zero mark on the manometer was added to the manometer

readings.
2.10 Summary of Box Culvert Tests
2.10.1 Safety Grate Tests

The tests were designed to provide adequate data for evaluating the
hydraulic effects, of pipe or bar safety grates, for both entrance and outlet
control, so as to include the six basic flow regimes of culvert flow. A summary
of the tests are given in Table 2.1. The box culvert was tested for each of five
slopes, ranging from 0.008 to 0.0128. A series of flowrates were run, either with
no safety grates in place or with pipe safety grates on both upstream and
downstream ends. The tailwater depth was increased for four specified values of
flowrate, at each of three slopes. The tailwater gate was lowered such that the
value of TW was increased, in increments of approximately 0.1, for each

D
flowrate up to 1.8. The bar safety grates were similiarly tested for three slopes.
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Table 2.1

Tests for TW< dc:

Summary of Box Culvert Tests

Tailwater Tests. TW >dC

Grates Range of Grates Range of TwW
Slopes Tested Discharges. (cfs) Tested Discharges b
No Grates No Grates 6.14, 8.12, 10.4, 11.8
0.0008 Pipe 3.3to 11.7 cfs Pipe same as for no grates 0.4 to 1.8
Bar in 0.8 increments Bar 4.0, 6.5, 8.1, 11.0 increments of 0.1
No Grates 5.0to 11.7 cis None
0.0013 Pipe in 0.7 increments
No Grates No Grates
0.0063 Pipe 3.0t0 11.7 cfs Pipe 6.14, 8.12, 9.66, 11.8 0.5 t0 1.8
Bar in 0.8 increments Bar increments of 0.1
No Grates No Grates
0.0108 Pipe 3.0to 11.7 cfs Pipe 6.14, 8.12, 9.66, 11.8 0.4 to 1.8
Bar in 0.8 increments Bar increments of 0.1
No Grates 3.0 t0 11.7 cfs
0.0128 Pipe in 0.8 increments None




2.10.2 Clogging Tests

Clogging tests were performed in order to evaluate the hydraulic
effects of various degrees of debris blockage as could be caused by the safety
grates. The pipe grates were tested using 3 slopes and & discharge for each
slope. The bar grates were tested at one slope using 5 different discharges. In
each case, the percentage of the entrance that was blocked, was increased from
bottom to top in increments of 15% of the total available from 0 to 90 percent
blockage. The tests were then repeated, beginning at the top of the entrance
and increésing toward the bottom, until 90% blockage was achieved. A summary
of the tests are given in Table 2.2.

2.11 Summary of Pipe Culvert Tests

The tests as summarized in Table 2.3, were designed to provide
adequate data for evaluating the hydraulic effects of pipe grates on culvert flow,
for both entrance and outlet control, so as to include the six basic flow regimes.
For each of three slopes (0.0007, 0.008, and 0.05), a series of flowrates, in
increments of approximately 0.3 cfs were run. Tailwater tests were made for SO

= 0.0007 and SO = 0.008, at flowrates of 3.5, 4.5 and 5.5 cfs, and a range of TW
D

up to 1.9 in increments 0.1. All tests were performed with no safety grates and
then with pipe safety grates at both upstream and downstream ends. Clogging

tests were not performed on the pipe culvert.
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Table 2.2 Summary of Clogging Tests for Box Culvert

Grates Range of

Slopes Tested Discharges. (cfs) Percent Clogging

0.0008 Pipe 9, 9.6, 10.0, 11.2
All tests for clogging

0% to 90% in

increments of 15%

0.0063 Pipe 8.04, 9.11, 10.04, 11.17

Bar 8.12, 9.09, 10.1, 11.05, 11.91
0.028 Pipe 9.0, 10.0




LS

Table 2.3 Summary of Pipe Culvert Tests

Tests for TW< dC Tailwater Tests. TW >dC
Range of IDE Range of
Slopes Discharges Discharges
0.0007 2.0 to 8.0 cfs 0.0 to 1.9 3.5
0.008 in increments in increments 4.5
of 0.3 cfs. of 0.1

5.5

0.05 2.3 to 9.6 cfs

No Tests No tests
in increments of 0.3 cfs







CHAPTER 3 BOX CULVERT RESULTS

The experimental tests using the pipe and bar safety grates for the
box culvert model are presented and analyzed in this chapter. Figures are
presented to compare the hydraulic effect with and without the pipe and bar
safety grates under different combinations of slopes, discharges, headwater
depths, and tailwater depths. For comparison, the experimental tests without
safety grates are also included on selected figures. Discussion of the tests are
presented describing the change in the hydraulics due to the safety grates. In
addition, regression equations are presented for predicting entrance headloss
coefficients for different conditions for outlet control. Also, regression equa-
tions are presented for determining headwater-discharge relationships for inlet
control.

3.1 Entrance Headloss Coefficients With and Without Safety Grates (Mild

Slopes)

The box culvert was tested under numerous possible conditions
including low to high flow rates, mild to steep slopes, and free outfall to high
tailwater. The effect of the pipe and bar safety grates on the entrance headloss
coefficient, Ce’ is illustrated by graphs of Ce for the safety grates installed
versus Ce without the safety grates installed.

Figures B.l through B.6 (Appendix B) show the entrance headloss
coefficients with pipe safety grates installed versus the entrance headloss
coefficients without safety grates installed. The entrance headloss coefficients
with the bar safety grates installed versus the entrance headloss coefficients

without safety grates installed are shown in Figures B.7 through B.9.
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On Figs. B.l through B.9, a line intersecting the origin was drawn at a
45 degree angle with the abscissa. If either the safety grates increased the
entrance headloss coefficient then the corresponding data points would plot
above this line. If the entrance headloss coefficient decreased with the safety
grates then the data points would plot below this line.

Types 1 and 2 flow regimes had a slight increase in the entrance
headloss coefficient with pipe safety grates for slopes .0008 and .0063 (Fig. B. |
and B.3) and a slight decrease for slope .0013 (Fig. B.2). These two flow regimes
had the lowest entrance headloss coefficients for outlet control conditions.

The Type %A flow regime (Figs. B.l through B.5) had the highest
entrance headloss coefficients for both inlet and outlet control conditions. For
this flow regime, the C_ values with and without pipe safety grates had a large
amount of variability. For Type %A flow regime, very general conclusions are
that the pipe safety grates had little or no effect on the entrance headloss
coefficient for slopes .0008 and . 0063 (Figs. B.l and B.3) and slightly decreased
the Ce values on slopes .0013, .0108, and .0128 (Figs. B.2, B.4, and B.5). Again it
should be noted, for Type %A flow regime, the change in the entrance headloss
coefficients with the pipe safety grates were not consistent and the conclusions
should be viewed judiciously.

For the Type 4B flow regime, the entrance headloss coefficients
increased with the pipe safety grates for slopes .0008 and .0063 (Figs. B.l and
B.3) and decreased for the slope .0013 (Fig. B.2).

The entrance headloss coefficients with the bar safety grates were
generally higher than without safety grates (Fig. B.6 through B.8). For slopes
.0008 and .0108 (Fig. B.6 and B.8), the increase in Ce with the bar safety grate

was obvious for all flow regimes. For slope .0063 (Fig. B.7), the increase in the
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entrance headloss coefficient was evident for flow regimes 2 and 4B. For flow
regime |, the Ce with and without the bar safety grates were similar for slope
.0063. Similar to the pipe safety grates, the Type 4A flow regime for slope .0063
(Fig. B.7) had a large variability in the entrance coefficient with and without the
bar safety grates and the effect of the bar safety grates on the entrance
headloss coeficient was not clearly evident.

For each slope, linear regression analyses were performed for each
flow regime using collected data points. The linear regression analysis determin-
ed the coefficients for the following equation:

Ce(with grates) = A Ce(without grates) + B (3.1)

where A and B are the slope and y-intercept, respectively. Tables 3.1 and 3.2
are the linear regression analysis results performed for each slope and flow
regime for the pipe and bar safety grates, respectively.

3.2 Headwater-Discharge Relationships (Inlet Control)

A unique relationship exists between the headwater and the discharge
for inlet control. Inlet control should have only one headwater value for each

discharge. Figures B.10 through B.17 are the relationships of HW Vs 1.5 for

D
inlet control. For each discharge, the headwater depth was measuredBSith and
without the safety grates. Figures B.10 through B.14 are results for the pipe
safety grate tests and Fig. B.15 through B.17 are results for the bar safety grate
tests.
For the pipe safety grate testing program (Fig. B.10 through B.l4),
the pipe safety grates had no effect on the headwater depth. Noting that the

plots are for hydraulic tests with "clear" water (debris free), the test data with

and without the pipe safety grates were identical. No noticeable increases in
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Table 3.1 Regression Equations for Comparing Ce

(With and Without Pipe Safety Grates)

So =.0008 S, =+0013 S, =.0063

Flow

Regime A* B* R** A B R A B R
1 1.348  -.062 .869 1.036 -.022 .832 .983 .140  .993
2 1.285 -.066 .992 2.416 -.203  .802
4A 2.36  -98]1 .423 1.138 -.109 .87
4B 957 .001 .96] -3.704 -1.06 -.115
All 1.086 -.045 915 978 -.025 .952 .96l 0185 .967

*A and B are defined in Eq. (3.1)
**Coefficient of determination of the regression equation

Table 3.2 Regression Equations for Comparing Ce
(With and Without Bar Safety Grates)

SO =.0008 So = .0063 So =.1080
Flow
Regime A B R A B R A 2} R
! 1.059 063 988 041 Ly 904
2 1.351 -.030 .396 192 176 225
4A Ol4 904 819 .696 198 731 .095 718 174
4B 2.525 -.204  .303
All 1.029 -.065 .981 334 103 .859 .972 .065 935
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headwater depth due to the pipe safety grates were indicated for either outlet
control conditions (Fig. B.10 through B.12) or inlet control conditions (Fig. B.13
and B.l4). Referring to Figs. B.12 and B.13, differences in headwater depths
with and without safety grates were noted at the higher discharges. Not enough
data was taken at these higher discharges to determine if the differences were
due to the safety grates or were due to uncertainties in the measuring devices.

For the bar safety grate tests (Fig. B.15 and B.l7), the headwater
depth did increase with the bar safety grates. The bar safety grate test data
plotted slightly above the test data without the safety grates. The increase in
headwater was not constant but varied with discharge.

Headwater-discharge equations were determined by using all data
points for inlet control conditions. Type 3A flow regime is inlet controlled, and
the hydraulic capacity of a culvert depends upon the entrance geometry.
Empirical curves which determine the culvert hydraulic performance are in the

form

HW - a +a1—9'—1—5 +a2(—%5—)2 Foeen +an(B—%5)n (3.2)

BD™" BD D

where ay s ey @ are the regression coefficients. The equations used

HW as the dependent variable and —% as the independent variable. The
res]?llts of the regression analysis are sm?rr?marized in Table 3.3. Because the pipe
grates made no significant hydraulic effect, the results are presented as with and
without pipe safety grates in Table 3.3a. The regression results for the bar

grates are presented in Table 3.3b.

3.3 Entrance Headloss Coefficient - Headwater Relationship

Figures B.18 through B.25 are plots of the entrance headloss coeffici-

ents versus measured headwater depth. Each figure was for a constant slope
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Table 3.3 Headwater Discharge Relationships For Inlet Control

(a) With And Without Pipe Safety Grates

ao a1 32 a3 34 a5 R
1 .1395 L3141 .98
2 .3624 .1270 .0349 .99
3 -, 0587 L6814 -,1897 .0281 .99
4 -.0934 .7534 -.2349 L4000 -.0011 .99
5 1.8880 -3.7450 3.6310 ~1.5390 .3071 -.,0231 .99

(b) Bar Safety Grates

ao a a, 33 aé a5 R
1 .1190 .3291 .98
2 .3827 . 1090 . 0403 .99
3 L0433 .5655 ~,1450 .0231 .99
4 -.5938 1.7280 -.8811 .2170 ~.0181 .99
5. 1.3236 -2.661 2.9070 ~1.3330 L2843 -.0226 .99
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where the discharge and tailwater were varied. The corresponding flow regime
was identified for each data point. The pipe safety grate tests are shown in Figs.
B.18 through B.25 and the bar safety grates are shown in Figs. B. 23 and B. 25.

For outlet control conditions (Figs. B. 18 through B.20) and Type 4A
flow regime (Figs. B.21 through B.22), the pipe safety grate tests data points are
approximately grouped together according to the appropriate flow regime. The
lowest average entrance headloss coefficients were measured for the Type 1
flow regime. Type 4A flow regime had the highest average entrance headloss
coefficients. As a general trend, the entrance headloss coefficient increased
with an increase in headwater. The Ce values did appear to reach a limit at
HW/D greater than 1.5.

For the inlet control conditions (Figs. B.2l and B.22), the entrance
headloss coefficients also increased with an increase in the headwater depth.
The increase in the Ce value was very obvious for Type 3B flow regime for a
slope .0108 (Fig. B.21). The maximum entrance headloss coefficient occurred at
HW/D greater than L.5.

Similarly, the bar safety grates data tended to group together
according to flow regime (Figs. B.23 through B.25). For outlet control, the
lowest and highest average entrance coefficients were for Types 1 and 4A flow
regimes, respectively. For inlet control, Type 3A flow regime had the lowest
average entrance coefficients. The entrance headloss coefficient had an obvious
increase with an increase in headwater for slopes .0008 and .0063 (Fig B. 23 and
B.24). The C, values reached a maximum at HW/D greater than L.5.

No direct evidence as to the effect of either pipe or bar safety grates
can be inferred from the entrance headloss coefficient versus headwater

relationships (Figs. B.18 through B.25). The changes in the entrance headloss
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coefficient were not necessarily caused only by the pipe or bar safety grates.
The entrance headloss coefficient actually depended upon the headwater which
was in turn affected by the discharge, slope, tailwater, etc.

3.4 Entrance Headloss Coefficient - Discharge Relationship

Figures B.26 through B.24 are plots of entrance headloss coefficient

versus the discharge factor ( ). Each data point was identified as to the

1.5
corresponding flow regime. FoBrDeach plot, the slope remained constant while the
discharge and tailwater were varied. Figures B.26 through B.30 are for the pipe
safety grates. Figures B.31 through B.3#4 are for the bar safety grates. For Figs.
B.26 through B.28, and B.30 through B.32, designated discharges were held
constant and the tailwater depth was varied. The different Ce values for the
same discharge resulted from changes in tailwater depth.

For the pipe safety grates (Figs. B.26 through B.30), the lower
entrance headloss coefficients were for Type | and 3A flow regimes and the
higher Ce values were generally for Type %A flow regime. From the figures, the
entrance headloss coefficients varied with discharge and different flow regimes.
Types 1 and 3A flow regimes had the lowest variability of entrance headloss
coefficients with discharge.

For the bar safety grates (Fig. B.26 through B.30), the lower entrance
headloss coefficients were for Types 1 and 3A flow regimes and the higher Ce
values were generally for Type 4A flow regime. From the figures,the entrance
headloss coefficients varied with discharge and different flow regimes. Type 1
and 3A flow regime had the lowest variability of entrance headloss coefficients
with discharge.

For the bar safety grates (Figs. B.3l through B.33), the entrance

headloss coefficients also varied with discharge and flow regime. Types | and

66



3A flow regimes had the lowest Ce values and the smallest range in values.
Again, Type 4A flow regime had the largest entrance headloss coefficients.

3.5 Headwater - Tailwater Relationships

For the tailwater tests, the tailwater was increased from free outfall
conditions to full flow. The measured headwater versus the measured tailwater
for pipe, bar, and no safety grates are shown in Figs. B.37 through B.48. On each
plot, the calculated discharges were identified for the tested slopes. For Figs.
B.36, B.39 through 41, and B.45 through 48, the measured data for the pipe, bar,
and no safety grates were presented on the same plots. For these plots, using
the same discharge, the headwaters with the pipe and bar safety grates were
compared to the headwater without safety grates.

The plots of headwater versus tailwater have two distinct parts. In
the first part, the headwater was not affected by the tailwater and the data
points plotted horizontal. In the second part, the headwater increased with an
increase in tailwater depth. For outlet control conditions, the tailwater did not
affect the headwater until the tailwater depth was greater than critical depth.
For inlet control conditions, the tailwater was greater than the slope times the
length plus the critical depth when the tailwater affected the headwater.

For slopes of .0063 and .0108, seven different tests were run using
four different discharges (Fig. B.38 through B.49). As evident, the data points
from the pipe safety grates tests were approximately identical with the data for
no safety grates tests. The effect of the pipe safety grates was less than the
accuracy at which the tests were run. The bar safety grate tests did indicate an
increase in the headwater depth for the lower tailwater (Figs. B.40 through B.41

and B.45 through B.48) but indicated little increase for the higher tailwater.
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Large deviations in headwater depths between the pipe, bar, and no safety grate
tests were noted for a slope of .0063 and a discharge of 11.81 cfs in Fig. B.42.

3.6 Regression Equations Considering Flow Regimes

3.6.1 Development of Regression Equations

Present engineering practice normally has a single entrance headloss
coefficient for each culvert entrance design. However, based upon this
experimental study, the entrance headloss coefficient varies with different flow
conditions. Using a constant Ce value, the culvert could be under-designed for a
given flow regime. To aid in the design of culverts with and without safety
grates, several regression equations were determined which can be used to
predict the entrance headloss coefficient based on (combinations of) design
discharge, headwater, tailwater and/or slope. In this study, equations were
derived for each of the four flow regimes under outlet control.

The regression equations for outlet control can be expressed in the
general form

Y = B0+lel+Bzx2 + e +Ban (3.3)
where Y is the dependent variable to be estimated, Xl, 2, .n are the
independent variables, and Bo’ Bl’ ...Bn are the regression coefficients. For this
study, the dependent variable was the entrance headloss coefficient, Ce'

3.6.2 Regression Equations for Ce

The different equations used for the theoretical models and the
general models are listed in Table C.1. Equations | through 7 in Table C.l are
theoretical regression models, and Egs. 8 through 19 are the general models. The
regression results (best fit models) for the pipe grates, no grates and bar grates

are listed in Tables 3.4, 3.5, and 3.6, respectively. The equations are presented
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Table 3.4 Regression Coefficients (Pipe Safety Grates)

Regime  Equation Bo B, B, B, B, R
| 13 203 2.258 -.651 -.084 34,185 918
2 g 387  1.450  -.32] 94y
3A € 205 -.472 655
4A 9 365 688  -.036 -.498 591
4B 11 -.610  2.321 -.479 -105.65 945

Table 3.5 Regression Coefficients (No Grates)

Regime Equation Bo B1 B, B, Bq R
! 13 210 2956 -.8u2 -.112 42.682 884
2 8 -.333  1.367 -.309 958
3A 1 Juy 22,823 1.154 586
4A 9 .003 525 014 -.153 .653
4B 11 =354 -1.664 827 -41.657 779

Table 3.6 Regression Coefficients (Bar Safety Grates)

Regime  Equation By B B, B, B, R
1 13 -.091 1.58] -.196 -.108 16.073 919
2 8 -.269 1.782 -.4702 941
3A 6* 543 -.608 818
4A 2 747 5.091 -3.648 -3.081 .700
4B 13 -8.193 -.689 4,210 -.421 -12.012 .980

%
*(C,)
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in Tables 3.7 through 3.9. The information presented on the best fit models
includes the appropriate regime, the model equation, the regression coefficients,
and the coefficient of determination. A complete listing of each regression
equation analyzed is presented in Appendix C.

Equations 13 and 8 (Table C.l) were the best fit equations for Type 1
and 2 flow regimes, respectively. For the pipe safety grates, and no safety
grates, the best regression equations for flow regimes #A and 4B are Egs. 9 and
11, respectively (Table C.1). For the bar safety grates, Eq. 2 (Table C.1) for
flow regime 4A and Eq. 13 (Table C.1) for flow regime 4B had the lowest
coefficients of determination. The highest coefficients of determination were
for the pipe and bar safety grate regression equations for flow regime 4B.

3.7 Regression Equations for Submerged Conditions

The regression equations developed for submerged inlet, unsubmerged
inlet and combined submerged and unsubmerged inlet conditions, all with outlet
control are developed for use in design. From the viewpoint of design
considerations, regression equations should be in the simplest form with the least
number of independent variables. The suggested or recommended equations may
not necessarily be the best fit (largest coefficient of determination) because of
the number of independent variables considered.

For submerged inlet conditions, E—D\LSI.Z, (flow regimes 4A and
4B), regression equations were developed using the data for all slopes and
discharges in these regimes. A summary of the regression equations and the
results are presented in Table 3.10. One set of best fit regressions are as follows
(Eq. 8, Table C.l):

No Grates

C = -0.061 +0.519 (F¥ ) _ g.049 (- (3.4)
e D BDl'j
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Table 3.7 Regression Equations for Ce (No Grates)

Regime 1
C = 0.210 + 2.956 (—) - 0.842 (—9—1—-3) - 0.112 (—Q1-3)2 + 26825
€ BD"* BD"*
Regime 2
C, = -0.333 + 1.367 (H HW 0309 (—32)
ol
Regime 4A
C, = 0.003 +0.525 (—~—) + 0.014 ( Ql ) - 0153(“”\
BD*
Regime 4B
C, = -0.354 - 1.664 (H ) + 0.827 (B ) - 41.657 S

TABLE 3.8 Regression Equations for Ce (Pipe Safety Grates)

Regime 1

)2 - 0.651 (—2 5 - 0.084 (—2— Q ) + 34,185 S
BD!* BD M

C, —0203+2258(HW

Regime 2

- HW _Q_
C, = -0.387 + 1.450 (-5~ - 0.321 (BDLS)

Regime 4A
c, = 0.365 + 0.688 ( ) _ 0,036 ( Ql 5\-0498(”’)
BD

Regime 4B

C -0610+2321 (BYy 0479 (=2 ) - 105.650 S
e D BDl‘j o
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Table 3.9 Regression Equations for Ce (Bar Safety Grates)

Regime !

C --0.091+1.581 (B¥ )-01%(—») 0108( Q 2, 16.0735
e BD 1.5 0

Regime 2

c --0.269 + 1.782 (%) _ 0.470 (—2 )
e D BDI.S

Regime 4A

ce_+o7a7+50°1fHW1( 152—3.6348( ~—)“2~3031( -)( Q

5)
BD BD BD

Regime 4B

- 8.193 - 0.689 (2 ) + 1,210 ( Ql ) - 0.421 (_<>T_5_)2 - 12.012'S
BD BD " °
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Table 3.10

Type Of

Surmmary of Regression Results for Submerged Condition

Equation Number Grates Bo Bl BZ B3 B4 R
No
2 Grates 0.820 -1.838 ~4,279 3.932 0.64
8 -0.061 0.519 ~0.049 0.56
9 ~0.055 0.073 0.072 0.260 0.70
11 -0.067 0.519 ~0.048 0.759 0.56
13 ~0.163 0.162 0.292 ~0,054 1.755 0.57
16 0.670 -0.270 1.740 0.10
21 0.421 0.102 ~0.348 0.65
Bar
2 Grates 0.814 -1.421 -6.070 5.032 0.71
8 ~0.023 0.595 -0.086 0.63
9 -0.064 0.130 0.032 0.318 0.76
11 -0.061 0.600 -0.086 4.900 0.64
13 -0.118 0.180 0.258 -0.052 6,28 0.64
16 0.920 -0.088 6.800 0.25
21 0.616 0.063 -0.433 0.67
Pipe
2 Grates 0.785 ~1.379 -2.896 2.779 0.45
8 ~-0.023 0.595 -0.086 0.38
9 0.216 -0.029 0.067 0.199 0.50
11 0.241 0.267 -0.005 -5.730 0.40
13 0.223 0.075 0.157 -0.025 ~5.410 0.38
16 0.660 0.000 -7.530 0.14
21 0.470 .080 -0.250 0.47



Pipe Safety Grates

C =020 + 0.269 (F¥y _ 0.003 (-2 (3.5)
e ) 5
BD
Bar Safety Grates
C = -0.023 + 0.595 (-5Y) _0.086 2 (3.6)
e D BDl‘S

The coefficients of determination for Egs. 3.4, 3.5, and 3.6 are 0.56, 0.38 and
0.63, respectively. Figures 3.1, 3.2, and 3.3 are the respective graphs of Egs.
3.4, 3.5 and 3.6,

Another set of best fit regression equations for submerged conditions

are as follows (Eq. 21, Table C.1):

No Grates
C = 0421 + 0.102 (—Q—) 0.3 (H¥-TW, (3.7)
e BDi'j D
Pipe Safety Grates
C = 0.474 +0.080 (—R ) - 0.254 (H¥=T¥ (3.8)
e BDLS D
Bar Safety Grates
C = 0.616 + 0.063 (—2 ) - 0.433 (H¥=TW (3.9)
e s )

The coefficients of determination for Egs. 3.7, 3.8, and 3.9 are 0.65, 0.47 and
0.67, respectively. Figures 3.4, 3.5 and 3.6 are the respective graphs of Egs. 3.4,
3.5, and 3.6,

3.8 Regression Equations for Unsubmerged Conditions

For unsubmerged inlet conditions, —HDW—SI-Z, (flow regimes | and 2)

regression equations were developed using the data for all slopes and discharges
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in these regimes. A summary of the regression equations and results are

presented in Table 3.11. The best fit regressions are as follows (Eq. 8, Table

C.l):
No Grates
C = -0.040 + 1.000 (B¥ ) - 0.276 () (3.10)
e BD1'5
Pipe Safety Grates
C = -0.122 + 1046( HW,y _ 0.262 (—Q—) (3.11)
¢ BD
Bar Safety Grates
C, = -0.213 + 14438 (H ) - 0.366 (%) (3.12)

BD

The coefficients of determination for Egs. 3.10, 3.11, and 3.12 are 0.81, 0.79, and

0.82, respectively. Figures 3.7, 3.8, and 3.9 are the respective graphs of Egs.
3.10, 3.11, 3.12.

3.9 Regression Equations for Submerged and Unsubmerged Combined

For the combined submerged and unsubmerged inlet conditions,
regresssion equations were developed using the data for all slopes and discharges
for the outlet control regimes. A summary of the regression equations and
results are presented in Table 3.12. The best fit regressions are as follows (Eq.

8, Table C.1):

No Grates
C = - 0.8 + 0.616 (BYy _0.060 (=2 —) (3.13)
e D 1.5
BD
Pipe Safety Grates
C = -0.172 0479( ) + 0.001 (-&—) (3.14)
e BD1'5
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Table 3.11 Summary of Regression Results for Unsubmerged Conditions
Type Of
Equation Number Grates Bo B1 B2 B3 B, R
No
2 Grates -0.053 4.070 -2.039 -0.152 0.71
8 -0.040 1.00 -0.276 0.81
9 -0.074 1.096 -0.294 -0.030 0.82
11 0.004 0.921 -0.258 -3.618 0.82
13 0.800 0.535 -0.585 0.062 -3.974 0.88
16 0.400 ~0.046 -13.00 0.53
0.355 -0.045 0.29
Bar
2 Grates 0.035 3.881 -2.288 0.090 0.85
8 ~-0.213 1.448 ~0.366 0.82
9 -0.232 1.538 -0.388 -0.033 0.83
11 -0.127 1.285 -0.318 -12.818 0.85
13 0.980 0.639 -0.797 0.110 -10.352 0.87
16 0.470 -0.033 -27.00 0.55
20 0.446 -0.062 0.24
Pipe
2 Grates 0.022 3.933 -2.111 ~-0.092 0.65
8 -0.122 1.046 -0.262 .79
9 -0.153 1.125 -0.274 -0.028
11 -0.159 1.12 -0.282 4.554 0.80
13 0.464 0.605 -0.377 0.018 3.95 0.89
16 0.320 -0.017 -9.19 ' 0.28
20 0.300 -0.023 0.13
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Table 3.12

Surmary of Regression Results for Submerged and Unsubmerged Conditions Combined

Type Of
Equation Number Grates Bo By BZ BB B4 R
1 No 0.452 2.279 -2.734 0.55
2 Grates 0.485 1.365 -2.291 0.524 0.55
6 0.417 0.387 0.16
8 -0.187 0.614 -0.060 0.76
9 -0.174 0.362 0.005 0.146 0.80
11 -0.188 0.614 -0.060 0.159 0.76
13 0.131 0.206 -0.005 ~0.006 1.340 0.75
16 0.211 0.073 9,200 0.26

Bar

Grates
8 -0.025 0.643 -0.111 0.78
9 -0.004 0.301 -0.029 0.211 0.82
11 -0.024 0.644 -0.110 -0.538 0.78
13 0.370 0.216 -0.123 0.008 2.369 0.77
0.290 0.070 7.580 0.28

Pipe

Grates
8 ~0.172 0.479 0.001 0.73
9 -0.004 0.311 0.036 0.110 0.74
11 ~-0.143 0.477 0.000 -6.193 0.74
13 0.274 0.149 -0.064 0.013 -5.715 0.70
16 0.230 0.100 -7.900 0.36




Bar Safety Grates

C, = - 0.025 + O.6#3(H—Dw) S 011 (=2

) (3.15)
BD1'5

The coefficients of determination for Egs. 3.13, 3.14, and 3.15 are 0.76, 0.73, and

0.78, respectively. Figures 3.10, 3.11, and 3.12 are the respective graphs of Egs.
3.13, 3.14, and 3.15.

Figures 3.10 - 3.13 present a comparison of equations of the form
HW

b
D" mp
tions, and combined submerged and unsubmerged conditions. Figure 3.13 shows

Ce = f( 15) considering submerged conditions, unsubmerged condi-
graphs of Eq. (3.4) for submerged conditions, Eq. (3.10) for unsubmerged
conditions, and Eq. (3.13) for submerged and unsubmerged combined. Each of

these curves in Figure 3.13 are for ——91—5- = 1.0 and no grates. Similar graphs
BD™

of Egs. (3.4, 3.10, and 3.13) for —91—5 = 3.0 and no grates are shown in Fig.
3.14. °°

Figure 3.15 shows graphs of Eq. (3.6) for submerged conditions (bar

grates), Eq. (3.15) for unsubmerged conditions (bar grates), and Eq. (3.15) for

submerged and unsubmerged combined (bar grates). These graphs are for

—QTS- = 1.0. The same set of graphs for —% = 3.0 are presented in Fig.

BD™ BD
3. l 6.
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CHAPTER 4 CLOGGING TESTS - BOX CULVERT

To demonstrate the effect of clogging, the open surface area of the
safety grates was covered with boards. The simulated clogging ranged from 15
to 90 percent of the open surface area of the grates (Figs. 4.1-4.3). The bar and
pipe safety grates were covered with boards (simulating clogging) in intervals of
15 percent of the original open surface area. The clogging was placed in three
different patterns; from top to bottom, from bottom to top, and randomly
positioned.

4.1 Test Procedure for Clogging

The clogging tests were used to determine the relative effects of
various percentages of clogging. Empirical tests were difficult due to the
unpredictability of field conditions. The measurements were made under free
outfall conditions. The steps in the clogging tests were the following:

1. A constant discharge was established where the water surface
was at or above the top of the culvert.

2. A 15 percent clogging was placed at the top of the grate and all
measurements were taken after the water flow stabilized. The
sequence of measurements were the same as the free outfall
tests.

3. The rest of the clogging was placed from the top downward
unti]l 90 percent of the grate was clogged. All measurements
were taken at each different percentage of clogging.

4, The entire procedure was repeated with the clogging placed
from bottom to the top of the safety grates.

4.2 Relationship of Headwater - Percent Clogging

Figures D.1 through D.l! are graphs illustrating the headwater/depth

(EDE) versus percentage clogging for the pipe safety grates on the box culvert.
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For slopes of 0.0008 and 0.0063, the results of placing the clogging from top to
bottom and from bottom to top on the pipe grates are shown in Figs. D.1 through
D.9 for several discharges. Figures D.9 through D.11 show the effect of various
culvert slopes for the same or similar discharges. Basically, the steeper slopes
do have smaller (l-]l)_W) for the same discharges. Obviously, the general trend was
an increase in headwater depth with an increase in percentage of clogging.
Below 45 percent clogging, the headwater is affected very little by the clogging,
while above 45 percent, the headwater is not only affected by the clogging, hut
also by the placement of clogging. The headwater depth increases much more
rapidly when the clogging is placed from the top downward than placing clogging
from the bottom upward.

The clogging tests for the bar safety grates were only conducted
using a .0063 slope. Test data from top downward and from bottom upward
clogging are presented in (Figures D.12 through D.16) with constant discharges.
As for the clogging tests on pipe grates, the headwater increased very little for
clogging less than 45 percent but increased rapidly for clogging greater than 45
percent. At the higher percentage of clogging, the headwater was higher for
clogging starting at the top than for clogging starting at the bottom. Figures
D.17 through D. 19 present clogging data for both the pipe and bar safety grates
under similar conditions (slope and discharge).

4.3 Relationship of Entrance Headloss Coefficient - Percent Clogging

The effects of the percentage of clogging and the placement of
clogging for the pipe safety grates are illustrated in Figures D.20 through D.35.

Figures D.20 through D.23 are the relationships of Ce versus percent
clogging for a culvert slope of 0.0008 and for the discharges of 9.02, 9.62, 10.7,

and 11.2 cfs, respectively. Figures D.2] and D.23 illustrate the effect of the

99



position of clogging from top to bottom as opposed to clogging from bottom to
top. The effect of clogging from top to bottom has a much more pronounced
effect on increasing the Ce for larger percentages of clogging. Figure D.24%
shows the effect of increasing Ce for a culvert slope of 0.0063 and dishcarges of
8.04, 9.10, 10.04 and 11.07 cfs.

Figures D.25 through D.28 are for the purpose of illustrating the
effect of various culvert slopes for various percentages of clogging using pipe
grates. Figure D.25 shows Ce versus percent clogging for culvert élopes of
0.0008 and 0.0128 and each with a discharge of 9.02 cfs. This figure clearly
illustrates the drastic effect of increasing the Ce for larger percentages of
clogging for the mild slope. This is also illustrated in Figure D.26 for the slopes
of 0.0063 and 0.0128. Figures 0.27 shows the relationship for the three slopes,
0.0008, 0.0063, and 0.0128.

The effect of the placement of the clogging (hottom 1/3, middle 1/3,
or top 1/3 of grate) on Ce for various discharges and percentages of clogging are
illustrated in Figures D.29 through D.3l. Discharges of 7.94, 9.03, 10.00, and
10.82 cfs were considered for the various percentages and placements of
clogging. Similar conclusions as before to the placement of clogging were found.
Clogging closer to the tope of the grate causes larger values of C e

A comparison of the effect of clogging for the bar grates and the
pipe grates was also performed. Figure D.32 shows the relationship of Ce versus
percent clogging for a culvert slope of 0.0063 and discharges of 9.09, 10,11 and
11.05 cfs for the bar safety grate. The larger dishcarges result in large Ce
values for the same percent clogging as shown before for the pipe grates.

Figures D.33 through D.35 show a comparison of the effect of the pipe grates as
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opposed to the bar grates for various percentages of clogging, for a culvert slope
of 0.0063 and discharges of approximately 9, 10, and 11 cfs.

For the discharge of 9 and 10 cfs (Figures D.33 and D.34) it is
difficult to say which Type grate had the greatest effect, except for the 90
percent clogging. However, for the discharge of 11 cfs (Figure D.35), the effect

was definitely greater for the bar safety grates.
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CHAPTER 5 PIPE CULVERT RESULTS

The experimental tests of the safety grates for the pipe culvert
model are presented and analyzed in this chapter. Figures are presented to
compare the hydraulic effect with and without the pipe safety grates under
various combinations of slopes, discharges, headwater depths, and tailwater
depths. For comparison, the experimental tests without safety grates are also
included on selected figures.v Discussions of the tests are presented describing
changes in the hydraulics due to the safety grates. Regression equations are
presented for predicting entrance headloss coefficients for different conditions
of outlet control. Also, regression equations are presented for determining
headwater-discharge relationships for inlet control.

Geometric similarity (of the corrugations) is not completely satisfied
in this experiment. The safety grate similarity is easily satisfied by the
construction of a 1:4 scale model grate. However, geometric similarity of
corrugations between the 15-inch diameter model pipe culvert and a prototype
culvert is not possible due to the constant corrugation sizes in helical corrugated
metal pipe for all pipe diameters. In other words, the relative size of the
corrugations to the pipe diameter decreases with increasing diameter. Further-
more, the angle of corrugations for helical pipe as fabricated, is not constant
throughout the various pipe diameters.

Kinematic similarity is partially upheld for reasons similar to those
for geometric similarity. The velocity ratio is satisfied for increasing diameter.
However, because of constant corrugation size, complete kinematic similarity

cannot be satisfied. Satisfaction of dynamic similarity is not complete for
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reasons also due to the constant pipe corrugations. The inability to precisely
model the corresponding lengths and velocities of model and prototype may limit
the application of regression equations for Ce. Data for the regression analysis
is listed in Appendix G.

5.1 Entrance Headloss Coefficient With and Without Safety Grates

A direct comparison of the entrance headloss coefficient with grates
installed and the entrance headloss coefficient without grates for the mild
slopes, 0.0007 and 0.008, are presented in Figures E.l and E.2. For the milder
slope, 0.0007, the entrance headloss coefficients for grates installed are greater
than those without the grates. This clearly indicates that the grates do have an
effect; however, the effect does not seem to be major. For the steeper slope,
.008, the entrance headloss coefficients are significantly greater for the lower
discharges and seem to have little effect for the higher discharges. In fact, the
effect of the grates on the entrance headloss coefficient at the high discharges
was insignificant.

5.2 Headwater-Discharge Relationships

The headwater-discharge relationships for inlet control are shown in

Figures E.3, E.4, and E.5 for the slopes 0.0007, 0.008, and 0.05, respectively.

The curves are plotted as HDW vs Q2 s with and without the safety grates

installed. The safety grates do show "an increase in I-]{)_W which is relatively
constant throughout the range of discharges.
Regression equations for inlet control were developed using the

general form

I_]TD\!/-za a( )+a( 25)+...+an(

Q)n
° D2 D D

2.5

(5.1)
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where -Pll)l is the dependent variable and sz is the independent variable.
D2

The results of the regression analysis are summarized in Table 5.1 for no grates

and the grates installed. As an example of the equations developed, the simplest

form for the no grates and grates installed are, respectively,

HW 0

D - 0.166 + 0.385 (—D—z—j (5.2)
and

HW )

—D— = 0.158 + 0.389 ( D2.5 ) (5.3)
5.3 Entrance Headloss Coefficient - Headwater Relationship

Entrance headloss coefficient - headwater relationships are plotted in

Figs. E.6 through E.13 for various flow regimes of the two slopes, 0.008 and

0.0007. Figure E.€ illustrates the Ce Vs I_IID—W for flow regimes 1, 2, 4A anc 4B

with and without the grates for the slope of 0.008. Figures E.7, E.8, E.9, and
E.ll are separate graphs of Ce vs t:% for flow regimes, 1, 2, 4A, 4B
respectively.  Figures E.ll, E.12, and E.13 are for the slope, of 0.0007,
considering flow regimes 4A and 4B combined, 4A and 4B respectively. Probably
the most significant conclusion from these graphs is that Ce is significantly
affected by EDE . The entrance headloss coefficient for safety grates installed
are greater than for no grates for unsubmerged inlets. The effect of safety
grates on the entrance headloss coefficient is relatively constant for submerged
inlets. The entrance headloss coefficient with and without grates installed,

increases substantially for an unsubmerged inlet.

5.4 Entrance Headloss Coefficient - Discharge Relationship

)

Entrance headloss coefficient-discharge relationships (.Ce Vs % 5
D2

are plotted in Figures E.1% through E.19 for various flow regimes for the two

slopes, 0.008 and 0.0007. Figure E.14 illustrates the G_ vs —3—s relationship
Z
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Table 5.1

(@) No Grates, 31 Data Points

Headwater-Discharge Relationships for Inlet Control

Equation % 3 a2 a3 3y 35 R
1 0.166 0.385 0.9868
2 0.516  0.144 0.036 0.9923
3 -0.129  0.845 -0.190 0.022 0.9943
4 2.267 -2.606 1.524  -0.331 0.026 0.9977
5 0.236 1.088 -1.00 0.482 -0.099 0.007 0.9980

(b) Grates Installed, 30 Data Points

Equation 3 a) a2 as 3y as R
1 0.158 0.389 0.9839
2 0.645 0.053 0.049 0.9941
3 -0.082 0.846 -0.206  0.025 0.996
4 1.656 -1.656 +1.035 -0.230 0.019 9.9983
5 -0.774  2.775 -1.999  0.749 -0.132 0.009  0.9990
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for flow regimes 1, 2, 4A, and 4B with and without grates for the slope of 0.008.
Figures E.15, E.16, E.17 and E.18 are separate graphs of Ce vs % for flow
regimes 1, 2, 4A and 4B. Figure E.19 shows the relationship for flow regimes 4A
and 4B for a slope of 0.0007. The most significant conclusion is that the
entrance headloss coefficient increases substantially for increased discharges for

submerged entrances.

5.5 Headwater-Tailwater Relationships

For the tailwater tests, the tailwater ranged from free outfall

conditions to full flow. Figures E.20 through E. 23 show the relationship of 1

vs ];)—W with and without grates installed. Figure E.20 shows the relationships fDor
a discharge of 5.6 cfs and a slope of 0.0007. Figures E.21, E.22, and E.23 are for
the slope, of 0.008, and discharges 3.6, 4.5, and 5.5 cfs. The headwater depth is
unaffected by rising tailwater depths less than critical depth. The flatter the

culvert slope, the greater the effect of tailwater depth on the headwater depth.

5.6 Regression Equations for Submerged Inlet Conditions

Regression equations were developed for the entrance headloss
coefficient for submerged inlet conditions, HDEQ.Z. The various regression
equations considered are listed in Table 5.2, The resulting coefficients, Bo, ooy
Bn for each of the regression equations are listed in Table 5.3 for no grates and
in Table 5.4 for the grates installed.

From the viewpoint of design considerations regression equations for
Ce should be at the simplest form with the least number of independent
variables. Equation 13 in Table 5.2 is one of the simpler forms considered. The

regression equation for no grates is

_ Q HW-TW.
C,=-0.119 +0.364 ( 23 )-0.133 (T) (5.4)
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Table 5.2 Regression Equations for Pipe Culvert Equation

B, + B, (f;j) +B, (—];—’:;5-)2 + B, (—52»;5—)3 +B, (—D%j)
B,+ B (—15%3) +B,(S)

Bo+Bl(—l—3%3)

Bo+81(%)2

BO+31(%‘1"-)+BZ(—§3—)

B+ By (—35)° ('5H)

B +B, ( DQ2.5>'2(‘§”) + By (—35)77

3+ By (3507 (50 ¢ 8, (F5)% e By (35075
Bo*r-B1 (_QZ_S_)—Q

Bo+51(%ﬁ)+52(§3)+53(50)
BO+B1(%V-Z+Bz(§j)+53(—§~§)+54(50)

Bo By (H¥yp, (H¥)2 . 3 ("52‘5)*54(”]3%‘5")2*55(50’
B, + B, (3053) B, (T ¥
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Table 5.3 Regression Results for Submerged Conditions,
No Grates, 90 Data Points

Equation Bo Bl B2 B3 B4 B5 R
1 9.1511 ~11.4430 5.5038 1.1215 0.0835 0.823

2 ~-0.0443  0,2623 17.1550 0.877

3 0.1448 0.230 0.811

4 0.5071 0.0352 0.798

5 0.0853 0.0937 0.1929 0.828

6 1.0738 -1.0640 0.504

7 1.1041 1.2168 -4.2980 0.813

8 1.1996 1.2439 -6.3351 205.8080 0.908

9 1.1585 -2.5967 0.758
10 -0.1160 0.1040 0.2221 17.6738 0.897
11 -0.7412 0.0321 0.6744 ~-0.0715 20.1376 0.912
12 -1.3816 1.0003 -0.2317 0.4842 -0.0398 21.1668 0.937
13 -0.1190 0.3640 -0.1330 0.860

Table 5.4 Regression Results for Submerged Conditions,
Grates Installed, 87 Data Points

Equation 5 By By By B4 Bg R
1 13.4540 -16.4665 7.6996 -1.5431 0.1134 0.896
2 0.1165 0.2314 11.2522 0.913
3 0.2414 0.2102 0.877
4 0.5743 0.0319 0.864
5 0.2156 0.0501 0.1881 0.883
6 1.1295 -1.1600 0.582
7 1.1568 0.6726 -3.4833 0.855
8 1.2298 0.6702 -4.9686 150.2440 0.921
9 1.1951 -2.6103 0.834
10 0.0869 0.0541 0.2079 11.4102 0.920
11 -0.4294 0.0164 0.5609 -0.0549 13.4505 0.931
12 ~-0.7092 -.5799 -0.1356 0.3933 ~-0.0279 13.7285 0.944
13 0.0190 0.3230 -0.1110 0.920
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and for grates installed is

Ce - 0.019 + 0.323 (—Oﬂ—) - 0.111 (&[STE) (5.5)

D2
The coefficients of determination are 0.86 for Eq. (5.4) and 0.92 for Eq. (5.5).
Equation (5.4) is plotted in Fig. 5.1 and Eq. (5.5) is plotted in Fig. 5.2. A
comparison of the two equations with and without grates is given in Figure 5.3.
The values of Ce with grates are clearly greater than those without grates.

Another simple equation is Eq. 2 in Table 5.2. The regression

equation for no grates is

C = - 0.044 +0.262 (—2--) + 17.155 (S ) (5.6)
e D2.5 o
and for grates installed is
_ _Q
C, = 0.117 +0.231 ( 25 ) +11.252 (S ) (5.7)

The coefficients of determination for these equations are 0.877 for Eq. (5.6) and
0.913forEq. (5.7). These two equations (5.6)and(5.7) are plotted inFig. 5.4 for three
example slopes, So = 0.0005, 0.005, and 0.0l. These curves indicate that the

differences in Ce for no grates and grates installed decrease for the larger slopes

Q).
D2.5

An even simpler form for C_ is Eq. 3 in Table 5.2. The regression

and for larger values of (

equation for no grates is

C = 0.45+0.230 (—25) (5.8)
e D2.5
and for grates installed is
C = 0.261 +0.210 (=) (5.9)
e D2.5

The coefficients of determination for these equations are 0.81 for Eq. (5.8) and

0.88 for Eq. (5.9). These equations are plotted in Fig. 5.5.
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5.7 Regression Equations for Submerged and Unsubmerged Inlets

Combined

Regression equations were developed for the entrance headloss
coefficients for submerged and unsubmerged inlet conditions. The various
regression equations considered are listed in Table 5.2. The resulting coeffi-
cients, Bo’ . Bn for each of the regression equations are listed in Table 5.5 for
no grates and in Table 5.6 for the grates installed. The simple forms of the
equations for Ce used for the submerged conditions are also considered.

The first set of equations are |3 in Table 5.2. The regression
equation for no grates is

_ 0 HW-TW.
Ce = - 0.115 + 0.350 (—Dﬁ)-0.109 (-T) (5.10)
and for grates installed is
C_ = 0.187 +0.252 (—2 =) - 0.062 ( (5.11)
e D2.5
The coefficients of determination for these equations are 0.90 for Eq. (5.10) and

HW-TW)
D

are 0.92 for Eq. (5.11). Equation (5.10) is plotted in Figure 5.6 and Eq. (5.11) is
plotted in Fig. 5.7, A comparison of the two equations for no grates and grates
installed is given in Fig. 5.8.
Utilizing Eq. 2 in Table 5.2, the regression equation for no grates is
C_, = -0.176 + 0.302 (%—— ) +15.705 (S ) (5.12)
e D S o
and for grates installed is
C_ = 0.133+0.227 (—2=) + 10.754 (S ). (5.13)
e D2.5 o
The coefficients of determination for these equations are 0.901 for Eq. (5.12) and
0.93 for Eq. (5.13). These two equations are plotted in Fig. 5.9 for four example slopes
0.0005, 0.005, 0.010 and 0.015. These curves clearly indicate that the differenc-

es in Ce for no grates and grates installed decrease for the larger slopes and for

larger values of ( Q2 5 )
D2-
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Table 5.5

Regression Results for Submerged and
Unsubmerged Conditions Combined, No Grates, 106 Data Points

Equation B1 B2 B3 B4 B5 B6 R
1 0.1940 0.0414 0.0417 0.0191 -0.0046 0.886
2 -0.1764 0.3024 15.7059 0.901
3 -0.0003 0.2721 0.874
4 0.3925 0.0446 0.848
5 -0.0329 0.1374 0.2016 0.894
6 1.1026 -1.4156 0.563
7 1.0012 0.1119 -1.6237 0.730
8 1.0452 0.0637 -2.5535 109.9870 0.747
9 1.0151 -1,5487 0.730
10 -0.2230 0.1489 0.2279 16.7126 0.924
11 -0.5012 0.0368 0.5103 -0.0459 17.8104 0.926
12 -0.6018 0.7528 -0.1697 0.1509 0.0109 17.5524 0.939
13 -0.1150 0.3500 -0.1090 0.900
Table 5.6 Regression Results for Submerged and

Unsubmerged Conditions Combined, Grates Installed, 101 Data Points

Equation Bo B1 B2 B3 B, B5 R
1 1.4217 -1.3742 0.7437 -0.1453  0.0100 0.914
2 0.1329 0.2266 10.7540 0.926
3 0.2530 0.2062 0.904
4 0.5471 0.0341 0.895
5 0.2431 0.0491 0.1800 0.908
6 1.1242 ~-1.2200 0.631
7 1.0594 -0.3908 -0.8262 0.703
2 1.0926 -0.4388 -1.4950 80.3584 0.720
9 1.0092 -1.0820 0.693
10 0.1197 0.0540 0.1982 10.9763 0.932
11 0.1074 0.0129 0.2386 -0.0060 11.0500 0.930
12 0.0765 0.3324 -0.0765 0.0685 0,2070 10.8565 0.935
13 0.1870 0.2520 -0.0620 0.920
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Figure 5.6 Entrance Headloss Coefficient for Submerged and Unsubmerged Conditions
Combined, No Grates (Eq. 5.10)
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The simplest form of the equation for Ce is 3 in Table 5.2 The

regression equation for no grates is

C_ = -0.0003 + 0.272 (—2—) (5.14)
e D2.5
and for grates installed is
C = 0.253 +0.206 (—2) (5.15)
e D2.5

The coefficients of determination for these equations are 0.874 for Eq. (5.14) and
0.904 for Eq. (5.15). These equations are plotted in Fig. 5.10.

Figure 5.11 is a comparison for no grates of Egs. 5.12 (for So =
0.0007 and 0.008), Eq. 5.14 and Eq. 5.16 (from Eq. 4 in Table 5.2),

C, = 0.392 +0.045 (—]392—3)2 (5.16)

The coefficient of determination for Eq. 5.16 is 0.85.
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CHAPTER 6 CONCLUSIONS

6.1 Conclusions for Box Culvert Model
6.1.1 Pipe Safety Grates

Based on the experimental study for the box culvert using pipe safety

grates, the following conclusions are made:

1.

For steep and mild slope regimes with full barrel flow, the pipe
safety grates increased the entrance headloss only slightly, The
comparison of Ce values with and without the safety grates
(Figs. B.1 - B.5) indicate only a small increase in the entrance
headloss coefficient for outlet control with slopes .0008 and
.0063 and for inlet control with slopes .0108 and .0128. For
slope .0013 (outlet control) the entrance headloss coefficient
was not affected by the safety grates.

For full flow conditions and for submerged entrance conditions
(Type 4A and 4B flow regimes), the pipe safety grates have
little effect on the entrance headloss coefficient. Referring to
the comparison plots of the Ce values with and without safety
grates installed (Figures B.l - B.5), the data points for Type 4A
and 4B flow regimes appear scattered and the regression lines
generally have the lowest correlation coefficients (Table 3.1).
The headwater depth was not measurably affected by the
installation of the pipe safety grates. Referring to the head-

water versus discharge plots (Figures B.9 -B.13), the data points
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with the safety grates plotted almost identical with the data
points without safety grates. Referring to the headwater
versus tailwater plots (Figures B.33 - B.47), the data points with
and without the pipe safety grates are approximately the same.
Conventional hydraulic design of culverts uses a constant
entrance headloss coefficient for all Types of flow conditions.
However, based upon this experimental study, the entrance
headloss coefficient can vary with headwater, discharge, tail-
water, and consequently with flow regime. From the entrance
headloss coefficient versus headwater plots (Figures B.17 -
B.21), the entrance headlosses increased with an increase in
headwater depth. The increase in headwater was due to
increases in tailwater and/or discharge. The maximum en-
trance headloss coefficients were obtained for (%—W) greater
than approximately 1.5, The lower Ce values were generally
for outlet control with an unsubmerged entrance. The higher
entrance headloss coefficients were for full culvert flow condi-
tions.

The entrance headloss coefficient can be determined by re-
gression equations based on combinations of headwater, tail-
water, slope, and dishcarge. The regression equations with the
best fit were for outlet control with unsubmerged entrance
conditions (Type | and 2 flow regimes) and for submerged
entrance with outlet control conditions (Type 4B flow regimes).
When the pipe safety grates experience clogging greater than

45 percent, the headwater and the entrance headloss coeffici-
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ents increased dramatically (Figures B.l - B.11 and B.20 - B.31,
respectively), and the efficiency of the culvert was substanti-
ally decreased. The increase in headwater and entrance head-
loss coefficient was higher for the larger discharges. While
there is an obvious propensity for clogging with safety grates,

this study did not incude an evaluation of that propensity.

6.1.2 Bar Safety Grates

Based on the experimental testing program for the bar safety grates,

the following conclusions are made:

1.

The entrance headloss coefficients for the bar safety grates
were higher than without the safety grates. The comparison of
entrance headloss coefficients with and without bar safety
grates (Figs. B.7 - B.9) indicate an increase in Ce for all flow
regimes tested on slopes 0.0008 and 0.0108 and an increase in
Ce for Type 2 and 4B flow regimes for the slope 0.0063. The
data points for Type 1| and 4A flow regimes were rather
scattered for slope 0.0063.

Along with the increase in the entrance headloss coefficients,
there was a corresponding increase in the headwater due to the
bar safety grates. Referring to the headwater versus discharge
plots (Figs. B.14 - B.16), the bar safety grates caused higher
headwaters than with no safety grates under similar condtions.
The increase in headwater was also evident in the headwater
versus tailwater plots (Figs. B.34 - B.47), The headwater depths
with the bar safety grates were higher- than the headwater

depths without the safety grates for the same discharge and
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tailwater. The increase in headwater due to the bar safety
grates was less obvious for higher tailwater depths. The higher
tailwater depths were less stable in this experiment, and thus
less accurate.

The entrance headloss coefficient with the bar safety grates
were also varied with headwater, discharge, tailwater, and flow
regime. The entrance headloss coefficient increased with an
increase in headwater as evident by the entrance headloss
coefficient versus headwater plots (Figs. B.22 - B.24). The
maximum Ce values were again obtained for _I-TI')_W greater than
1.5. Outlet control with unsubmerged entrance (Type 1 flow
regime) and full flow conditions (Type 4A flow regime) had the
lowest and highest entrance headloss coefficients, respectively.
The developed regression equations for the bar safety grates
can be used to determine the entrance headloss coefficients for
Type !, 2, 4B, and to a lesser extent, 4A flow regimes (Table
3.5). For the bar safety grates, the empirical curves (Table 3.6)
were also determined for inlet control flow conditions (Type 3A
flow regime).

The bar safety grates experienced the same response as the
pipe safety grates did to clogging. The entrance headloss
coefficient and headwater increased rapidly above 45 percent
clogging and the increase was greater for the higher discharges

(Figs. B.15 - B.12 and B.22 - B.35, respectively).

128



Summary of Regression Equations for Design

1. Regression equations have been developed for determining the
headwater-discharge relationships for inlet control. Five equa-
tions (1st order to 5th order polynomials) were developed for
each situation, with or without pipe safety grates and with bar
safety grates. The effect of pipe grates were insignificant so
the same equations can be used with or without these grates.
The regression coefficients are summarized in Table 3.3. The

fifth order equation for no grates is

BV - 1.888 - 3745 (—99) + 3.631 (—35)” - 1,539 (—2—)°
BD BD"* BD"*
Q 5
+ 0.307 (——1—5 - 0.231 (—15)
BD"" BD
and for the bar grates installed is
HV 113236 - 2.66) (-2 + 2,907 (- 297 - 1333 (- 25)°
BD BD™ BD °
+0.2883 (—2=)* - 0.0226 (—)’
BD"* BD"*
2. Recommended regression equations for design considering sub-
merged inlet, outlet control conditions are:
No Grates
C, = 0421 + 0102 (=2 ) - 0.3u8 (FTW=TV) (6.1)

BDI .5

Pipe Safety Grates

C =0.474 + 0,080 (i!— BW - TW
e BD1'5

)-0.254 (—— (6.2)

Bar Safety Grates
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C, = 0.616 + 0.063 (—3-3) - 0,433 =TV,

. 5
BD (6.3)

3. Recommended regression equations for design considering

unsubmerged inlet, outlet control conditions are:

No Grates

C, = - 0.040 + 1.000 ( HW) 0.276 (—‘IL5 (6.4)

Pipe Safety Grates

C =-o122+1045( H¥y 0262 (—C_) (6.5)
e BDI.S

Bar Safety Grates

c, - -0.213 + L.uug (B ) 0.366 (——Qﬁ) (6.6)

.

4. Recommended regression equations for design developed con-
sidering both submerged and unsubmerged inlet, outlet control

conditions are:

No Grates

C =-0.187+0.616 (B¥Y _0.060 (- 6.7
e D 1.5

BD

Pipe Safety Grates

C_ =-0.172 +0.479 (1) 4 0.001 (—9—) (6.8)
€ RD!*

Bar Safety Grates

C, = 0.025 + 0.643 (¥ ) 0.111 (=2 (6.9)

ool
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The inclusion of the (—HDE) term in Egs. 6.1-6.9 will add yet
another level of trial and error manipulations to the standard
procedure of culvert design. A possible procedure would use a

first estimate of Ce to obtain, as per standard procedures,
Q)
BD1'5

be obtained using the appropriate equation (6.1-6.9), etc, until a

values for ( ﬂg— ) and ( . Next a new value for Ce could

solution is converged upon.

6.2 Conclusions for Pipe Culvert Model

The following conclusions were made based upon the experimental

study using the 15-inch diameter helical corrugated metal pipe culvert:

1.

At low discharges, the entrance coefficients are substantially
higher for the grate treatment than for the no grate conditions.
The effect of the grates on the entrance coefficient is more
significant at higher discharges. (Figs. E.l - E.2, E.14 - E.19).
Headwater depth increases linearly with increasing discharge up
to headwater depths equal to approximately 1.2 times the
culvert diameter. The effect of the safety grates on headwater
depth is virtually constant throughout the discharge range.
(Figs. E.3 - E.5).

The entrance coefficient for the safety grate condition is
higher than that for the no grate condition for unsubmerged
inlets, The effect of safety grates on the entrance coefficient
is relatively constant for a submerged inlet (Fig. E.12). The
coefficient for both conditions increses substantially for an

unsubmerged inlet (Fig, E.11),
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The entrance coefficient increases substantially for increasing
discharge for a submerged entrance (Fig. E.14).

Headwater depth is unaffected by rising tailwater depth for less
than critical depths (Figs. E.20 - E.23).

The flatter the slope, the greater the effect of tailwater depth
on headwater depth (Figs. E.22 - E.23).

For available headwall elevations greater than 1.2 times the
culvert diameter, the effects of safety grate treatment on
design criteria is insignificant. For available headwall eleva-
tions less than 1.2 times the culvert diameter, the effect of
safety grate treatment on design criteria is substantial. o
Regression equations have been developed for determining the
headwater-discharge relationships for inlet control for no
grates and for grates installed. Five equations (Ist order to 5th
order polynomials) were developed for each situation, with and
without grates. The regression coefficients are summarized in

Table 5.1. The fifth order equation for no grates is

HW, _ Q Q _\2 O |3
(75-) = 0.236 + 1.088 (—==5) + (—5)D” + 0.482 ( )

BD BD!- Bp!->

+0.099 (—2 )% 4+ 0.007 (—Q

1.5

BD sp!+?

and for grates installed is

(V¥ - 0778 4 2,775 (=) - 1,999 (20 + 0789 (=)
BD . BD * BD .
- 0.732-29% 4+ 0.009 (=)
BD BD!*

9.

Regression equations for outlet control conditions were de-

veloped for determining Ce for use in design procedures. The
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suggested equations for submerged conditions are summarized
as follows:

No Grates - Submerged Inlet

_ Q
C,=- 0.044 + 0,262 (Eﬁ +17.155 (so) (6.10)
or
C = 0.145 + 0.230 (—2) (6.11)
e D2.5

Grates Installed - Submerged Inlet

C =0.117 +0.231 (-2 0+ 11.252(5) (6.12)
e D2.5 0

or

C =0.241 +0.210 (—2) (6.13)
e D2.5

The suggested equations for submerged and unsubmerged conditions
combined are summarized as follows:

No Grates - Submerged and Unsubmerged Inlets

C =-0.176 + 0.302 (—2 ) + 15.705 (S ) (6.14)
e D2.5 0

or

C_ = -0.0000 + 0.272 (—2—) (6.15)
e D2.5

Grates Installed - Submerged and Unsubmerged Inlets
C_ =0.133 +0.227 (—9-2) + 10,754 (S ) (6.16)
e D2.5 o
or
- Q
C, = 0.253 + 0.206 (——5

D
(6.17)
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10. As discussed in Chapter 5, the extrapolation of the test results
for the pipe culvert model should be done with caution keeping

in mind that the corrugation sizes were not properly modeled.

6.3 Final Discussion

In the process of investigating the hydraulic performance of culverts
with safety grates, experimental data was also collected and analysed for the
same culverts with no safety grates in place. Typical design procedure
incorporates conservative estimates for C which vary with entrance geometry
and culvért type, but are considered independent of slope, HW, TW and Q.
The equations presented here suggest that C_ can vary with slope, HW, W
and/or Q. Comparison for a given flow situation, of the Ce values calculated
from the noted equations, whether with or without safety grates, with the value
provided by typical practice can provide insight leading to more effective design

of highway culverts.
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Appendix A,1
User's Manual for Computer

Program "CULVERT"

The computer program, CULVERT, was designed to convert test
data into headwater, tailwater, discharge, energy gradeline, and
hydraulic gradeline measurements. CULVERT was able to analyze test
data from both box and cirular culverts. The output from the pro-
gram consisted of two entrance headloss coefficients, the critical
depth, the critical slope, and HW/D, TW/D, and Q/BDl'5 values. The
entrance headloss coefficient was determined by both the energy and
the hydraulic gradelines. The CULVERT output format was modified
for use in several plotting routines and for the OMNITAB II and
RLFOR statistical programs.

The arrangements and descriptions of the input cards are
given as follows.

Input Data

The first data card will identify the culvert type being

tested. a one or a two will mean a circular culvert, while a

three or a four will identify a box culvert. The format is

FORTRAN Card
Name Format Column Description
SHAPE 15 1- 5 Type of culvert being tested

The second data card will read in the slope, the physical
dimensions, and the Manning's n for the culvert. The format is

as follows:
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FORTRAN Card

Name Format Column Description

SLOPE Fl0.5 1-10 The measured slope of the
culvert

LENGTH F10.5 11-20 The measured length of the

culvert in feet

MANN F10.5 21~-30 The assumed Manning's n for
the culvert

WIDE F10.5 31-40 The width of the culvert in
feet. Diameter (DIAM) if
the culvert is circular.

HIGH F10.5 41-50 The height of the culvert
in feet. Leave blank for
circular culvert.

The third data set contains conversion factors which will
change the raw measured data into actual measurements of headwater,
tailwater, discharge, and hydraulic depth in the culvert. The

determination of each conversion factor is given in Section 2.6,

Testing of Data Reduction. The format is

FORTRAN Card
Name Format Column Description

HWLELE F10.5 1-10 Conversion factor for the
left upstream gauge measure-
ment

HWRELE F10.5 11-20 Conversion factor for the
right upstream gauge measure-
ment

TWLELE F10.5 21-30 Conversion factor for the
discharge channel piezometer

WEIREL F10.5 31-40 Conversion factor for the
weir point gauge reading

GAGEL F10.5 41-50 Conversion factor for gauges
1 through 12

(continued)
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FORTRAN Card

Name Format Column Description
GAGOUT Fl10.5 51-60 Conversion factor for gauge 12

The fourth and fifty data cards will read in the
distances that the twelve piezometers are from the culvert entrance.

The format is

FORTRAN Card
Name Format Column Description
DY (I) F10.5 1-80 Location of each piezometer

along the culvert in feet.
I = 1 through 12.

The sixth data card reads in the discharge, date, and
other information for each different safety grate test. This
card, along with the following cards, will be repeated for each

test conducted. The format is as follows:

FORTRAN Card
Name Format Column Description
HWEIR F10.5 1-10 Measurement of the weir point
gauge in feet. A 9999.0 will
terminate the program.
B Al0 21-80 The date, the tailwater

conditions, the grate type,
and other pertinent information
of the test.
The next two data cards will give the actual measurement

for each safety grate test. These data cards are repeated each

time the safety grates are removed or installed. A one in column

5 of the first card will mean the test was run without any safety

grates in place. A test with just an upstream safety grate will

have a two. With both safety grates, a three will be in column 5.

The format of the first card is as follows:
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FORTRAN

Name Format
ICOND 15
DX(I) F10.0

Card
Column

11-80

Description

Location of the safety grates
1 = No safety grates,

2 = Upstream safety grate,

3 Both safety grates

Piezometric readings inside
the culvert.

The format of the second card is as follows:

FORTRAN

Name Format
DX(I) F10.0
HWL F10.0
HWR F10.0
TWL F10.0

Card

Column

1-50

51-60

61-70

71-80

142

Description
Remaining piezometric readings

Upstream left point gauge
measurement

Upstream right point gauge
measurement

Discharge channel piezometer
reading.
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PROGRAM CULVERTCINPUT,QUTPUT,TAPEY,TAPE2, TAPEY, TAPEAN, TA
PES, TAPEG,

tTAPET, TAPF 8, TAPESG)

EAL MANN,L FNGTH

TNTEGER SHAPF

DIMEMSION A(3IY,B(6Y,DY(12),DX(12V,EGL(12)

DATA A(1V/1¢HW=0 GRATES/,A(2Y/{¥HW=US GRATE/,A(3Y/10#HBO
THGRATES/

DATA C/1uR&NQ==DATAX/,NT/ 1/
C
Cliittit*ikktttﬁttittititttiitittikt*kttltttitttttlﬁiﬁtttilil
Can INPUT CULYERY PROPERTIES
Cax SLOPE,LENGCTH,MANNING2S N,AND CULVFRT DIMENSIONS

Cas SHAPE = t FOR CIRCULAR CULVERT
Canr 4 FOR BOX CULVERT

Cax DyamM = CIRCULAR CULVYERT DIAMETER
Car AIDE = BOX CULVERT WIDTH

Cra HIGH = BOX CULVERT HEIGHTY

Cilﬁﬁﬁiﬁﬂilkkitiﬁiiﬁiﬂil!itﬂﬁiliﬁﬁiiﬁiﬁt!itﬁﬂﬁ*ﬁﬁﬁﬂtﬁttﬁiﬁiﬁﬂ
C
REWIND NT
FEAD 5, SHAPE
GO TO Clels2s2YsSHAPE
I HEAD 1.1,SLOPF,LENGTH,MANN,DTAM
PRINT 3uf,DIAM,LENGTH, SLOPE
U371 FORMAT(IHL,8XaCTRCULAR CULVFRT MODEL*/SX#DIAMETER (IN F
T.) =&Fy1 v 3
' JSXALENGTH =aF14,3,5XASLOPF =xF (v 0///)
GO0 Tn 3
2 NEAD 101, SLOPE,LENGTIH,MANN,WIDF ,HIGH
PRIMY 32, HIGUH,WINE,LENGTH, SLOPE )
14 FORMAT(IHE, UX*B0OX CULVERT MODEL®/SX*DIMENSION (IN FT )
txF1 ..3,2X, .
] xHYAF 1.3, SXe ENGTH =2t 14_%,SX*xS| OPF =#F1+.4
/7/7/7)
C
C‘ﬂﬁiﬂﬂiﬂiﬂ*ﬂﬂitiﬂiitiikﬂ!ikﬁktitiikiikiﬁﬁiﬁﬂiiitiiﬁiiﬁﬂﬂiit!
Cax INPUT CONVERSION FACTORS
Can HWLELE=LEFT UPSTREAM GAGE
Cax MWRFLF=RIGHT UFSTREAM GAGE
Caar TWLELE=TATLWATER GAGE
Cxan WEIREL=wF IR CONVERSION
Can I;A(;ELS GAGES 1t THRU 11
Cax GAGQUT = GAGE t2
Ci'A)tﬂtAﬁﬁkttiﬂﬁtﬂﬂiiikﬁAﬂﬂtkﬁﬂiﬁﬁﬁtﬁﬂﬁlﬂ*ﬂﬁﬁﬁtﬁﬁﬁttitttﬁﬁﬁﬁtﬁ
C
T RFAD | 1,HWLELE,HWRFLE, TWLELE,WETREL,GAGEL,GAGOUT
C
Cﬂiitiitlﬁilﬂﬂiiit*ﬂﬂiﬂliﬁﬁiiﬁlt*ﬂiiiﬂﬁtliiﬂitﬁﬁtiﬁﬁiﬁtﬁﬂiil*
Cax INPUT PIEZOMFTERS { QCATIONS IN CULVERY
Ciiiiilkiiiﬁiﬁiiﬁiiﬂkiiﬁﬁiiitﬂlﬁﬁﬁtiﬂﬂitﬁikiﬁttitﬁﬂﬁitiiﬁilﬁﬁ
£
EAD 141, (DY IV, 1=1,12)
TG FORMAT(IS)
141 FORMAT(BE Lo S
«
Cﬂﬂﬁﬂliiiﬁllﬁﬁﬁﬂﬁﬁiikiﬂﬂtiiﬁﬂi*ﬁﬁﬂltilﬂtkﬂilﬁt*ﬁﬁilﬁﬁﬁktﬂtiﬁﬂ
Cax ILEAD IN DISCHARGE DATA
Can HWEIR = WEIR READING
Cax QpPp = DJSCHAGE (CF$)
CARAARRANRRARSRARKNARRARRA AR ARAARARRRAAAAR AR R AR RRAAARRAAR KA R F A K
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H READ T3, HHWETIR,H
1:3 FORMAT(F!t.S:!’XobAl~\

IF (HWEIR _EQ, ¥999) GU TQ 9rn

HwEIR~Hn£19&NFIﬁ{L

GPPE3 3354 s HKEIRRALLS
C
Ctﬂ*ﬂkﬁR****t*ﬁﬁ**ttkt*i*kti!*lttﬂt*!tt*t*ﬁ*t*ii*i**ii***lii*
Chn COMPUTE CRITICAL DEPTH,CRITICAL SLOPE, AND NORMAL DEPTH

Can CRITD = CrITICAI DEPTH
Cxx CRSLPE = CHRITICAL SLOPE
Can Ungp = NORMAL DEPTH

Clﬂtttliiittiﬂ‘kﬁﬁﬁ*ttttt*****litit*ﬂﬂttk*t*tt*tﬂ****k*tﬁkt**

o
CALL CRTTIC(SHAPE,DIAM,HIGH,WIDE,MANN,GPP,CRSLPE,CRITN)
CALL HOXUD (SHAPE,DIAM,HIGH,WIDE,MANN,QPP,SLORPE,UDEP)
PRINT 271.,0PP,B,HANN,CRITD, UDFP CRSLPE,SLOPE

2r1 FORMAT(//5X,#DISCHARGE = #,F1a,5,% CFS»,5X,6A12,/

1 SXxMANNING =xF7.4, SX+CRITICAL DEPTH =*F7.4,
1 SXanNOHMAL DEPTH =ar7 4,5X*CRITICAL 3109£=:F7§a

t BX2SLOPF=aF 7 /7 ) L.
1 XsxCORDITIONS2,SX, aHEAD=RWATER®,5X,+ F, G L. NEx
2 HXgt “-OVER D*,SX,tNON-DIHENG*,SX,*HYD G L.CE®
S SXes ELG 1. CEX,S5X, % IWNaQVER~D2/)
C
C*****il‘k*ktiiﬁititt!iiilti**ltikt*t*****i*!*ﬂ**ﬁ***titkttli
Cxsx HEAD TN HEADWATER, TAT{WATER,AND DFPYH DATA IN CULVERT

Cox UX(IY = PIFZCOMEYER HREADINGS
Cax HWG = LEFT UPSTHKEAM POINT GAGE
Crz HWR = RIGHT UPSTREAM PDINY GAGF

Cax THL = DISCHARGF CHANNEL GAGE
Ct*t*tt*Qk*i***ﬁ*kﬁkdtk*tt*tttt!ﬂkkitttikilttiltiltittttkttﬂt
C
S READ [J2,TCOND, (DX{IY,1%1,12),HHL ,HWNR, THL
142 FOHRMAT(IS,SX, 7Fi0, d4/78Fd_¢)
IFLURL LFQ, »#70Y GO 7O 9
TFOTwl JEQ, L) 60 TO 19
¢
CARARAARARRARAARRAARAARNNRARARRAARAR R K ARRAR R AR R A AR AR R AAAR A AR A RR & R &
Cax CONVERY TEST DATA INTO ACTUAL MEASUREMENTS
Cxx Hy = AVERAGE HEADWATER DEPTH
Can Tw = TAILWATER DEPTH
C
CAttitl*i!**ﬂti*****titikttk*tQ***Qk*ﬂi*tt**tt**tilik*ﬁiattﬁt

TWE(THL /1P Y+ THLELE
GO TD 11
te YWEo_a@
11 CONTINUE
FIW= (WL +HWLFLEF+HRR ¢ HWPELEY /2L

Ctlkkt*t*tt*t*t*#itt*t*Qﬁitkill*t*iitk*t**k*!fﬁ*k*!i***iﬁtkit
Cas START OF LINEAR FEGRESSION BY DETFERMING THE
Can EMNERCY AND HYDRAUI IC GRADE LINES
CasaarahhhAp kA kAR AARAR A A AR A A AR AR RRARARRRA AR A AARRAAANR AR R AR AN A AR
€

XGS=olv

xs= ;.

Ys= s,

DN=S

o 28 J=s, 10
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DEPTH=DX(J) ¢+ GAGEL
DEP=DEPTH + SLGPEADY (1)
GO TO (35,37,31.31),SHAPE
1. CalL CIRCLE(UEP,ARPEA,FSLOPE,DIAM,QPP,MANN)
G0 TQ 37
Ty CALL BOX(DEP,AREA,FSLOPE,WIDE,HIGH, MANN,QPP)
12 VEL=QPP/ARF A
EGLUJYEDEPTH + VELar2/640.10
X5=Xs + DEPTH
XGS = XGS + EGL(I
?5 YS = YS + DY(J)
XM = XS/DN
Y¢=YS/DN
XGLM=XGS/DN
EGP=a_ v
Xp=.a’
YP=z. |
DO 26 Kzb, |
XP=XP+(DX(KY+CAGEL«XMYA (DY (KYeYM)
EGPZEGP+ (EGL (KVY«XG{ MY % (DY (KYYH)
26 YPIYPL(OY(KY@aYMY24?
C
Ctllﬁtii‘ltttltttgﬂtﬂilltttllttttttttlAttttttittttltttttttttt
Cxn CALCULATION OF DEPTH AT ENTRANCE HY EXTRAPOLAYION OF
Can THE ENERGY anD HYDRAULIC GRADELINFES
Cas DE = HYDFAULIC DFPTH
Can PGAMMA = FNERGY DEPTYH
Ctiltttlﬂntitkﬂktitﬁtttiﬂtitﬂtltttlttlttkttﬁtttttkttttttltlit
C
DE=XMe (XP/YPY2YM
PGAMMAZXGLMw (EGP/YPY&YM
IWUDs . wit
C
Cttttiiﬁ'ititttﬂttttitkl*lttttliititt!ttttitttttittittttttttt
Cax CALCULATION OF HeOVERaD, TH=OVER=D,AND AREA 0OF FLOW
Cax F = QPP/(BxDax1 9
Can HAWGD = HFADWATER/HIGH
Caa T = TATL®XATER/HIGH
(:iiiliti'llﬂtlﬂitlitltttttttttAittltttltliititttt'kﬂtttttﬂlit*
o
GO TOC(brhs7,1)sSHAPE ‘
6 CALL CIRCLE(UVE,ARFEA,FSLOPE,DIAM,QPP,MANN)
HWOD=HW/D1AM
F=QPP/DTAMRR? S
IF(TW,EQL™.")Y GO T0 A
THWOD=TW/DIAM
Gg To 8
7 CALL HOX(DE,AREA,FSLOPF,WIDE,HIGH,MANN, QPP
HWOD=HW/HTGH
FzQPP/{WIDEAHIGHR2) .S
IFOTWLEQL 2.4) GO Y0 &
THOD=TW/HIGH
C
Ctlttkliiltlﬂtliltﬂttltﬁ!llttttttlttt!ttﬁl!tt*tttttttttttltt*
Can DETERMINATION OF AVERAGE VELOCITY
Ctltltiilﬁtlﬂtllk{ltAlt!lllltlkittﬂtt*ttl*itittttlktklﬁlkﬁﬁll
C
R VFL=QPP/AREA
C
CAXARNRARARARAKARARRAARRARAA R AR RN RRA AR R AR A RN AR AN KA KA ARAARRNRR AR
Caxr DEFTERMINATION OF CE BY USE OF BOTH FNFRGY AND
Can HYDRAULIC GwADE LINES
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Cﬁatﬁt*atg*ti*ttﬁ!tt*tittinit*llttintQtttt**iiit*iitt!i*tiitt
r

CER(HW=PGAMMAY/(IVE 2D /60,00

HGCEz (HW=DEY/ (VEL* %2 /6004 ) =1

PRINT 2:2,AC1CONDY,HW,PGAMMA KOO, F,HGCE,CE, THNOD
c
Cit*t*kiﬁtt**ttﬁ*t*ﬁiitﬂl!ﬁﬁn*t*tﬁttaﬁkﬁ*ttﬁtxtiita*ttﬁititﬁt
Casx  SEPARATION OF DAYA INTO DIFFERENY FLOW REGIMES
Can USING TEXAS HWY_, DEPT, CRETERTA
C**t:kt&t*i*i****tttitﬁtﬁﬁtt*nnk*ﬁﬂ*t!tn*ﬂ*ttﬁtattttttti*tﬂtt
.

SCE=CRSLPE

SL=SLOPE-LENGTH

DC=CRIID

1c=1cond |

IF (SLOPE,GE.SCY GO Tp 4}

IF (rw.GT,DCY GO TQ a2

IF (1w, GE, (1.2«HIGHY)Y GO TaQ A9

1IF (TW EN_aLsY GO TO a6
C
CAAA AR R AR AN A ARRARRARRANRAR KR RARRARRAR AR AR R RARSRRAAR KN ANARAKR R KRR
Cex  FLOW YYPE |

Cun SLOPE L,T, CRSLPE
Cax Hu' L7, 1.2»xHIgH
Can TW,  L.T. €RITD

cittt**'i!t*tkttﬂtkttktttt!tti!ittiiﬁttthi!tttilttiit!**tt*tt
C
ARLTE(P+202Y ACLICONDY,HW,PGAMMA, HWOD,F ,HGCE,CE, TWOD
Lo TNy )
ah 1F (ICOMDEQ.2Y GO TO 9
IF (JCOND_EO_3Y [(C=?
WRITECIC,?242Y ACICONDY, HW,PGAMMA,HNOD,F,HGCE,CE, TWOD
GO Yo 9
C
CERKARRA R AR A ARAARA SR RARASKAREARNARNRARRAARARARAAR AN AR AAKN KRR AR RARA R
Can FLOW TYPE dh
Car W Gpl,y 1.281HIGH
Cxn W .7, HIuH
CARARXRAARARARARRAKARRRAA AR ARRARNARAAARARR RN RARAAANRR AR AAAKRARRR AT AASR
n
a9 lr (TW_NE,“.v)GO 10 47
T+ (ICOND,EQ.2Y GO YO 9
IF (ICOND,EG_tY [C=7
IF (ICOND.EQ.3Y 1Cx8
G0 To u}
17 [C=R
4% WRITE(IC, 222Y A(ICOND)Y  HW,PGAMMA,HWOD,F ,HGCE,CF, TWOD
50 T0 9
a7 IF (TW_GE,HIGHY €O TN 44
IF (MW _GE.CI_2aHIGHYY GO TO 47
o
Ctitﬁttﬂttﬂﬁittﬁt*tttﬁ*lilﬁﬁkiﬁttﬁﬂntttiit*iﬁ*!it***ti*ttit**

Can FLOw TYPL 2

Can SLOPE L,T, CPSLPE
Crs W L,T, 1.2*HIGH
Can W G.Y, CRITD BUT
Cax L.To MIGH

CARARRARRRARRAARARRANARAARKARARRARAA AR R AR ARN AR ANRARRANRRRARRAAAR
€
WRITE(S,22Y ACTCOND)Y , HHW,PGAMMA,HWNOD,F,HGCE, CE, TWND
sn T 9 L
a1 IF (TWH_GE_ SL AND TH LTL(SL+HIGHYY GO TO 4Ss

148



671

NYIH 3
LS/ u)wayv 2wyl 2)/ 2ssNNV ¥ 2¥¥dan=s§
dM/y =
TZ¥(+3QlMzdm
3alveqzy
HOTH=U (H9IH *39°7 SU) 41
sa=0
NNVW Ty 3
)
IR R R S R R R S R R R R R R R R R R AR R R R R R SR R R R R RS R R R R R EE SRR R B B

¥¥ )

3dU1S vWd0h = S ¥¥)
H3l3IWVyvd Qillimv = dM ¥¥)
v3idy mMO04 = v ¥¥]

3408 Mywaorl gty ¥¥)

fHILAWVYEVY Q41144 *vIAYv MmO T4 F1NdW0OI 0L dnTinod x¥ )

(dAdO'NNVW HOIH IQIM S VS X0y ANLLINGHanS
PUVUNURYN YUY NN YUY YN PSS PY YN AY NPT NI Y ISR YN PYYI YN Y YN YN

J
gN7J
dOls a6
S 0L va
b oL U9 (g To3d° aNODI) 41 b
LIXSYSP T )L XS Iy X L) LY Wy0 4 cad
6 Gl 09
AOML 4D 309H 4'QOMH ' VARYId 'MHYLUNODL)Y (. ¢'6)3L15m S
<
IR R R EE RS RS S AR R E R R R E R R R AR S RS R R AR R AR R R AR RS EE SRS AR R AR R E R B
LHO9T3H + HIONIT¥3I40TS 7171 ¥¥)
lng HION3II¥3d401S “1°9H Ml *¥ )
3a 1840 ‘1%9 3407g e

s IdAL Mo 4 )
AN NN NN NN NN NN R YV NP NS YN NN F NN S NN NN NS N SN N S U F F N DN SN SN Yy H Y ¥ ¥ YV ¥ )

)

6 0L U9

UGOML*3D7309H 4 UOMH YHAVId ‘KH  LANOD D)V 122¢9) 3L Jun ni
2
(R R R I R X RS R R RS R R R R RS R R AR R R E R R R E AR R R R R RS R R R A RS 'R ¥ 5]
HOIH + HIONIT*¥340718 %9 M *¥)
ANV 3d715dD 179 3Idi7g ¥y
U0 ¥¥l)
HOTH 2L1%9 Mi ¥
ANV 3471840 7177 3d07g ¥

Vi 3dAl MOV4 ¥x)
.U'Ul"lU‘UU%¥V‘U'V‘UUU"%"t%!t"‘"U!'t'%¥“%“"!v'¥!¥UVU3

B
6 LI U9
AOML?PIVTAD9N 4 AOMH YHWYDA MHY CANDDTIY (¢ne D) 34Tdm &5
S=)1 wyu
S 01 0a
301 (27H3TANOIL) 4]
#=31 (1703°0N0JL) 41
6 0L 09 ¢ 03°ANOIL) 41
g 01 09 (v Tz 3N"ML) 41
J
%"UU!!it%%tt%%t“"V‘t"!ttt%V“¥!%ttttt‘%¥tt%ttt‘!viU"ttuj
HI9N3 13807108 (77 Ml ¥¥)
3d7syd *1%9 3407s v¥

vi 3dAl MO ¥¥)
I EE SRR R R R E R R R R R R R R A R R R R R E R R R R E R R R R R R R R R R R E R R R RS R R R R R E R 2 29
J

et 01 09 CIHILH+TS) 73097 ML) 4]



[N
SUBRQUTTINE CIRCLE(DS,A,S,DIAM,GPP, MANNY
HEAL MANN
150 VALR(PsDS=DIAMY/DIAM
[FCABS(YALI LT 1,y GO TO 2u
THETA=:,
GO 1o 2t
23 THETA:?Z*{&COS}(V&L\
21 AzUTAMARD /R 4 (6,2832=THETA+SIN(THETAY
AKZL U4B6a(({(6_28%2=THETA®SIN(THETAYY /B )1a%5)/(( (K, 2832
=THETA)
i 72 Nk aPa (DS/D1IAMYARBY YRR (1, /30
Sz (GPPAMANN/{AKADS A2 (R /3.1 AaD
DC=0%
$C=8
ME TURN
ErD
Cﬂiia*kiktaki*t**ittﬁaltﬂ!tﬂtiaiiﬁﬁitﬂtkllti*iiiii!tit*itaﬁﬁ!
AKRAARAR AR kg
SUBRQUITNE CRITIC(SHAPE,DIAM,HIGH,WIDE,MANN,QPP,CRSL PF,
CRITDY
C KOUTINE TO COYPUYE CRITICAL DEPTH AND CRITICAL SLOPF
C*AAitﬁ*i**A**t!tltiﬁliﬁl&ktaaiﬁﬂtikiitﬁiiiti!**ikh***ikikti*
KKK ARKA AR &g
INTEGFR SHAPE
REAL MANN
GO TQ (131411412,12), SHAPE
11 MME=QPPaap/32 2
DSZDIAM/? L= 6l
DE"OM=2 ] o
t 1F (DIAM/DENOK _LT. <.085) GO 10 3
" CALL CIRCLE(DS,4,CRSLPE,DIAM,GPP,MANNY
THOZA*23/(2 . xSOET(DSADI AM=D54DS))
DENOM=DENOMA2T
IF (ONE = [W0O)Y ?:3:3
7 NSzDR-DTAV/DENOM
g To o
4 BSELDS+DTAM/DENOM
un To g
3 CRITN=DS
GO 10 14
12 CRITOD=(OPP*42 /(37 . 24WIDE*22 1) aa(1/3 )
CALL BOX(CRITD,A,(RSLPE,WIDE,HIGH,MANN,GPP
14 KFTUpN
)
C
C
Ctﬂ*ﬁ**ﬁ*i*!ﬁt*i**tiitiiaainttiﬁtiﬁkttttkilttttﬁﬂ*iiltiﬁiik**
IR S R R R RN
SUBROQUTINE BOXUD(SHAPE,DIAM,HIGH,WIDE,MANN,QPP,SLOPE,UD
Ep)
C ROUTINE T0O COMPUTF THE UNIFORM OR NORMAL DEPTH
Ci*tﬁ**ttikiiiti**t‘*i*liilAttliﬁiiitkklltltl*tkﬂ*ﬁtt*ti*t*ti
Rk Ak k Ak Rk
REAL MANN
INTEGER SHAPE
GO TO (1,212,484, SHAPE
1 THIGH=ZDIAMAL93618
HIMAX=DTAM
0 TS
2 THIGHEHIGHX, 9257
HIMAX=HIGH
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i

I

13
11

0 Tn §

THIGH=HTIGH

HIMAXZHIGH

DE=THIGH/2,

UDEHOM=a .,

GO T0 (7,7+14,18), SHAPE

CALL CIKRCLE (DS,4,8,D1AM,QPP,MANNY
L0 To 11

CALL BOXSDS.A,S'NIDE.HIGH,HANN,QPP)
IF(S ,GY. SLOPEY GO TH 13
DE=DS«YHIGH/DENDM

GO T 4

05=OS+THICH/D€NQM , 3
ITFATHIOH/DEROM LY. o, 86%5Y 60 10 12
DEHNMEOENOMA 2

GO To 6

HpEP=2DS L.
IFCLTHIGH=UDEPY 1T, ¢:885) UDEP=HIMAX
iE tUpN

FNE
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APPENDIX B

Graphical Results For Box Culverts
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APPENDIX C

Summary of Regression Results: Box Culvert






DEVELOPMENT OF REGRESSION EQUATIONS CONSIDERING VARIOUS FLOW REGIMES

To determine the regression equations, the experimental data was
divided into the different flow regimes. Several regression equations using
different combinations of controlling factors (headwater, tailwater, etc) were
considered. As an example, for Type | flow regime, the headwater, tailwater,
and slope are factors used in culvert design while tailwater depth is not.
Therefore, the regression equations were developed using different combinations
of discharge, headwater, and slope for Type | flow regime conditions.

The statistical package program, OMITAB II, was utilized to deter-
mine the best fit equations for each combination of controlling factors.
OMNITAB 11 (1966) was developed by the Statistical Engineering Laboratory of
the National Bureau of Standards and uses the ordinary least squares method to
determine the regression coefficients.

The regression equations to predict Ce were also used to identify
outliers in the data. To identify outliers, the deviation of the measured Ce values
from the predicted Ce values were computed and were assumed to be normally
distributed. The frequency of occurrence for the maximum deviation was
computed n+l where n is the number of observed data points. A normal
distribution table was used to determine the maximum deviation associated with
the computed frequency. Outliers were identified as having deviations larger
than the maximum expected deviation.

Regression Equations for C

<

Basically, the regression equations to determine entrance headloss
coefficients were divided into two groups. The first set of regression equations

were theoretical models based upon the energy equation. The second set of
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regression equations predicted the entrance headloss coefficient from different
combinations of headwater depth, discharge, tailwater depth and slope.

To develop the theoretical regression models, the energy equation for
the entrance of the culvert was considered. The energy equation was rearranged
so that the entrance headloss coefficient was the dependent variable and all
other terms in the equation were independent variables. The resulting equation

is

_ HW Q -2 Q -2
C = 28(—=) ( ) - 2g( ) -1 (C.l)
e D BD1.5 BD1.5

For the statistical analysis, the terms 2g, -2g, and -1 were replaced with the

regression constants Bo’ Bl’ and BZ’ The final equation form is

Co = Bp + By ( ﬂ[')W_) (ﬁj}-z + By 577

(C.2)
e BD1‘5

To introduce different terms to the theoretical model, the variables
were multiplied by (—0*1—3 )'2 and added to the equation. As an example, if
BD "™

tailwater was included, then the final equation form would be

-2

)

C, = By+B, (g—w) (’}ﬁﬁ)_z" B, =)+ B, (lDW—) — (C.3)

e BD" BD "
For the second set of equations, the regression models were in the

general form

) HW Q v
Co = Bp+B (57 + Bz(BD1.5) + By (g Cc.9

where all terms have been previously defined. It should be emphasized that the
selection of independent variables for the regression analysis must be done so

that independence is maintained. For example, if So was also included in Eq.
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L] which is a function of

(C.4) then the variables would not be independent in l:{D—

T
?-5 y DW , and So‘

BD
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Table C-1

Equation
Reference Equation Form
) HW , Q -2 Q -2
1 Ce=Bg+By ("15")(BD1.5) *Bz(BDl.s)
) HW , Q -2 22
2 Ce =By +B) (“D"‘)(BDl.s) *Bz(BDl.s) ¥
T
BDL
3 c? =y + B M 15’”?““’-"2(‘153.2+
Bp!* BD!*
B, 39 (3 97
BD
i HW, Q -2 Q -2
4 Ce=Bg+B) (‘15‘)(5131.5) ""32(801.5) +
2
B, (5.) (-2 )
3o BDI.S
2 W, Q-2
5 C =B, +B (—2<)2 +B, £ )+
e B0+ B T3 20’ (G 15
2
B, (S,) ('BBQB)
. HW , Q-2
6 C, = By + By €F ()
BD
7 c =B +B (—2—)2 .5 Y2
e P+ B T3 25 I3
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Equation
Reference

10

11

12

13

14

15

16

C
e

=B

0

Table C.1 {continued)

Equation Form

+B) (%/’+Bz(5§—

1_5)

i HW, Q ™
Ce‘BO+B1 (F)+B2( 15)+B3G~]5~)

BD™*

_ _Q T
Ce =By *+ B (BD1.5) +B, (3“‘3

C,=By+B, (—w)+B (

I _130+Esl(—Dl“3+l.>,2

Ce

By

=B

(-
1.5

0

BD™*

HW)Z

B‘&(So)

2
) + Bj (So)

BZ(

W2

)+B (S

(
BBD

)

.5 *

_&_) B (_Q__
apled *P3

BD

T
C, =By +B, (—Qﬁnsz{gﬁh%(so)

Ce

Ce =By + B, (.Bfi-.-j) +B, (S )

=B

0

BD™*

+ B1 (So)
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Equation
Reference

17

18

19

20

21

Table C.1

Equation Form

HW
Ce = BO + Bl (-§-) + B2 (So)

HW TW
Ce =Bg+ B (5 + By, &30

C =B, +B,{ )

e B0 P10 T3

) Q HW-TW
Ce‘BO+Bl(BD1.5)+BZ( D)
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TABLE C,2

BOX CULVERT
RESULTS OF REGRESSION ANALYSIS: NO GRATES
Number of
Regime Equation Bo By B2 B B4 R Points

1 .222 -.431 .207 .076 36

4 .072 1.822 -1.132 -55.845 461

8 -.071 .825 -.206 .248

11 -1.164 4,274 -1,113 36.786 .710

13 .210 2.956 -.842 -.112 42.682 .884
2 2 -.047 6.189 -4.171 -40.477 .943 34

8 -.333 1.367 -.309 .958
3A 1 344 -2.823  1.154 .586 36
4A 1 .738 2.943 -5.167 .601 103

2 .726 3.480 -4.778 -.739 .605

9 .003 .525 .014 -.153 .653
4B 2 2.720 -36.654 16,641 =31.577 .604 42

3 2.268 -32.40 14.443 -25.911 .572

9 -.832 -2.601 1.250 -.047 .572

11 -.354 -1.664 .827 -41.657 .779
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TABLE C. 3
BOX CULVERT

RESULTS OF REGRESSION ANALYSIS: PIPE GRATES

Regime Equation o By BZ B3 Bh R N::?ﬁstf
1 1 .430 -.384 .181 .054 39
3 .053 2.030 -1.251 59.330 453
8 -.121 977  -.245 <294
11 -1.288 4.542 -1.160 36.741 .791
12 .127 .333  2.111  -.723 -.072 .918
13 .203 2.258 -.651 -.084 34.185 .918
15 .159 7.929 .246
16 .135 .011 7.836 .258
17 .258 .092 .072 8.273 .258
2 2 ~.042 6.103 -4.771 .625 .828 32
5 .163  -1.232 2,554 -109.0 .804
8 -.339 1.308 -.286 .922
9 -.355 1.313 -.287 .014 913
10 ~.023 ~-.061 .521 .598
LA 2 .646 5.105 -2.084 -4.085 .511 129
3 .805 3.162 -1.470 -2.456 .517
8 .132 .240 .042 .543
9 .365 .688 ~-.0362 -.498 <591
10 .158 .077 .180 423
14 .176 .077 .183 -5.708 444
18 511 .195 .283 511
4B 2 1.130 -13.674 8.337 3.256 444 44
8 .219 -1.356 .561 .273
.526  -1.179 .397 .205 462
11 -.813 2.700 -.554 -123,532 .987
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TABLE C. 4

BOX CULVERT
RESULTS OF REGRESSTION ANALYSIS: BAR GRATES
Number of
Regime Equation Bo By By B3 By R Points

1 1 .321  -.0060 -.420 .675 26
8 -.364 1.339 -.268 .861
11 -.849  3.066 -.755 17.429 .904
13 -.091 1.581 -.196 -~-.108 16,073 .919

2 .033  4.652 -2.555 -.356 .848 28
8 -.269 1.782 -.470 .941
-.157  1.471 -.417 .078 .839

3A 6 .543 -,608 .818 28
18 .059 .137 744

4A 1 .825 2.419 -4.591 .675 38
2 .747  5.091 -3.648 -3.081 .700
3 .557 6.559 -5.052 -3.707 .666
8 .100 .308 041 .627
9 .343 .738 ~-.035 -.484 .663
19 . 256 .586 -.330 .658

4B 1 -.571 -1.576 .803 .661 26
9 -.660 -2.039 .998 -.099 .952
10 -.473 .196 047 .509
11 ~-.612 =-2.031 .999 -19.941 .957
13 -8.193 -.689 4,210 ~-.421 ~12.012 .980
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APPENDIX D

Clogging Test Results For Box Culverts






30

2.8

2.6

24

2.2

20

18

1.6

1.4

1.2

1.0

PIPE SAFETY GRATES

Discharge

= 9.0 cfs

Slope = .0008

PLACEMENT OF CLOGGING

O - Top to Bottom
@® - Bottom to Top

8]
o
B
B °
O
0 e
v o o
! | | J S | i | .
10 20 30 40 30 60 70 80 90
¢, Clogging
Figure D.1 Headwater vs. Percentage Clogging

(SO = .0008, Q = 9cfs)

217

100



°k

30

28

2.6

24

22

20

18

1.6

14

1.2

1.0

PIPE SAFETY GRATES

F Discharge = 9.6 cfs O
Slope = .0008
Placement of Clogging
L O- Top to Bottom
® - Bottom to Top
O
™ L
O
= o
O
m . ® *
| ! | L L | i | i
10 20 30 40 50 60 70 80 90

% Clogging

Figure D.2 Headwater vs. Percentage Clogging
(SO = .0008, Q9 = 9.6 cfs)

218

100



“ls

3.0

28

26 |

24

2.2

20

18

1.6

14

12

1.0

¥

PIPE SAFETY GRATES

Discharge = 10.0 cfs
Slope = .0008

Placement of Clogging

0- Top to Bottom
® - Bottom to Top O

I | ] ! ] i i i

10 20 30 40 5350 60 170 80 90

% Clogging

Figure D.3 Headwater vs. Percentage Clogging
(SO = .0008, Q = 10 cfs)

219

100



cl:é

3.0

28 -

2.6

24

2.2

20

18

1.6

|
1.47

1.2

1.0

PIPE SAFETY GRATES

Discharge = 11.2 cfs
Slope = .0008

Placement of Clogging

0~ Top to Bottom
@ - Bottom to Top

]

i i 1 1 }

o0

10 20 30 40 50 60 70
% Cloyg ng

Figure D.4 Headwater vs. Percentage Clogging

(S, = .0008, Q = 11.2cfs)

220

100



°k

30

PIPE SAFETY GRATES
28 Discharge = 8.04 cfs
Slope = .0063
26 | Placement of Clogging
O - Top to Bottom
24 ® - Bottom to Top
22 |
20 |
18 | a
16 | ®
14 |
0
1.2 | O °®
0 L
1.0 Q [ E l ® ] ] | 1
0 10 20 30 40 50 60 70 80 90
% Clogging

Figure D.5 Headwater vs. Percentage Clogging
(SO = ,0063, Q = 8.04 cfs)

221

100



*k

3.0

PIPE SAFETY GRATES
28 - Discharge = 9.11 cfs
Slope = .0063
26 | Placement of Clogging
O- Top to Bottom
24 |- @ - Bottom to Top
22 |-
20 | .
18 | *
16 | m]
14 |
= °
a
1.2 o
r o= 7
1.0 ¢ ! [ { [ ! L L L —
0O 10 20 30 40 50 60 70 80 90

% Clogging

Figure D.6 Headwater vs. Percentage Clogging
(8, = .0063, Q = 9.11 cfs)

222

100



3.0

28

2.6

24

2.2

2.0

18

1.6

14

1.2

1.0

PIPE SAFETY GRATES

Discharge = 10.04 cfs
Slope = .0063

Placement of Clogging

O - Top to Bottom
® ~ Bottom to Top

Oe

L 1 I L ! ! |

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.7 Headwater vs. Percentage Clogging
(S = .0063, Q = 10.04cfs)

223

100



3.0

28

2.6

24

2.2

2.0

1.8

16

14

1.2

1.0

PIPE SAFETY GRATES

Discharge = 11.07 cfs
Slope = ,0063 »

Placement of Clogging

00~ Top to Bottom
® - Bottom to Top

Oe

L ! 1 | ] ] 1 I |

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.8 Headwater vs. Percentage Clogging

(So = .0063, Q = 11.07cfs)

224

100



R

30

28

2.6

24

2.2

2.0

1.8

1.6

1.4

1.2

1.0

PIPE SAFETY GRATES
Discharge = 9.0 cfs

Y - Slope = .0008
- ma - Slope = .0128
*
*
I *
*
* . u
]
1 | | | Iy | | | | |
0 10 20 30 40 50 60 70 80 90

% Clogging

Figure D.9 Headwater vs. Percentage Clogging
(S = .0008, Q = 9.cfs)

(S = .0128, Q = 9.cfs)

225

100



°k

3.0

28 |-

2.6 |

24 -

22 |

20

18 |

16 |

14

1.2

o]

PIPE SAFETY GRATES

% - Discharge = 9.11 cfs
Slope = .0063

B - Discharge = 9.02 cfs
Slope = .0128

s ¥

] l L ] 2l | | ] ]

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.10 Headwater vs. Percentage Clogging

(So = .0063, Q = 9.1lcfs)
(So = .0128, Q = 9.02cfs)

226

100



3.0

28

2.6

24

2.2

2.0

1.8

1.6

14

1.2

1.0

PIPE SAFETY GRATES
B Discharge = 10.0 cfs *
% - Slope = .0008
n B - Slope = .0063
A - Slope = ,0128
=
IO |
1 i | | L ] | ] 1 |
0 10 20 30 40 50 60 70 80 90

% Clogging

Figure D.11 Headwater vs. Percentage Clogging
(8, = .0008, Sqg = -0063,

S, = .0128, Q = 10cfs)

227

100



HW

3.0

28 |

26 |

2.2

20 |-

16

14 |

1.2 |+

1.0 &

BAR SAFETY GRATES

Discharge = 8.12 cfs
Slope = .0063

Placement of Clogpging

0~ Top to Bottom
® - Bottom to Top

o a °
J E J ) | d J ; ; | ]

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.12 Headwater vs, Percentage Clogging
(8o = 0063, Q = 8.12cfs)

228

100



R

30

28

2.6

24

2.2

20

18

16

14

1.2

1.0

BAR SAFETY GRATES

Discharge = 9.09 cfs
Slope = .0063

Placement of Clogging

O- Top to Bottom
® - Bottom to Top

O L
O
o
® . o

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.13 Headwater vs. Percentage Clogging
(SO = .0063, Q = 9,09cfs)

229

100



°k

30

28

2.6

24

2.2

2.0

18

16

14

1.2

1.0

BAR SAFETY GRATES

[ Discharge = 10.11 cfs
Slope = .0063
B Placement of Clogging
O- Top to Bottom
B ® - Bottom to Top
(|
B
L
i (|
O ®
° d L °
| | l ] | | | ] |
10 20 30 40 50 60 170 80 90

% Clogging
Figure D .14 Headwater vs. Percentage Clogging

(So = -0063, Q = 10.11cfs)

230

100



3.0

28

26

24

22 +

20

16 |

“l

1.0

BAR SAFETY GRATES

O
Discharge = 11.05 cfs
Slope = .0063
Placement of Clogging
[0 - Top to Bottom
® - Bottom to Top
@

1 | | I I J 1 | }

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.15 Headwater vs. Percentage Clogging
(So = .0063, Q = 11.05cfs)

231

100



30

28 |

2.6 |

24 |

22 |-

20 |

18 |

1.6 f

14 |

1.2 |

BAR SAFETY GRATES

Discharge = 11.91 cfs
Slope = .0063

Placement of Clogging

O - Top to Bottom
@® - Bottom to Top

A ] | 1 ] ] | | |

1.0

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.16 Headwater vs. Percentage Clogging
(S5 = -0063, Q = 11.91 cfs)

232

100



°k

30

2.8

2.6

24

2.2

2.0

18

1.6

14

1.2

1.0

Slope = .0063
Top to Bottom Clogging

8 - Pipe Safety Grates
Discharge = 9.11 cfs

% - Bar Safety Grates
Discharge = 9.09 cfs

»a

2 g

| ] | i | [ | | L

10 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.l17 Headwater vs. Percentage Clogging
Pipe Safety Grates (8, = .0063, Q = 9.11 cfs)
Bar Safety Grates (S, = .0063, Q = 9.09 cfs)

233



-

30

2.8

2.6

24

2.2

2.0

18

1.6

1.4

1.2

1.0

Slope = .0062
Top to Bottom Clogging

m - Pipe Safety Grates
Discharge = 10.04 cfs

% - Bar Safety Grates
Discharge = 10.11 cfs

LD

{ | ! | i H ] ] 1 L

10 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.18 Headwater vs. Percentage Clogging
Pipe Safety Grates (So = .0062, Q = 10.04 cfs)
Bar Safety Grates (S, = .0062, Q = 10.11 cfs)

234



*k

3.0

28

2.6

24

2.2

2.0

i8

1.6

1.4

1.2

1.0

Slope = .0063 *
Discharge = 11.1 cfs

Top to Bottom Clogging u

B - Pipe Safety Grates
% - Bar Safety Grates

P g

¢
i
m

i i | ] L - 1 ] i

10 20 30 40 50 60 170 8C 90 100
% Clogging

Figure D.19 Headwater vs. Percentage Clogging
Pipe Safety Grates (S, = .0063, Q = 11.1cfs)
Bar Safety Grates (85 = .0063, Q = 11.1 cfs)

235



5.0

PIPE SAFETY GRATES

4.5 Discharge = 9.02 cfs

Slope = ,0008
40 |

3.5

3.0

25

2.0

1.5

10

+

0.5

o ! | I I l ! 1 | i
0 10 20 30 40 50 60 70 80 90 100

% Clogging

Figure D.20 Entrance Headloss Coefficient vs. Percentage Clogging
(S0 = .0008, Q = 9.02 cfs)

236



5.0

4.5 |-

40

35

3.0

20

0.5

PIPE SAFETY GRATES
Discharge = 9.62 cfs
Slope = .0008

Placement of Clogging
O - Top to Bottom
® - Bottom to Top

O
o

Figure

10 20 30 40 50 60 70 80 90 100
% Clogging

D.21 Entrance Headloss Coefficient vs. Percentage Clogging
(so = .0008, ¢ = 9.62 cfs)

237



5.0

PIPE SAFETY GRATES
4.5

Discharge = 10.7 cfs
Slope = .0008

3.5

3.0

2.0 |-

15

05 Y

o 1 | | ] ] i | ] ]
0 10 20 30 40 50 60 70 80 90 100

% Clogging

Figure D.22 Entrance Headloss Coefficient vs. Percentage Clogging

(S, = -0008, Q = 10.7cfs)

238



5.0
4.5 PIPE SAFETY GRATES
Discharge = 11,2 cfs
40 } Slope = .0008
Placement of Clogging
35 — Top to Bottom
- Bottom to Top
3.0
25 |
20
= °
1.5
a
10
O
o
05 o ®
o ] l l | l L ] l |

o 10 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.23 Entrance Headloss Coefficient vs. Percentage Clogging

(So = .0008, Q = 11.2cfs)

239



5.0

4.5

4.0

3.5

3.0

25

2.0

1.5

1.0

0.5

PIPE SAFETY GRATES A
Slope = .0063

® - Discharge = 8.04 cfs

% - Discharge = 9.10 cfs

A - Discharge = 10,04 cfs

® - Discharge = 11,07 cfs ®

» =
o

®xp n
o

4
°

10 20 30 40 50 60 70 80 90
% Clogging

Figure D.24 Entrance Headloss Coefficient vs. Percentage Clogging
(So = .0063, Q = 8.04cfs, Q = 9.1cfs, Q = 10.04 cfs,

Q = 11.07 cfs)

240




5.0

PIPE SAFETY GRATES

4.5 I Discharge = 2.02 cfs

® - Slope
W - Slope

.0008
.0l28

[}

3.5

25

2.0 ~

1.5

0 i0 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.25 Entrance Headloss Coefficient vs. Percentage Clogging
{SO = .0008, So = .0128, Q = 9.02 cfs)

241



5.0
PIPE SAFETY GRATES
4.5 |
® - Slope = ,0063 b
Discharge = 9.11 cfs
4.0 - W - Slope = .0128
Discharge = 9.02 cfs
3.5 |
3.0
25 |
2.0 °®
1.5
®
10
®
05 °
: " ] [ ]
0 T ] | | ] J L ! ! |
0 10 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.26 Entrance Headloss Coefficient vs. Percentage Clogging
(8 = .0063, Q9 = 9,11 cfs)

(SZ = .0128, Q = 9.02 cfs)

242



5.0

4.5

4.0

35

3.0

25

2.0

1.5

1.0

0.5

PIPE SAFETY GRATES

B~ Slope = .0008
Discharge = 9.62 cfs

®- Slope = .0063
Discharge = 10.04 cfs

1- Slope = .0128
Discharge = 10.0 cfs

[
°
" H
] : o a
@ o o
| { | i i | | 1
0 10 20 30 40 50 60 70 80 90 100

% Clogging

Figure D.27 Entrance Headloss Coefficient vs. Percentage Clogging

(SO = .0008, Q0 = 9.62 cfs)
(So = .0063, Q9 = 10.04 cfs)
(SO = .0128, Q = 10.0 cfs)

243



5.0
o
45 | PIPE SAFETY GRATES
@®- Slope = .0063
40 | Discharge = 10.04 cfs
B - Slope = ,0128
Discharge = 10.0 cfs
35 '
3.0 -
25
2.0 -
15 |
o
1.0
f o
0.5 | . o B
LI,
0 ! | | | | I ! | |
0 10 20 30 40 50 60 170 80 90

% Clogging

100

Figure D.28 Entrance Headloss Coefficient vs. Percentage Clogging

(s = .0063, Q = 10.04 cfs)
(sg = .0128, Q@ = 10.0 cfs)

244



14

PIPE SAFETY GRATES
Slope = ,0128

15% Clogging

O 000

[N V1]

I

7.94 cfs
9.03 cfs
10.00 cfs
10.82 cfs

n = .
. *
* *
. ¢
m|
: . v
e
)
8
1 I i
Bottom Mic1idle ?"op
1
/3 /3 /3

Placement of Clogging

Figure D.29 Entrance Headloss Coefficient vs. Placement of Clogging

S, = .0128,

15% Clogging




9%¢

PIPE SAFETY GRATES _ Q= 7.94 cfs
Slope = .0128 - Q = 9.03 cfs
- Q = 10.00 cfs
- Q= 10.82 cfs

30% Clogging

[ ]
*x
- :
. O
*
* E -
a )
= )
° )
1 1 1
Bottom Middle Top
1/ 1/ 1/
3 3 3

Placement of Clogging

Figure D.30 Entrance Headloss Coefficient vs. Placement of Clogging

So = ,0128, 30% Clogging




IATFA

PIPE SAFETY GRATES - Q=7.9 cfs
- Q =9.,03 cfs
Slope = .0128 - Q = 10.00 cfs
45% Clogging . - Q = 10.82 cfs
L ]
. H
. g
o
o] * *
* W
")
®
®
i ®
3 1 ]
Bottom Middle Top
L L v,
3 3 3

Placement of Clogging

Figure P.31 Entrance Headloss Coefficient vs. Placement of Clogging

S =
(o]

.0128, 45% Clogging




5.0
45 L BAR SAFETY GRATES a

Slope = .0063
4.0 | @® - Discharge = 9,09 cfs

B - Discharge = 10,11 cfs

A - Discharge = 11.05 cfs
35+ @
3.0

(aQ
25
2.0 -
A
1.5
a
A
10 |
A ¢
0.5 ’ $
(){? | ! . ! | | ! ! 1
0 i0 20 30 40 50 66 70 80 90

% Clogging

Figure D.32 Entrance Headloss Coefficient vs. Percentage Clogging
(s, = -0063, 9 = 9.09 cfs, 9 = 10.11, Q = 11.05 cfs)

248

100



5.0

4.5

4.0

35

3.0

25

2.0

1.5

1.0

0.5

B Slope = ,0063
®
® - Pipe Safety Grates
i Discharge = 9.11 cfs
B - Bar Safety Grates
Discharge = 9.09 cfs
- ]
- $
A $
| §
) |
' 3
{ i ; | | | | I
0 10 20 30 40 50 60 70 80 90
% Clogging

Pipe Safety Grates (S, = .0063, Q = 9.11cfs)
Bar Safety Grates (S, = .0063, Q = 9.09 cfs)

249

100

Figure D.33 Entrance Headloss Coefficient vs. Percentage Clogging



50
®
Slope = ,0063
45 | .
® - Pipe Safety Grates
40 Discharge = 10.04 cfs
B~ Bar Safety Grates
Discharge = 10.11 cfs
35+
30
25
.
20 |-
1.5
8
10
¢
05 ® L
of | j i ] ] | | ! i
0 10 20 30 40 50 60 70 80 90 100

% Clogging

Figure D.34 Entrance Headloss Coefficient vs. Percentage Clogging

Pipe Safety Grates (So = .0063, Q = 10.04 cfs)
Bar Safety Grates (SO = ,0063, Q9 = 10.11 cfs)

250



5.0
4.5 | Slope = .0063
® - Pipe Safety Grates
40 | Discharge = 11.07 cfs
® - Bar Safety Grates
Discharge = 11.05 cfs
35 .
3.0 - ®
25
2.0
[ ]
@
1.5
]
1.0 °
-
®
05 |
s
o T ! I 1 1 | 1 | | |

0 f0 20 30 40 50 60 70 80 90 100
% Clogging

Figure D.35 Entrance Headloss Coefficient vs. Percentage Clogging
Pipe Safety Grates (So = .0063, Q9 = 11.07 cfs)
Bar Safety Grates (So = .0063, 9 = 11.05 cfs)

251






APPENDIX E

Graphical Results For Pipe Culverts
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Data From Culvert Experiments
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Data, Type 3A, Pipe Grates
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Data, Type 3A, Bar Grates
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Table F.10 Data, Type 4A, No Grates
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Data, Type 4A, No Grates
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Data, Type 4A, Pipe Grates

Table F.1ll
HW Q
c
e D BDl‘S

T6382  1,9+.28 3, 0838
L6288 1 02224 n,v47va
,18287 2, u84A8 245531
L7840 1,87148 ?!?t*
L229R9 1, 775628 1(.7Tu6s
258705 1,n388 3.3m112
25%v18  1,083348 342912
Tu8784 x,73a68 3.3334¢
Tag1%s 2 , 20268 194911
LE8799 :,7n~?a 236598
155164 1,8A388  » 5436w
L32126 1 531A8 1 _w08)
L7245 1, 2748n L19R22
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Table F.11 Data, Type 4A, Pipe Grates
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A9S8y B,20283 3092729  {,B7453 RELY
LATUSB |, 19209 pL2a374 1,3745% LIAARE
L0B867S 1,2%:.  2.27374  1,18720 JRLILT
9%727 {, 42805 2 29374 1,32853 JRLTLE
88894 i,4A32. > 24374  1,39587 JEETLT,
TSHSO L, 59884 2,2a374  1,53724 R ELL
61799 1, nT08¢ 224874 1,55387 JCLLLY
98215 1, 7748w »,2=374 1,065387 gu4nan
83548 1,91320 2,2e374  1,7785% .IP98p
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L05897 1 B2y, 2.94%538 p 74973 $ P AZY
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Data, Type 4A, Pipe Grates
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Table F.12
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258125 3 39528
(25173 Sagay
£ 12847 1 SAuay
J73182 3 67400
jo08%3  {, 78168
g71810 1 9708¢
-%2112 2 20340
49440 Lp23120
-63883 ¢ 2R6AA
279768 3 4ddav
266767 3 5298
S 79738 { o3war
L06738 4, 7436r
J74438 {91600
1,¥7689 2 4468
27299 g w6Ban
231678 3 12528
238872 4 2900d
.59395 3 39498
L6998% 3 a972e
196189  },6%968
244062 ) GRbAN
L00201 48728
.%8389 g 63760
.847% 3, 72088
JBsRTe 1, 79162
JRacad g ésane
.75268 497240
A LT LI ML LLTE)
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L711%9 3 39360
L7132 4 4oz
;73889 g 62928
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Data, Type 4A, Bar Grates
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3:93729
3.93729
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3,92729
3&92729
3,92729
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7,89932
2;89932
2,89932
2,89932
2,89932
2,31522
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2,31522
2,31522
2,31522
2.31522
2,31522
2,31522
2,19822
2,19822
2}19822
2339632
2,19822
2.19822
?.19822
4,22%A%
4522583
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3145477
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2;99538
2,96538
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1,37853
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1,67453
1477053
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1,18728
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1,35387
1,48387
1,56220
1,75387
1,97083
1,08720
1,15387
1,25387
1,38720
1,88720
1,5872¢
1,7785%
1,97853
1,18973
1,20973
1,3497%
1,34973
1,54973
1,60973
1,74973
1,1497%
1,24973
1,34973
1'da973
1,%4973
!,60973
1,74973
1,14973
1,24973
1,34973
1,84973
1,54973
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1,74973
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1,3497%
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{64973

Y0880
08288
L0080
, 30088
, 20880
L
CTELY
+ 20080
, 20080
CTELY
agaag
L PAREA
L0008
(2000
b'.ﬂoﬁ
L O0000
g LLEL
L ABAN
L 20080
%0080
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ALY
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Data, Type 4A, Bar Grates
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Data, Type 4B, No Grates
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Data, Type 4B, Pipe Grates
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Data, Type 4B, Bar Grates
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APPENDIX G

Data From Pipe Culver Experiments
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Table G.1 Data for Pipe Culvert, Outlet Control, No Grates
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Table G.1 Data for Pipe Culvert, Outlet Control, No Grates
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Table G.2 Data for Pipe Culvert, Outlet Control, Pipe Grates
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Table G.2 Data for Pipe Culvert, Outlet Control, Pipe Grates
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