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FCREWORD

A seriogus attempt has been made herein to simplify
the rational design of hydrauwllc structures. It is our
intent to apply these established principles of hydrau-
lics to the design of highway structures in the simplest
way possible. Complicated theorems and equations have
been eliminated as far as practicable. It 1s felt that
a Judicious use of the material will lmprove the general
design of highway structures by reducing the possibility
of overflow and the resulting Iinterruption of traffic,
reducing the flood damage to adjacent property, and in
some cases, & saving of funds due to ¢ver-design of high-
way structures.

Acknowledgemsnt is made for source material obtained
from "Design of Culverts and Incidental Hydraulic Struc=
tures”, by M. R. Mitchell, Senior Desiguing Engineer,
Bridge Division, Austin Office, and from "Desigr of Cul-
verts, Channels, Ditches and Dykes", by H. P. Carothers,
formerly Resident Engineer, District 20, Beaumont, and
now of the United States Army. Valuabl: asslistanceé has
also been rendered by H. G. Bossy, Assistant to Engineer
Road Design, Austin Office, Arncld Staubach, Senior De-
signing Engineer, Bridge Division, Austin Office, ard

James P. Exum, Bridge Englneer.

The Authcrs
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"Note to Second Reprint and Revision, October, 1946.-
bBecause the supply of the Reprint of January 1945 of
this manusl has been exhausted, and in response to the
numerous requests for more coples, this reprint has
been prepared. The definition of frictional grade has
been chapged tc neutral grade and some other terms have
been clarified. Obvious errors have been corrected. -

Bridge Divisicn, Austin, Texas."
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Drainage Area

Meander of
Water Coursge

Profile of
Water Course

Average Slope

Soil
Classification

Soll Cover
Clasgificatieon

I, FIELD SURVEY!S

The drainage arez may be determined by one of the
following methods:

(a} Direct field wurvey with ordinary sur-
veying ipstruments.

(b} Use of publizhed contour maps (if aveil-
able) together with field check as to artificial
barriers, ditches, etc.

(c) Use of State Highway Planning Survey
Maps for large areac.

Meanders are secured for the purpose.af determining
the feasibility cf channel change in the vicinity of the
crossing, ani to show 1n general the flow chasracteristics
of the stream. The meanders ere preferably shown by con-
tours and sheuld be very accurste for several hundred
feet on each side of the crossing and within the limits
of possible charnel changes.

The profile of the water course should extend far
ensugh upstream and dowvnstream to determine the average
3lope of the channel and encompess any channel changes.

The average slope of the water shed should be deter-
nmined aw follows:

{a) Flat [szlope 0% -~ 1%)

{b} Rolling (slope 1% - 3 1/2%)

(¢) Hilly {slope 3 1/2% - 5 1/2%)

(d} Mcuntainouz (slope 5 1/2% + )
or (e} Aversge Percent Grade of slope

The soll ircluded within the limits of the water-
shed should be classified as follows:

(a) BSeandy loam
(b; Clay loam
(c) Clay

(d) Sand

(e) Gravel

(f) Rock, etc.

The soill cover should be classified as follows:

(a) Cultivated

-t
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Pagture

Tinber

Terraced for cultlvation

Terraced for ercsion control (Pasture)
Posgibility of suburban development

P T
HO Qo o
Ll R e

Channel Cross Representative channel sectlions should be taken

Sections abuve or below the lcocation of the proposed structure if
the center line profile section is not ‘representative
for the determinatior of the highwaster elevation and the
capacity of the present channel.

Data on The location, size, description, highwater elevation,
Existing and channel section of existing structures on the water
Structure course should be secured in order to determine thelr ca-

pacity. These data should include span lengths, type
piers, and simllar data on existing structures and often
mey be zecured from old plans.

Ofter during the development of the P. S, & E., the
Engineer hag opportunity to obzerve the structure under
extreme ficad conditions. If the head through the struc-
ture iz uweasured, a fairly accurate estimate of the dis-
charge can be made. This measurement should be made in
still water (besckwater) on each side of the road, and if
a8 level is not available, s chalk mark may be made on 8 stake
or wingwall and the diferernce ir elevation secured by
field party when conveunient.

Highwater The highwater elevatior showld be secured at the

Elevations glte of the proposed strucsture to check against the com~
puted highwater in the channel for the selected design
frequency. The highwater elevatior at the proposed
structure site is extremely important in the flat coastel
area where the flow of water is not confined to the chan-
a2l but spreads cut overland covering & wide ares.

Channel The nature of the channel lining should be noted as
Lining clean, sodded, weedy, high grass, brushy, trees with heavy
undergrowth, etc,

Drift For large stresm cressings, the probable nature,
Classification size, and volume cf drift should be noted in order to de-
termine the amount of freeboard that will be required for
the proposed structura,

Cross Sections Suffizient crossz sections should be taken at the
at glte of the proposed structure to provide contours in the
Structure Site imaediate vicinity and should encoupass any probable chan-

2 9-44-805



Fourdation
Investigation

Navigation
Requirements

nel changes provided the regular roadway cross sections
are insufficient for this purpose.

For large bridges, the foundation investigation
should exterd %o the depth required to disclose the lo-
cation of gultable foundatliorn materiasl such as rock,
shale, hard clsy, etc. Where the use of piling is con-
templated, the depth of the investigation should extend
below the expected pile tips.

These investigations may be made by the use of s
hand auger for shallow explorsiions and the use of State
owned core drilling equipment. or rented core drilling
equipment for deeper excavations.

Certain streams have been defined by Congress as
navigable wheo they are not navigable in fact, All
streams that have been defined as navigable are under
the Jurisdiction of the War Department. The navigstion
requirements deal mainly with the horizontal and verti-
cal clearances. After the approval of the proposed de-
elgn by all participating agencies, epproval for con-
gtruction must be secured from the Wer Department before
constructior is begun. Informastion concerning navigable
gtreamsz or cther navigation requirements may be secured
by request from the District Englueer, U, 5. Engineer'’s
Office, U.B5. Post Office Bldg., Galveston, Texas. The
permit is prepared in accordance with War Department Bul=-
letin "INFORMATTION CIRCULAR - Applications for authority
to execute work or erect strictures in the Navigable Wa-
ters of the United States.” These permits are handled
through the District O3ffice and Fille D-5.

3 9-44-805



1I. DESIGN STEPS

A. GENERAL

General An important problem in the design and construc-.
tion of highways is the dispogal of storm water without
excessive damage to the highway installation and adjacent
property due to highwater and to reduce the inconven-
iences and interruption to public travel to an economic
and practicable minimum.

The usual steps in the design progedure for struc-
tures are as follows:

(1) Selection of design frequency, depending
upon importance, size, and cost.

(2) Estimation of run-off for design fre-
quency.

(3) Determination of tailwater elevation in
unobstructed floodway.

(4) Selection of structure, size, and type.

The Rational Design of structures is based on the
rrinciple that the maximum rate of run-off from a given
watershed for an assumed intensity of rainfall occurs when
all parts of the area are contributing to the flow at the
point of discharge. That part of the watershed nearest
the structures must still be contributing to the flow when
the water from the most remote point of watershed reaches
the structure. This condition requires that the rainfall
must continue as loag as is required for the water to
travel from the most remote point of the watershed to the
structure. This period of time is called TIME OF CONCEN-
TRATION., The maximum rate of run-off result from a
rainfall of maximum inteusity coniirnuing for a period of
time equal to the time of concentration.

B. DESIGN FREQUENCY

Design The design freguencies usually recommended are &as
Frequency follows:
(a) Sewers 2 -5 yrs.
(b) Culverts 10 yrs.

(c) Small Bridges 25 - 50 yrs.
(d) Large Bridges 50 - 100 yrs.

In specific cases, depending upon local economic -
and physical consideraticns, it may be proper to use a
different design frequency for overflow and discharge
velocity than that shown above.

4 9-44-805



Run-off
Formula

Coefficient of
Run-off

Rainfall
Intensity

C. DETERMINATION OF RUN-OFF

The Rational Formula for computing run-off is ex-
pressed as follows:

Q = CIA

Q = Discharge in cu., ft. per second

£ = Run-off coefficient (ratic of the
maximum rate of run-off to the average rate of
rainfall for the time of concentration)

I = Rainfall intensity ir inches per hour
(approximately cu. ft. per sec. per acre)

A = Drailnage Area in Acvrag,

The run-off coefficient "C" in the above formula
is dependent on the slope of the watershed, the land
use, and the character of the soil.

Great care should be exercised in the selection
of proper run-off coeffilcient inasmuch as the error
in the size of the structure required is in direct
proportion to the error in the selzction of the proper
coefficient of run-off.

The recommended values of the run-off coeffliclent
"C" are shown in Table cun Pags 31 "VALUES OF C IN FOR~-
MULA Q = CTA." In the selection of the coefficient of
run-off, consideration should be given to probable future
developument,

The rainfall intensity " 7" for any given time of
concentration may be computed from the Texas State
Reclamaticn Department formula:

I = b when,

ECEEE

I = Rainfall intensity in
inches per hr.

t = Time of concentration
in minutes,

b, 4, and < are constants which
vary according to the locality.

Table shown on Page 47 gives the values of "b", "4",

and "e" for all counties of highway district headquarters
in Texas.

Railfall Intensity Duration curves shown on Pages 30
to 30 E, give the values of rainfall intensity "I" for
all highway districts in Texas.

5 9-44-805
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Tim= of
Concentration

General

The time of concentration is based on the average
velocity of flow from the fartherest point on the water-
shed to the proposed structure along the existing channel
or water course and is dependent upon the length and slope
of the water course.

The averag: velocities for computing the time of
concentration may ve secured from observed or measured
velocitiers, estimated from Manning's Formula, or esti-
mated from the graph on Page 33 showing "AVERAGE VELOC-
TTYES FOR TIME OF CONCENTRATION."

The time of concentration is determined by dividing
the lengtn of the longest route of the flow of water by
the average velocity. In certain cases it may be advis-
able to divide the watershed into segments of overland
flow ard channel flow in order to arrive at a more nearly
correct time of concentration. In general, a time of con-
centration of not less than 30 minutes should be used
since for small areas the storage capacity is large in
comparison to the volume of rainfall and no damage may
result from rains of higher intensity for lesser duration.-

D. TAILWATER ELEVATION

The determination of the tailwater elevation is a
very ilmportant step in the design of a culvert. The tail=-
water elevation will indicate whether the culvert will
function with a free outlet or a submerged outlet and is
used in computing backwater head.

For large structures the tailwater elevation may
be determined by use of gauge readings, or backwater
measured at existing structurss. The tailwater elevation
is that which corresponds fo the design frequency and not
the reported highwater slevation. Single determinations
of highwater nave little value as a criterion of design.
If the period of record is too short, the reported high-
water may represent a frequency such that when a design is
based upon it, the structure may not be economical or
balanced for the service required.

It is, however, desirable to report highwater data
since such informaticn obtained over a long period of time
forms the statistical data for determination of run-off
frequencies, PBackwater head at existing structures should
b2 reported so that the mesan channel velocity and dis-
charge may he estimated therefrom.

In general the tailwater elevation may be computed
by the use of Manning's Formula by assuming various depths

6 9-44-805
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Manring's
Formula

Coefficient
of Roughness

General

Maximum Discharge
Velocity

of flow in the present or proposed channel, and comparing
the computed dlscharge with the design discharge until
the correct depth of flow is obtained corresponding to
the deslign frequency.

The equation generally used for computing the mean
velocity of flow in open channels Is Manning's Formula:

Vv = 1.486 r2/3 gt/2 when;
n
V = Mean Velocity in Teet per sec.
g = BSlope in feet per fo0t.
r = Hydraulilc rasdius = Ares divided by
the wetted perimeter,
n = Coefficient of roughness.

The mean velocity of flow may be determined by
direct solution of the above formula or by use of the
diagrams shown on Page 34 "DIAGRAM FOR SOLUTION OF
MANNING'S FORMULA."

The recommended values of coefficient "n" for use
in Mannirg's Formula are shown in the Tsble on Page 32
entitled "VAIUES OF 'n' FOR MANNING'S FORMULA."

Experimental data contained in "Vlow of Water in
Drairnage Canals" by C. E, Ramser is recomunended for use
in the selection of the values for "n". The coefficient
"n»" uzed in Manning's and Kutter's Formulas are inter-
changeable.

E. SELECTION Ur STRUCTURE

The function of & roadway structure 1s to pass the
water from the upstream side of the road to the downstream
side without causirg excessive backwater head anrd without
creating excessive velocities. The designer should keep
the losses of head and velocities within safe limits and
gelect the structure of minimum costs that will perform
as required and weet the design requirements as to appeer-
ance, strergth, etc.

The size and type of structure; selected Por any
given culvert site will, of course, be Influenced by the
location of the culvert site, the relstion of the grade
lire to the flow line of the chanael, tailwater elevation,
velocity cf didcharge, and losses of heasd through the
#tructure which determines backwater.

The maximum permissible design velocity for sodded
zurfaces i usually assumed to be 8 ft. per sec.

7 9-44-803



The usual practice in trestles 1s to limit the
average velocity of discharge to 4 f+t. to 7 ft. per sec.,
due to variations in the average velocity.

In culverts, the velocity of discharge may be lim-
ited to 10 ft. per sec. The downstream channel should be
rip-rapped when the discharge velocity exceeds 8 ft. per
sec. Occasional scour will not endanger these structures,
due to their monclithic construction.

In general, a small amount of scour at the design
lood is not serious because it would be corrected durlng
floods at lesser magnitude.

Maximum The importance of loss of head through structures

Head in flat terrain cannot be over emphasized. In the past,
the fact that the required head to handle the estimated
amcunt of water was greater than the total avallable head
was often overlooked. This resulted in water "jumping"
the road or causing damage to property upstream.

The permissible head 1s a wmatter of Engineering
Judgnment, and probable damage and structure costs should
be carefully weighed. If backwater will flood crops or
resldential property, a head of 0.4' to 0.5' is consid-
ered the maximum that should be permitted in the design.

8 9-44-805
R



Critical
Depth

Free
Qutlet

Partially
Subnerged
Qutlet

Submerged
Qutlet

III. HYDRAULICS OF STRUCTURES

A. GENERAL

Critical depth may be defined as the depth at which,
for a given energy content of the water in a channel or
structure, maximum discharge occurs; or the depth at which
in a given channel or structure a given quantity of water
flows with the minimum content of energy. Critical depth
of flow will occur only when the tallwater elevation is
at or below the elevation of critical depth.

The critical depth for a rectangular box culvert is
expressed by the follewing equaticn:

g2
Der=\3/32.7 where
Dop= Critical Depth in ft.

q= Discharge in c¢.f.s. per ft.
of width of structure.

For rectangular box culverts the critical depth
may be either computed from the above formula or read
directly from Curve shown on Page 37, "Critical Depth
vs. Dilscharge per foot of Box."

For pipe culverts the critical depth of flow may
be determined by use of Curves shown on Page 41, "Cri-
tical Depth vs. Discharge for Pipe Culverts.”

The Critical Depth in the structure is approxlimately
2/3 the depth of flow in the approach channel for rectan-
gular boxes neglecting friction and entrance losses, and
velocity of approach.

When the tailwater elevation is equal to or lower
than the critical depth of flow, the structure will dis-
charge as a free outlet, and any lowering of the tail-
water elevation below the critical depth will not affect
the discharge of the structure,

For the usual case when the tailwater elevation 1s
above the critical depth of flow in the Culvert; critical
depth will not occur. If the tailwater elevatlon is be-
tween the elevation of critical depth and the elevation
of the top of the culvert barrel, the culvert will dis-
charge as & partially submerged ocutlet,

When the tailwater elevation is above the elevation
of the top of the culvert, the culvert barrel will dis-
charge as a submerged outlet.

9 9-44-805
RZ



Uniform
Flow

Critical

Critical
Slope

When the critical d=pth exceeds the depth of the
culvert, the culvert will flow full if placed on a grade
that is less than the frictional grade.

Uniform flow will occur when a culvert is dis-
charging with a submerged outlet or partially submerged
outlet, whasn laid on the exact fricticunal grade. For
slight variation from the exact grade, the flow for all
practical purposes may be considered to be uniform, i.e.,
the culvert will flow with a practically uriform depth
throughout its entire length. The velociiy of flow will
be the sams throughout the length of the structure and
is represented by the following eguation:

v o= 8.
%)
Where ¥V = Velocity in feet per second.
W = Waterway aresa in sq. ft.
Q = Discharge in o«.7.s.

The critical velocity, Ver, is the velocity at the
point of critical depth . in the culvert,

The e¢ritical velocity may be determined by dividing
the discnarge by the area of the wuterway,

For rectangular culverts the ciritecal velocity may
be deterrined by use of the graph shown on page 38, "Cri-
tical Velocity vs. Discharge for Box Culverts,"

For pipe culverts the ciritcal velocity may be
determined by use of the Curves shown on page 42, "Veloc-
ity vs. Discharge - Pipe Culverts."

The critical slops is the slope required for a given
discharge to occur at critical depth.

For pipe culverts, tha critlcal slope may be deter-
mined by use of Curves shown on pages 44 and 444, "Critical
Grade vs. Discharge for Pipe Culverts.”

10 9-44-805
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General

Velocity
Head
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B. LOSSES OF EEAD THROUGH STRUCTURES

In flat terrain, a very important consideraticn is
the loss of head by the water in passing through the struc-
ture. This loss of head may be measured by taking readings
with a level, on the water surface above and below the
structure. These readings shall be taken far enough above
and beiow tne structure so as not to be affected by the
velocity head at the structure.

The loss of head has been divided into three parts:
name 1y,

L« Veloclty Head
2. Entrance Head
3. Friction Head

o physics it has been found that an chject falling
from a height "h" would reach a velocity "V"; and this

relation may be expressed by the equation h = 2 o,

2g
A falling object is sald to possess kinetic energy, or en-
ergy of motion., WNeglecting friction, flowing water will
reach the same velocity as an cbject falling through a
distance =qual. to the pressure head on the water; there-
fore the velcclty head may be expressed in terms of the
head of water necessary to give the water its velocity.

In the usual cuivert lnstallation the energy of
motion in the water is dissipated in the form of a combin-
ation of ineimstic impact and turbulence. Since it is not
reconverted to height of fiow, the energy of flow 1s con-
sidered lost,

The velocity head 1s the head required to impart the
increase In velocity of flow as the water passes through
the cuivert barrel. Xf the channel velocity i1s the same
as the discharge velocity, then there will e no velocity
head “cst through the structure.

The velocity head lost may be expressed by the follow-
ing equaticn:

hy=_ 1 =~ 2 1in which
g

hy= Velocity head in ft.

V.= Discharge velocity in ft./sec.

V2= Channel velocity or velocity of
approach iz £t./sec.

g = Acceleraticn of gravity = 32.2

Wher the charnel velocity is small in relaticn to
the discharge velocity, the chanrel velocity may be neg-

11



Entrance
Head
Loss

Friction
Head

lected without appreciable error, then the above equation
beccmes: -
hy = Vl

cg
The curves shown on page 36 have been plotted in

2
terms of X; and the varices Josses of head may be de-
2g
termined individually or in groups as desired. For heads
legs than 0.1 ft. it will be necesssary to multiply the
factors by 10 and then divide the answsr by 10 to obtain
the correct result.

The velocity head may be determined Wy using the
Curve 1.0 V&/2g shown on page 6.

The entrance head is the luss in energy or head
due to the contraction of tine channel or waterway at the
entrance tc the structure. The amount of entrance head
depends on the type of wiogs installed and may be com-
puted from the following equation:

hy, = Ce V-
2g

he = Entrance head in ft,

V = Average veloclty 1in culvert barrel in
ft. per sec.

Ce = 0.10 for paralle! wings.

Ce = 0.25 for flared sloping wings.

Ce = 0.50 for flared sloping wings with
Welr.

The entrance head may be vead directly from curve
on page 36 or may be combined with velocity head and read
from curve 1.1 V2 for parallel headwalls or 1.25 V2 for

ag zg
flared wings.

The friction head is the luss of energy or head due
te friction resulting from the roughness of the culvert
barrel and may be expressed by the following equation
which i1s Mannlng's formula expressed in terms of feet
of drop and in terms of V2 ,

ag
he = 29.2 n2 L v2
r4/3 2g
hp = Friction head in ft.
n = Coefficient of roughness usually taken

as 0.013 for (Concrete.

V = Average velocity in culvert barrel in
ft. per sec,

9-44-805



r = Hydraulic radius = Area divided
by wetted perimeter.
g = Acceleration of gravity = 32.2

The values for above mentioned losses of head may
be determined by use of the constants listed in table on
page 35 which when multiplied by culvert length gives

the head in terms of V2 . The friction head is then
g

read directly from curve on page 36 or combined with

¥elocity head and entrance head and the combinations

expressed as a factor of XE which may be read from

2g
curve as described above.
Backwster In cases of submerged or partially submerged ocutlets,
Head backwater head is the difference between the tailwater

elevation and the elevation of the water on the upstreanm
side of the structure. In cases of submerged or partially
submerged outlets the backwater head is the sum of velo-
city head plus entrance head plus friction head and may

be found as described above.

Neutral The neutral grade may be defined as the slope

Grade which will produce enough energy of flow to exactly
offset the energy lost due to the friction in the
culvert barrel.

Except where culverts are flowing as free outlets,
and where the backwater elevation is of some consequence,
the neutral grade is of small importance. In the usual
culvert installatiocn, the head lost due to friction is
less than 0.1 foot, and may be disregarded as to its
effect on the function of the culvert. It may be desir-
able to drop the culvert several times the neutral grade
in order that the culvert will drain out and keep the
barrel clean. In flat terrain, however, the culvert will
probably stand in water due to the condition of the ditch
below and a slope in the culvert barrel will be of little
practical value,

13 9-44-805
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Design
Conditions

Time of
Concentration

Rainfall
Intensity
HI"

Coefficient
l?c"

Discharge
HQ"

Qutfall
Channel

IV, TYPICAL CULVERT DESIGHN

A, DETERMINATION OF RUNOFF

The drainage area shown on Page 27 is located in
Rarris County in the vicinity of Houston. The proposed
highway is to have a 40° roadway crown with 24°' g"-6"-g"
concrote pavement with a crown of L 1/27,

The lengtn of the water course is 4200 feet. (Scaled
from drainage area map.). The average :slope is

(82.2 - 87.5) & 4200 = 0,0035'/ft. or 0.35%
Referring to Graph shown on page 33 '"Velocities for Time
of Concentration” we find an estimated velocity of run-off
to be 1.5 ft,/sec. The time of Concentration.

t = __4200 = 47 wmin,
1.5 x 60

The design frequency is assumed to be 10 yrs. for
culverts of this classification and by reference to the
Railfall intensity Chart shown on page 30C we find that
for a time of concentration of 47 min. the Rainfall In-
tensity to be 4,0 in,/hr.

The soil contained in this drainage area i1s sandy
lcam with a clay subsoil. The average slope of 0.35% is
considered to be flat, The cover of the dralnage area is
approxiiately as follows, 40% cultivated, 30% pasture with
heavy grass and 30% timber. By reference to Table shown
on page 31 we find the usual Coefficient "C" to be

C (0.40 x 0.35) + (0.30 x 0.25) + (0.30 x 0.20)
= 0,275

il

but this ar=a is subject to suburban development in the
near future; and we may expect a higher percentage of run-
off; therefore, instead of using the coefficient calcu-
lated above, we use, say, "C" = 0.30,

From ths formula Q = CI& we compute the discharge
as follows:

Q = 0,30 x 4.0 x 230 = 278 c¢.f.8.

It has been determined that the cross section of
the channel as represented by the center line profile is
a representative average channel section., If this section
is not representative of the average channel, than addi-
tional cross sections should be taken above and below the
culvert site and the average of all sections determined.

14 9-44~805R



Design Contitions

Depth of Flow
in Channel

Tailwater
Elevation

Selection
Structure Size

B. TRIAL DESIGN WITHOUT OUTFALL CHANNEL

If it is practicable to discharge the water from
the proposed culvert into the wide flat downstream channel
without damage to adjacent property, then a low height
structure way be installed without the necessity of ex-
cavating an outfall channel.

By the application of the "Trail and Error" method
to Manning's Formula we may compute the capacity of the
present downstream channel for various depths of flow in
order to determine the depth of flow corresponding to the
computed discharge of 276 c.f.s.

The coefficient "n" = 0.050 1s then selected from
Table shown on page 32 "Values of 'n' for Manning's For-
mula" which corresponds to the condition of the present
channel,

The present channel slope is (67.5 - 60.0) & 2000 =
0.,00375"/ft.

By assuming various depth of flow in the proximity
of the anticipated depth and computing the area, wetted
perimeter, hydraulic radius, velocity and discharge, we
find a depth corresponding to the given discharge of 276
c.f.s. The Teble and Graph shown on page 28 shows the var-
ious depths selected and the corresponding discharge. For
this present channel it will be noted that a depth of 0.63°
will give the required discharge of 276 c.f.s.

The tailwater elevation will be 0.83* above the flow
line of the downstream channel,

rom an inspection of the proposed profile grade,
under the conditions listed above, it appears desirable to
use a direct traffic culvert of two foot height with the
flow line of the culvert placed at or near the flow line
of the present channel. This will necessitate a slight
raise in the profile grade.

Since a direct traffic strueture has been proposed
it also appears desirable to limit the backwater head to
approximately 1.0 ft. and the discharge velocity to approx-
imately 8 ft./sec.

Try 5 - 5' x 2' x 40" MBC-11-40 then

q = 226 = 11.0 c.f.s./ft. of width

15 9-44-805



Critical
Depth

Critical
Veloeity

Head

Frictional
Grade

Addition .
cf Barrel

From the Graph shown on page 37 we find that the
critical depth, corresponding to the required discharge,
is 1.55 ft.

Since the tailwater elevation is only 0,63' above
the elevation of the bottom of the downstream channel,
the culvert will discharge with a free outlet and at crit-
ical depth.

From the Graph shown on page 59 the velocity cor-
responding to a critical depth of 1.55' is 7.12 fto/sec°

From the Table shown on page 35 and the Graph shown
on page 38 we compute the following loss of head:

11

2
1.0 Y2 - .78 ft.

h
v e

n

!

YA
L= 0.1l = 0.08 ft.
2 Zg

VZ e s

be = 0053 x 40 L. = O.17 ft.
cg

Total Head [ost = 1,03 ft.

The elevation of the water in ihe upstream channel
would be 67.50 + 1.03 + 1,55 = 70,08, The finished grade
elevation would be £7.50 + 2,00 + (0.71 (thickness of top
slab) + 0.18 (crown of finished roadway) = 70.39. The
backwater head equals backwater elevation minus the tail-
water elevation; i.e., 70.08 - 68,13 = 1.95 ft. With
this installation the backwater would be only 0.31 ft,
below the surface of the pavement.

Tn cases where a direct trafile structure 1s required,
placing on frictional grade will necesslitate a specilal de-
sign, which is lapracticable in most cases.

The backwater =levation may be lowered by the addi-
tion of ancther barrel to this structure, then

q =276 = 9.2 c.f.s.
30
Doy = 1.38 Tt,

Vop = 6.7 ft./sec.

= 0.70 ft.

F

16 9-44-805
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Coefflcient
"

n
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he = 0.07 ft.
he = 0.16 ft.
H = 0.93 ft.

The backwater elevation wculd be
7.50 + 1.38 + 0.93 = 638.81
The backwater head would be
69.81 - 68.13 = 1.68 ft,

It will be noted that the head through the structure
was reduced cunly 0.10 ft., while the backwater elevation
was lowered 0.27 ft. by the addition of ancther harrel to
this culvert; therefore the ccst of the structure has in-
creased. congiderably without materially reducing the
elevation of the backwater.

The backwater elevation may be lowered also by lower-
ing the flow line of the structure and excavating a shallow
outfall channel a short distance below the proposed structure.

C, TRIAL DESIGN WITH OUTFALL CHANNEL

If it had been determined that, due to the possi-
bility of suburban develcpment or for other reascns, it
would be impracticable to allow the fiood waters to spread
out downstream from the proposed structure then it would
Pe necessary to excavate an outfall channel frcm the cul-
vert site to Cypress Creek. The design of the structure
will include the design of an outfall channei with suffi-
cilent capacity to properly discharge the flood waters from
the proposed structure into Cypress Creek.

By the application of a "Trial and Error" method to
Marning's Formula we can compute the size, depth, and slope
of an cutfall channel for the calculated discharge of the
proposed structure.

In order to determine the proper ccefficient "n'" in
Manning's Formula, 1t is necessary to take into account
the future malntenance of the outfail channel that may be
expected. If the channel will be allowed to grow up in
weeds and brush and the side slopes allowed to erode, then
it is necessary to take this ceondition into account in
cumputing the prorable discharge capacity of the channel.

if the sbove condition of maintenance is expected,
we may select a coefficient "n" ofgrsay 0,045 from Table

17



Channel

Tallwater
Elevation

Selection of
Structure Size

- 3 . o ¢ N R A2
shown on page 32, "Values of 'n' for Mauning's Formula.

The slope of the bottom of the chaunel should ap=
proximate the average ground slupe If tihe water Is to be
completely contained in the channel.

The channel siope would be
(87.5 ~ 60,0} ¢ 2000 = 0,00378" /i,

We may now assume the bottom width of “he channel
to be 10 feet and the side slopes to be 2:. If 1t is
found that the capaclty of the channel Is too large or
too small with a 10 foot bottom, then the bottem width
may be adjusted accordingly.

in order to determine the depth of flow in a given
channel it is necessary tc use the "Trial and Error”
method ky assuming various depths, above and below the
anticipated depth of fiow, until a depth is found that
will produce the required discharge. The area, wetted
perimeter, and hydraulic radius is then computed for the
various depths chosen. Then the velocity 1s determined
by use of the diagram shown on page 34, "Diagram for So-
lution ¢f Mannipg's Formals.” With the velocity and area
known we can compute the discharge capacity of the channel
from the formula @ = AV.

A graph may then be plotted using the various depths
selected as crdinates and the corresponding discharge as
sbsclssas. The depth of flow corresponding to the glven
discharge of the culvert may then be read directly from
the graph.

The table and Graph shown on page 28 was computed
for the channel described above and indicates that the
depth of flow in the channel wili be 4.0 ft. for a dis-
charge of 276 c.f.s.

The depth of flow in the downstream channel has been
established as 4.0 ft.; therefore, the tailwater elevation
will be 4.0 £t. above the flow line of the channel at the
downstream end of the propnsed culvert.

It there 1s an existing channel at the culvert site,
and no change is proposed in the existing channel, then
the depth of flow should be based on the characteristics
of the existing channel.

From an inspection of the proposed profile grade it
appears desirahie to use a culvert height of 4.0 ft. with
a flow line elevation of 63.5. Bince the area adjacent to

9-44-805
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Head

Comparison of
Trial Designs

the culvert site 1s subject to suburban development in the
near future, 1t also appears desirable to limit the back-
water head to less than 3/4 ft. (In flat arga a maximun
of 0.4 or 0.5 should be used).

Try 2 - 6 x 4 x 44 - 13-44-F MBC Culvert

V:g:_ﬁ__: 5.8 ft./SECa
A 2 x 24

With the downstream flow line of the culvert placed
at an elevation of 63.5 and a depth of flow of 4 ft., the
tailwater elevation will be an elevation of 67,5, which is
the same elevation as the top of the culvert barrel, and
the culvert will discharge with a "Submerged Outlet"” and
the flow will be uniform.

Since this culvert is flowing full with submerged
outlet, we are not concerned about the individual loss of

head, critical depth, etc. The heads are computed as
follows:

0o

Entrance head 0.1 ¥ = 0.05"
28
. ye

Velocity head 1.0 1. = 0,52°
g

Friction head .0039 * x 44 = 0.17 V4 - 0,09°
cg

-4 Ve :

Total Head 1.27 Yo = (.66
2g

From the Graph shown on page 36 we find that, for
a velocity of 5.8 ft./sec. and for 1.27 V°, the total
g
head is 0.66 ft. The above does not take into account the
velocity of approach, which is approximately 1 ft,/sec,,
since this velocity is considered small in comparison to
the velocity of 5.8 fto/seco through the structure.

D. SUMMARY

The cross sections through culverts page 29 show
three possible installations. Design (1) using 5-5 x 2'x40
indicates a head of 1.95' which in the usual case would

*Values taken from the Table shown on page 35.
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cause extensive damage upstream. This head may be reduced
as follows:

(1) By lowering the culvert flow line sightlLy
below naturail ground.
(2) By adding additional culvert barrels,

The resulting culvert design (2) with flow lize
lowered 0.3' has a packwater head of 1.38 feet which is
excessive, but may be permissible in pasture areas con-
sidered unlikely to be developed,

Design (3) requires an outfall ditch but limits the
backwater head to 0.8A', The actual increase in the elevation
of backwater above the original water is .03 feet, since the
use of the outfall channel lowers the tailwater .63 feet,
Whether or not design (3) should be selected depends on whether
the backwater heads indicated in designs (1) and (2) are exces-
sive. In general, the excavation and maintenance of the channel
should be avoided where practicable. In the example used
speclal treatment will be required of the entrance channel
by (1) extension of channel for some distance upstream, or
(2) a special design of drop inlet or bowl inlet,

20 9-44-805
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Bridges

Culverts

V., PRELIMINARY PLANS - BRIDGES

A. GENERAL

The construction of bridges usually requires the
approval of the P, S. & E. by Agencies outside the State
Highway Department; therefore it appears desirable to sub-
mit preliminary plans and supporting data showing the gen-
eral features of the proposed work for approval prior to
the preparation of Contract plans. The Public Roads Ad-
ministration advised on April 23, 1943, that "In order to
avold delay in the ultimate approval of P. S. & E., we
call your attention to the desirability and necessity of
submitting to this office preliminary layouts, for all
structures of the bridge classification, for our approval
as to type, roadway width, etc., so that we may be in
agreement on these features before the state consumes time
and expense in preparing the final set of plans."

Preliminary plans may consist of the first pencil
draft of the following:

. Title Sheet.

. Dralnage Area Map.

» Plan-Profile sheets.
. Bridge Layout sheets.

TR

Upon receipt of concurrence by all agencies involved,
these sheets may be completed and inked for inclusion in
the contract plans.

The preliminary submission of structural detail
sheets for standard trestles, and layout and structural
detail sheets for multiple box culverts of standard de-
sign 1s usually not necessary; as the plan-profile sheets
show all structural data usually requlred for review and
eoncurrence in layout.

The submission of preliminary plans for structures
of the culvert classification is usually not necessary.

B. DESIGN STUDY SHEETS

For large bridges and bridges containing special
units, preliminary design study sheets may be prepared at
reduced scale and submitted in lieu of the Title Sheet,
Drainage Area Map, Plan-Profile Sheet; and Bridge Layout
Sheet,

in general the design study sheets should include
the following:

21 9-44-805



Vicinity Map

Drainage
Area Map

Layout of
Proposed
Structure

Run-off
Calculations

°

Vicinity Map.

Drainage Area Map.

Layout of Proposed Structure.
. Run-off Calculations,

. Plan-Profile Sketch.

. Data on Existing Structures.
. Typical Channel Sections.

°

~No Uk W

This design study may be prepared in pencil on
continuous roll plan-profile paper at reduced scale.

The vicinity map may be prepared to any convenient
scale to show the general location of the structure and
the relationship of the proposed structure to the meander
of the stream. The purpose of the vicinity map is to
assist in the proper location of the proposed structure.
In cases where there is some question as to the proper lo-
cation, contours should be shown in the vicinity of the
proposed structure. The relationship of the proposed
structure to existing topography, such as other highways,
county roads, bridges, towns, etc., in the immediate vi-
cinity should be shown.

Highway Planning Survey Maps may be used in the pre-
paration of this map, but should be supplemented by checks
on the ground to verify their accuracy.

The Drainage Area Map may be prepared to any conven-
ient scale to show the limits of the watershed and the
area in acres and square miles. The average slope and
characteristics of the watershed should also be shown,

In the case of large streams, when run-off records are
available, the drainage area map may be omitted, and the
run-off data shown.

The layout of the proposed structure may be prepared
on a reduced scale, usually 1" = 20' both horizontally and
vertically for large structures. This layout should in-
clude a plan and profile of the proposed structure and
should show essentially the same information required for
contract plans, except not in such great detail but merely
to show the proposed design. It is usually not necessary
to show the railing detail throughout the entire length of
the structure, which may te partially detailed or merely
a statement made as to the proposed type.

The table showing the computation of run-off should
contain the following informations:
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A. Name of Streawm.
B. Drainage Area in square miles.
C. Discharge by Slope Area Method (Manning's Formula)

Record Highwater Elevation.

Area under highwater elevation.

Hydraullc radius.

Slope of water surface at highwater.
Coefficient of roughness "n".

Average veloclty 1in Unobstructed Channel.
Discharge

Velocity through structure.

O UL 8D

m

D. Discharge by Rational Method

1. Soil - Xind of soil contained in watershed.
2 501l cover and use.

3. Blope - Average slope of watershed in

percent.

4, Estimated velocity of flow.

5., Length of water course.

6, Timxe of Concentration.

7 Design Fregquency.

8, Coafficient of run-off - "C".

9 Railfell intensity.
10. Drainage Area 1in Acres,
11. Discharge
12. Velceity through structure.
13, Head lost through structure.

In the case of large streams, when run-off records
are available, the actual run-off data should be shcwn in
lieu of the Informatlicn shown above.

Plan-Profile A Plan-Profile sketch, usual scales 1" - 100! hori-

Sketch zontal and 1" = 10' vertical, should be prepared to show
the relation of the approach grades to the grade &across
the proposed structure. This sketch may be modified or
cumitted if the grade across the proposed structure i
tangent to the approach grade or other conditinns warrant
its modification or omission.

Existing The data on existlng structures, which should be
Structures shown, should include an accurate cross section of the

stream channel at the existing structure, the elevation of
low clearances and of the roadway at the center and ends
of the bridge, referred to the highway datum, the waterway
openling, the size, location and type of pilers or bents and
other obstructions to the stream flow within the limits of
the bridge, highwater elevations both upstream and down-
stream a suffici=nt distance to show the head lost through
the structure, the area under highwater elevation and the
computed discharge.

Typical A typical channel section should be shown, to a con-
Channel venient scale, for the determination of the highwatzr ele-
Section vation and the capacity of the present or proposed channel.
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General

Title Sheet

Drainage Area
Map

VI, CONTRACT PLANS

It is not the intent of thisarticle to explain in
detail the procedure for preparsation of Plans for hydraulic
structure but to point out certain variations from the
present plan procedure.

In general the plans for culverts and incidental hy-
draulic structures are included in the roadway plans. The
plans for structures of the bridge classification may be
prepared separtely or combined with the roadway plans.

The contract plans for bridges should not be completed un-
til concurrence in the preliminary plans have been received,

The Contract Plans for highway structures include
the following:

. Title Sheet.
. Estimate and Quartity Sheet.
. Plan-Profile Sheets.
. Drainage Area Map.
. Structure Layout Sheets.
6. Structural Detail Sheets.
7. Cross Sections at Culvert Sites.

The title sheet should show the general location of
the project and the relationship of the bridges in the pro-
Jject when bridge plans are prepared separately, but when
combined with the roadway plans the usual title sheet will
suffice for both the bridge and roadway plans as previously
required. The estimate and quantity sheet may be combined
with the ftitle sheet or the drainage area map for a small
project.

[S 20O B AV I

The Drainage Area Map should show the following in-
formations

1. Topography including natural channels, ex-
isting ditches and tributaries.
2. Existing Structures.
3. Outline of Drainage Ares,
4, Proposed Structures
a. Station number at structure.
b, Size and type of structure.
. Type of Soil.
. Type of Soil Cover.
7. Average slope - Contours if available
from published maps.
8. Area of watershed computed in acres.
9. Discharge in c.f.s. suffixed to indicate de-
sign frequency (e.g. Qq).

o Ui

The above information may be shown for each drainage
area or tabulated in a convenient location on the map.
Separate maps at different écales may be used for culverts
and bridges if more convenient.
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Plan—Profile
Sheets

Computation
Sheets

The plan of the plan-profiie sheets should include
the fellowing data.

. Existing structures.
. Meander of stream.
. Thread of overfiow waters for larger streams.
» Culture in vicinity of proposed structure.
. Contours when necessary te support location
or design features of culverts, flumes, etc, If nec-
essary, a separate layout should be prepared to a
larger scale.

6. Plan of proposed chanuels,

7. ©Other data necessary to support assumed
roughness coefficient, distribution of openings, or
skew of structure.

[ 92— 9 B av I S

The profile of the plan-profile sheets should include
the following data:

L., Typical ravine section when the center line
profile is not representative,

2. Calculated highwater elevation 1ln unobstructed
floodway (Tailwater Elevation) for design frequency and
observed E. W, Elevations with date if any.

3. Profile of natural and proposed channels for
at least 300 feet both upstream and dowastream,

4, Data oo Proposazl Structure.

. Station unumber,

. Slze and type.

. Discharge velocity for design frequency.
. Backwater head; i.e., the difference in
elevation between bhackwater and tallwater.

20 o e

When necessary due to the size or nature of the stream
crossing, a full plan size vicinity map may be prepared at
a ccnvenient scale; and the required data showrn therecn
instead of the plan-profile sheet. For large bridges; a
condensed plan-preofile at location map scale may be used
to show the correct relationship of the varicus structures
in the creossing, and the flew characteristics placed there-
on instead of the standard plan-profile sheets.

The sample ccmputation sheets shown on pages 49 and
50 are for use 1ln calculating the hydraulic data tc be
shown on the plan-profile sheets and to support the pro-
posed design. These sheets huve been prepared for calcu-
lating the run-off for overland flow, channel flow; or
any combinaticn of these types of flow. The reverse side
of these sheets contain the fcrmulas and a description of
the symbols used.

Three copies of these computation sheets should be
submitted to the District Cffice with the P,S. & E.
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VALUES OF C (RUN-OFF COEFFICIENT) IN FORMULA Q = CIA

SLOPE LAND USE CLASSIFICATION OF SOIL
Rolling Sand or Sandy Black or Loessial
Plains Loam Scils Soils
(Pervious) (Impervious)
Min. Max, Min. Max, Min. Max.

Timber 0.15 0.20 0.15 0.20
Flat Pagture 0.20 0.25 0.25 0,30
(0% - 1%)

Cultivated 0.25 0.35 0.30 0,40

Timber 0.15 0.20 0.18 0.25
Rolling Pastures 0.25 0.30 0.30 0.40 0.35 0.45
(1% - 3.5%)

Cultivated| 0.40 0.45 0.45 0.65 .50 0,70

Timber 0.20 0.25 0.25 0.30
Hilly Pasture 0,35 .45 0.45 0.55
(3.5% - 5.5%)

Cuitivated 0.860 0.75 0.70 0.835

Timber 0.70 0.80
Mountainous Bare 0.80 0.80
(5.5% + )
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VALUES Of "o FOR MANNING'S FORMULA

Valiw of "u" for Manning's Formula
Good ___ Fair Bad

Type of Structure:

Vitrified Sewer Pipe 0.013 C.017

Common Clay Drainage Tils 0.012 0.0186

Concrete Culverts 0.012 0.0i5

Concrete Pipe 0.012 2 0.015

C. G. M. Pipe 0,015 G.0nl 0.023
Canals and Ditchess

Earth - Straight and Uniforu 0.020 C.0z2 0.025

Earth - Fairly Rough 0,025 0.030 0.035

Barth - Sodded - No Rapnk Growth 0,035 0.040 0.045

Earth - Rank Growth 0.040 0.045 0.050

Earth - Dredged Chaunels 0.027 0.030 0,033

Rock Cuts - Smeoth and Unifora 0. 030 0,033 0.035

Rock Cuts - Jagged and Irregulsr $.035 0.040 0,045
Natural Streams:

Clean, straight banks, full stage,

no deep pools a.0z2v 0,030 0.033

Clean, straight bauks, tull stage,

some weeds and pools U003 0,035 0.040

Clean; Straight bauks, full stage

winding, some pools 0. 0388 0. 040 0,045

Some weeds and stones; lower steges

winding, some pools. 0. 040 0,045 0.050

Sluggish River Reaches, weedy or

with Dee¢p Pools. 0. 08D 0,070 0.080

Sluggish Channels, winding, very

weedy with Rank Growth U, 100 0.128 0,150
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Appreximate Average Velocitles of Runoff Flow for Calc 1ating
Time of Concentration

{Adapted from "Rainfall and Runoff" - Region 2)

Description of Ccurse of Slope in Per Cent
Runcff Water
0-3 4-1 g - 1i 12 - 15
Ft/Sec. Ft/sec. Ft/Sec.  Ft/Sec.
Unconcentrated*
Woodlands 1.0 2.0 3.0 3.5
Pastures L.5 3.0 4.0 4.5
Cultivated Land {Row Crops)2.0 4.0 5.0 6.0
Pavements 5.0 12.0 15.5 18.0

Concentrated«¥
Vegetative Outlet Channel Use desligned velocities

Cutlet Channel Containing

Drop Structures 4.0 5.0 6.0 7.0
Natura. Channel Kot Well
Defined 1.0 3.0 5.0 8.0
Natura’ ' Chanaci Well
Defined Calculate velocities by Manning's
Formula

Note: - Average veioclty of flow in variable grade terrace channeis may
be considersd as 1.0 ft. per sec.

* This condition occurs in upper extremity of watershed only.
*¥ These values vary with the channel size and other conditions sc that
the ones given are the averages of a wide range. Where possible more

accurate determinations should be made Tor particular conditions by
the Manning Chanuel Formulas for velocity.
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VALUES OF K & K'

FOR USE IN COMPUTING FRICTION LOSSES IN CONCRETE CULVERTS

FORMULAS USED:

il

he = K L VZ  for culverts flowing full

cg

h- =K' L V& for culverts flowing part full
2g
Head lost in feet due to friction in culvert and does not
include entrance head or velocity head.
Constant for culvert flowing full.
= Constant for culvert flowing part full.
Length of culvert in feet.
Acceleration of gravity = 32.2

=
]
1 i

1l

il

OQE"?'\:?E'
|

Note: For culverts flowing part full, use the depth of fiow instead of depth
of culvert.

Culvert Size K K Culvert Size K K!
(Pipes) 12" L0312 7 x 2 L0070 1 .00386
18" .0182 7 x 2 . 0046 L0026
24" .0124 7T x 4 .0036 ,0021
38" .0072 7 x5 L0030 L0019
42" .0059 7 x 6 .0026 L0017
48" .0049 7 x 7 .0023 .0016
54" . 0042 8 x 3 L0044 .0024
60" . 0036 8 x 4 .0036 .0020
(Box Culverts) 8 x5 .0028 1 L0017
2 x 1.5 .0157 0098 8 x 6 .0024 L0015
2 x 2 .0124 .0084 8 x 7 . 0022 .0014
3 x 1.G5 .0124 .0073 8 x 8 .0020 . 0013
3 x 2 .0098 .0060 9 x 3 .0042 .0023
3 x 2.5 .0083 0054 9 x 4 .0032 .0018
3 x 3 0073 .0049 9 x5 .0026 0016
4 x 1.5 .0112 .0060 9 x 6 .0023 0014
4 x 2 .0085% .0049 9 x 7 .0020 .0013
4 x 2.5 0071 .0043 9 x 8 .0018 .0012
4 x 3 .0061 .0039 9 x 9 .0017 L0011
4 x 4 .0049 .0034 i0 x 3 .0041 .0021
5x 1.5 .0105 .0054 10 x 4 L0031 L0017
5x 2 .0078 .0043 10 x 5 0025 .0015
5x%x 3 -0054 . 0033 10 x 6 .0021 L0013
5 x 4 .0043 .0028 10 x 7 .0019 L0012
5x5 .0038 .0025 10 x 8 0017 L0011
6 x 2 .0073 .0039 10 x 9 .0016 .0010
6 x 3 .0049 .0029 10 x 10 L0015 .0010
6 x 4 .0039 .0024 10 x 11 L0014 .0010
6 x5 . 0033 0021 10 x 12 .0013 .0009
6 x 6 .0029 .0020

Based on Manning's Formula V = 1.486 r2/3 §1/2 ypere "n" = 0.013 and
hfZSL. n
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VELOCGCITY IN FEET PER SECOND
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DISCHARGE VS. SLOPE
CONCRETE PIPE CULVERTS
PIPE FLOWING FULL

Manning's “n" = 0.013
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DISCHARGE VS SLOPE

PIPE CULVERTS

PIPE FLOWING FULL
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