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Lo Ie INTROLUCTION

o

%’f purpose 6 this thesis is to separate the individusl fae-
tors iavolved in the enalysis and design of radial gate, to exausine
each of thess factors in light of xnown physical laws, to develop
mathematical equations expressing these laws and their relation to
the problem, aad to corrslate all of these factors in a rational uid
systematic process of analysis leading to an efficient and economi=
cal design.

I1. HYDRAULIO PRINCIPLES INVOLVED
IN THE AFALYSIS AND DE&IGN" OF RADIAL GATE
A, Ueneral Layout. .
Two factors control the general layout or shape of a radial
gate: the radius of gate, and the height of pin.

I, Radius of Gate. The radius of curvature, not only affects the
direction of the upward water pressure, but alse has an importu?nt
baaring on the relative dead load reaction at the trunnion and upon
the length snd height of the pier and the welght of the strutss The
longer the radius, the higher the elevation required for the runway
and the larger the pier will bes On the other hand, too short a re=-
dius, or too great an inclination of the chord from the vertical will
require a heavier gate and develop complicated problems in the trun=
nion umhom‘ caused by the excessive uplift. From an analysis of
existing gates, the radius of zate varies froa 1 to 5/4 times the
height of gate. The statistical data upon which thias otatement is
based are ploitod as shown in Figure l=a.

2, leight of Pin, The pin should be located above the ordinary



high water level, snd should be high enough %o perait the g.t; to be
ralsed above floating saterial carried by the extreme floods If the
pin 1s placed too high in relation to the radius end position of the
gate,; an undesirable uplift pressure in the trunnion anchorage will
bo resulteds If 1t 15 %00 iow, 1t will decrease the efficiency of
the operation of gates. The valuss of height of pin for the existe
ing structures are plotted in Figure l=bs An eaverage value of
height of pin equal to 3/4 the m;m_or gate nay be used for pre=
liminary layoute

3. load Analzels,

The eritical position for a noun~submersible radlal gate 1a
ordinarily the normal closed position with the upstrean face of the
.5“0 subjected to pressure caused by a full upper pool md an agsune
ed .nwatered downstroas sides The maznitude of tm total waber

pressure may be found by the method of integration,
4
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Lot ds s any infinitesinal segsent of are along the face of

gate
o = angle neasured from the J=axis %o any point p along

g the are
p = unit water presaure at any point p



then, dP =2 p ds s p R d®
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When the gate is in partial copening position, flow passes
through it at high velogities. OLue to bending of stream lines, the |
distribution of pressure along the gate face no longer follows the
hydrostatie laws I%, however, cen be computed through the aid of
flow nets.

IIl. STRUOTURAL PRINCIPLES INVOLVED IN

THE ANALYSIS AND DESION OF RADIAL GATS = HORIZONTALLY FRAMED

The horizontally framed radial gate is so termed because its
skin plate is supported by a series of unequally spased horizontal
ribs. Two vertical side besus, supporting these horisontal rids,
are in turn supported at each end by side frames, by meens of which
the water load is transferred into the piers through the trunmnion
castinge.

A slin Plate.
The skin plate is essentially e semi-gontinuous beam running



: vertically with the horizontal ribs meting as supportse The maxis
mum bending =oment used for design is ¢
| - % YL
where, ¥ = total water load on a one=inch strip of plate
L ®» the distance between the flanges of the horie
zontal ribs in inches
Sy equating 1t with the resisting moment of a plate of thicke .

ness “t%, the following relation may be found 3

/
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Prom Equation (2), a system of curves is plotted with "i" as
oréinates, "L" as abscissas and "t" as a verible, as shown in Pig.7.
‘or any plate thickness thus chosen, the allowable spacinges of horie
zontal ribs could be easily deterzined for different velues of water
nead "% The rib spacing increases progressively towards the top
of gate as the water load decreases, 20 as to wake the sikin plate
atresses as unifors ia intensity as possible.

The horizontal ribs are designed ae uniformly loaded aimply
supported beams. The maximus bending moment 18 1

U= _} W 52 oooootooaooooqwaoooo(’) 2

where, W' e water load per foot width of rt'bo
L ® dlstance between the center line of side buu'
The section modulus required may be found from the charts in
Mg. 9, for different values of "L" and the average water head "h",
Oe _ide B .

The side beams, for eass of conetruction and assembly with



the arms, are of welded stesl plates which vary tn_ depth of crosee
sections, The theoretical location of the center line of aram cone
nections on the inside of the skin plate is e placed that the
negative bending moment of both santilever sections iz equal in
sagnitude to the mexisum positive woment at the central spans The
criterion may be derived as follows
Lot U » unifornly incressing load due to depth of water
distributed on are length "Ln® & 80 1bs per cu.
ft. approxizately. |
z s distance along cn‘ from the center llng of upper
ars to the section at interior span where verti-
cal shear is equal to zero, or the section of
saximam poaitive moment,
For simplicity, the are of the face of gate is developed into
@ straight line and @ unit width of gete 1o taken
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From oriterion : = H; g+ iy g = M,
By equating (= ¥y ) s ( Ha )»
% g ;15 s R 3 = %u x’
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By the oquations for equilibrius 4
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Jince sheer is zero at section at "i" distence from the cen=
ter line of umr arm, it may be written as
= %( 8 +2 ) o;ooooo(i) ,
ndd} ly 3 8, ¢ 8p + 5y sassssell)
After solving these aix equations, the fbllm rosults will
be found 3 |

31 & 0,398 kg Al s 0.4188 p
S2g & 00,4912 1g ) Rz s 0.,6188 P

i3 = 061230 Lp o F g =D0375Pp

1.0000 Lg 1.0000 P

where P e pin load for half width of gate.

2 .,\%—o 318 0.25151“

Therefore, 1 = +% 031 L ( £%s 1bs )



My ®» Us)?8 ( ine = 1bs )
e 345 La° B ( ine = 1bs )
M
sestion modulas required s -;J.-. 0,0001914 lp’8 (in? )
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which is plotted graphically as shown in Pig. 10,

The arams are fastened to the side bemss with rivet bolts to
facilitate erection in the field, The arne are designed as columns
with L/r ratioc not to exceed 120, whoro‘r s loast radiue of ;yra=
tion. The lower arm carries 0,56130 P, and the upper ars, 0.4188 P,
The pin load "P® may be computed from Squation (1) end is plotted
as shown in Fig. 12, for different sizes of gates.

The esize of pin required depends upon the size of arme and
the pin loade The pin should be designed both for bearing and
bending, and the larger pin size required ie selected, For bearing,
the diameter of pin required to carry the pin load is 3

D .-ﬁ? oo;oooooao-couoo(’) |

and for bending, the diawster of pin required 1s

3
D '.«fm sssssenssssansaell)
v-*g

where, P = pin load in pounde
0 @ width of bracket in inches
f; = allowatle stress of bending

3 25.7’) 1be per sq. ine
The allowable pin loads for different sizes of pine aend



different widthsof braciket are plotted as shown in "ig. 13,
IV. STRUCTURAL PRINOIPLES INVOLVED IN
THE AJALYSIS AND DESIGN OF RADIAL GATE @ VERTICALLY FRASKD

A vertically frased ftdhl gate consists of surved vertical
ribs to support the skin plate, horisontal cross-girders, and side
frames transferring the thrust through the trunnlon castings to the
pier, : .

Vertical Ri

The vertical ribs are usually channels or light bodn deter-
mined in epacing by the desirable skin plate thickness and the load
to which the plate is subjecteds The assumption of design is that
the curved vertical ribs act as beams sinply supported by the horie
gontal oross~girders. The sane principle as used in the design of
eide beams for horizontally framed gate will also be applied here
by placing the horizontal girders at suoh places that the negative
moments at two supports will be equal in magnitude %o the positive
moment ut‘tho interior spane

et b = spasing between vertical ribs in inches

then,  Ypex, & 0s575 b g’ sasasgrsonsnall)
which is plotted as shown in Pig. 15,

lordi J der

The horizontal cross=girders may be of standard I-beans,
bullt=up girders, or trusses depending upon the asount of water
pressure to which it is subjected and the span of the gates They
are analyzed as beams simply supported by the side frames, with
the load ms obtained by the criterion in Section INI.

For the upper zirder



¥y & 0.,4188 ( ‘AULR!) s 12,6 ng (1be per £t.)
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Por the lower girder
¥y = 046188 ( 2 Uig®) 2 1946 1y (1bs por ft.)

¥, = % x 19.6 iaz azx 12 » 20,4 1-;;2 83 (ine=1b)

8y, 2 0400163 Ly2 3% (10.%) sesssannsl?)
Zquations (8) end () are plotted graphically as shown in Pige. 16
and 17 The plane of the arms may be swung inward from the pin
to intersect the gate face approximately at the outer fifthepoints,
This arrangement eoffects considerable redustion in tho‘uight of
the horizontal members by converting them into one fixed and two
cantilever beamns of equal moments and at the same tiue removes the
ar=zs frox» ice danfer. In %his case, however, the anchorage must
be designed for the lateral thrust thus generated due %o the elop=
ing side franes. i :

Ve OONOLUSIONS
The individual factors which must be considered in the

design of redial gate ares (1) the proper radius of gatej (2) the
heizht of pin with respect to the total height of gates (3) the
hydrostatic pressure involveds (4) the hydrodymamiec pressure im=
volveds (5) the genersl type of framing to be used; and (§) the
prineiples of design of the structural c‘lmnto involved inoluding
© the skin plate, the structural support for the askin plate, the
uummmsm«uz@.pu. and the trunnion



pins and anchorage which supports the entire gate structure,
Deteraination of the proper radius of gate and the height
of pin are funetions of the total height of the gate. Local
eircumstances peculiar to o_uh gate installation play an important
pm" in determining the proper values of these two quantities. A
eritical study of existing installations which have been proven
most sabisfactory show a very definite relationshép between the
height of gate and esach of these factors. These relations are
shown graphically in Pig. l=a and l=b., The necessary size and
strength of the individual structural elements ecomprising the gate
are depedent upon the hydrostatic pressures, the hydrodynamic pre-
ssures and the general type of framing to be used. 'rhq are also
olosely interrelated so that ne one edement cen be designed withe
out consideration of the other factorss The thiockness of the skin
plate is a function of the hydrostatic and hydrodynamic pressures
and the spacing of the primary members. The relatiocnship of these
faotors is presented in Pige 7. 9ize and strength of the prisary
members ie a !'unoﬂu of the hydrauliec pressures, the type of fra-
ming to be used, the width of gate and the spacing between these
mombers, The relationship betweon these factors is presented gre-
phically in Pig. 9, 10, 15, 16 and 17, The size of the side frames
and trunnion pins is a function of the hydraulie pressures and the
height and width of ‘the zate. The relationship of thése faotors
is presented in Pig, 12 and 15. |
The graphically representations presented in the figures
mentioned above aake it poseible to determine the oﬂ'olct of esach
of these Mn involved in the problem upon all of the other '



factors., With these data, it is poesible for the designer to
approach each individual problem systematically, tc make a preli-
minary design for each of the two types of framing. discussed in
the thesis, to compare them and select the one best suited to

his needs quickly and easily, end with due comsideration for all

the pertinent factors.
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CHAPTER I - INTRODUOTION
As Purpose.

The radial gate, or Tainter gate, is so called because its
skin plate is formed by a segment of circular curve supported by
a fremework of horisontal or vertical purlins end stiffeners. The
principle is based on the fact that as the skin plate is made con~-
centric with the pin, the resultant of the water pressure will
pass through the pin, thus oreating no moment to be overcome in
hoisting the gate. Because of their simplicity in construction
and operation and because they are less expensive, radial gates
are now widely used not only for small gates but also for spillway
control installeations.

No standard method of framing, however, has yet been deve-
lopeds Review of a large number of radial gate installations
reveals a striking diversity of ideas concerning the proper type
of framing to employ. Trusses, tied arches, and simple and con-
tinuous girders have been used ascording to the designer's taste.
No attempt has as yet been made to isolate the separate factors
that are involved in the design of this type of gate, or to corre-
late these factors in a rational approash to the hydraulic and
structural problems involved in design.

The purpose of this thesis is, therefore, to separate the
individual factors involved in the problem, to examine each of
these factors in light of known physical laws, to develop mathe-
matical equations expressing these laws and thair relation to the

problem, and to correlate all of these factors in a rational snd
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systematic process of enalysis leading to an efficient and econo=
mical design.

Be Scope end Linmitetions

Review of the literature reveals that a radial gate which
will serve satisfactorily, may be designed with almost any known
type of structural freming. The best design, however, should be
the one which is most economical and comparatively eassy to fabri-
cate, and which performs the gate function most satisfeotorily.

Ko systematic attempt to establish the most efficient type of
framing has been made. A number of different types of gates are
in use, each type performing ite function satisfectorily, The
true measure of efficiency of a radial gate is based upon the
weight of materfal in the gate, the cost of fabricetion and inste~
liation, end the cost of maintenance and operation.

The kruss type of framing for supporting skin plate members
end for end frames has been used in many installations in the past.
It is believed that its use 1s a carry-over from wooden truss days.
3ince the truse design of any type requires an excessive amount of
design, drafting, fabricating, erecting, inspecting and painting,
and since fabricators usually bid higher per pound for truss work
than they de for girders, there secma little reason to select
trusses for the gate frameworke.

There is also the cmse in which additional horizontael sup~
ports are used between the vertical ribs with the skin plate
spanning in two directions., However, due to th§ ¢ylindrical cur-
vature and the doubtful action of supports of differing rigidity,

the use of plate as a two-way member leads to such complications




that the entire design becomes bafflinge

The exact method of analysis based on the theory of shells
has been presented by Mre. Jilverman in "Stresses in Sector Gates. ol
It is based upon the elastic theory of plates and shells and in-
volves the use of mathematics beyond the knowledge of the usual
designing enginesrs This analyeis is tedious and lengthy and
therefore prohibitive from the standpoint of design costs,

The scope of this thasis iz limited as folliows:

1, The study will be limited to lowehead radial gates. When
gates are used for outlet works or as gate valves in the lock ays=
tems subjected to high pressures, the hydraulie problems !.nvélved
differ considerably and will not be considered in this thesis,

2+ Ordinary sizes of radial gates, ocommsonly used for irrigation
canal structures, vary from several fect to twenty feet both in
height and width. Gpillway gates ususlly range from thirty to
forty feet in spen as well as in heighte It is generally believed
that spans greatdr than sixty fect are not economical. Therefore,
this investigation will be limited to heights less then thirty
feet and spans less than forty feet.

3e Uareful study of existing structures indiomtes that within
the size renge stated above, two general types of radial gates
are most efficient. These types are the horizontally framed and
the vertically fremed strugture. Only these two types will be

investigated.

L Silverman, I, K. GStresses in sector gates. Washington, 1941,
24 pe processed. (U. 3. Bureau of Reclamation. Techni-
ool memorandum, no. 477.)
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4, The ellowsble stresses for meterials used in arriving at
sizes of structural members are those specified by the American
Institute of Steel Construction.

5« No atlempt will be made to specify a particular type of
framing or detailed design which will be most efficient and eco~
nomicel in any given set of circumstances. 3Such a study involves
& cost analysis which varies with time eand location and is not

considered to be within the scope of this thesis,




CHAPTER II - HYDRAULIC PRINCIPLES INVOLVED IN
THE ANALYSIS AND DESIGN OF RADIAL GATE

As CGeneral Layout of Radial Gate from the Foint of View of Hydrau=

lics.

Three fasctors control the general layout and shape of a
redial gate: the redius of gete, the height of pin and the location
of gate sill. The location of gate eill is not a sericus problem
in ordinary installetions, but may introduce serious difficulties
when redial gates sre to be used on spillway creste. No definite
relation between these three facitors iz apparent. Final design
must be a compromise, obtained by careful consideration of the
hydraulie and structural priunciples involved.

1. Redius of CGate.

The radius of curveture not only affects the direction of
the upward water pressure, but also has an importmnt bearing on
the relative dead load resction st the trunnion or axis and upon
the length and height of the pier and the weight of the struts.
The longer the radius, the higher the elevation required for the
runvay and the learger the pier will be. On the other hand, too
short a radius, or toe greater an inclination of the chord from
the vertical will require a heavier gate end develop complicated
problems in the trunnion enchorage csused by the excessive uplift.
From sn analysis of existing strustures, the radius of gate varies
from 1 to 2 times the height of gate. The statistical date upon
which this statement is based are plotted as shown in Figure l-a,

in Appendix II1I.
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2, Height of Pin.
The pin should be located sbove the ordinary high water

level, and should be high enough to permit the gate to be raised
above floating material cerried by the extreme flood. But in the
case of small gates installed in irrigation canels, where it is
not necessary to provide for flood clearance, the pin is normally
located between 1/2 = 3/4 of the height of the gate. If the pin
is placed too high in relation to the radius and position of the
gate, an undesirable uplift pressure in the trunnion anchorage
will result. If it is too low, it will decrease the efficiency of
the operation of gate. The values of height of pin for the exist~
ing structures are plodted in Pigure l-b, in Appendix III. A4n
average value of height of pin equal to %/4 the height of gate mey
be used for preliminary layout.

3¢ Location of the Gate When Used on 3pillways.

The principal hydraulic requirements in the design of radial
gates on a spillway crest ares that the location of the horizontal
seal with respect to the crest of the ogee spillway section should
be such as to eliminate any tendency for the water to leawe the
spillway surface and develop pressures less than atmospheric at
partial gate openingej; that the gate and its trunnions should clear
the upper nappe of the overflowing sheet of water corresponding to
the maximum flow, and that the lower edge of the gate should be
shaped to aid uniform flow. Tie firet requirement may be met by
placing the seal somewhat downstream from the spillwey crest. At

partial goate openings, the overflowing water will be given a down-
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ward velocity component, so that the tendency of the flow to leave
the spillway surface and cepeate a negative pressure is minimized.

The equation for the trajectory at partial gate openings may be

derived as follows:

:

Fig. 2
Let V, = initial velocity

h, = head corresponding to the initial veloeity

o
then, Vo = A2 g hy
since x = Vot cos ® ; t= —Fee
y pVo cos &
y = Vot sin® ;‘-z-gtf
- Xsine 1., x )2
Rl Ay
cos 8 2 Aog hy cos ©
Hence, YV = x tan © " xz oo-ooooocnoo.cnooo(l)
Eho 088

From this equation it is possible to check the flow condition
at different gate openinge to determine if the flow suits the dam
profile. But, from the practical standpoint, the location of gate
seal downstream from the spillway crest is limited because the
1 height of gate increases with the distance away from the crest.

In designing radial gates on a spillway crest, various

studies should be made with different locations of pin height and

bottom seal and different lengths of radius of gate.




Their effects on both the spillway profile during partial gate
openings and the véptical uplift acting on the trumnion should be
studied. Hydreullc model tests are always helpful in determining
the most desirable design.

B, Load Analysis.

The eritical position, or loading econdition which causes
maximum stresses, for a nonwsubmersible radial gate is ordinarily
the normal closed position with the upstream face of the gate
subjected to pressures caused by a full upper pool and an assumed
unwatered downsiream side. If the gate is of the overflow type,
water loads caused by the weight of the overflowing sheet must be
considered in addition to those cemsed by the static préssure on
the upstream side, If the gate is of the submersibls type, the
eritical position cannot be determined by simple inspection beca~
use of the flow conditions under and cver the gate, but must be
found from investigation of resultant loads over the range of
possibly eritical positions, tailwater considered according to
:easonable assumptions.

1, Hydrostatic Pressure.

The hydrostatic pressure acting on the gate undar normal
¢losed position may be analyzed by a load diagrem as shown in

Figo e
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This figure shows simply the load diagrem for a linear foot
of gate in the normal closed position, with no backwater and no
overflow, The water loads acting radially on the curved back of
the gate are represented to some convenient scale by the radial
vectors of the load diagram proper, A'B'C', one vector being drawn
for each linear unit of curved gate surface. The intensities of
the pressure at the various points of application of the vectors,
that is, the lengths of the vectors, are determined by the lengths
of the horizontal lines at the elevations of these points on the
diegram ABC. for instance, M'li' i3 made equal in length to MN,
and R'S' to RS etc.

The total magnitude of hydrostatic pressure acting on the
gate may be easily found by the method of integrations

Let ds = any infinitesimal segment of arc along the face

of gate. |
® == angle measured from the x-axis to any point p,
along the arc.
P = unit water pressure at any point p,

Referring to Fig. 4, then
V
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ds "R de
dP) ®pds “wR ( sin®) -~ sin 6 ) R d®
=y g2 (sin@) = sin @ ) a0

8,
P _6“. ~
- thsinsl ( 8y £ 83) # com 8 = cos 92J

P .
Py ™ w % sin @, f_edﬂ # w R2 cos @

If Yp 0,75 H, R™ 1251,
sin; =Y /H 0,205 0, = ein 0.2 = 11952

-1
oin 8, =Y, /i = 0,603 8o * sin 046 = 369524
Ag°24t)r , J2h &
2ot B 2

Py =w (125 B)a {0& 5

= 04349 (1.85)% w B2 = 0,545 w 02
= 34 g (per unit width of gate)
The pin load, therefore, iaj
P =34 HQ% =178 Kﬂ sesuenesasiiieinns(2)
Therefore, under this special arrangement,; the total hydro=
static pressure acting on the gate is equal to 0.545 w ne gomparing
to the horizontal component pressure of 0.5 w ﬁga
The next problem is to find the direction of the resultant

pressures Referring to Pige %, it 18 found thats

\ 18
A ‘B
eR Al ///
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vertical component of total pressure = 62.4 (A + Ag)

C
o
-
-
<
0

2
62,4 (Jlﬁ— - A2 = A3 4+ A1)

62.4 (rrh 9]_ + 8 / 2 = v222Ya+ Ya 2 Z flz__lx )

P, = horizontal componant = 62,4 B

F
Frn = resultant = /Fy2 + Foo

-1l Py
[*h
By substituting the values of "R","Y", "6;" and "@2", it is found:

GP\ :t

8; = tan '1.‘?.5.:1.;@.tm‘1o 376 = 200361

Hence, if a line is drawn passing through the point of reac-
tion at the trunnion pin by making en angle of 20°36' with the
horizontal, its intersecting point with the direction of the hori=-

zontal component ( d distance above the bottom ) will give the

>
peint of application of the total resultant pressure.

2, iiethod of Computing the Water Fressure under Partial

Gate Openings.

When the gate is in a partially opened position, flow
passes through it at very high velocities. [Due to the bending
of stream lines, the distribution of pressure along the gate no
longer follows the hydrostatic law,. It can be computed by means
of flow nets, ' |

The procedure may be outlined briefly as follows:

1, Draw flow nets by free hand sketching according to the

Pollowing characteristicss that the stream lines and equipotential




lines should be alwsys perpendécular to each other, that each
rectangle they form should have e definite ratio between the adja-
cent sides, ( it is advisable and a common practice to dray the
net as a series of curvilinear squares ); and that the equipoten~
tial lines should be perpendicular to all the boundary lines beca-
use the boundaries are alaoc a part of the stream line system.

b. Oompute the discharge under such partisal gate openings by

the orifice discharge equation.

ve' ¥ . _ _ 7ofel Encrgy Heod
2-5 =
h
H 1
Vo
T a
]
L[]
' S S sy (ol 7z 777 A e o Y I s 77 NN I A A 4 VAWANA 77 S v
?5.306

q = € d ,\/2 - 4 (H -“é") o--aoouoo;ooooo..o(’)

where ¢ discharge coefficient usual varying from 0.6 to 0.7
H upstreem head water depth in feet
d, depth of gate opening in feet
Hence, velocity head of approsch = -g-g—z- i -é-g—qéz— » which should
be added to the hydrostatic head "H" to give the total energy
head,

¢c. Compute the velocity at poihts along the gate face,

Velooity = m—mouantity of flow dn one stream tube
The width of stream tube at the poiht considered

d. By Bernoullis' theorm:




2 2
E 42 X Ya
= 2z Fy = 28 4 H
2 2
E‘H h - -L
. (;‘28) y -5
» X5 »
.= h 5%
where h = depth of the point considered helow the

total energy line

Plot these values at different points along the gate. It

is the required pressure diasgream under such height of openings.
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IIY. STRUCTURAL PRINCIPLES INVOLVED IN

THE ANALYSIS AWD DESIGN OF RADIAL GATE - HORIZONTALLY FRAMED

The horizontally framed radial gate is so termed because its
skin plate is supported by a series of unegually speced horizontal
beams. Two vertical side beams, supperting these horizontal beams,
are in turn supported st each end by eide Prames, by meams of which
the water loed is transferred inte the plers through the trunnion
castings, The complete assembly of a horizontally fremed gate,
thefefore, consistes of skin plete, horizontel beams, side beams,
pin bearing and bracket, side rollers, seals and wall and sill
plates, The individual items will be discussed separately in de-
tail se follows:
A, Skin Plate.

The skin plete is essentially s semi-continous beam running
vertically with the horizontel beams astinz as suprorts. There is
some arch action in the ekin plate due to curveture. However, if
the radius is selected in acocordance with the prineiples developed
in Ohepter II of +this thesie, this epch action ie so small that
mey be neglested witheut introducing eny serious error. This
ascumption will simplify the design end fabrication considerably.
Some investigators have attempted to coneider the plate as a two-
way member by fitting in additional supporte. However, due to
the eylindrieal curvature andfhe doubtful action of supports of
differing rizidity, it may lead to such complications that the
entire desizn becomes baffling. Paragraph 43 of the "Theory of

1

Platees and Shelie” ~ by Timoshenko demonstrates the difficulties
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of using even a tlat plate on supports of varying rigidity} sor
over; fabricators have advised that the cost of a face structure
having supports in two directions would be higher by at least 10
percent than that for one with one-way supports. This higher un
coet removes the major incentive for two=way spanning,

The maximum bending moment used for design ist

=z - W L '-oanoc.-onnoboosoco-o(l‘})

10
where, ¥ = maxiwum bending woment for semi~continuous beams

W = total water load on a one-inch strip of plate

L = the distence between the flanges of the horizontal
beams in inches

A thickness of face plate is, therefore, selected to gzive
a reasonable spacing of the horizontal beams, usually not less
than twelve inches, ( 15" preferable ). The bottom horizontal
beam is placed approximately three inches above the gate sill to
allow the bottom rubber ae&ling strip to be bolted to the beam.
The beam spacing increaaes progressively towarde the top.of the
skin plate as the water load decreases, 80 as to make the skin

plate stresses almost uniform in intensity.

From Zquation (4), ¥ = T% WL
and, Waewbhi wszO0434H

The resisting moment of the skin plate with a thickness
of 4" is Mp = fg 2 = % fst‘?
By equating these twoj
10 fg S 2w 3t

e-

it

i Timoshenko, Stephen. Theory of Plates and Shells. ilew York,
veGraw-7111 book co., 1940 (ingineering societies monograph)
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= 412‘ 46 s .Q...QQ..0000000000!00.0000(5)
N H

If expressed in terms of the thickness of the skin plate,

then L = %’L -o.o-.Qooooo.o-ocaooooooooc(é)

For practical purposes it will make the design more syste-

matic if a system of curves is plotted with "H" as ordinates and
"L" as abscissas, and the thickness of skin plate "t" as a parameter
as shown in Figure 7, in Appendix III. For any plate thickness
thus chosen, the allowable spacing of horizontal beams could be
easily determined for different values of ™", The value "t" used
in Equation (6) should be the effective thickness. One=-sixteenth
inch is added to the required effective thickness to compensate
for anticipated corrosion.

Be Horizontal Besums.

The horizontal cross beams are designed as uniformly loaded
simply supported beams, The maximum bending moment is:
?4 == % @' L2 ..I.".l...."ﬂl....'...‘0.'.(7)
where W' = water load per foot length of bean

-L = distance between the center line of side beams, ft.

Hence the section modulus required is

’ é-w' 12x 12
* =1, % T 18,000
W' 12 | 8
o g 12,000 (B R AR EE R REEERERENENNEES L ( )
nWhich wl- th Ot..o.cinotsooauetooooco-.ootos\y)
. 12
b = spacing between the horizontal beams in inch

h = average water head acting on the beanm, feet.
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Equations (8) and (9) are plotted as two families of curves as
shown in Figure 8, in Appendix III. If the spacing betwsen the
horizontal beams, the average head acting on the beam and the span
of the beam are known, the section modulus required may be easily
found from these charts.

The reaction of the gate sill (F) upon the lower beam was
determined from a number of analyses of gates and is assumed as:

F = 0,0376 W (for full width of gate)

where W 1s the total water load acting on the gate.

The total load on the lower beam is the summation of the
water load and the sill reaction "F", It is desirahle for ease of
construction to have as few different heam sizes as possible.

C. Side Beans.

The side beams, for ease of construction and assembly with
the arms, are of welded steel plates which vary in depth of cross-
sections. The theoretical location of the center line of arm
connections on the inside of the skin plate is sc placed that the
negative bending moment of both centilever sections is equal in
magnitude to the maximum positive moment at the central span.
Theoretically, this method of arrangement will give the most eco=
nomical design. The criterion may be derived as followss

Let U = uniformly increasing load due to depth of water

distributed on arc length "Lg".

o B H  (48%°201)m
= 62,4 [= = 624 507 g

= 62,4 / 1.057 = 60 1bs per cu. ft. approximately

Z = distance along arc from the center of upper arm

to the section at interior span where vertical
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shear is equal to zero, in other words, section of maximum moment.

For eimplicity, the aro of the face of gate is developed
into a straight line and a unit width of gate is taken, ae shown
in Pig. 9.

Approximete Solution E

(4]
=
©
C
£

I }
N
b
-3 -j_?c'—cg[;n of
Zero Shear
'4
|
-~

' iy

1 2 N

/ Tof‘a/ Odd= EULR b

i -M, + Mo -M3 __*‘
1 |
.~ s —~ S 5,
[ |
|‘_: LR = Arc Ler)gfh __..4

From figure:

- - 518 3
¥ 0312-51.-%US1

Mym Ry 8, - L(B1£82 )7

Since, by criterion; - My = flMo= = 1443
() = (M2);  3usi=nz-%0x
Rpze €082 £X5) ernsennsescense(a)
(wn) = (W5);  dvus)’any sy - F(5#s )?
Ry 8 = %[( 8y #83 )7 = 313] O, ; °.
Again, by equations of equilibrium:

1 2
2V = 03 Rl f Ra' -2' U Lﬁ f F ......é....u.o.(c)

zM = 03 RySp - 12128 = ~FS5 = 9—%—5[21# S1¢ 8o




'Y ]
P

el

RyS2 = § (8) #85)° - %52[% # 81 #8) = FS3 eavens(d)
Since shear is zero at section at "2" distance from the center line
of upper arm, it may be written as
Ri= 2 (8 42)% sienniniecinniisiinnan(e)
and IR = 85, # 8 - 83 sRessnensnenysasnesnsessell)
Ve have above altogether eix unknowns: Sy, S,, Sz, R}, R2,
and Z, but we have six available equations..
After sclving these six equations, the following results
are found:
59 = 0.3858 Iy H Ry = 0,4188 P
Sp = 0.,4912 1y H Rp = 0.6188 P

83 = 0,1230 L,B § =T =0,0376FP

1.0000 Ly 1.,0000 P
where P = pin load for half width of gate..

z zj—aﬁfh- 8y = 0.2613 Iy

>
Thergfore’ ul = y%l’ .g. = _‘_J__S_%_;__B_ (ft‘lb) - U 81 B (m"lb)

o 5‘45 LR\B B ( inelbse, ) n‘ooooecon....oo(lO)

Section Modulus required = M;/fy
= 0,0001914 LR5 B sessssansssssvsvsseneelll)

whigh is plotted es shown in Pigure 10, in Appendix III.

From this analysis, it is found that the maximum bending
moment in the eide beem is My, = My = My = Mz = 3.45 Iy’ B..
The theoretical location of the arms is given as a ratio of the
length of arc, and these distances are measured along the inside
of the face plate, The distance from the zate sill to the center

line of lower arm beam connection ie 0.1230 Ly and the distance
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alonz the ineide of'the face plate between the center line of the
lower and upper arm is 0,4912 3, The reasction of the center
line of the arm connections are gziven as a ratio of the water load
and are 0,6177 P for the lower arm and 0,4188 P for the upper arm,
for more than two supports, the same eriterion could be used by
baiencing the momente of two cantilevers and two or more inter-
mediate spanec.

Approximate Solution for lqual Momente for Three Supports

After solwing 9 eimultensous eguations, we get the follow-

ing resulte :

51 = 0.2970 Iy ; Ry = 0.2312 P

B2 = 0,36%0 In 3 Rp = 04021 P

83 @ 0.20800 1y : iz = 0.,L167 P

84 = 0.,0680 Ly ; -F  a=0.0500 P

T.oooo Ly 1.0000 P
Therefore; M . = -}S- us,” .g- 2152 1,7 B (1n=1b) ceves(12)
P = ﬁ%hi 8 essesse(l3)

Ag the maximum bending moment in the side beames, either for
two supports or three supports, is found, it is easy to compute
the actual siresses for the section furnished, The stresses in
the ~17¢ beame are usually very low, It is because the size of
side beame are not governed by thQ stresces, but by the require-
ments euch as the minimum thickness of flangee, the depth of web
required for connections, eto, The values that are computed from
the formula or found by chartes in Fiz. (10), therefore, serve only

as a guide,.
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D, Side Arms.

The arme are fastened to the side beams with rivet bolts to
facilitate erection in the field. The arme are deesigned as columns
with L/r ratio not to exceed 120, vhere r = least rediue of gsyra-
tion.. The lower arm carries 0.6188 P, and the upper arm, 0.,4188 P,
Usually the eize of arm is not governed by the direet thrust, but
by the least radius of gyration required.. In this case, bracings
are advisable to use in the plane of arms for lateral supports.

The pin load acte on & rodial line through the center line
of the pin and normal to a point on the face plate located approxi-
mately H/2 above the gate £111 ( &g = 20° %6' ). The pin load when
water is level with the top of gate under maximum loading condition,
may be determined either from Equafion (2) or (13). Pigure 12 in
Appendix III ie plotted from Equ. (2) with pin load as the abscisea,
height of gate "H" as the ordinete snd the width of gate "B" as a

variable,
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Ee.Pin Bearings.

‘ The size of pin required depende upon the size of arms and
the pin load. The pin is designed both for bearing and bending,
and the larger pin size required is selected., For bearing, the

dismeher of pin required to carry the pin load is

P

I E R R E R EEEEEEEEEEEE NN N N h
P = 35500 (14)

For bendihg, the diameter of pin required ie
3

b =, 2P(0£3)
N

w £

vassssssseassinssssvenes(lD)
where D = diameter of pin in inches
C = width of bracket in inches
Therefore #he allowable pin load may be expressed in terms
of "D" and "0" se follows:

P ( for bearing ) = 5,500 cD .0100000000003(16)

P ( for bending ) = Méﬂz_" 000100-10000(17)
0.75 # 3

Baced on Fquation (16) and (17), the allowable pin loads
for different sizes of pins and different widths of brackets can
be plotted as shown in Figure 13, in Appendix III. It may be
noted that for certain size of pin and width of bracket, bearing
will control the design while in another combination; bending will
be the gzoverning factor. The adopted allowable pin load should
be the smaller value.

F. Pin Bearing Bracket..

The pin bearing brackets are designed on the principle that
the maximum pressure on the concrete shall not exceed 500 1b, per
8g.. in. under any load condition..

The thickness of the bracket plate is computed by the bend-




ing moment egquation:

M: %P L ( 1 el hk ) ‘000000000000000000(18)

'
vhere P = pin load ; k u{- ( see Pig. 14 )

’

—-dP’!<__C + /i-A-I P b

DI. L ————————— I i pPin shaft : ' i
W 7777777777704 ;/W/
e ke L N

SLLERELERPELEREEEEEY

b)

Pig. 14
G. Anchorage.

Since the loeds trensmitted to the piers by the trunnion
pine tend to put the concrete in tension and tear away a part of
of the pier, the pin loads must be carried forward into the pier
and distrihufbd through bond and bearing by speeial devices. Radial
gates, with the trunnione downstream, sre actually uneconomically
placed, the strut frames being in compression and the pins tending
to put the pier concrete in tension. Lighter struts and simpler
pier bearings could be used if the gate were reversed and the
trunnions placed upstream.. However, no practical method of avoid=-
ing serious drift and silt accumulation, preventing the operation
of redisl gate in the reversed position, has yet been devised,

Anchorage may be classified into two general types. For
getes of smaller sizes installed for canal structures, the wall

bracket type is commonly used. It is satisfactory as long aes the
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pin load is small, ‘fowever, for gates installed on spillways with
several spans separated by piers, the design of anchorages and
piers requires great care and due consideration of the relative
elastic properties of steel and concrete. In the past, some radial
gates have been supported on trunnion pins which extended through
the anchorage members so that one common pin served two gates.
This is a costly arrangement as the shears and moments for entire
cate are carried by a solid éteel forging costing several times as
much per pound as ordinary structural steel.

A simple box girder built up of heavy plates welded toge-
ther will serve the same purpose much more effectively than a
through pin and cost a fraction of tne price of the solid shaft
required for that design, The simplest form of anchorage consists
of two rolled or builteup girder beams placed horizontally and
welded to the cross-girder. This type should be adequate for all
gates of moderate size. The girders are placed so that at least
8 inches of concrete will cover the steel nearest to the face of
the piers. The cross=girder may be run through the webs of the
anchor girders or any other adequate joint detail may be used,
The anchor girders should extenﬁ somewhat upstrean from the face
of the gate and terminate in a heavy horizontal anchor designed to
take the entire anchorage tension in bearing on the pier. it
should be born in mind that for the condition of one gate fully
loaded with the adjacent gate raised, there will be a severs tore
sion on the frame formed by the cross and anchor girders. 'or

&

this condition, the teasion in the near anchor beam is approxi.ate=

1 ol

ly doubled over its normal value. It is essential, thsrefore, that
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the framework be designed to resist both thie torsion plus the
normal tension, and also all side thruet, and that thies estress be
taken entirely on the steel itself without dependence on the con-

crete of the pier in the immediate vicinity of the trumnion.
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IV, .STRUCTURAL PRINCIPLES INVOLVED IN
THE ANALYSIS AND DESIGN OF RADIAL GATE - VERTICALLY FRAMED

A vertically framed radial gate consists of curved vertical
ribs to support the skin plate, horizontal cross-girders and side
frames trensferring the thrust through the trunnion castings to
the pier.

As Skin Plate,

Skin plate is designed as continuous beams with each span
equal to the spacing between vertical ribe. For simplicity, the
formula, M = %—5 Wb, is used, where "b" is the distance from
center to center of vertical ribe instead of measuring from flange
to flsange as in Equation (6). The required thickness of plate
varies from top to bottom according to the intensity of pressure
to obtain a bet