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Abstract

Section 3.1 is "Structural analysis of torsion type gates". It shows contents of

various analytical methods in detail and makes clear their relationships. Difficulty

in structural analysis of the torsion type structure impedes its wider application. In

Article 3.1.2, characteristics of the torsion type structure are made clear and it is
shown that the number of applicable cases of this structure is greater than our
expectations. In Article 3.1.3, detailed explanation is given on the elastic equation
assembly made of the simple torsion theory and it is shown that the torsion type
structures can also be analyzed by the space frame theory. In Article 3.1.4,
explanation is given on the elastic equation assembly made of the bending- torsion
theory. Characteristics of deformation due to the bending- torsion are made clear
and it is shown that effect of the bending- torsion appearsin the stress distribution
of the section much more than the internal forces of the section. It is shown
furthermore that analytical results obtained through the finite element method
could reflect the bending- torsion phenomena well. Eventually it is bound to lead to
the conclusion that super- large structures of the torsion type have to be analyzed
by the finite element method. In Annex 3.1- 2,the basic theory of torsion is given in

an organized form.
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0 00O Structural analysis of torsion type gates

Ooooaga Introduction

External forces acting on structures are grouped into loads and their reaction

forces, and the loads are transmitted from loading points to reaction points

through rigidity of the structure. The structural rigidity’' sometimes refers to a
shearing rigidity, a bending rigidity, a torsional rigidity, an axial rigidity and so on,
but a structure generally provides all these rigidities together and a major rigidity
among them depends upon not only their relative magnitudes but also distribution
of external forces. Suppose bending deformation and shearing deformation causes a
certain amount of displacement in structure, the bigger rigidity between bending
and shearing will be dominant in load transmittal in the structure wherea only axial
rigidity is good for the load transmiittals in case that all loading points and reaction
points exist in a load vector line. Although hydraulic gates are classified into many
structural types, most of radial gates is a compression type, roller gates of dam
crests and river weirsis a bending type and high pressure roller gates is a shearing
type. Shearing type, bending type and compression type are most general type of
hydraulic gates as the above examples show but the gate would become torsion type
if its torsion rigidity was increased or other rigidity was decreased as long as the
external forces on the gate can compose twisting moments. A structure most of
whose external forces compose couples and whose torsion rigidity is comparatively

big is characterized by its torsion rigidity and is defined as a torsion type structure

in this thesis and gates of torsion type structure are defined as torsion type gates.

Hydraulic gates which provide external force condition of torsion type structure are

much morethan our expectation .

The rigidity referred to here isconceptually different from rigidity which is defined for each direction of

anodal point in matrix analyses of structure.
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A flap gate of the torsion type structure is called a fish belly flap in Europe and a
fabrication record shows this type was in operation at 1931 already. The first
application of this type in Japan was in 1963 at Matsukawa diversion works''. Since
then this gate type had quickly spread all over Japan. Different kinds of application
appeared such as double gates or multiple step fish- ladder gates. Furthermore, it
was applied for shipyard repair dock gates’®, one of which is 100m in width and more
than one thousand tons of steel in weight. A superiority of torsion type structure is
(1) small steel weight when it is applied to a low height long span gate and (2)
advantage in fatigue strength because of almost pure shearing status of stress
distribution, and this type have been proposed for gate plans in the study of
alternatives for the Panama canal™. The result of this study suggests that torsion
type gates could become larger in scale and replace slide gates, roller gates, miter

gates or other gate types.

Structural analysis of torsion type structure is very complicated and it is
impossible to carry out the analysis efficiently without supports by computers.
Reason of delay in construction of this type in Japan is a difference of river
circumstance but a difficulty in structural analysis seems to be another reason’.
Option for method of structural analysis has been increased according to rapid
development of a computer and its soft. Late 1960 was ages of a large computer
which used to install a pile of integrated circuits. A computer employed at daily
technical calculation used to occupy one floor of a big business building. A
computer whose performance is much more than a several hundred times of the

large computer is put on each engineer’'s desk today. FEM soft wear is always

available besides tridimensional frame softs. The purpose of this study is to clarify

the contents of analytical methods used in the past and to define their relations.

“'Bibliography (1) and (3).
’Bibliography (6) and (7).
“Bibliography (8) and (9).
”‘Bibliography (1) and (3).
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The essential part of the analysis is to obtain many statically indeterminate
values and this process is extremely complicated. Although torsion in a structure is

a combination of simple torsion and bending- torsion, the latter is not considered

in usual structural analysis because a handling of bending- torsion is very
complicated. But torsion type structures cannot be described without
bending- torsion. Especially sound designs would not be obtained for super large
scale gates of torsion type without considering stress distribution due to
bending- torsion as well as simple torsion. Eventually, whole structural analysis by

FEMis inevitable.

The above is a conclusion of this study and the process to get there will be
explained according to following items.
0 O O Characteristics of torsion type structure and examples of application
0 O O Analysis of simple torsion theory

O O O Analysis of bending- torsion theory

In this study, the simple torsion theory means analytical theory in which

bending- torsion is neglected and the bending- torsion theory means analytical

theory which includes bending- torsion. Although the first half part of the thesis
was supposed to be a basic theory of torsion structure due to technical content
contained by the study theme, they are shown in appendix O 0O0O0OQ0O "Stress
distribution of closed thin shell being subjected to torsion™ and O OO O O "Stress
distribution of closed thin shell being subjected to bending" owing to avoid the

thesis goes off itstrack .
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00000 Characteristics of torsion type structure and examples of application

0 00O History of torsion type gates™

A fabrication record shows this a flap gate of torsion type structure was in
operation at 1931 already in Europe'. The
reference” describes in detail how and
why the torsion type structure was
accepted. Followings are its partial
translation. Aflap gate at itsinitial stage
was very simple structure, and a bending
type main girder is provided to top of a
skin plate stiffened by angles and floor
plates and the floor plate bottoms are
supported by hinge metals installed on a
riverbed at an appropriate intervals (Fig.
o oo oo ). The main girder s
supported at its both terminals by
hoisting tools such as racks, chains or
something else. It was found later that
the initial flap gate did not use essential
advantage of its structure. Although the
gate bottom was supported by the hinge
metals, its main girder was subjected to
a big bending due to a free support at

weir width terminals. Accordingly it was

“'Bibliography (12)
Bibliography (12)
*Bibliography (11)
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improved and structure which could
resist torsion moment started to be
used. In stead of a skin plate top girder
which resists bending moment, a bottom
tube which resist torsion moment is
provided and the gate rotates around the
tube axis (Fig. 0O O O O O ). The
improvement was bound to bring out
longer spanned flap gate due to
resistibility to twisting and continuity of
bottom support. But new structure had
a difficulty in keeping seal function along
the bottom tube. It was a big structural
progress that the bottom tube was
removed from the rotation axis to the
skin plate top. Water sealing at gate
bottom could be realized by a flexible
sealing band covering the gap between
riverbed and the skin plate bottom (Fig.
o oo oo ). Range of flap gate
application was expanded by this new
improvement but still there was a limit to
the application. The structurally most difficult part of the gate is a tube which
resists rotation moment and the cause of application limit was increase in diameter
and plate thickness of the torque tube due to increase in gate span. This demerit

was excluded by the invention of fish belly flap which was disclosed in 1930. The

fish belly flap has a uniform hollow body which resists torsion moment. A torque
tube and a skin plate of previous flap were integrated and replaced by a uniform
hollow body composing of a cylindrical skin plate which is convex toward upstream

and a cylindrical back plate which is convex toward downstream (Fig. OO 0O0OO).
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The hollow body has a lens section which is similar to a fish belly and whose closed
area is so large that its resistibility may be as several times as the torque tube
composed of the same weight of steel. At identical time, its bending rigidity is far

bigger than that of atorque tube type structure.

Fish belly flap gates have been widely employed since then in Europe. But their
need is mainly for riverin use and seems to have had no big difference since its
birth . The first application of fish belly flap in Japan was 1963 as previously
mentioned and this gate type has quickly spread since then. But its development in
Japan seemsto bein a somewhat different direction. Its application is beyond a flap
gate of riverin use and its gate shape sometimes differs from fish belly shape
because much effort was made to increase torsion rigidity while to decrease
bending rigidity of the gate section and it is often inappropriate to call them "fish
belly type." This is the reason why the expression "torsion type structure" or

"torsion type gate" was introduced in thisthesis.

0 00O Characteristics of torsion type structure

In the preceding section (O OO O0O), it was described that structure usually
provides multiple kinds of rigidity, that the rigidity which plays a major role in
load carriage in the structure will become obvious according to external force
condition and comparative intensity of rigidities and that the condition of torsion
type structure is O external force condition which can compose twisting moments
and O comparatively big torsion rigidity. And also it was pointed out that a
superiority of torsion type structure is 0 small steel weight and O advantage in
fatigue strength. These four points are major characters of torsion type structure
and they are drilled down in this article so that the characteristics of torsion type

structure may be grasped more concretely.
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0O External force satisfiesa condition of composing twisting moments.

As the torsion type structure intends to carry majority of its loads to reaction
points by its torsion rigidity, the structure does not work effectively even if its
torsion rigidity is particularly big unless external forces satisfy a condition of
composing twisting moments. The external force means forces acting on the
structure from outside of it and consists of loads and their reaction forces. Along
span roller gate does not work as a torsion type structure even if twisting moment
is built due to a difference between a loading point and a sectional shear center,
because the twisting moment consists of the load and shearing force on the section
and the shearing force is a kind of internal force and not external force. Definition

of external force condition which can compose twisting moments is that external

forces can form couples and furthermore another external couple which is in

equilibrium with the couples exists. The most simple example is a flap gate.

Hydraulic water pressure and gravity force acting on the gate body and their
reaction forces acting at the gate bottom hinge supports compose couples and they
can be in equilibrium with a reaction moment acting at the gate body terminal. The
reaction moment is moment of a couple which is composed of supporting force of
the gate terminal and its reaction force, and dose not need to exist on both
terminals of the gate body. A sector gate and a drum gate provide same condition as
a flap gate. A dry dock gate of ship building yards is often a pontoon type or flap
type and, if their terminal support is such type as a reaction moment is com posed
there, their external forces can compose couples since there is a support line along
their bottom. Arolling gate which removesin horizontal direction can establish this
condition. An upper leaf of double leaf roller gate which is often applied to a tall
dam crest discharge exit provides this condition. In stead of a double leaf roller gate,
the discharge exit is divided vertically at its center line into two compartments and
two vertical type flap gates are installed to cover the whole exit. This arrangement
can provide the condition also if the flap rotation is prevented at its top or bottom.

As the above examples show, number of case in which a condition of composing

twisting momentsis satisfied ismuch more than our expectation .
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O Torsion rigidity iscomparatively big

The comparatively big means torsion rigidity is much more than bending rigidity
and also means bending rigidity is comparatively small. As deformation is mainly
controlled by torsion rigidity, bending stress will become small in case that
bending rigidity is small. Under the deformation control by torsion rigidity, the
same result can be sometimes obtained by direct reduction of bending deform ation
"'.In case that the y axis of a rectangular coordinate (x, y) coincides with a
direction of water pressure, the original point of it coincides with shearing center
of a structural section and a hinge support of the section is put on the x axis,
there will be no displacement of the shear center since the section rotates around
the support and a bending deformation in x direction, i.e. bending moment
equals zero accordingly. Furthermore, the curvature in the x direction will be
much mitigated and corresponding to bending moment will decrease even if the
support stay at any point aslong asthe section can remove in the x direction at will
and a restrictions to bending deformation in the x direction disappear.
Above- mentioned facts will be shown in the examples of analysis by the simple
torsion theory later. Bending stress in the y direction can not be decreased by
same procedure because the bottom support of section can not be put on the y axis
and also the restriction in the y direction can not be released since a big bending
moment occurs due to water pressure. But it is a big advantage in selecting a
section shape that bending stress in the x direction can be decreased without
decreasing bending rigidity . The description above leads to following conclusion .

The torsion rigidity in torsion type structure is comparatively big. Although the

bending rigidity in right angle to the direction of water pressure sometimes very big,

thereis a possibility of reducing itsimpact by another procedure.

*1 . . . . .
Curvature deformation = curvature. It isin linear to bending moment.

3.1- 10



O Small steel weight

Steel weight of a gate made of bending type structure mostly reduces when
torsion type structure is adopted in stead but it does not happen always. A study
was made on an impact factor to unit weight of a gate (weight + width + height)
under the below assumption .

Asimilarity exists between sectional shape and hydraulic water heads of all gates.
Conditions of constrain are allowable stress and allowable displacement ratio
(displacement + gate width), only a simple torsion deformation of the torsion
type structure and a bending deformation of the bending type structure are
considered for the allowable displacement condition and a load carried by the
structures is hydraulic water only. Table OO 0O O 1 shows result of the study’™.
The unit weight of a gate made of rotation type structure increases in linear to
(gate width x gate height) and that of a gate made of bending type structure
increases in linear to (gate width)O for the allowable stress condition but to (gate
width 0O + gate height) for the allowable displacement condition. Accordingly it is

concluded that gate weight of the torsion type structure will be smaller than gate

weight of the bending type structure in case of a smaller height and larger width

gate, in short, a horizontally long gate. A bifurcation point of the unit weight

shall be found out on record base.

Constrain condition Allowable stress Allowable displacement

Torsion type structure Gate height O gate width Gate height O gate width

Bending type structure Gate width * Gate width "+ gate height

Table O OO 0O O Impact factor of unit weight

Unit weight and the impact factor on a graph shows approximately an linear relation but the strait line

dose not run the original point of the graph.

3.1- 11



0 Advantage in fatigue strength

Canal gates whose operation frequency is very high have a possibility of fatigue
failure. A fatigue failure is very sensitive to a magnitude of tensile stress™*. Whole
m ajor part of torsion type structure is almost in pure shearing state. There are a
several theories about a yield condition of materials. Application of shear strain
energy theory of Huber- Mises is the most common in design of steel structures at
this moment and maximum shearing stress is limited up to 1/¥v3 of allowable
tensile stress. Tensile stress in pure shearing state is equal to shearing stress and
accordingly tensile stress keepsits magnitude at lower level so that the torsion type
structure has an essential advantage against its fatigue failure. Start of fatigue
failure is microscopic defect in material and compression stress in the pure
shearing state equals the tensile stress in its magnitude and increases stress
concentration rate around the defect. Stress concentration ratio around a
circular hole in pure tension and in pure shearing state is 3:4. Tensile stress
including this ratio will become 4/ 3/ v 30 0.77 of allowable tensile stress that still

proves a merit of the torsion type structure against fatigue failure.

ange 12 of Bibliography (37) and page 207 of Bibliography (34)
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000 Examples of application
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“'Bibliography (1)o
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member of the model is stiffened by reinforcing angles to increase its resistibility

against shear buckling and rigidity against water pressure. The reinforcing angles

are supported by the floor plates.

Fig. 00O 0OODO shows a double gate. This idea

was proposed by a manager of Agricultural Engineering Consultants Co., Ltd in 196

4 and a fish belly flap on along span shell gate has become a very important

W — 12240 A
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31.100 31.000 9 2000R
v T v S
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12 4001 :18 29
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o e
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Fig. 0 O0oOoQOaO
gate type. Author was engaged in technically

supporting him to realize hisidea. The most big

Fig. 000OO

Fig.

goooao

problem to be analyzed is a operability of
the top gate during the bottom gate is in
deforming that will be described in detail
OO0o0ooo thru OO

later . Fig. show

examples of applying the torsion type
structure for shipyard repair dock gates™
and a gate on Fig. O is 13.5m height
0 100m width 0O 1270ton weight, and a
gate on Fig. 9 is 12m height O 80m width

0 780ton weight. In case of Fig. O, the

"'Bibliography (6)x
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gate weight of bending type structure was 1900ton which means that the weight
reduction rate by torsion type structure is no less than 330 . The top edge line of
the gate body on Fig. O is a cylindrical section while that of Fig. O isright angle
section . Although this is a result of improvement aiming at cost cut, shearing
stress concentration must occur at the right angle section. This point will be
described later . Fig. 0 0O isthegateof Fig. O duringits maintenance and shows
the bottom metal which enables

to generate a reaction moment

to support the gate terminals.

The direction of water pressure

working on the gate in service is

upward. The gate terminal wall

is a very heavy structure whose

top in a service condition is

supported by a gate frame

embedded in dock side concrete

Fig. 0 O0Ooooano wall and whose bottom in a service

condition intends to remove from the dock side concrete wall and the bottom m etal
shown on Fig. O O tries to prevent the bottom remove. The metal has a widely
opened mouth which enables a quick removal of the gate leaf out of place for its
m aintenance. The hinge supports are installed on the sea bed just below the
terminals and center of the gate leaf and their hinge pins mate very loose fitting
hub metals set on the gate leaf. A Long wood seat is provided along the gate leaf
bottom edge and the seat in service moves toward the dock bottom concrete wall
and is supported by the gate frame embedded in the concrete. Eventually the
water load on the gate leaf and the gate weight are supported respectively by the
wood seat and by the hub metals. The gate leaf sections have become almost a
rectangular shape as a result of pursuing a section shape which has big torsion
rigidity and less bending rigidity in the water load direction and "fish belly" is

already not aright name of them . The bending rigidity in the gate height direction
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isremarkably big but its impact has been mitigated by a restriction release of gate
bottom movement in the gate height direction. Fig. 0O O OO O shows an
example of torsion type plans which were proposed as alternatives to the future
Panama canal gates™ . It is arolling type gate of 27.5m height O 200m width O 5950
ton weight and is divided at its span center into two blocks one of which is shown on
the figure. The purpose of this gate is to separate tide level of Pacific ocean and
Atlantic ocean, and water pressure acts on the gate leaf alternatively from both
ocean sides and the gate is operated with a quantity of water load acting on the gate
leaf. A roller tread of the gate is semi circular in section shape and run on a
circular section rail transforming the operation water load of the roller to the rail.
The roller center coincides with a vertical line which passes through a shearing
center of the gate leaf section. Each gate block is supported by one side of it.

Support points of the block during operation are horizontal rollers set at the top
and the bottom of the block terminal and a huge quantity of water load on the gate
leaf of totally closed position is supported directly by the concrete structure at the
top and the bottom of the gate leaf terminal. The figure shown is a tentative plan
and just to show idea of the gate and shape and dimension of the members are just

for areference.

ange 14- 730f Bibliography (8) and page App3- 5 of Bibliography (9)C
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OO0OD00OO Analysisbased upon the simpletorsion theory

Torsion in a structure is a combination of simple torsion and bending- torsion
and method of structural analysis where bending- torsion is neglected is described
in this section. Method of simple torsion theory is in general at a structural
analysis. Basic theory of torsion in a closed thin shell section is shown at Appendix
00000 and OO ODOO and application results on the two kinds of section of
the basic theory are shown at Appendix O OO OO and OO0 OO O . The description
in this section will start based upon these appendices. The formula which has an
alphabetical number is a formula drawn from the appendix . Definition of terms in

the drawn formula is shown in Appendix 0 O 0O O O .
O0D0O0O0D00O0ODO Stressdistribution on gate sections

At the starting point of the structural analysis, specific features in stress
distribution on a closed thin shell are given. Let axis of rectangular coordinate (x, y)
coincide principal axis of a gate section. Section forces are simple torsion moment
0o, bending moment my and mx around the y- axis and x- axis 0o and O and
shearing force Qu and Qo in the x- direction and y- direction. Sectional stress
corresponding to each sectional force is calculated according to following formulae.
O Shearing center O

u]

0«.0o0o0.s0fyo000O0o0b0s0b00+0c0000eb200000+ Oo
u]

00000(bj)
o
O0c0-00.0f D000+ 00000+000-0000+20c000+ 0v
o
O Shear flow constant due to bendingO
1 0 1
O 000 =Of O00O0DODO0OODO0+0 000000+ Oo
O . O
00000(bh)
1 0 1
O. 000 -0OfJO00OD0ODO0OO0OO0O0O+0 -0O00000uwo+ 0o
U o g
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O Shear flow due to bendingO

Occ0O0Oc0OD0oOcorrespondingto O o0
} 0oooo(bf)
Oocc00Oc0D0oOcorrespondingto O o0
0 Shearing stress due to bendingO
0o O oo O oo D[E
1T o000 —O0 —OOO0 —O —
O o O O og-
goooo(bf)
0o O oo U oo O0%n
T o000 —O0 —DODOO0 —O —
O o O O gg-
0 Bending stressd
O o O o
oo Joocloocd —O0O — O 00000(ba)
O o O o
0 Shear flow due to simple torsiond
20 o
Oo O 0oooo(aj)
O o
0 Shearing stress due to simple torsion
1 O o Oc Oo 0o
T o0 — 0O O o —0Od o — goobo(aj)
20 o O O O s O Ooad

0 Stress distribution on a section

Distribution of shearing stress is governed by shear flow on the section. Shear flow
of simple torsion is constant throughout a section. Shear flows due to bending are
shown on Fig. 00O O00O0O00O and 0O O which give the results of calculation on
sections shown in Fig. OO0 0O0OO00O (fish belly section) and O O (rectangular
section). All formulae used in the calculation are shown at Appendix 3.1- 4 (fish
belly section) and 3.1- 5 (rectangular section). These are results of applying the
above general formulae to the specified section. G, S, and to and ti in Fig.- O O are
center of gravity, shearing center and thickness of the shell section respectively.
Although the original point of rectangular coordinate on Fig. 0 DO OO0 and OO
has been set according to a convenience of structural analysis carried out later,

the point has to be removed to the gravity center for a calculation of above
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formulae. The center of O o (zero) is gravity center of the section and O o and 0O o
are given as a distance from the gravity center. The x- axis on Fig.- 0 O is set
vertically for the sake of convenience in a comparison of analytical results to a
reference later. The above formulae correspond to a rectangular coordinate whose
X axis is horizontal (like Fig O O O ) and x and y are supposed to be switched when
they are applied to Fig.- 0O O . As the x axis on Fig.- O O is horizontal, this figure
corresponds to a reverse paper side view of Fig.- 0 O after rotated by 90 degrees
anticlockwise. The coordinate axis in Fig.O OO and 0O O coincides with the
formulae. The shear flow due to bending shown on Fig.O OO and 0O O

corresponds to the section and its scantlings shown on the same figure and equals
the length of the normal vector set on the section divided by the figure shown at the
graph bottom . Vertical and horizontal component of a vector are obtained
according to the axis scales. Inside of the section is minus and outside is plus and
the clockwise shear flow is plus. Shearing stress on a section equalsthe quantity of
shear flow multiplied by the shearing force on each section. Distribution of

bending stress on a section follow a ordinary beam theory .

Structural analysis of whole gate is necessary to get section internal forces used

in stress calculation .
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0000000 Analysisby elastic equation

This is a fundamental analytical method of torsion type structure. Elastic
displacement at supports of a gate is given in the form of elastic equations and
internal forces are determined so that all support conditions may be satisfied. The
main flow in the analysis follows the paper’’ presented by Paul Cicin in 1958. The
equations generated are erected to a matrix equation whose solutions are obtained

by acomputer.

OO0 Analytical model

As a gate leaf section rotates around its shear center, the gate to be analyzed is
replaced by a shear centerline of the gate and it is assumed that bending rigidity is
also concentrated along thisline. Bending rigidity in the case of simple beam theory
is supposed to be concentrated along the gravity center line, but no difference
would occur even if the line moves to the shear center line. Load for bending

deformation hasto be located on the shear center line.

0 00 Externalloadsin analysis

The external force applied to the gate body is load and its reaction force and the
load is water pressure force, earth pressure force, gravity force etc. that widely
distribute the outside and inside of gate body. As the load will be transmitted by
local rigidity to the web plates located in the gate body at a constant pitch, it can be
replaced by concentrated loads on each web plate. As there is no adverse effect of
an assumption that the distribute uniformly over the gate width, the magnitude of
concentrated loads is equal except at both ends where the loads are half of the

others. These loads are reacted at bottom supports of the web plates and at the

"'Bibliography (11)
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drive ends of gate body. Reaction forces at the gate end creates a reaction moment
Mo by which the gate end is supported. Let us consider one end drive because both
ends drive can be deemed to be special cases of one end drive. Reaction forces at
bottom supports are divided into (Wo’, W=c’') which are equal to loads (Wo, Wao) on
the web plates in magnitude and (X, Y) which are remainder portions of reaction

forces and their + directions are defined as

X-axis

in Fig. 0 O0ODOOO. We call the former
statically determinate values and the latter
statically indeterminate values. (Wo, Whao)
and (Wo’, Wo') equal in magnitude but are
opposite in direction and compose couples,

which we call statically determinate torsion

moments represented by ms for all sections :

except at both ends where their value is a \ O
half. Total of msequals Mo. We now think
about the remainder (X, Y). As indicated in
Fig. 00 O00O0O0O, let usimagine that (X, Y)
and (X', Y') which are equal to (X, Y) in
magnitude but have opposite directions act
at shear centers on the gate sections. The

remainder (X, Y) and imagined (X', Y’)

create couples which we call imagined |
g 0 N, B
) ) _ ) L Y-axis
statically indeterminate torsion moments
or m oo wherei denotes sectional number. Fig. 0O0Q0OGO0dOAO

Magnitude of m oo varies according to a section and its summation over the gate
body equals 0 in case gate section is uniform all over the width." The imagined (X,
Y) acting on the shear centers cause bending deformation in the gate body. Asum of

X or Y over the gate is zero. The external force on the gate body is divided into

"'In case of variable section, the sumation including torsion moments given by formula (9) equals 0.
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statically determinate torsion moment group, assumed statically indeterminate
torsion moment group and assumed statically indeterminate force group in the end
and the first two groups cause a twisting and the last group causes a bending of the
gate body . Sum of each group is given by following formulae where n is number of

web frame spaces and sum isa summation of value on section 0 thru O .

(1) Statically determinate torsion moment 0 o[

O.0000¢ 0o00o0o(L)
(2) Assumed statically indeterminate torsion moment O ool

> Oooc0O 00 uniform section 0ooooc2)
(3) Assumed statically indeterminate force 0 o and O o0

Y0000y O0:00 00000(3)
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00 0O Deformation formulae

The elastic equation consists of elastic deform ation of support points on the gate
body and formulae to calculate displacement at the support points are required .
As it is described in the preceding clause, the gate body is twisted by statically
determinate torsion moment and statically indeterminate torsion moment and is
bent by statically indeterminate force acting on a shearing center of section.
Accordingly formulae of (a) twisting deformation and (b) bending deformation
due to external force shall be provided. There will be no internal torsion moment if
the shear center line of all sections is straight but as each section is supposed to
have structural members different from other sections, the shear center line would
be a curve and bending deformation due to imagined (X, Y) would be followed by
deformation due to internal torsion moment. Accordingly formulae of (c) twisting
deformation dueto internal torsion moment shall be provided.

Torsion and bending deformation will occur in the gate body due to external loads
mentioned in the preceding article. As each section is supposed to have structural
mem bers different from other sections, the shear center line would be a curve and
bending deformation due to imagined (X, Y) would be followed by internal torsion
deformation whose estimation procedure is necessary besides for torsion and
bending deformation due to external load. The support point of the gate during
bending deformation makes a movement amount of which will be obtained in the
resolution of the elastic equation. Followings are calculation formulae of gate

support point displacement due to various deform ation.

(a) Deformation due to concentrated torsion moment

Fig. D0 OOODODO shows boundary conditions to be considered. End a is fixed for
rotation and end b is free for rotation and displacement. Let the x,y and z axes of a
rectangular coordinate (x,y, z) set as shown on the figure and the original point of

coordinate in the section including End a. Let the directions of axis in the
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rectangular coordinate (x,vVy, z)
X-axis B Os 00
set as shown on the figure and

let the original point of the

coordinate fix on the section O

b T T [// T T T T //W: -
including End a. 0 O n denotes — 1 |—’_’—  araxts
D I

y-axis
support numbers and Is x n M

equalsthe gate width. In short, Fig. 000 O0O0OAO
the gate body is divided by the bottom
support and the web frame into n
compartments at interval of O . The line
which represents the gate is a curve which

consists of straight lines parallel to z- axis

.

between bottom supports. Concentrated )
Support ‘\\
torsion moment mi acting on i section s

Y-axis
creates internal torsion moment shown in
Fig. 0O OO OQODO. A sectionrotatesdueto Fig. 0 O0O0QOQOAO

theinternal moment and the rotation angle on a section will be a sum of the torsion
angles along the gate body of the left hand side to the section since the gate
boundary condition is fixed at End a and free at end b. Suppose the distance
between a shearing center and a bottom
support of gate section are 0 co and 0 oo
in the x and the y directions as shown on
Fig. O0O0DOO0O0O, and state of a section

which rotates by 8 due to twisting of the

left hand side gate body to the section is

shown on Fig. 0O O0ODOO . Suppose the x

and they axesrotate by 6 and movetothe Fig. 00 O0OQO0OAO

location of the O’ and the O’ axes, Ooo and O oo indicate distance in the O and
the O’ directions respectively and distance i the x and the y directions, 0O oo’ and

Ooo’, will be given by following formulae since the rotation is always very small.
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D DD,D DEDD DDDB
}» 00000(4)

D DD,D D[DD DDDG

Suppose variables in formulae (4) corresponding to k section is symbolized by
additional suffix k, the support displacement of k section due to additional torsion
moment on the section equals additional rotation angle due to twisting of the gate
body left hand to k section multiplied by O oo’ or O ooo’ and the elastic equation

becomes anonlinear type. Accordingly a shearing center movement due to twisting

deformation is deemed to be negligible with a condition that the twisting angle of

gate body is very small. Bottom support displacement, & ooo in the x direction

and n ooo in the y direction, of j section due to simple torsion by a concentrated
torsion moment acting on i section is calculated according to following procedure

under this assum ption .

O Section modulus of simple torsion

40 "
O- O 0oooocy)
O o
0 Displacement at support jdueto O o onisectionOd
o DDDD o DDDE
& ooold Y — O ooo in caseof O OO S —— U ouooo
°P00 0 oo P00 0 oo
goooo(s)
o DDDD o DDDE
N ool - % Uooo incaseof O OO - Uooo
°P°0 0 oo °Pf0 0 oo

Formulae (5) become as folloingsin case that gate body sections are uniform .

O Displacement at support jdueto O o on i sectiond for uniform sectionO

docOo0O UoOoO
E nool — 0 oo in caseof OO O — 0 oo
Odo oo
00000(6)
docOc0O do0o0
n oooO - — O oo in caseof O OO - — O oo
uoo u0o
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(b) Bending deformation due to concentrated load
Fig. 0 OOODOO0O shows boundary
conditions to be considered in

calculation of bending deformation

0

due to concentrated load. This is a

Bending Moment

simple support beam as a bending
moment diaphragm shows. The
contentscommon with Fig. O 0O 1- 18 Fig. OO0O0O0ODO

are of same definition. Amount of deflection is obtained by integrating bending
moment two times but the integration can be done just a bit easily by applying the
relation between bending moment and deflection to the relation between load and
bending moment as shown on the figure. Deflection at j support, & oooin the x

direction and n ooo in they direction, dueto concentrated load 0O o on i section is

given by following formulae.

u) DDu

E ooo I:l DEz DDDD
P90 0 oo

00000(7)

o DDD

N ooc0 00Oy — Uaooo
P00 0 oo

where O wool

(n-j)(n-i){k °- (k- 1)"}+ (3n ?) Oincaseof k O i,k O jO

(n- i)j{3k °- 3n (k- 1)°- 2k “+ 2(k- 1)°}+ (6n °) Oincaseofk O i,k O jO
(n-j)i{3k "- 3n (k- 1)7- 2k "+ 2(k- 1)°}+ (6n °) Oincaseofk O i,k O jO

ji{(n- k+ 1)°- (n- k)"}+ (3n %) Oincaseof k O i,k O jO

Il o and |- denote geometrical moment of inertia around x and y axis which
coincide with the major axes of the gate section. The load wno has been replaced by
assumed statically indeterminate force. Displacement at End a on the actual gate is

restrained. End b is movable keeping equilibrium between reaction force and load.
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Compatibility between the End b boundary conditions of term (a) and (b) is
maintained by this procedure and a big amount of the n support displacement
which is calculated according to the statically determinate torsion moment is
adjusted to meet its real state (the real displacement of the bottom supports are
zero.). Let this point be described in more detail. The support displacement occurs
due to statically determinate moment, assumed statically indeterminate moment
and assumed statically indeterminate force and the n support movements which
occur due to the statically indeterminate moment and force have a tendency of
going back to zero since the sum over the gate body of these load factors equals
zero respectively as shown by formula (2) and (3). Eventually the n support which
moved by a big amount due to the statically determinate moment can recover its
original position because of the End b’s free removal. Amount of End b displacement
isaunknown value and it is given as a solution of the elastic equation. This value is
added, in the elastic equation, to all support displacement which is calculated by

formula (7) of bending.

(c) Deformation duetointernal torsion

As the internal torsion moment concerned is caused by the load of previous
clause (b) since the shearing center line is not straight, let the moment
distribution be calculated first and then deformation due to the moment be

obtained.

(c- 1) Internal torsion moment

The internal torsion moment 0 axis a
sgd 0O

due to a load acting on shearing %0

’ 0 xn
center is calculated with a A ;D | o | | ! I% o

0 axis, A 7 0 axis

boundary condition shown on e
_ o 0 0i o
Fig. 00O DO O22. The condition
equalstotheone in preceding Fig. OO0 DO0O0OO

clause (a) and rotation is fixed at End and both rotation and displacement are free
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at End b. This figure shows a projection view of y- z planeintheFig. 0O ODO0OO

for simplification of the figure and indicates only
assumed statically indeterminate force and its support
reaction force as external forces which cause torsion .
The support reaction force is calculated with the
boundary condition of Fig. OO OOOO. Fig. 0O 0O
OO0 shows [|os and | oo which denote distances of
shear center from z- axis in x and y direction on the

section. Theinternal torsion moment is given by the Fig.

0 axis7

Shearing
enter

gboogoaboad

following formulae which are obtained through equilibrium condition of moments

around the z- axis.

0 Reaction forces at 0 and n section due to load at i section O
Oooo0 00O (n-1i)+ n

Oooo0 00O (n-1i)+ n

0oooo(s)
Osecc0 OO0+ n
OoecO0 OO0+ n
0 Reaction moment at 0 section due to load at i section [
DDDDDDD EDDDDDDED DDDDDEEDD ooao
} 0oooog9)
DUUDDUD LUUDDUULD UUUDDLLUD ooo
0 Torsion moment between j- 1 and j section due to load at i section
DDDDDDEEDDDDDDDDDDDDDEED N
O0o0ceocd Oooceld ool O ool oo Oincaseof OO OO
O0cec0 000 O ool Oincaseof OO OO
> goooo(glo)
DDDDDDEEDDDDDDDDDDDDDEED
O0c0ococd Ococold ool O coold ooo Oincaseof OO0 0O
O0cocd Oooed O 0ol Oincaseof O OO O
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Distribution pattern of the

internal torsion moment

differs much according to the
shearing center line form and
the

loading point. Fig. OO

0000 shows the patterns

corresponding to 3 kinds of

the line form ( straight,

parabolic and 3/ 4 sin) and 3
loading points (1, 5 and 9).
The magnitude of load at point
5 is 20 % of other case for the

sake of graph display. The
clock wise moment around the
z axis of End a side view is plus
the

and corresponding

reaction moment at End a is

minus.

(c- 2) Torsion deformation

Deformation due to m ooo

and m ooo will be given by

formula (5) after m o in the

formula is replaced by them.
Let displacement of the bottom
support in the x direction and
the y direction due to assumed
statically indeterminate force

Xand Y be (& o, & o) and (n o,

n o) respectively. They are given

Shearing centerline/Torsion moment

Fig.

Fig. OO0oooDOoOooooDaOo

ooooooooooano

Torsion moment due to load on shearing center

Shearing center line and moment distribution (Loading point= 9)

3.1-

2 3 4 5 6 7 8 9
Section No.
s ys2 ys3 —m1 T mZ2 m3
Fig. 0 O0OooooDDoDOoOOoOOoOd
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by following formulas.

O Displacement at j support dueto (Xo,Y o) onisectionO

ol oool o 3
& ool Y — Oooo
PPP0 0 ca
o ool o
N ooold - Y ——— Oaooo
FPP 00 o
> 00000(11)
o0 ooolO o
& vonld Y —— Oooo
P00 co
o ool o
N ooold-3Y —— Oooo
800 00 oo ~

Calculation of the deformation was described according to three parts in the
above explanation but eventually the calculation method is grouped into two parts

one of which is of torsion deformation and other is of bending deform ation since the

deformation of clause (c) can be obtained by replacement of the load moment in

clause (a).

0 0O 0O Elastic equation

Conditions which the elastic equation shall satisfyes are O bottom support
displacement = 0 and O support reaction force at End b (shearing center line
terminal) = 0.

00 Bottom support displacement

Displacement factors of the bottom supports are as follows.

(1) statically indeterminate reaction force acting on the supports

(2) Rigid displacement of End O

(3) Statically determinate torsion moment

The condition of bottom support displacement = 0 in a matrix form is given by

formula (12a).

3.1- 32



¥force

Displacement coetticient of
statically indetermunant force

of End b

0o(12a0

Htaticall

End b
move
" Sopport displacement due 1o !

(dlalically delerminanl moment

_|_
Displacement coefficient

(indeterminan

This formulaistransformed to formula (12b).

{-force

Displacement coetficient of
statically mndeterminant force

_|_

Staticall
(indeterminan
of End b

0ooooooo(izb O

 slalically delerminanl moment |

Displacement coefficient
Bad b
mave

I Supporl displacement due 1o !

O Reaction force at End O O

The reaction force of End b is deemed to be a reaction force of the assumed
statically indeterminate force acting on the shearing center of vertical sections
including bottom supports, and this condition is given by formula (12c) in matrix

expression .

}trforce

=[]

[Rea ction force coefficient at End b:|

_ Htaticall
(indeterminan

oooooooo(i2c O

This formulaistransformed by a null matrix and formula (12d) isobtained.

{force

[Reﬂctiml force coefficient at End b]

Staticall
| indeterminan

gooooooo(i2d O
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Let the left hand sides of formula (12b) and formula (12d) be incorporated and
product of a square matrix and a column vector isobtained, and let theright hand
sides of both formulae be incorporated and a column vector is obtained, then the

condition which the elastic equation satisfiesis written in the form of formula (12).

(2n+ 2)x(2n+ 2) (2n+ 20)x1 (2n+ 2)x1 O size of matrixO

O X O O 00000(12)

Matrix F is a square matrix which has 2n+ 2 rows and 2n+ 2 columns and contains
support displacement coefficients of statically indeterminate reaction force, rigid
displacement of supports due to End b movement and reaction force conditions of
End b. Vector x is a column vector which has 2n+ 2 unknown elements. Vector S
is also a column vector which has 2n+ 2 rows and corresponds to constants which
are - 1 multiplied by support displacement due to statically determinate torsion

moments and reaction force condition values of End b .

Fig. 0O OODOODO showsdetailed contents of each matrix.
O Matrix 0 0O 0O The lateral axisis unknowns of 2n+ 2 columns which are statically

indeterminate reaction force 0o and 0o, and End b displacement & o and n o,

and the vertical axis is support numbers of 2n+ 2 rows which are bottom supports
inthe x and the y direction and End b in the x and the y direction. Sub matrixes O
thru O are displacement coefficients which are sums of support displacement
coefficient calculated by the method of (3) for the described external force. Each
of them is a square symmetrical matrix and matrix 0 equals matrix O . Theright

side down line mask area of & o and n o column is a displacement matrix of End b

and contains rigid displacement of each support due to End b movement. The

magnitude of rigid displacement isdetermined according to an assumption that the
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End b movement is caused by a rigid rotation of the gate body around End a and is
added to the support displacement due to statically indeterminate reaction force.
The element which has no impact on any other element is set as 0. The left side

down line mask area of End b row is a reaction force matrix which specifies the

reaction force condition of End b movement. End b can move without any
restriction except that its reaction force has to be in equilibrium with load. The
value of reaction force matrix element can be easily determined since dynamical
condition of End a and End b is a simple support and load between End a and End b
istransmitted to End b according to ratio of the distance between the loading point
and End a over the distance between both Ends. The element which has no impact

on any other element is set as 0. The load is statically indeterminate force, 0o

and 0 o, acting on shearing center of sections. This new definition is necessary as
long as the reaction force matrix is concerned although 0O ¢ and 0O were
previously defined as statically indeterminate reaction force. Product sum of the
load and the distribution rate equals 0. This is a value of End b reaction force

condition mentioned before. The reaction force matrix is atransposed matrix of

) oG

Xi W 2. Diep.
1, 2, * » 1 1, 2, * v I Eh, mh
Bottom 1, Coefficient due to| foefficient due tof PR A R | [H 1] [-&al |
support . . , [ X
in »w di- 2. % & itg torgional | torsional moment PR | R Xz -£mi
rection poment (matriz &) | py ¥ (matrix B} E o : '
na L N O B N A En -£&n
Botton 1. Foefficient due to| foefficient due tol E s bl Y1 || el
support . \ . '
in v di- 2. forgional moment f & its torzional | w0, 2in| | Y E “HEE
rection by % (matrix B) monent (matriz C) E ., . ' '
n, L B . B 1 e A B o -3
Support £ Vi, 2, s | | DO | IR | £h f
at the b '
L s s " Pty 1},.'1__“ l’-'l"'llrls y I 0 w'h Li

Fig. 0O0QQoOOO
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the displacement matrix and both matrix stay at symmetrical positions. The four
elements of right bottom area which is left by the two matrixes are filled with 0. It
is quite apparent according to above explanation that the matrix 0O is a
symmetrical matrix as a whole as it isordinary seen in this kind of structure.

O Vector x 00O The is a column matrix of unknowns whose masked portion is
displacement of End b and other is statically indeterminant reaction force .

O Vector 00O 0O The masked portion is filled with the reaction force condition and
other portion is filled with product of - 1 and support displacement calculated by

themethod in (a) of O O O against statically determinate torsion moment.

Solutions of formula (12) are given by formula (13) where O "7 is an inverted
matrix of O . Matrix operation required to obtain x can be carried out quite easily

with the assistance of acomputer.

x O O°° 0O 00000(13)

So far the gate body which is driven only by one end is considered. In short, one
end of the gate body is fixed for rotation and other end is free. For both end drives
or, in other words, both ends fixed for rotation, the theory described in this section
can be applied in its entirety except that half of statically determinate torsion
moment Mo which is sum of the torsion moment given by formula (1) of clause
O 00O is applied at n section. The difference will exist only in column vector O of
formula (13) and (X, Y) of both end drives would agree with the results of one end
drive if the gate section is uniform throughout. Statically determinate torsion

moment which acts on n section in both cases are given by formula (14) and (15).

For one end drive, Oocc0 0o+ 2 0oooo(la)

For both end drives, Occ0 0o+ 2000+ 2 g0ooo(ls)

Formula (13) can be transformed to formula (16) for the sake of the both end drives
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analysis since statically determinate torsion moment acting on other than n section
is equal in the both cases where O o is a matrix 0 whose support displacement

element isreplaced by the displacement due to additional torsion moment acting

X 0o go°f" 00 O O.O000° 0O O O°"0aq goooo(ie)

on n section. Solution of the first term in right side of the formula (16) is for one
end drive and that of the second term corresponds to the same structure except
that only reaction torsion moment acts on End b and its statically indeterminate
reaction force equals 0 since the support displacement is in a straight line and no
bending occursin the gate body as long asthe body section isuniform over its width.
Statically indeterminate reaction force of the both end drives in this case equals
the one ene drive accordingy. It can be confirmed referringto thisresult that End b

movement goes back to 0.

O 00O Resultsof analysis

Statically indeterminate reaction force obtained by the elastic equation is

inserted to the following formulae to get internal force and structural deform ation

and then the internal force isinserted to formulae explained at clause O O O 0O 0O O

0 to get stressdistribution .

O Statically indeterminate reaction force at 0 section

ooooo(er)
Oo 0O0OY 0o
0 Support reaction force at j section [
Oo0cc0 000000
} goooo(Ls)

UecUOOcODOOG
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where O is 0.5 for 0 00 and n and 1 for other section, and subscript O and
indicates force direction .

Shearing force at j section

ooa
Oo0o0 Y Oo
ooao
0oooo(L9)
ooo
Oo0oO Y Oo
ooo
where subscript O and O indicatesforce direction.
Bending moment at j section [
o
Ooo000Y 000
ooao
0oooo(20)
a
Ooco0 00y Ooo
ooo
where O o and O o isbendingmoment around the O andthe O axis.
Internal torsion moment at j sectiond
a
Oo OY Ooo0 0000000 Oool ooo 00000(21)
ooo
Torsion angle at j section
u] DEDD
6o 0y —/m 0oooon(22)
P00 0 oo
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Five kinds of typical examples analyzed by the elastic equation are shown below.

0 Example 10

This is an ordinary case whose
gate body has a uniform fish
belly section and is driven at
one end. This case will be
compared with the results of
bending- torsion theory later.
Fig. O OO O OO shows the
gate section at its installed
position. Conditions for the

calculation are as follows.

O 0O Principal data
Height 0O 0O 0O 6400 mm
Width O0oO 25000 mm
Sectiond 0O 0O 6000 mm
OoQd 3480 mm
OoQd 9000 mm
o0 20 mm
Ood 20 mm
Inclinationd 6 O 15 O
Support O 0O ool 391 mm
OoolO 3206 mm
Support space 0 OO 8
Over flowd A O -0 300 mm
Calculation O 6 c O30 O
Young m .0 O 0O 21000kgf/ mm 2

Poisson ratiod v 0 0.3

...----I“

gboogoaoad
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Shear m .0 O O 8077 kgf/ mm 2

O O Sectional data
M. areall O o0 267017 mm 2
S. areal O o0 9366848 mm 2
G. centerd A oo 0 mm
A ool 451 mm
S. mod O 0O:08.81x10°" mm 4
0c001.84x10°" mm 4
Bend. s.0 0O o0 14097265 mm 3
O o0 - 48565429 mm 3
Shear centerd O o0 0 mm
OolOd 204 mm

Simple t.00005.26x10°" mm 4

OO0 Load O Oc0O 118749 Kg/ O
doO 8188 Kg/ O

0Ooc0 3.08E+8 KgO mm/ O

Symbols other than specified in
Fig. O O0OOOOD0O follow Fig. OO
O00O00d. Bending shear flow of
this section is shown on Fig. O O
O0OO00d. Figs. OODOOODO thru
0 0O show results of the analysis
where X and Y axis correspond to
those defined in Fig. 0 00000
and symbols are common to
those appearing at other places

in section 0 O0O0O0O.Fig.OOOGO

Fig .

Fig.

Fig.
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00 and 0O O show sectional

internal force and Fig.- 0 O

shows support reaction force,

shearing force and bending

moment and Fig- 0O 0O shows two

kinds of internal torsion

moment, the one including

statically determinate torsion

moment alone and the other f

including statically indeterminate Fig. 0O0O0GO0QOan0o

torsion moment in addition to statically determinate torsion moment. The +
direction of the internal force coincides with the definition of formulae. The lateral
axes in these figures represent section numbers and the vertical axes represent
analytical results after multiplying by rates shown in thefigures. Unit used is as
shown in the figures. As the statically indeterminate reaction force of a sectionally
homogeneous case is very small, the corresponding shearing force and bending
moment are also very small and, eventually, torsion moment almost equals to the
statically determinate torsion moment anddecreases almost lineally toward the
unsupported gateend. Fig. 0 00O OO0 thru OO showsstressdistribution. Fig. O O
0000 and OO shows shearing stress, normal stress and principal stress on
sections, and Fig. 0 00O 0O OO shows shearing stress due to torsion and bending
stress and shearing stress due to bending, and the Fig.- 0O 0O and OO correspond
to section 1 (near the gate terminal) and Fig O O corresponds to section 4 (the
gate midst). The lateral axis represents locations on the section and numbers on
the axis agree with those in Fig. D0 O OO 0OO and the middle means middle point
between adjacent numbers. Shearing stressisdominant on both sections, which are
almost in pure shearing state. Fig. O 0O O OO has been zoomed up to show all

stress except torsion shearing stress which isout of the sight .
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O Example O O

This an example to show
difference between the one end
drive and the both end drives and
its model equals Example 1. Fig.
O0O0O0Oo0DOoD0O0O and OO show
results of internal force
analysis. Fig. -0 0O shows
support reaction force, shearing
force and bending moment and
statically indeterminate reaction Fig. 0 0O0GO0oOano
force on the bottom support
exactly equals that of Example 1
the figure coincides with Fig.O O
0000 accordingly since the
gate section is uniform over the
gate width. Fig. - O O shows
internal torsion moment which
equals Fig. OO O0OO0O after
shifted by 0O o =+ 2 upward

because of same reason as above. Fig. 0 O0O0QOOO

0 Example O O

This case intends to show the difference in internal force of sectionally non
uniform structure which was taken from reference’’. Fig. 0 00O OO shows the
gate section at its installed position. This gate is 50 m width with both ends
supported but structurally separated at its center. Eventually each half of the gate

is independent and its length is 25 m which is divided into 8 spaces by 9 bottom

"'Bibliography (12)
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supports. Sectional rigidity at

section 0O 2 is maximum,

then section 2 0 4, and section

40 8 is minimum. Example 1

Ill=

conforms to this case as far as

the gate length and number of

bottom supports are

[T

(f.r.r({((rr(zr{({(r(r(zr{({%!221

1

concerned, and the both_

sectional shapes are almost-”
same. Fig. 0 0O OO0 and O
0 O show analytical results Fig. 0 0O0GQOoano
of internal force. Direction of

internal force in all examples

shown in this thesis coincides

with the both figures. Fig. -

o ad shows bottom support

reaction, shearing force and

bending moment. They exactly

correspond to the original

figures except that their + Fig. O0O0O0OO0OAO
directions agree with the

definitions made in this

section. Note that the scale on

the vertical axis and the

figures to be multiplied to the

analytical results do not agree

with Fig. O O O O O O

Sectionally non wuniform

structure result in a wide

increase of sectional forces and Fig. O0O0O0OQO0OAO
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disturbance in their distribution. All of them show the impact of a remarkable
increase in statically indeterminate reaction forces that agrees with the results
obtained by the author in his own projects. Fig. 0 00O O O 0O showsinternal torsion
moment . Although remarkable difference is there in the internal force shown on
Fig. O OO0O0OOO and the statically indeterminate reaction force, it is confirmed
that thereisno big variation in internal torsion moment and the overall tendency is

similar tointernal force shown on Fig. 0 00O 0O O O.

0 Example O O

The purpose of this example isto show one of two methods to mitigate impact of a
big O o described in section O O Oof OO O0OQ0O and this it corresponds to the
Example O except that the restraint in the x direction on the bottom supports is
released’’. In other words, all
bottom supports except two
outside supports can move in
the x direction without
restriction. Fig. 0000 0OO

and 0O O show analytical
results. Fig. -0 0O shows
bottom support reaction,
shearing force and bending
moment. In case of the Example Fig. 000000
0 bending moment O&s on Fig. OO 0O0O0ODO indicates a big amount since
statically indeterminate reaction force O o is very large due to the big O « and on
the other hand O o of Fig. - OO has remarkably decreased. The cause of this
improvement is mitigated slope change rate of gate deformation because statically

indeterminate reaction force in the x direction does not occur at the bottom

"'Bibliography (12)
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supports but at same time
statically determinate reaction

force O o’ shown on Fig. 00O 0O

- 00 dose not occur so that

another bending moment due

to Oo which used to be a

partner of 0O o' to make a

couple appears. Fortunately

load in the x direction is

generally not so much and Fig. 0 O0O0QO0QOan0O

eventually 0O o is much mitigated. Although a couple of O . disappeared,
another rotation moment also occurs and has to be counted in Vector O shown on
Fig.- O O since the loading point of 0 ot does not coincide with sectional shearing
centers and also the shearing center line is not straight. But fortunately again this
m atter does not make any big difference of major trend. For a reference, the
rows and columns relating to the x direction of Fig.- O O are excluded from the

matrix . Fig.- 0 O shows internal torsion moment which does not differ much

from Fig. 00O QO0OO0Od.

0 Example O O
The purpose of this example isto show another method X-axis

to mitigate impact of a big O than one explained at S v AR

Iy
Example 0O . And it will be compared with A Ow

bending- torsion theory later. This case is of a sectionally

uniform rectangular gate driven at one end. Fig. 0 O 0O O Ug

OO shows the gate section at installed position. A

rectangular coordinate is so set that the x axis is in gate VA

+

height direction and the y axis is at right angle to the Support

gate height. X- axis passes through shear center and a

bottom support. Bending moment around y- axis would Fig. O0O0O0OGO0OAO
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not be created in this
arrangement even if the
section rotates around the
support since the shearing
center does not move toward
the x direction. Conditions for

analysis are as follows.

O 0O Principal data
Height 0O 0O o0 27500 mm
Width 0O O o0 100000 mm
Sectiond 0O o 0O 5000 mm

Oc0 13750 mm

O foO 34 mm

O wolO 34 mm

O foO34 mm

O wol 34 mm
Inclinationd 6 00 O
Supportd oo 0 mm

O ool 15750 mm

Support spaceld O O 8
Over flowd A OcO 0 mm
Calculationd 6 -0 90 O
Young m .:0 = 21000kgf/ mm 2
Poisson ratioO v 0 0.3

Shear m .:0 = 8077 kgf/ mm 2

0 O Section data

M. areald O o0 2550000 mm 2

3.1- 46

Fig .

Fig.

Fig.

gooogoad

gbooggaoad

ogooooao



S. areal O o0 275000000 mm 2
Gravityc. OA 0coc00 mm
AcocO0 mm

S. mod.O OO 5.24E+ 13mm 4

Oo0 2.46E+ 14mm 4

Bend. s.:0o0=- 2.34E+09mm 3

000 2.34E+09 mm 3
Shear centerd OO0 mm
OcO0 mm

Simplet.:0 00 1.37E+ 14 mm 4 Fig. 0 O0QooDOO

OO0 LoadD O o0 4726563Kg/ O
O o0 625547 Kg/ O

0oc05.28E+ 10Kgmm/ O
Symbol other than defined in
the Fig.- O O follows Fig. 0 OO
- 00 andFig. O0O0O-00O0.The
coordinate in the Fig. - O O is
set with its x axis in the gate
height direction and y axis in Fig. 0O0O0OGO0O0OAO
right angle to the height. The calculation conditions are shown according to the
coordinate of the Fig.- 0 O and others arethe Fig.- 0 0O . The bending shear flow
of this section is shown on Fig. 0 0OODO0O. Fig. OOODOOO thru OO isthe
results of analysis. The Fig. 0 00O and O O show internal force. The Fig. OO
0 issupport reaction force, shearing force and bending moment and the Fig.0O O
0 is internal torsion moment. The internal force is shown according to the
coordinate of the Fig. 00O 0O and its plus direction coincides with the definition
made in the description of formulae. Magnitude of Ot and O inthe Fig. O000O
is 0 that shows the impact of large Ot has been completely eliminated. As the

sectional shearing center and the bottom support stay on the x axis, all the
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elementsin the x direction of matrix O and O and vector O shown in Fig. O OO
000 equals 0 and accordingly O and O o can not be created since statically
indeterminate reaction force O oo becomes 0. All shearing center of the gate
section which is unsymmetrical with respect to the vertical axis and non- uniform
over the gate width such asthe Example O and O can not be set on the x axis but
the impact of large O o can be decreased by setting all the shearing centers close
to the x axis as long as possible. The Fig. 00O 0O thru OO show sectional
distribution of shearing stress, vertical stress and principal stress. The Fig. - 0O
0 issection O, theFig. - OO issection O out (oppositetothe gate leaf center
side) and the Fig. - O O issection O in (the gate leaf center side). The stressis
shown according to the coordinate on the Fig. - O O . The lateral axis is a gauss
length along the gate section. The alphabets shown on the figure coincide with the
alphabets along the section shown on Fig. O O0O0OODO. The magnitude of the
stress is very big because the assumed load level is much higher than an ordinary

level .

OO0 Model test

Fig. D OOODODO thru OO show the results of large scale model shop
experiment which was carried out to verify the validity of analytical result of the
elastic equations. The contents of experiment is shown on Appendix O OO 0O O .
The model used is a fish belly flap of 17m width x 1m height supported by one end
and it was loaded so that all statically determinate torsion moments are constant.
The measured stress and analyzed stress corresponding to maximum load is shown
together. The fig. O O O shows sectional distribution of the principal stress. The
measuring points are at middle of section 0 and O . The analytical results of the
simple torsion theory (simple o 2) and bending- torsion theory (bending o 2)
which will be described later are shown together . Sectional shape, gravity center
and shearing center are also shown in mm scale on the figure and the stress is
shown after multiplied by 20 for the sake of display on the common axes. There is

not big difference between results of the bending- torsion theory and the simple
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torsion theory that is an accidental agreement and its detail will be discussed later
in the section of the bending- torsion theory. The Fig.0O O O shows longitudinal
distribution of principal stress. The measuring point is center of the back plate
(at 12 o'clock on Fig. 0 O 0O). The Fig.O 0 O shows gate leaf displacement along
the upper edge of the gate body. Although there is a certain deviation of
experimental points, the tendency of analytical result shows good agreement with

the experiment in general.

Fig. 0 O0O0QOQOAO

E—SDO' + DMeasured

o . — Analyzed

N | .

hg — 600 Note (1) At back plate center
R .

(2) Max. load condition
—400¢

— 2007
e 17.000

Principal Stress

0 2 1 6 3 10 12 14 1

Support Position

Longitudinal stress distribution
Fig. 0 O0O0QQOAO
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0 0O 0O Effect of bottom support move

As an example of application of the elastic equation, the operation load analysis
of a flap gate on main gate shown in Fig. 0 0 0 O O (double gate) when the main
gate deflects due to water load is shown. It was technically critical subject during
development stage of a double gate to estimate effect of the main gate deflection on
operation function of the flap gate since hinge support centers of the flap gate

move due to the main gate deformation. It was possible to estimate the effect of
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center movement with help of the elastic equation and it was found out that
magnitude of the effect is not so important except that a partial stress on the gate
body extremely increases which needs a proper remedial homology. Operational
load due to the gate rotation around the hinge supports is torsion moment caused
by water pressure, earth pressure, gravity force, seal rubber friction and hinge axle
friction acting on the flap gate and difference in the operational load due to the
hinge center movement can be handled separately from the torsion moment
without big error. Suppose 8 denotes rotation angle in the clockwise direction of
the gate body operation, 0O o denotes strain energy when 6 00 and 0O denotes
strain energy, O o denotes torsion moment due to friction and O o denotes the
difference of operation moment duetothe support center move when 6 06 , then

following relation holds accordingto the energy conservation law.

0 0
[ 0.0 00:0f 00600 00000(23)
o o

Following formula which gives 0O o is obtained by differentiating the formula (23)

u o

0.00.0 — 00000(24)
0o

by 6 . Let achangein the left- hand of the formula (24) due to the support center
move be found out. Let the impact to the main gate deformation of the flap gate
deformation be negligible since the main gate rigidity is usually much bigger than
the flap gate rigidity . As it is acceptable that the deformation pattern of main gate
at its totally closed position does not change even if the magnitude of the load on
the gate body varies, the over all gate deformation can be defined by displacement
0 of the representative point on the gate. Suppose Oc and O - denote total
strain energy of the gate body due to the point movement by a unit distance in the x

and the y direction respectively, then the strain energy corresponding to
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displacement & is given by following formula. The x and y axes and the direction

O00O0:08 cos (0 «+06 )J°+0:-08 sin °(0 o+6 )O° 00000(25)

where 6 o is angle between the x axis 0* axis

0 axis

and o6 when 6 00 (refer to right
0 axis

figure).

O"axis

of & and 6 are defined as right figure.

Support point

The second term at the right- hand of

formula (24) isobtained by differentiatingthe formula (25). It isfound out by this

00
—O0800:00c0sin2(8 o+86) 00000(26)
08

formula that the support movements will not give any difference when 0O o equals
O o since the strain energy is constant. To relate O - and O to the result of
elastic equation, they have to be divided into portions corresponding to the
composition of the equation. Firstly the elements are divided into bending portion
and torsion portion which are identified by suffix O and O respectively and let

them be expressed as following.

0c00ce00 o0
} 00000(27)
0:00ce00 o0

Then the bending portion are divided into portions of statically indeterminate
reaction force 0 and O which are identified by suffix 0O and O respectively and
let them be expressed as following.

DDDDDDD[DDD[D
} 0oooo(28)

D DED DEDED DEDE
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The strain energy O o and O o due to bending and torsion are related to bending

moment O c and internal torsion moment O which are obtained from solutions of

the elastic equation by following formulae. Formula (27) and (28) <can be
10 0Oc"
O«.o0-f — 00
2 °00
00ooo(29)
1o o-°
o«0-f — 00
2% 000

calculated by the values of formula (29) whose Oo and O correspond to unit
displacement in the x and the y direction respectively and then the value of formula
(26) is determined. The O and O axes shall coincide with the main axes of the
flap gate. In preparation of the elastic equation on the Fig. OO OOGdGO, an S
Vector element which corresponds to a support of the representative point is filled
with unit displacement in the x and y direction respectively and other elementsin S
Vector are filled with values corresponding to a deformation pattern of the main
gate since no statically determinate torsion moment exists. The first term O o at
the right- hand of formula (24) is hinge axle friction load due to support reaction
force and its value is determined in following way just like the second term of the
formula. Suppose the friction load of support axle due to unit displacement in the
x and y direction of the representative point are 0 oo and O oo respectively, 0O o is

given by following formulae. r o denotesradius of support axleand c oo denotes its

Ooc O000c00cd OO0 COS(e o+ 0 )D oo sin(e o+ 0 )D DDDDD(30)

frictional coefficient. 0O =& is approximately calculated from statically

indeterminate reaction force O and O which are solution of the elastic equation

accordingto following formulae .
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Oc0 (00000 007)000 00000(31)

u]

where 0000 Y 00 o0

ooad

n]

O.c0Y 000

ooad

As it is explained above, operational load of torsion moment at any gate opening
can be calculated by formulae (26) and (30) against arbitrary direction of & if O o,
0o, Ooo and O oo which correspond to unit support movement in the x and y
direction is calculated before hand with help of the elastic equation. The 0O 0O O

axis shall coincide with sectional principal axes of the flap gate .

0 Calculation example and measured result O

Calculation condition and results of the double gate on Fig. 000 00O are

Main gate Flap gate Calculation/ O Max .0
Width 40.000 | Width 40.000|d OO d|0.1 OOO
0
Heigth 2.400 | Height 1.100 | O 0.0070 O O
Design depth 3.500 | N.space 13 S.r.f. 0.5 0O
Operate | Up 3.400 | S.interval 3.333
depth Dw 1.800 | N.support | 14
Earth height 1.500 | Design d . 1.000
Lifting height 10.500 | Inc .angle 450
Hoist type 2M2D Limit disp 1/ 800
Limit Hol 1/ 800 | Leaf block |1
disp . Var 1/ 600 | Drive B.end

Operation method
(1)Main operation with flap totally opened

(2)Flap operation with main totally closed

Table OO0 OO
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shown . Scantling is in O . dU/d®6 trys to prevent the flap opening but its
magnitude is about 1% of the moment due to gate weight and about 0.5%of the total
moment including water pressure and O ¢ is about 0.5% of the moment due to seal
rubber friction although it works in same direction as the seal rubber friction. As a
consequence these increase are practically negligible. To verify the result, a
operation test was carried out by the large scale model described at section (0O ).
The content of test is shown in Appendix O 0O O 0O O . Operation load was measured
with the supports in a straight line and with the supports after moved and no
meaningful difference was found between both cases. It can be concluded that
difference of operation load due to the support movement is negligible since design
specification and dimensional scale of the intended gate is a general class but the
increase in support reactions is about 10% which has to be taken into account for

gate leaf design.

0000000 Analysisby spaceframetheory

The time came when a space frame program was daily available for structural
analysis since computers and their soft had developed rapidly and a new choice as
an analytical procedure of the torsion type structure was added . Asitis quite clear
in the explanation of analysis by the elastic equation at preceding section that the
torsion type gate is a structure of in- plane displacement in the x and y directions
as well as out- of- plane displacement in right direction to it and is deemed to be a
space frame. In this section, analytical method of the torsion type gate by the
space frame theory will be described on an example of the gates for ship yard dry
docks which are shown on Fig. 0 O0O0ODO thru OO . The content of space frame

theory will not bereferred to since it has been already well- known .

000 Analytical model

Table O O OO O shows Principal items of the two gates to be analyzed and Fig.
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O 0o oo oo shows the general

structural construction of MSHI repair

dock gate which is one of the two gates

and Fig. 0O O 0O 0O O O shows the

bottom metal of the same gate.

Structure of both gates is a kind of

torsion type gate with a closed thin

Design criteria for the repair dock gates
Item Koyagi MSHI

Scale of dock 500 000 DWT 400 000DWT
Dock sill dimension | 100mx13.5m 80mx12m
Design criteria Specification for | DIN

highway bridges

Allowable stress (JIS SS41 yield point 25 kgf/mm2)
| _Tensile strength | 14 kgf/mm2 | 14.5 kgf/mm2 _
| _Shearing stress | _ 8 kof/mm2 | _ 8.4_kgf/mm2 _

Compined stress 21 kgf/mm2 18.75 kgf/mm2
Gate weight 1270 ton 780 ton
Material of main parts
|_Outer plate | $s41, SM50 | $S41, SMA4L
| _Hinge bracket | sca9 | scag
| _End bearing plate |S35C______________| Kempus
| _Wooden plank ______ | Tub Kempus
| _Seal rubber | Neoprene | Neoprene

Anticorrosive platel Alnode P.05 Alnode P.10S

shell having web frames arranged at a
constant interval and a heavy terminal
which can

wall resists great terminal

reaction force and deference from the

Table D OOO0O

Fig

3.1-

ordinary type is 0 the gate section is

goodgod
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divided into a several closed

compartments of buoyancy, O there

are no supports along the gate bottom

except a vertical dock bottom concrete

sill wall against which the gate bottom

Fig. OO0O0oOooano with its wooden bearing seats is pressed

by water pressure on the gate (see

SECTION D of the Fig.O O O) and O the

bottom metal (the Fig.O OO ) and the

wooden bearing seat (Fig. 00 OO 0O0O)

are provided to the gate leaf ends to be

subject to coupled reaction force.The

shear flow on the section of O includes a

several loop flows so that formula (bf)

Fig. OO00OO00O0OAO and (aj) need small modification and

calculation method of corresponding shearing center and sectional torsion rigidity
become a little bit different, but thisthesis does not go into their contents. For a
reference a computer soft which is applicable to calculation of shear flow on
arbitrary section is available without any difficulty. Fig. OO OO OO shows the
analytical model which consists of the closed thin shell replaced by 3 0 6,6 0O 9 etc.
passing through sectional shear center and the web frame members replaced by 1
0 2,2 0 3 etc. An analytical model of space frame structure is usually built on the
assumption that rigidities in each structural member are concentrated along at the
sectional center of gravity because the bending moments and axial forces play main
roles in the structural deformation. Even in the case where torsion rigidity is not
negligible, problems seldom arise because the sectional shear center of membersin
most space frames coincides with the sectional center of gravity. In the case of
torsion type structures, both centers usually do not coincide with and if it is
assumed that bending rigidity of a torsion member is concentrated along its shear

center, the joint interval of the member next to the torsion member would change.
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The interval change is bound to bring about the same result as rigidity change of
the next member, and the rigidity has to be adjusted according to the interval
change so that proper internal forces may be obtained through computer analysis.
Rigidities of the web frame members in the Fig.- 0 O are supposed to be adjusted
in taking into account the disagreement between sheer and gravity centers of the
gate body but this model could be justified by giving so larger rigidity to the web
members that their deformations are deemed to be zero, that has been a tacitly
accepted premise in the analysis by the elastic equations. Concerning the boundary
condition of the model, the node 1, 4, 7, 0000 and 0O O 2 which correspond to
lower end of the web frames and the node 2 which corresponds to the top of gate
leaf terminal is fixed against their displacement in the dock longitudinal direction
(the x axis direction)’ and the node 3 which correspondsto the shearing center of
the gate leaf terminal section is fixed against rotation around the axisin dock width
direction (the z axis) and displacement in the dock longitudinal direction (the x
axis direction). As the gate is bilaterally symmetric with respect to the gate width
center line and the analytical model covers left side half of the gate body, the node
n- 2 is fixed against displacement in the three direction and rotation around the
longitudinal axis (the x axis) and vertical axis (they axis) and the node n- 1 and
n are fixed against displacement in the width direction (the z axis direction) and
rotation around the longitudinal axis (the x axis) and vertical axis (the y axis).
Although the gate leaf bottom is supported by the linear wooden seat as explained in
the item 0O and the model boundary condition differs a little bit from it, this
condition is unavoidable compromise since this modelization started from

replacement of space members by lines.

0 0O 0O Calculation load

Although the acting point of load in the analysis of elastic equation is a load

""The fix of node 2 is originally not required .
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center point of the section including web frame, theload in the space frametheory
is load acting at the node of sectional shearing center and torsion moment to
compensate difference between the load center point and the loading node since

loading point in the space frame theory isonly a node.

OO0 Analytical results

Fig. 00O ODO0O0O showsinternal torsion moment and bending moment which are
the output from a computer. They show similar tendency to the results of elastic
equation. Bending moment only around the vertical axis (the y axis) is shown on the
figure since the bending moment around the anteroposterior direction axis (the x
axis direction) is remarkably small because the wooden seat is not fixed against
displacement in the vertical direction (in the y axis direction). Although the torsion
moment shows a linear distribution as a whole, difference exists between the step
heights on the curve. Thisis caused by extreme plate thickness change of the closed
section according to the distribution of torsion moment. Fig. 0 00O 0O OO and OO

show the measured data versus the analyzed values during the loading test. The

Fig. ODOOGOdOaO
Fig. 00O 0O shows stress and hydraulic
condition during the test and the
m easured points Strain gauges used are 4

50& 3- directions and two gauges were used Fig. OO00OO0O0OAO
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for a point for the sake of accuracy. The

Fig. 00O 0O shows displacement of the

gate top and its loading condition. The

m easured displacement showed a big

value at the start of loading and

increased rapidly until the water head

difference became around 70 cm , and

then began to increase in so stable as the

water head difference growth. It is

understood that the first rapid increase

was caused by uneven contact of the

wooden seat with the gate frame

embedded in dock concrete and the

stableincrease is a real displacement Fig. OO0DOOQO0AO
corresponding to elastic deformation of the gate leaf and the measured value was
compared with the analyzed value after added by the difference between the
measured value and the analyzed value at the beginning of stable increase.
Analyzed results of stress and displacement replicate the tendency of measured
results and their magnitude indicate fairly good agreement. Analytical result of
the space frame theory is supposed to be same as those obtained from the analysis
by elastic equation. The major purpose of this section is to show that the torsion

type gate can be analyzed as a space frame structure.

0 0O 0O Lateral strength

Although analysis by space frame theory was shown with the assumption that no
deformation arises on vertical gate sections including web frames, actual gate
section deforms to some extent and separate analysis is necessary to clarify the
effect of these deformation on the gate strength. As the magnitude of deform ation

in the lateral section of the gate differs according to the position of section in
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longitudinal direction (the z axis direction) and type of deformation at terminal,
intermediate and center sections are different, examples of sectional analysis on
the three locations are shown.
0 Terminal section [

External load elements on the section including a heavy terminal wall are bending

and torsion shearing stresses working through the closed thin shell section, a

terminal load which is transmitted through stiffeners on shell plate of the water

sealing side (skin plate), terminal couple which isreaction force to support the gate

terminal, and, statically determinate and indeterminate reaction forces (w and X)

acting on the terminal support. These elements are in equilibrium within each
combination shown on following table. O o is a sum of statically determinate

torsion moment given by formula (1). Fig. 00 D0O0O0ODO shows working points of

Wooden bearing

Mumber Conbination Elements I ‘

D =tatically indeterminate reaction force & Integrated

Eending shearing stress Sea side Dock side

@) Statically determinate reaction force & Terminal
load

' OE

Feaction moment & Coupling of Torsional shearing v
3 L o —_—(0 ] =
stress Combination (I and Combination @ OH

Hinge support

theterminal couple. The couple consists of the reaction

force Ro which actsfrom sea sidetothe bottom metal Fig. 0 O0O0QO0QOO

on the gate terminal and the reaction force Rc which acts from the dock side to
the wooden bearing seat on the gate terminal top. R is obtained through following

formula since the couple equals a half of O 0.

Oc OO0+ 2+ 0o 00000(31)

Lo is arm length as shown on the Fig. O 0O O . Rois uniformly distributed load
along the wooden bearing seat. Let 0O o include statically determinate and

indeterminate reaction force acting on the bottom metal and be expressed by
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following formula although the original O o equals O o. Subscripts x denotes X

direction and the figure 1 denotes node number.

O: OO¢c OO (SDRF)cO (SIRF)ocO 00000(32)
where SDRF is abbreviation of statically determinate reaction force and SIRF is

that of statically indeterminate reaction force .

The (SIRF)oo< 0 in general and if the O (SDRF)«o 0o

a ( SIRF ) oo [ < 0, then OcO0O0w. Ro is

reaction force in x direction of the bottom metal 0

and the gate weight multiplied by (3/16) has to oh

. . . . . oT
be considered as a reaction force in y direction of

the bottom metal in this case. Concerning the

I

terminal load, the gate weight acts at gravity Shearing force

center and water pressure force acts at pressure

Oq at
center and they are shared by the stiffeners. - V—r—V—r—“V“’_V_‘—q

Stress distribution in the section can be analyzed
by two dimensional finite element method or by
manual calculation after the section is replaced

. . . Bending moment
by a box section, the terminal load is neglected

and the whole section is replaced by a statically

determinate structure.Fig. OO 0O DO DO explains Fig. 000000

the manual calculation. Rectangular O 0’0 '0 0 shows the closed section where
0o and OO are the section width and height respectively and O 0 and O 0O are
the load acting positions of O o and [0 o respectively. The closed section is
replaced by beam 0O O and the x axis is set with its original point at the a and its
direction as shown on the figure. The load acting on the beam are concentrated
load 0O o, distributed load 0O O corresponding to O, concentrated load 0O O
corresponding to a sum of shearing stress on the shell O O', concentrated load O

O corresponding to a sum of shearing stress on the shell O O’ and distributed
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bending moment O 0O correspondingto couple composed of shearing stress on shell
O 0O and shell 0’0 °'.The shearing force on the figure is obtained by integration of
the loads on beam , the bending moment curve O O on the figure is obtained by
integration of the shearing force, the bending moment curve O O on the figureis
obtained by integration of the bending moment O 0O and the difference between
the curve OO and OO shows bending moment of the beam . Although this figure
shows only concept of bending moment distribution of the beam , it is found out
that the maximum values of the shearing force and bending moment in the beam
occur at the b and they can be calculated easily according to the figure.
Furthermore, suppose statically indeterminate reaction force is negligible and
concentrated load 0O o acts at the c, the shearing force O 0O and the bending
moment 0O O are given by following formulae as a function of torsion shear flow O
0. The terminal wall will become to be in a pure shearing status since O OO0

when OO 00, inshort, Oo0OO0OODO.

OodUdod20p0000+ 00O

dodododdodbodao

DOoO0O02000c000+ OO DoO00oO
00000(33)

D00O0o0OcO20c0+ 00010 OoO00oO

DOoO0O02000c00c0+ 000 DoOoo0oo

Oo02000c0@ou+0D001)000O0O0 ODODODODODO

O Intermediate sectionO

Deformation of the intermediate section can be grasped by analysis of a plane
frame model which corresponds to one compartment of the gate body including a
web frame. Fig. 00 0ODO0OO0O shows the analytical model and bending moment
distribution . The load for calculation is hydraulic pressure only and displacement
restriction is two points of vertical directions and one point of dock longitudinal
direction. The minimum 3 restrictions are required to let displacement in two

directions and rotation in one direction remain finite and the given conditions
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satisfy them . Actual state of

restriction is only the longitudinal

displacement restriction at the

bottom wooden seat and other two

restrictions are replaced by shearing

rigidity of members composing the

closed section. The method to

replace the two restrictions of

displacement and rotation by the

shearing rigidity is shown on the figure Fig. 0O0OO0OGO0OAnO

and also explained as follows. The tops of front and back shell panels whose
shearing rigidity is much bigger than other two panels are fixed against vertical
displacement and two coupling forces F and R are acting on the model as shown in
the figure, and magnitude of Ris determined according tothe two conditioni.e.O
0 sum of the two couples equals torsion moment produced by the hydraulic
pressure load on the model and the wooden seat reaction force and O a ratio of F
and Requalsaratioof theintegrated shear flow values on the front and back panels
(O 2x 0O0 of Fig. O0OOODOO ) and the other two panels(O0 2 x 0O 0O of Fig.
O00OO0OO000d) and finally the obtained R is loaded on the top right corner of the
frame model. Propriety of the assumption can be verified by comparing the
reaction forces of restricted points with the results of structural analysis of whole

gate structure.

0 Center section O

There is a auxiliary support metal under the
gate leaf center (hinge bracket in gate center)
and it supports the gate leaf weight only. The
gate leaf tends to deform as shown on Fig. 0O O
0000 since strain due to welding is released

after the gate fabrication iscompleted. Thereis Fig. OO0O0OGO00O0OAO
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a possibility when the inside of the construction embankment is filled with water
after the gate installation is over that the center section of the gate leaf deforms
partially due to reaction of the gate weight concentration on the auxiliary support
metal under the gate leaf center. Fig. 0O O OO O shows structural analysis of
the center section by 0O - D finite element method. The O in the figure shows
construction in the vicinity of the support metal, the b shows stress distribution
and the ¢ shows appearance of the deformation. The deformation appears only
during the gate installation work and majority weight of the gate in service is

compensated by buoyancy of water .

Fig. O0O0Q0QoOOO

0O O 0O Shear buckling

Precautions against shear buckling is very important for a torsion type structure
because stress in shell members of closed sections is almost purely shear.
Verification of buckling strength has to be done not only on the panel surrounded
by stiffeners but also on various range of a panel including stiffeners and it is most
important to find out that even the weakest buckling mode has enough strength.

Bucking strength for shearing force can be verified by formulas listed in any
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handbook™ for structural engineering. Openings are provided to shell members for
various purposes and although their locations are selected from the less- important
shell range from viewpoint of strength in general since the strength around
openings will decrease, it can not help very often putting an opening on important
strength member in case of the torsion type gate since whole shell panel of the gate
is main strength member and most part of it is in critical state from viewpoint of
strength especially in case of a large scale gate. The opening isusually strengthened
by the plate doubling to mitigate stress concentration but the opening on the
torsion type gate is often stiffened by a cylindrical stiffener to increase rigidity
around the opening to prevent the panel from shear buckling. Study case on shear
buckling of openings stiffened
by cylindrical stiffeners is not
so much® and Fig. 0000
0 O shows an example in
which finite element method
is applied for verification of
the stiffening. It has been
verified that the rigidity
around the stiffened opening
is much more than twice the
rigidity of a panel without

opening. Fig. 00 0O0OO

00O 0O Stressconcentration at shell corners

The shell corner shown in Fig. O 00O DO 0O is of a large circular shape to avoid

shearing stress concentration on it. The corner shapein Fig. 00O 0O OO includes

"'For instance, bibliography (39)

"’Bibliography (26)
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a right angle which was adopted to
decrease the corner fabrication cost and
whose stress concentration was taken
into account for the gate leaf design.
Fig. 0 O0OO0O0OO shows an example of
stress concentration coefficient at a
corner of the closed section.™ The
results were obtained by the membrane
theory where Eq(i) is a result obtained
by solving the differential equation on
the assumption that the corner
membrane shape is a body of
revolution, Ais aresult obtained by the
method of finite difference without the
assumption, the a is the inside radius

of corner, & is shellthickness, 1 O

is stress of other than the corner and Tt 0 OO

Fig.

googobao

is stress along the inside of corner .

Fig. 00 DO0ODOO0O shows shape of the welded deposit metal on the corner where O

O is the curve for O OO and

00O isthe curve for O O 20 .

—

According to the Fig. 0 OO, Full
T 000+t 001 for O0O20
and T ooODO0O+ 1 001.25 for O
O 0O . Field study on the corner
fabrication to minimize total
cost including stress

concentration coefficient is

necessary .

penetration

Fig.

oooooao

7.

O

"'Cited from 301 page of bibliography (20).
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00000 Analysisbased upon bending- torsion theory

Torsion phenomenon is a combination of the simple torsion and the
bending- torsion and structural analysisincludingthe bending- torsion is described
in this section although only the simple torsion is considered in the preceding
section. Phenomenon of the bending- torsion gives a big infulence upon stress
distribution of a gate section . Basic theory of torsion in a closed thin shell section
is shown at Appendix O OO OO and OO OO0 and application results on the two
kinds of section of the basic theory are shown at Appendix 0 00O O 0O and O 00O
0 . The description in this section will start based upon these appendices. The
formula which has an alphabetical number isa formula drawn from the appendix .

Definition of termsin the drawn formulais shown in Appendix 0 00O O O .

O00OO0O0OD0O0O0DO0O Stressdistribution on a gate section

The bending- torsion theory includes both the simple torsion ane the
bending- torsion and the all sectional stress described described in the section of
the bending- torsion theory is reffered to in this section. In this section,
distribution of shearing stress and vertical stress which come ouf due to the
bending- torsion are made clear. Arectangular coordinate (O , O ) is set coinciding
with principal axes of a gate section. Sectional force is only bending- torsion
moment 0 O corresponding to the shearing stress and no bending moment and
shearing force exists on the section since force and moment of the vertical stress
are in balance on the section and no sectional force is composed. The shearing
stress and the vertical stress are calculated for rotation angle 8 of a section by

following formulae.

0 Bending- torsion section modulusO

OceOWo"O0002¥9 o0 c04Y 0000004000 0040070 ¢ ooooo(m)

3.1- 68



where O c0 0O o+ O o

Oc00000 1 Note O O Original point of O o
O« 00 —-O0 isashearing center .

O.0o0oooao O

O.0o0oo0oao o

OC.0o0Qoro0bao

00O O0oooOogno o 1

O.0o0o0"0o0a0D v0

Bendin- torsion shear flow constant O
OO0 00WoelOooOOoO20 00 o0+ O 0 DDDDD(ae)
where W o is given by formula (n) and O, Oo, O and O are defined at
formula (m).
1 o
Oc OO0 —Of 000000
I:l ]
1 o
O. 00 OfoODO0ooooOoao
I:l ]
1 o
O 00 Of 0oooOoOooO0Oad
I:l a
Bending- torsion shear flowO
a a ]

O, OW.f 00O0O0f 0O000O020.f 000000 oo 00ooo(ac)
o [u} o

Bending- torsion shearing stress@d

Oc O O. 0°v6e
T o O O 0O 0 00o0oo(ad)
0O 0 oo O oQgo

Warping constant [0

o oo o 1
v,O0ooooJ OsODODO200+ 0 —OODOf =OO0OOCO+D0O000C goooodn)
0 O °0

Warping function O
o o 1 o0

YWOW, Of 0. 000204 -00=+0O

— oooool)
a ] D D

Bending- torsion vertical stress(d
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0ore

c. O0OW 00000(aa)

oo-®°

O Distribution pattern on a section

Distribution on a gate section of 1t 0 is defined by shear flow of bending- torsion
and that of o 0 is defined by warping function W. Fig. 000 QOO0 thru OO
shows shear flow and warping function of various cases calculated on a fish- belly
section and a box shape section shown on Fig. 0 OO O0O0O and O O respectively.
All formulae being necessary in the calculation are shown in Appendix O O 0O 0O 0O
(fish- belly) and 0O (box shape). They are results of applying above shown
formulae of the general case to the two sectional sections. The original points of
the OO O coordinate on Fig.O OO and O 0O are determined for the sake of
structural analysis carried out later, the original point of coordinate for above
calculation has to be set at a gravity center of section. The calculated result is
corresponds to the sectional shape and member scantlings shown on each figure
and its magnitude is given by the calculated value multiplied by the rate shown on
the figure. A sectional shape, a gravity center and a shearing center are also
shown on each figure and outside of the section is the + zone of shear flow and
warping function and clockwise shear flowis+ . Fig. OO 0O thru OO correspond
tothe fish- belly section of Fig. O 0O O, and the remainders correspond to the box

shape section of Fig.0O O O .

Let detail explanation of each figure be started. Fig. O 0O 0O shows

bending- torsion shear flow and warping function of the case whose bending shear
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flow is shown on Fig. O 0O0O
or, in other words, both
figures show results on the
same section and the
difference between bending
shear flow and bending-
torsion shear flow becomes
very clear accordingly. The
bending- torsion shear flow
composes torsion moment Fig. 0oooD0Oa0O
around a shearing center just
as the simple torsion shear
flow dose and sum of the both
torsion moments is in
balance with the external
torsion moment of a gate.
Although impact degree of
bending- torsion can be
measured by a rate of
bending- torsion moment among Fig. 0 O0QO0QO0OAO
total torsion moment,

shearing stress of bending-

torsion is dramatically bigger

than shearing stress of simple

torsion when magnitude of

both torsion moments is same

since simple torsion shear flow

is constant on a section

whereas sign of bending- Fig. 0 O0OooQoOaO
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torsion shear flow on the

section varys and value of

bending- torsion moment is

sum of the positive and

negative moments. This is a

cause of big sectional stress
disturbance by bending-
torsion phenomenon as it is
shown in detail later. Fig. O
00 thru OO show effect of
sectional shape and shear flow
and warping function on a
section of lens, ellipse and
circular are shown. Shell
thickness of a section s
constant. In case of the
circular section, both values
are 0 and bending- torsion

never comes out under any

circumstance. Intensity of shear

flow is supposed to decrease in
sectional change approaching
to a circular shape but it does
not seem like so because the
bending- torsion section
modulus O 00O has increased
as being described later . But
it surely does so that the same
comparison is made based on

the formula (ad) which is a

Fig -

Fig.

Fig.

goboooao

oooooao
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formula divided by the O 0D .
For a reference, the shell
plate thickness of Fig. OO O
thru OO is constant. Fig. O
o o shows bending- torsion
shear flow of the case whose
bending shear flow is shown on
Fig. 0O O O and difference
between them is very clear
herealso. Fig. 0 00O shows
the case whose has a invert
slenderness ratio of Fig. OO
O case and the difference of
both figures indicates effect of
sectional slenderness ratio
since the shell thickness on
both sections are constant. In
short they indicate that
negative shear flow appears on
the longer side. Fig. OO0
thru OO show effect of shell
thickness, and all shell
sections are quadrate and their
shell thickness distribution are
as such that the bottom side is
a half of other sides at Fig. 0O
0 O, all sides are same at Fig.
O 00O and right side is a half
of other sides at Fig. O 0O O .

Negative shear flow appears on
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the thickness decreased side just like seen on the longer side of Fig. O O O and O
O 0O The shear flow and the warping function equal 0 in case of constant shell
thickness section of Fig. O O and bending- torsion never comes out under any
circumstance just like the constant shell thickness circular. Impact degree of
bending- torsion varies according to sectional shape including shell thickness and
distribution of the 8 since formula (aa) and (ad) which give shearing stress and
vertical stress respectively include shear flow and warping function both of which
are multiplied by a derivative of 8 . On the other hand, sign of warping function is
switching according to the first quadrant - the second quadrant - the third

guadrant - the forth quadrant - the first quadrant in case of a quadrate.

0000000 Analysisby elastic equation

As the difference of the bending- torsion theory from the simple torsion theory is
a calculation method of displacement due to twisting, formula (5) has to be
replaced by a formula considering the bending- torsion so that the analysis by the
elastic equation described at 0O O O 0O O O O may be expanded to the
bending- torsion theory. Although the formula in general case will be obtained by

solving following basic equation of the bending- torsion considering variable cross-

0O"e 0"e
00 oo O00os OO0aOO0 gooooce)
Oo-° oo-®
sections, description in this section will be concentrated on a uniform

cross- section whose solution has been already obtained since the purpose of this

thesis is to show a fundamental impact of bending- torsion phenomenon on

analytical results.

000 Analytical method

The same analytical model and external loads as for simple torsion theory is

taken in analysis. The formulas of deformation due to concentrated torsion moment
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are replaced by formulas including bending- torsion in addition to simple torsion.

Following formulae which are Example 3 of the solutions shown in Appendix O 0O 0O

0 Solution of basic equation O

0 O sh{a (OO O )}sh(a O) N
ooo ed —0O —O O

OO0 oo a “ GDSh(CXD)

O O sh{a (O OO )}sh(a O) sh{a (ODOO)}
oog eno —o — 0O O O

O00c0 alf a “sh(a O) a "

where o OV OO0+ O0oo “00000(f3)

00O areemployedto calculate distortion angle ® . Formulae (5) are not used and

formulae (6) arereplaced by following two formulae since a uniform cross- section

0 Rotation angle at j support duetom o on isectiond

Oo sh(OC[OOQODPDsh@O)
0 ool oooo O (oood)y
o "00 oo Sh(DD)
[ sh (O [OCOO7)sh(OdO) \
0000 sh(U[UDOO]) O O(@oo)
o "00co Sh(DD)
where O 0 a O o -
00000(34)
O Displacement at j support duetom o on isection(
E DDDDBEED oo
} 00000(35)

N ooold B o000 oo

is premise. And formulae (11) are also not used since there is no internal torsion

moment dueto bending because of the premise.

000 Example of analytical resuit

The procedure to obtain internal forces from statically indeterminate reactions
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given asresults of the elastic equation is exactly the same as simple torsion theory.
But the internal torsion moment given by formula (21) is a sum of the bending-
torsion moment T O and the simple torsion moment TO and they have to be
obtained separately. In addition to new formulas for To and To, formulas are
necessary to obtain the vertical stress o 0 which newly comes out due to the
bending- torsion and the 8 instead of formula (22). The following formulas satisfy
all needs above where 6 O isrotation angle of j section due tom 00O acting at k

section and ' denotes ordinary differentiation.

0O External torsion moment acting on i section O
OooO 000 000D Oolao 00ono(se)
0 Rotation angle at j section and its derivativesdueto 0 00 actingon i section

0 oo formula(34) where OO isreplaced by O 00O in formula (36) 0oooo(sr)

: Ooo sh (O [O0ODO7Pch(aO)
0 oo — 010 O (ocoo)
o "0 0aoo Sh(DD)
0oono(ss)
O oo sh (O [O0ODOO7ch(ODO)
Och(O[ODDOO]O o@oo)
a "00aoo sh (O O)
- O oo sh (O [O0ODO7)sh((OoOd)
0 oo —0O 0 O (ooo)
o O0Oaoo Sh(DD)
0oooo(es9)
O oo sh (O [OOOT71)sh(Od)
Osh(O[OOO71)Od o@oo)
a0 0Ooo Sh(DD)
s O oo sh (O [ODDOO7)ch(OO)
0 ool od O (ooo)
00 oo sh (O 0O)
0oooo(4o)
O oo sh (O [ODOO7ch(OO)
Och(@[OCOO]1O O (ocoo)
O0doo Sh(DD)
: 0o - 0°"e Ce 0o°"e
WhereezzD[—]DGDDD [ ]DGEED [ ]
OO0 ‘6o 00 “o Oogd" “o
0 Rotation angle at i section and its derivativesO
u]
0 c03%Y B oo 00ooo(41)
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0 0y 0 oo 00000(42)

UUO

L

0 003 0 oo 00000(43)
DDO

0 003 6 oo 00000(44)
DDO

O Simple torsion moment at j sectiond

O.0000D0 Leyu 00000(45)
O Bending- torsion moment at j section

Occ0 000 Duev;v 00000(46)

6, Too and ToO vary along a bottom support interval at variance with the
simple torsion theory and they can be obtained by handlingthe jin the formulae as
a real number. Stress distribution is obtained by inserting sectional forces and

derivatives of 8 into formulae shown at clause O O 0O 0O 0O 0O O .

Following two examples correspond to the cases shown in the simple torsion
theory and their numbers are as same as the corresponding cases. Description on

the gate section and calculation condition are not shown here.

0 Example 10
This is a case that a fish belly flap is supported at itsoneend. Fig.OOODOOAO

thru OO showstheresults of analysis by the bending- torsion theory. The Fig. 0 O
shows 6 and its derivatives of the bending- torsion theory. The marks x in the
figure indicate 8 of the simple torsion theory. The lateral axis represents section
numbers. Vertical axisrepresents calculated results after multiplied by rates shown.
0 isin arather smooth curve and exactly agrees with the simple torsion theory at
free end of the gate. 6 ° isin proportion to T o, which is apparently different from

the simple torsion theory. 6 "7 is in proportion to o o due to bending- torsion
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and its move is approximately
periodic except for both
terminal compartments. 6 "°°
is in proportion to
bending- torsion moment TO
and shows same periodicity as
0 " except that its sign is in
reverse on both sides of the
section including a bottom
support. It isestimated that the_
reversals resulted from abrupt
changes in direction of
sectional warp change due to
existence of the support
reaction force. The Fig. OO
and O O show sectional force.
The Fig. 0O O is results of
bending moment and relating
forces and there is no big
difference from the simple
torsion theory that is because
the statically indeterminate
reaction force which is basic
data of sectional force
calculation has no big change
between the results of the both
theories shown on Table O OO
O 0O . The Fig. O O shows
torsion moment. Simple

torsion moment TO and
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Section O (Kg) 0O (Kg)
No . Bending- torsion Simple torsion Bending- torsion Simple torsion
0 - 5843 - 6059 - 14832 - 15381
1 5684 6070 14429 15408
2 112 - 11 285 - 27
3 47 0 120 0
4 -2 0 -5 0
5 48 0 121 0
6 112 - 11 285 - 27
7 5684 6070 14429 15408
8 - 5843 - 6059 - 14832 - 15381

bending- torsion moment

constant and equals the internal torsion moment (O mark) calculated by formula

(21). This

indicates that

Table O OO0 OO

TO vary between bottom

the mean amplitude of bending- torsion

supports but

their

controlled by the number of bottom supports (or compartments) rather than the

sectional

particulars.

In short,

it is estimated that the greater

bottom supports, the less the mean amplitude of bending- torsion moment .

to be emphasized that magnitude of bending- torsion moment is much less than

simple
Fig O O
sectional
The Fig. OO

shearing

stress and principal

They show
section

side) and

side) respectively .

torsion

thru

thru

stress,

section O
1 outside

inside (right

moment .

g g

stress distribution .

u o

stress.

(left

Although

The

show

show

vertical

and

hand

hand
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stress distribution on section
O is flat since impact of
bending- torsion issmall, that
of section [ outside is not
same and the degree of stress
distribution disturbance due to
bending- torsion will become
quite clear when these stresses
are compared to Fig. 0 0 0- 0O
0 which isresults of stress
analysis by the simple torsion
theory on the same section.
The disturbance on section 0O
inside is at the same level but
in the reverse direction. Even if
a big disturbance were to exist,
the stress over all is still
almost in pure shearing state.
The Fig. O O shows distribution
of the element stresses which
compose the sectional shearing
and normal stresses. The
element stresses shown are
those on section O outside
and can be compared with
those on Fig.OOOODOO of
the simple torsion theory
where 1T O is simple torsion

shearing stress, T 0O is

bending- torsion shearing stress,

Fig.

Fig.

Fig .
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T 00 and Tt 0O are bending shearing stress, o 00 is bending normal stress and
o 0O is bending- torsion vertical stress. Causes of the disturbance are shearing
stress T O and vertical stress o 0 dueto bending- torsion and itsintensity ismuch
greater than disturbance by stresses due to bending. It is noticeable that the effect
of TO on stress distribution is very large although T O isvery smallin comparison
to To. Effect of bending- torsion is more remarkable at middle or free terminal
section because the moment of simple torsion decreases towards the free terminal
whereas moment of bending- torsion varies periodically with almost a constant
amplitude throughout the gate length. In case of a small scale gate, neglect of
bending- torsion will have no effect on the strength problem because the middle or
freeterminal portion of the gate usually has a big strength margin. In case of super
large scale gates, a design without considering bending- torsion cannot hold good
because the greater portion of the gate body is in a critical state of stress due to
decrease in plate thickness for economic reason toward free terminal. Impact of

bending- torsion phenomenon on sectional force of a torsion type gate is not so

much but its sectional stress distribution is subject to a big influence from

bending- torsion and the influence can not be neglected in case of the super large

scale gates.
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O Example O O

This is a case which a box
section gate is supported at
oneend.Fig. 0O OOOO0O thru
0O O shows analytical results
by the bending- torsion
theory. The Fig. O O shows
deformation and Fig. 0 O and
o d show internal force.
General tendency including
internal forces is the same as
Example 1 except that there is
a little difference in details.
Curves of 6 °° and 6 "°°
between bottom supports of
Example 1 have a tendency of
keeping it close to the 0 axis,
whereas those of Example 0O
deviate from it. It has been
confirmed that this different
tendency mainly stems from a
difference of k values which
was defined by formula (34). k
equals 9.73 in Example 1
whereas K equals 3.07 in
Example O . There is a
tendency that 6 =~ deviates
more from the 0 axis and the
intersect angle of © ' and

the 0 axis becomes larger for
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less k than 3.07. And also it
was confirmed that the range
of 8 ° and 6 ' being in
close contact with the 0 axis
becomes larger for more 0O
than 9.73. In short, the
influence range of
bending- torsion becomes
restricted in vicinity of the
gate section including a support
when k becomes larger and
vice versa. The longer the gate
support space becomes, the
bigger the bending- torsion
moment become whereas the
less itsinfluence range become
since k is in linear to the gate
support space. The influence
range becomes larger for
larger bending- torsion section
modulus since O is divided by
the modulus. The k becomes
infinitive when a is infinitive
which corresponds to the case
that 0 OO equals 0 according
to formula (e) or, in other
word , "simple torsion" and
application of the formula
obtained by the simple torsion

theory isnecessary. Fig. OO0
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- 00 thru OO show shearing stress, normal stress and principal stress. Each
figure corresponds to section 0O inside, middle of the two section and section O

outside. The stress disturbance is much and in reverse directions on section 0

and O and less on the middle section but their over all magnitude is less than
Example O . This difference is deemed to be caused by difference of their sectional
shapes since average ratio of simple torsion moment and bending- torsion moment
is supposed to be nearly equal because number of the gate supports in both case is

same. In short, it seems to be right that rectangular shape can resist

bending- torsion with higher efficiency than fish belly shape. The sectional

efficiency factor against bending- torsion 0 00 is given by following formula

o 1 O o 1 O o O o Uo0 200
o —O=+ 0 g — oo g | 0oooog4r)
D DDD D D[ DD DDD DDD

e O

which is a ratio of the coefficients included in formulae (ad) and (aj) to calculate

shearing stress due to bending- torsion and simple torsion since average amplitude

no Form Thickness Ooc(mm 7) Oomax(mm 7)) [Ooo(mm ) O oo
1 Circle Uniform 28274333 0 0 0

2 F- belly 9366847 8.37E + 9 2.09E+ 16 7.50
3 Lens 6522197 6.13E + 9 1.03E+ 16 7.76
4 Ellipse 16604449 1.03E+ 10 2.43E+ 16 14.08
5 B D Uniform 275000000 5.91E+ 12 8.75E+ 20 3.71
6 |o| [ 275000000 5.91E+ 12 8.75E+ 20 3.71
7 X Uniform 756250000 0 0 0

8 I:‘ Btm . t/ 2 756250000 9.07E+ 12 1.54E+ 21 8.91
9 Rgt . t/ 2 756250000 9.07E+ 12 1.54E+ 21 8.91

of bending- torsion moment is determined according to the number of
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compartments as it was described before. The magnitude of O O in the formula

has to be a maximum one on the section. The less [0 0o shows the less
bending- torsion stress and the better sectional efficiency. Below table shows
results of calculation on the sections described in section Oo0oo0oo0oo0oo0oao.

Example O corresponds to no. 2 and Example O correspondstono. 5.

000 Model experiment

The analytical results of the bending- torsion theory are shown by the A mark
on Fig. O0D0O0OOOQO which is a graph showing measured sectional stress of the
experiment. Eventually the analytical results have agreed with the simple torsion
theory since the strain measuring section is middle of section 0 and 1 where 6 '
and 6 " equal 0 respectively because the k of experimental model equals 20.4
but it is seemingly- meaningful that the both analytical results indicate quantities

very similar tothe experimental results.
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OO0ODODO0OOO00Q0 Analysisby finite element method

Development of a computer has been accelerated since late 1970 and today
analysis of a super large scale structure by way of the finite element method can be
carried out by a desk top personal computer . Accordingly the structure of torsion
type gate can be analyzed more effectively than before. In this clause, an
importance of the gate analysis by the finite element method is described referring
to analysis of a super large scale gate shown in Fig. O OO OODO. The content of

finite element method will not be referred to since it has been already well- known .

OO0 Similarity of deformation

Finite element methods using various kinds of elements are now available for
practical use and analyzed result by them shows good similarity to measured
deformation at site as well as model experiments aslong as a proper mesh is chosen
for nature of analyzed structure and purpose of analysis''. If the concept of
bending- torsion theory accords with the natural phenomena, this will be expected
to appear in the results of analysis by the finite element method. It will be shown
that the analytical result can be understood only through the bending- torsion
theory since the cited example has been analyzed as a whole and the obtained
stress distribution is very complicated and can not be explained fully by the simple
torsion theory even if deformation of the vertical sections or stiffeners are

considered.

"'Bibliography (4).
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O0ODO Analytical results

An explanation is given according to the reference’. Gate shape of the cited case
is shown on Fig. 0 O0OO0O3OdO. It is a rolling gate of 27.500m height x 200.000m
width which is vertically divided at its center into two independent blocks and the
left hand side block is shown on the figure. Each block is supported by its one end
against huge water pressure force at its closed position (analysis condition). Top
and bottom of the block end are supported directly by gate frames embedded in the
concrete structure. The gate has arectangular section whose shell plate is stiffened
by auxiliary vertical girders arranged at 1m space and they are supported by six
horizontal girders which in return are supported by web frames at 10m interval. The
bottom of each web frame is supported by rollersinstead of a bottom hinge support.
Inside of the gate body is divided by bulkheads into many compartments each of
which is used as a buoyancy tank. The tank has a longitudinal bulkhead at its center
but has no bottom plate. In short, a shear flow loop of the gate body exists only on
the vertical section. Analysis by the finite element method was carried out by IBM
9021 using "NASTRAN" which is a computer software developed at NASA. The degree
of freedom at each joint of elements is 6 and elements can represent beam
members also. Fig. 0 00000 thru OO show results of the analysis. The Fig.
00O shows whole shape and member scantling of the gate body, principal and
shearing stress on main parts of the gate and reaction force of the support rollers.
The purpose of analysis is feasibility study and the shape and the member
scantlings are preliminary ones. The Fig. 00O shows meshing procedure of
elements and over all deformation. The element breakdown is seven splits at six
horizontal girders in vertical direction, two splits at the buoyancy tank
longitudinal bulkhead in the tank width direction and one hundred sprits at the
auxiliary vertical girders in the gate width direction, and the whole gate body was

replaced by about 2500 plate elements and about 2000 beam elements. Water

"'Bibliography (9).
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pressure acts on the shell plate but no partial bending arises on the plate elements
because all joints of plate elements are located on beam elements. The Fig. O O
shows an example of the results and gives the magnitude and direction of principal

stress on the shell plate. Stress on whole gate body is almost in a state of pure shear.

OO0 Comparison of sectional stress

The analytical result by the finite method is compared with the stress obtained
through elastic equations. For this comparison, stress on all surfaces of the gate is
necessary while only principal stress on the skin plate is shown at the previous
clause O O O of the finite element method. New analysis by finite element method
was carried out with exactly the same structural members and meshing as the Fig.
00 and O 0O wusing the same program software as the reference but by IBM 750
personal computer and it was confirmed that principal stresses on the skin plate
agree with the values given in the Fig. 0 O . As stress on the top and bottom sides of
a plate element were obtained and difference existed between them due to
deformation of the auxiliary girders etc.,the mean value of them was deemed as the
stress of the element. And also the calculated stress on a plate element corresponds
to a value at the center of element and all stress comparison was made on sections
cut through element centers except that stressin theintermediate section between
roller supports was deemed to be equal to mean value of elements which are located
on both sides of the section because the section coincides with the element

boundaries. Fig. 0 0O 0O 00O O shows plate thickness of gate section and its number

Flate thickness

[R%]
B

A4l 5|1l 6114141 2(1 1z

0 1 2 3 4 ] 3] 7 5] 3 10
Section number

Gate center line

Fig. O0O0QQOOO
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which is different from the roller number shown on the Fig. 0 0O . Plate thickness of
each section is constant. The compartments marked by inclined lines in the figure
were selected for stress comparison because of the consideration that elastic
equations are applicable only to a sectionally homogeneous structure. The
comparison was made on the left side, middle and right side sections of each
compartment. The two analytical models of the elastic equation are of the same
external dimensions as the finite element model, supported by one end and of
34mm and 12mm shell thickness respectively and the section 0 thru 2 of the finite
element model is compared with the 34mm model sections whose location from the
supported end of the model is as same as the finite model and the section 8 thru 9
of the finite model is compared with the 12mm model section whose location from
the free end of the model is as same as the finite model. The 34mm model has the
section of which stress distribution is shown on the Fig. 0 0O and O 0O and same
profile as the finite model except that no auxiliary members such as vertical and
horizontal girders are included. The 12mm model is different in shell thickness
from the 34mm model but its stress distribution pattern is applicable. Fig. O O O
OO0 thru OO show comparison of principal stress o « and o o between the
bending- torsion theory, the finite element method and the simple torsion theory
which are shown in the figure by marks "bending", "finite" and "simple" respectively.
The Fig. O O corresponds to a section between 0O and 0O Othe Fig. OO

corresponds to a section between O and O and the Fig. O O corresponds to a
section between O and O . The "inside" or "outside" in the figure refersto whether
the section shown is located on the gate center line side (see fig. O O) or the
opposite side respectively,and a 0 d represent points on a section and corresponds
to those in Fig. 0 O or O 0O.Bending- torsion theory is much more explanatory of
the results by the finite element method than simple torsion theory. Fig. 0 0O 0O O
O thru OO show comparison of shearing stress T and normal stress o between
the bending- torsion theory, the finite element method and the simple torsion
theory. The Fig. O O corresponds to a section between 0O and 0O Othe Fig. 0 0O

corresponds to a section between 0 and 0O andthe Fig. OO corresponds to a
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section between O and O . It is more clear that bending- torsion theory is much
more explanatory of the results by the finite element method than simple torsion
theory. Theresults by the finite element method and by the bending- torsion theory
are supposed to agree with each other but detailed observation of them disclose
fairly large discrepancies on the outside of section 2 and sections between 8 and 9.
It is estimated that the discrepancies mainly come from the analytical model of the
elastic equation. In the model, O deformation of vertical gate sections was not
considered, O distribution load was replaced by concentrated loads on web frames
and O discontinuity in plate thickness over gate length was not considered. It can
be expected that a vertical section including a roller support deforms to certain
extent due to water pressure load, roller reaction force, shear flow variation etc.
and auxiliary members between rollers deforms partially due to water pressure load,
and the impact of deformation appears strongly on a section between O and O

since the magnitude of concerned loads are approximately constant through out
the gate width and the structural rigidity of the section is comparatively less. The
disturbance of the finite element stress around the a and b points on the section
suggests that there is a big possibility of roller reaction force impact. It would be
quite expectable if the effect of the thickness discontinuity appears noticeably on
section 2 where a big jump in plate thickness exists since the thickness
discontinuity makes a big impact on statically indeterminate reaction force. The
elastic equation of the bending- torsion theory can not respond to partial
deformation and sectional discontinuity of the gate body but the approximate
calculation method described at close O O 0O of the simple torsion theory is

applicabletothe partial deformation .

It cannot be denied that bending- torsion has an important influence on stress
distribution even if thereis aregardless of lack of uniformity in the comparison and

it will be concluded that analysis by finite element method isinevitable in design of

super large scale torsion type structures as long as elastic equations are not

applicable for sectionally variable structures.
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oooaoga Conclusion

0 A fabrication record shows the fish belly flap of torsion type structure was in
operation at 1931 in Europe. The first application of this type in Japan was much
later but its development seemsto bein a somewhat different direction and its gate
shape sometimes differs from fish belly shape. Thisisthe reason why the expression
"torsion type structure” or "torsion type gate”" was introduced in this thesis.

O Characteristics of torsion type structured (1) External force can compose

torsion moment. (2) Sectional torsion rigidity is big. (3) Gate weight is small in
case horizontally long. (4) Strong fatigue strength.

0O Erection of elastic equationd (1) Basic model is one end support. Both ends

support is resolved as an applied problem . (2) Move of free end isunknown factor
which is given as a solution of the equation. (3) The equation consists of torsion
deformation and bending deform ation .

0 Torsion type gate can be analyzed as a space frames. Problem of discrepancy
between gravity and shearing centers of a member disappears due to the
assumption that the web frame is arigid body.

O Analytical results of simple torsion theoryd (1) Bending deformation of one end

support and both ends support are equal in case of a uniform cross section. (2)
Although shearing force and bending moment increase abruptly and their
distributions are disturbed due to a variable cross section, its impact on internal
torsion moment is small. (3) Impact of maximum | will be considerably mitigated
by restriction release in maximum | direction of the bottom support. (4) Impact
of maximum | will disappears when the bottom support location in minimum |
direction coincides with sectional shearing center. (5) The main gate deflection of
a double gate dose not spoil its flap gate function except that partial stress on the
gate may increase. (6) Stress concentration appears at closed thin shell corners.
(7) Aboveitems are applicable to bending- torsion theory.

0O Analytical results of bending- torsion theoryOd (1) A solution of basic equation
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for bending- torsion has been obtained for a uniform cross section and a set of
elastic equation can be erected by it. (2) Bending- torsion does not make big
impact on sectional force distribution. (3) Bending- torsion moment varies along
a gate width with approximate periodicity and average amplitude depends on the
support number. The more number the less amplitude. (4) Shearing stress due
to bending- torsion moment shows much bigger value than that of simple torsion
moment whose is same amount as the bending- torsion moment. The amount is
small but eventual impact on sectional stress can not be neglected. (5) A
rectangular section can resist bending- torsion more efficiently than a fish- belly
section. (6) The effect of bending- torsion on sectional stress is more remarkable
in the vicinity of non- supported gate end where torsion moment is comparatively
small. Gate design without considering bending- torsion cannot hold good in the
case of super large scale torsion type gates whose most of the surfaceisin a critical
state of stress and stress due to bending- torsion is dominant in member selection
over alarge portion of the gate.

0O Analytical methodO Behavior of a torsion type structure can not be fully

explained by analysis of simple torsion theory. Analysisincluding bending- torsion
is necessary and finite element method and elastic equation method can do it but
finite element method is deemed to be the most appropriate procedure as long as

elastic equation method can not respond to a variable cross section .
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Appendix OO0 ODO0O Tableoftermsin cited formulae

O Cited formulaed formulae cited from the appendix tothe body textO

The cited formulae in the text are (e), (f3), (1), (m), (n), (y), (aa), (ac),
(ad), (ae), (aj), (ba), (bf), (bh) and (bj). Aterm of the formulae is defined

at their appendices and main of theterms are shown below also .

X, Y, zO Rectangular coordinate. x & y and sectional principal axes agree.

O O Girth axisaround athin shell section (clockwiseis + ).
0 0 Rotation angle of a section at 0 O O (clockwiseis + ).
© O Function which gives 0

& On O Thex andy components of displacement of a section (deflection)

0O 0O Young’s modulus
0 O Shearing elastic modulus
0O O Thickness of athin shell section

O O Overall length of a beam

O o O Area of a closed section

Oo, OoO Integration up to s of sectional 1st degree m . around x and y axes.
00000 Sectional 2nd degree moment around the x and y axes.

0o 0 Section modulus of simple torsion

O oo 0 Section modulus of bending- torsion

0O o0 OO Sectional shearing forcein the x and y directions

0000 Sectional bending moment around the x and y axes

0o 0 Sectional bending- torsion moment
0o 0 Sectional simpletorsion moment

0 o 0 External distributed mom ent

O 0O External concentrated moment

O O Working location of O (on z axis)

00 0O o0 Distance between shearing or coordinate center and tangent to ds.
0 The distance is + when moment of dsaround the center is + .)

ooad O Full circle integration along s axis.
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Appendix O OO O O Stressdistribution of thin shell beam subject to twisting

Torsion shearing stress exists on a cross section of beam subject to twisting.
Magnitude of moment composed by torsion shearing stress of a closed thin shell
circled or regular polygon section beam of constant shell thickness equals torsion
moment externally applied on it. A cross section of the beam only rotates around
the beam axis and has no deformation in direction of the axis but a cross section of
many other cases is bound to bring out deformation called "warping" as shown on
Fig. 0 0OOO00O0O™ Even if warping exists there will be no change of torsion
shearing stress as long as the warping
is constant along the beam axis but the
stress distribution will change by
in- plane bending of members

composing the section if the warping

changes along the axis due to internal
torsion moment change or existence of

external restriction. This phenomenon

is called bending- torsion . Stress FigoOoOOoaooaoao

distribution of bending- torsion iscompletely different from those of bending beam
theory or simple torsion theory. Vertical stress on the cross sections of top, bottom,
sides etc. which are members of the beam section will compose a bending mom ent
on each member whereas their integration over the beam section equals 0.
Nevertheless of it, shearing stress on the member sections composes a torsion
moment on the beam section and it isin balance with a part of the external torsion
moment. Rate of the torsion moments shared by simple torsion and

bending- torsion changes according to warping distribution along the axis. Many

“This figure was cited from page 239 of bibliography (32). Rectangle section 1234 movesto 1'2'3'4’ due
to warping. It is given by the reference on possible cause of the warping that the cross section keeps
being in state of a right shape without crumpled up after the beam is twisted and also that, in short,
right angled intersection condition between generatrices on the section and generatrices in parallel with
the beam axis maintains after the beam is deformed .
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papers which relate stress distribution of a beam including bending- torsion
phenomenon have been written and this appendix intends to edit fragmentary
information of the papers so as to provide consistent content which concentrates
on a thin shell section beam and meets purpose of the study theme. In this study,

torsion phenomenon is separated into simple torsion and bending- torsion, internal

torsion moment of each group is called simple torsion moment and

bending- torsion moment and analytical theory of torsion type structure is divided

into simple torsion theory which neglects bending- torsion and bending- torsion

theory which considers bending- torsion.
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OO0 Distribution of simple torsion and bending- torsion

0 DisplacementO

The original point of coordinate is set at
gravity center (O ) of the beam terminal and x,

y and z axes are set as shown on Fig. 0 0O QOO

O O . Rotation angle at 0 O O is denoted by ©

which is given by function © O O O as below. Fig. D ODOOQOAOd
60000

Components 0O and O in the x and y direction of displacement caused by the 6
can be given by following formulae since assumption that the section rotates

around the gravity center dose not influence the stress components™ although the

oooen
0ooo(a)
0o0oemn

Section before deformed

rotation takes place around the shearing center. Warping \ W,

function WY OO ODOOO denotes the warping pattern of a

section which crossesthe z axis by right angle. The w which is e T axiz
displacement in the z direction of a point 0 00O 0O O on the L
section (refer totheright figure) is proportional to intensity J;“

of the sectional twisting and given by following formula. '
Section after deformed

0o
00 —woooodo 0000(b)
0O

"'Page 181 of bibliography (21).
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0O Strain and stress(d

Let normal stress and shearing stress be o

strain and shearing strain be ¢ and vy

and direction be identified by a suffix™*

and 1 respectively, and let temsile
respectively and let their applied surface

, then the strain and stress are given by

following formulae. O isYoung'smodulusand O isshearingelastic modulus.
0 O o0 00O
e c0d0e cO0 O EuD_DYuuD_D_ N
0o O o0 o0
0 O 0o 0O oo o v
Y oo —0 —O0 —0 — OO0 e gooodce)
0 0o g 0o d
o0 o000 D6 0V
Yy oo —0 —0O0 —0O0 — 00040 <
o0 o0 OO 00O
0o O o0 00O
cocldooc0O00O oo O0e n00 —0OT1T o000y o000 — 0O — 0N
0o O o0 00O
0oe v o0 0O
T ocU0Y oo —4O0 —Oooooob —0O0 —00 > 00000(d)
oo o 0O o0 OO
ooe oWV o0 Q0o
TocO0Y oo —4O0 —Ooobboob —O0 —0OO <
HN 0 0O 0 O g o

Direction of positive shearing stress on

direction of coordinate axis coincides with direction of shearing stress.

0 Equation of equalityd

the surface whose normal line agree with

Vice versa .

Let the equation be obtained by potential energy of torsion. Torsion shearing

strain in proportion to d_ and vertical strain _— comesout on the section of
z al

"'a 0 is normal stress in x direction of the surface whose normal line is in x direction, T 0O is

shearing stress in y direction of the surface whose
x direction of the surface whose normal line isin x

€ 0O istensile strain in

is shearing strain corresponding

normal line isin x direction,
direction and Y 00O

to shearing stressin y direction of the surface whose normallineisin x direction .
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twisted beam and corresponding strain energy is stored’'. Suppose uniform torsion
moment 0O O exists along the z axis, then over all potential energy I is given as

follows since potential energy of the load duetothe beam rotation is also stored .

u] u] D aDU UDDU DOL

noofO0D.e000f J —0O —O0O000O000F 0O — o000
o o 2 o O 52 00

In above formula, O isdistance alongthethin shell section, t isshellthickness,
thelis over all length of the beam and O O is section modulus of torsion. Formula

(b) is inserted into above formula and [ W°O00OOOOO0OO is replaced then

following formula obtained .

o OO0 o O"6 o O o 00 o

NnoOf 0.0000 [ O o°0 Of 0O —oOoo
o 2 ° pgoov° b2 0o

Ooo is section modulus of bending- torsion. The theorem by variation of

displacement is applied to above formula and following formula is obtained™”.

o 0"e 0"e oo oo
oNOf 0006 © O00a0xs 0o O obs. —0%6 —OODODO
o oo-° oo-° oo og
o 0O"e 0O"% © 0oe 0% 6
Of 0000d © 0O000aus O oode —0 — OO0
o oo-° oo-° od od

Operation of partial integration is made twice on the second term and once on the

third term in the integration mark of above formula and following results will be

obtained.

”Although shearing stresscomes out due to bending- torsion, let it be neglected at this stage .
’Refer to page 59 of bibliography (18). Same result will be obtained by Taylor expansion after definitely

smallterms of morethan second degree are deleted .
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CENEENC) 0"d o O"e 06 O ¢ 0O"e o o0 "0

[ O 0000 0 000 o000 3000
°gQe oo« oo:e oo oo:e o egpQe
-0e 0% 0 0o - c0"@

[ —O0 — O0O0ooo0 —&0600f 3000
°g o 00 00 ° egQe

They are inserted into the formula of & M and following formula is obtained after

O"oe 0dé 0 o 0"e 0o o
P I T I B U gbogbOdoeoo OO00s —0O0 00
ooe° oad o oo-° oad o
o 0"e O"oe
Of O000uos Oodados obc0odédoeDbO0Oo
o

ooe° ooe°

their terms are organized. The first and second terms in above formula equal 0
since quantity of their factors is determined by the end conditions of ® as shown

below formulae and one of two factorsin each term becomes 0.

u]

First term O O Vertical stressd Warping O
a

n}

Second term O O Torsion moment O Rotation angleO
]

Eventually, the third term has to be 0 because 8 N = 0 and following basic
equation of the bending- torsion is obtained. The rotation angle © of a section is
obtained by solving this formula and © , ®©  and © ' are calculated one right
after the other, then distribution of simple torsion moment, warping, vertical

stressdue to the warping and bending- torsion moment will be made known .

O"oe 0"o
O0d0do
oo-° oo-°

U0oo

0000 goooo(e)
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0O End condition O

End conditions of warping and rotation are necessary as it became clear in the
previous explanation. Table O D0OOODOODO shows formulae and values of the

conditions.

Condition Warping Rotation
O°"e O°"e 0o
Free 0000 oo 00 oo OO00Os — OO0
oge° oogoeo° o0
0ooe
Restricted — 0O0o0 oQdo
0o

Talbe OO OOO0ODO

0 Exampe of solution O O™

Example of Fig. OO0 0O000OO

00 is a beam of length | with s S !

free condition for warping and

! A
Tl
restricted condition for rotation ! y

at both beam ends and aj T

- - -

concentrated torsion moment 0O z axis

o b g

O00o000¢c is acting at 0 O O of
the beam . Let O O informula (e) Fig. 0 O0QO0OO0O0OOO

be set at 0 and following two formulae are obtained after integration.

0Ore 0o
where OO0 O Odoo Oddsc —0O0do

ooe° od

0O"oe 0o
where 00O O0coo OO0 —O0do

oo-° od

"'The same solution is given in bibliography (27) and (28).
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One more condition necessary to eliminate internal torsion moment O o and O o is
a continuity condition of above two formulae at 0O O O . And their solution is given

by following formula.

O sh{a (OCOO)}sh(aO) OOO sh{a (000)} OOO
ooo ed O O o0 O O
O0ao a “sh(a O) a ” a” a "
O sh{a (0D0OO)}sh(a O) DO OO
0ooao o0 0 a 0o
O 0 oo a “sh(a O) a "
wherea OV O0Oo+ OO an
0oooo(fl)
O Example of solution O O ™
Example of Fig. 0O QODOOOO . I .
K T TmToosoosoooooososoooooooooooooooooooos E
b is a beam of length | with free l c :
R EEELEEEEE LR :a«; |
condition for warping and : ! . |
restricted condition for rotation /1 /\/\f\f\/\f\f\/\f\f\f\f\f\j
at both beam ends and a I k\k‘&*%’k\&{’*l&\k&\k‘\k\&l
distributed torsion moment t is 2 axis
a b
acting between O OO and end b
of the beam . Asolution is given as Fig. 00O QOOQOOBDO
below .
O (10 ch{a (OO O)})sh(a O0) (OOO)"
ooo end O O o0
O0oo a “sh(a 0) 2a O
O (10 ch{a (O ODO)})sh(a O) (0O 0)"
ooao e 0 a a a
O 0 oo a “sh(a O) 2a O
1-ch{a (ODOO)} (@ ODO)"
O O O
a " 2a
wherea OV O00Oo+ 00 an
00000(f2)

"'Cited from bibliography (27)o
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0 Example of solution O O™

Example of Fig. 00 O0ODOAO
0 c is a beam of length | with
free condition for warping and

restricted condition for rotation

at beam end a and free :
condition for warping and 4 z axis b
rotation at beam end b and a
concentrated torsion moment O Fig. OO0OO0OO0OoOooOaOoag
isactingat 0 00O ofthe beam . Asolution is given as below.
g U sh{a (O OO)})sh(a O)
ooao e —4og — 1o 0
O00c0 alf a “sh(a O)
O O sh{ao (O OO )Psh(a O) sh{a (OO O)}
ooo ed —0O —O O O
0000 alft a “sh(a O) a "
wherea OV O 0Oc+ OOoo
goooo(f3)
O Example of solution O O ™
Example of Fig. 00O O0OO )
e >
0O d is a beam of length | with ! . _ !
restricted condition for warping ! ' !
and rotation at beam end a and ‘ /I /'\ T
free condition for warping and ‘ i &
rotation at beam end b and a ; ’
z axls
concentrated torsion moment a b
0 is acting at O OO of the
beam . Asolution is given as below. Fig. OO0ODQOGOoOoaOoao

"'Cited from bibliography (28)0
’Cited from bibliography (28)C
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O ch(a O)-1

Oo00 e ——0O0sh(a O0)d sh{a(ODOO)}0 —0O sh(aO)+a OO
o "0 0aoo ch(a 0O)
a sh(a O0)-sh{a (O0-0)}+sh{a (O0-0)}ch(a O)- 1}
oooD e —— [a O - 1
o "00an ch(a O)

wherea OV O0Oc+ 00 oo

and restricted condition for

00000(f4)
O Example of solution O O™
Example of Fig. OO O0OO 0
00 e is a beam of length | ! !
with free condition for warping |
| 0 |

rotation at the beam end a and F&NNN&\Q\NN\&\&\&‘&\&\\N&\NNN

free condition for warping and

: O axis
rotation at the beam end b
0 0

and a distributed torsion

moment t isacting all over the Fig. OO0O0OOoOoOooOOoad

beam . Asolution is given as below.

O ch{a (O0/200)}
0 — Oa "0(@-07/2)O O
o "0 0ano ch(a O/ 2)

wherea OV OO0+ 00 oo
00000(f5)

"'Cited from bibliography (28)o
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O Example of solution O O™

Example of Fig. 0 0O00O0O
000 fisabeam of length |
with restricted condition for
warping and rotation at the

beam end a and free I?ﬁﬁ%ﬁ%ﬁﬁﬁkﬁkkﬁﬁﬁﬁ%ﬁﬁ%

condition for warping and

' Z axls
rotation at the beam end b A .
and a distributed torsion
moment t is acting all over the Fig. 0 0O0O0D0DOOO
beam . Asolution is given as below .
ad ch(aO)-1-a 0 sh(aO)+a O sh{a (O0DOO)}
00 ——— Oa "0(0- 0/ 2)0 0
a "0 0oo ch(a 0O)

wherea OV O0Oc+ 00 oo
10000(f6)

Many solutions are available for loading conditions and end conditions other than

above examples™.

"'Cited from bibliography (28)0
2Bibliography (28) shows solutions of 36cases including above cited examplesdo Bibliography (29) and (3
0) aretheir abstractsin Japnese versionnO
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0 0O O Calculation method of O cc and O o

Section moduli O oo and 0O o of bending- torsion

and

simple

torsion are

necessary to calculate quantity of torsion and bending- torsion by the solution of

formula (e).

O00DO0OO0D0Ooo0d Section modulus of bending- torsion

O oo wasdefined as follows in the process of

OccOf WOODO 00000(g)

W is called a warping function which
describes a pattern of warping. Quantity
of warping O is given by W multiplied by
intensity of twisting as shown in formula
(b). W has to be obtained ahead of
deriving formula of D0 OO. The s axis is set
along the center line of thin shell section as
shown on Fig. 00 O0O0OO0O and ds, dx
and dy denote an imperceptible length of
the sand components of the dsin the x and

y directions respectively. The + direction

of O isclockwise assameas 6 . Supposethe

deriving formula (e).

TE

Fig.OODOOODO

section considered is closed one and 1 O denotes shearing stress on the ds, then

T O is approximately constant over the thickness of thin shell

following formula according to the definitions on the figure .

0o 0o 0o
To UOToeo —0OT oo —OT oo —0OT oo
oo oo oo
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Formulae (d) are inserted into 1t 00 and t 00 of formula (h) and integration
along s is made on the both sides of re- organized formula (h), then following

formulais obtained.

o o 0 0O aad 0 0O aad 00 o
[ to0O0 ODOfJ O —0 —O —O —ODOOOO —fJf OO0ODOODOORDO
o o0 oo o0 OO oo -
ooooodi)
The expression in the integration mark of first term on right side of the formulais a
form of composite function of x and y after differentiated by s’ and that of the
second term is geometrically replaced accordingto D 00 OO0 0000000 The

00O is a distance between the shearing center and tangent to ds. Although the

coordinate origin can be set at arbitrary point™®, it is supposed to be the gravity

center and formula (O ) istransformed to get following formula. Integration of
o o0 O 0o o 0o o
[ to0O ODOfJ —OODOO0 —JJ O O0OD0OO0ODODODDO. OODO —J Os OO
o ‘00 oo - oo -
ooooog)

the formula is made on whole circumference of the section, then the right hand
side first term becomes 00O 00O 0 and the second term equals sectional area 0 O
multiplied by 2, and since 1 0O of the left hand side is shearing stress due to
simple torsion, 1 0O multiplied by t equals shear flow of simple torsion which is

constant. Eventually T 0 becomes as follows.

u o oo 200« OO uo
dtr 00Ot 00 —0O2000 — ooodte 0 —0O0 —=+0 —
g g o U g o g

"'Refer to page 67 of bibliography (15)0
It can be confirmed on a sim ple sketch and also it has been verified on page 157 of bibliography (17)0

“ltsreason is as same as the reason of formula (a) whoserotation center can be shiftted arbitraryn
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ooooock)
Formula of O is obtained by using fromula (j) and (k) and then warping function

d e
of closed section W isobtained after the 0 0O in O isreplaced by 0o 0O Wo —

dOd
and formula (b) is inserted into O . The formula in the ( ) is expression based
on the definitions at formula (m). The OO isaquantity which has + or - sign and

1

is+ when O 00O 0O gives positive moment around the shearing center ™.

o -1 00
YWOoWw. Of 0.000200f =-00+0 —O0W.00O0O200:00 00ooo(l)
[n] o D D

At the begining of this section, a section on which no warping exists was touched of
which more concrete explanation can be given based upon formula (l). As warping

function W= 0 then WO 0. Accordingly W isrewritten as follows. Owing to W

o oad 1
voJyoob. o020+ 0 — 0O =000
o O O

equals 0 for any O, the inside of integration mark has to be 0. Accordingly a

condition of no warping becomes as follows™®. The formulain the ( ) is expression

1 g o 20 o
s 0 =020+ 0 —O00 — O
g g g

based on the definitions at formula (m ). Acircular section and a regular tetragon
section satisfy this condition when 0O is constant and any section can satisfy this

condition if distribution of thet satisfiesthe equationt 0 O O = constant.

"'Page 239 of bibliography (32)0

"Wwo0 0 istrue when this condition is satisfied 0
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O oo isgiven as follows after formula (1) isinserted into formula (g). The center

of O O isatshearingcenter of a section.

Oce0Wo"O0oc029 o0 c04Y 0000004000 0040070 ¢ goooo(m)

where O c0 0O o+ O o

O.0000a 1 Note O O The center of O O is

O 00O =00 at shearing center of
OcO000O0a0d 0 a section .
OcO000000 o

Oc.0oo0o0ro0aO
00O O0oooOogno o 1

OC.0oQo®"o0bao ° O

Yo isvalue of W at astarting point of circumferential integration and the value is
obtained by the condition that thereisno external force in direction of the axis. In
short, integration of the W over the section hasto be 0 since there is no external

forcein direction of the axis. Following formula is obtained from formula (1) after

o oad o 1
ocwvopooow.ooooooofOeOODOOO200+ 0 —ODOOJ =OO0OO0ODOO
o U ©0

this condition is applied to it and accordingly formula of Y 0O becomes following

which consists of the marks of formula (m).

o oo o 1
v.,ooooJ oeOOOODO200+ O —0OOOJ =OD0OO0OO+000O
0 O °O
Oo00c020c0c0+ O¢ 0oooo(dn)

Section modulus of bending- torsion O 00O can be calculated from formula (n)
and (m ). Shearing center (O 00O O 0) which are used in the calculation is given

by following formulae based on the condition that moments around the coordinate
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origin of sectional shearing force and shearing stress due to bending are equal™.

The 0 andy axes are supposed to coincide with sectional principal axes.

O0000e0020c000+ 00 }
O.0000ccc020c00 00+ 00 0oooo(o)
where Oc OO0+ O o
O O0O0¢0wo+ Oo
DD ]
O 00 — 00 Oc OfJ OOODO
D o
O o o Note O O Center of OO is at a
Occ0d — OO Oc Of OOODO gravity center .
D a
O o0 o
0ol O oo
a
O o0 o
OO O o0
0

OC.0oQo""o0bao
O.0o0o0"0o0a0D

Oc0 0o isassame as definition for formula (m).

0 0O isadistance between coordinate origin and tangent to the integrating point.
Examples of calculated O 00O are shown in Appendix O OO O O and O which are
application results of formulae (o), (n) and (m) on a fish belly section and a
rectangular section. Numerical computation formula of simple section form is
very complicated as shown on the examples and numerical integral by a computer

on aline elements model is necessary for a practical purpose.

Calculation method of closed section modulus for bending- torsion is described

above. In case of open section, shearing stress along the center line of thin shell

"' Detail of their derivation is shown in appendiz OO0 0O0OO.
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can be deemed to be 0 since amount of the shearing stress varies approximately in
liner along the thickness of the thin shell and the stresses at inside and outside of
the shell are supposed to be equal in their absolute figure but have different sign .

Suppose T O is stress along a center line of the thin shell, right hand side of
formula (j) can be replaced by 0 and warping function along the thin shell center

line of open section WY is given as follows since aterm including O 0 of formula (1)

a

YOWe Of O OO 0oooo(p)
o
disappears. O 00O is given as follows since terms including O 0 of formula (m)
Occ0Wo"OoDO2W O o000 0oooodq)
where O o, Oo and O are formulae in formula (m) after O is replaced by IZ

and 0 correspondsto one end of the open section and u corresponds to other end.

disappear. WO is given as follows since a term including O 0 of formula (n)

disappears. Marks in the formula are as same as definitions of formula (q). 00O
YoOOo+ Oo 0oooo(r)
becomes following by inserting formula (r) into formula (q). Ashearing center of
O0cc0 00000000+ 04 0oooo(ds)
open cross- section can be represented as following since it corresponds to formula
Oc0 0o+ Oo }
Ooc000oco+ On goooodt)
where 0O oo, Ooo, Oo, Oo and Oc are formulae in formula (o) after O is

replaced byji and 0 correspondsto one end of the open section and u
correspondsto other end.
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(0) except O o0 OcOO0. In case of an equal angle steel, the shearing center is at
the intersection of its legs, which means all sectional members run toward the
shearing center and O OO becomes 0 since OO becomes 0 at calculation of
coefficients included in integration formula (s). It is not sufficient in such case
that a warping function only along the shell thickness center line just like formula
(q) isconsidered and a variation of Y along the thickness has to be considered .
After going back to formula (h), let the n axis be set in direction normalto O and
the same mathematical operation as O 0O is made on shearing stress in the n

direction 1T O .

O

oo oo oo O
T o UOT oo —0OT oo —OT oo —UOT oo DDDDD(U)
oo oo oo O

O

Formula (d) isinserted into 1t 00 and 1t 00O of above formula and after its both

hand sides are reorganized and integrated in the n direction, following formula is

obtained.

o o 0 O aad 0 O aad 06 o

f1t¢.00 ODOfJ O —O0D —0O0D —0O —O0ODODDDODDO —f( O00O0O0DDODOOO
o

oo O aad 0 d aad oo °

00000(v)
The expression in the integration mark of first term on right side of the formulais a
form of composite function of x and y after differentiated by 0O and that of the
second term is geometrically replaced accordingto 0O OO0 ODOODODOOoDOO. The
00O is a distance between the shearing center and tangent to n axis. The
coordinate origin is supposed to be at the gravity center for a convenience of
subsequent calculation. The 0O is replaced by O 0O which denotes difference of
warping displacement at arbitrary n from that on the thin shell center line.
Accordingly O 0O at the origin of n axis equals 0. Formula (v) is transformed to

get following formula.
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o o0 0O 00 - 060 o
f1t.00 ODODJ —OODDODDOD —fJ O O00ODODD. OO0 —J OO0
o 00 oo - oo °
0 0O can be obtained by putting theright hand side equals 0 since 1 0O is always 0.

Warping function W isreplaced by WY 0O which correspondsto O 0 and formula (b)

after transformed isinserted into O 0 of above formulatoget WO .

u}

w.O0Of 0:-00 000oo(w)
]

Y in formula (g) is replaced by WO W, the integration is made both on the s
direction and n direction, O 00O isreplaced by 0 ooo where DO0DOO equals OO
oO00Oooo and OoOo0O is section modulus corresponding to W 0O, the whole

formulaisreorganized and formula (w) isinserted into W O to get following result.

a oooo
ODc.ec0f [ OWOWoD°O0DOOOO
a oooo
a o oooo [n} oooo u} DL
Of weOoOOO2 Wl weOOOOOS [ We°O0OOODOOweOf Os° — 00O
o o oooo [n] oooo o 12

DDULDDJUU

o (i
i.e.:0oon DIDDD — 00
. 12

00000(x)
Section modulus of bending- torsion for thin shell open cross section can be
calculated either by formula (s) of (x) according to its shape as explained above
and result of widely used sectional shapesis given on a design handbook etc. Table

0000000 showsitsexamples.
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00 0000u0 Section modulus of simple torsion

Only results are shown since calculation method of the section modulus of simple

torsion is well known . Result of widely used sectional shapesis formulated in many

design handbooks. Table 0 00O OO0 showsitsexamples.

o 40 o”

For closed cross section: O 04007 =+ 0 — O 0oooody)
O 0o
o OF
For open cross section: Ooc OF — 00 00oood(z)
o
3
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0 O Section modulus of simple torsion and bending- torsion (open section)’™

Sectional shape

Torsion sectional modulul O o

Constant t . 40 °0O

hollow pipe ad

Tetragon 01 a2 a3 04
40°y —0O0 —0O0 — 0 —

hollow pipe 01 a2 03 04

0 O Section modulus of simple torsion (closed section)’

Table 0 OO 0ODODODO Section modulus formula of thin shell section

”Page 105 of bibliography (35)0
2Page 103 of bibliography (35)0
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0 0O O Calculation method of stress

After sectional rigidity of simple torsion and bending- torsion is determined a
distribution of twisting angle appears, and warping displacement and
bending- torsion and simple torsion moments will be found out in sequence and
then shearing stress and vertical stress of bending- torsion and shearing stress of

simple torsion can be calculated.

0000 Stress distribution of bending- torsion

Vertical stress due to bending- torsion is given as follows by inserting formula(b)

into the 2nd expression of formula (d). It commonsto open and closed cross

0"e

c.OOW 0oooo(aa)

ooe°

sections and W isgiven by WO WO Wy just likeformula (1), (p) or (x).

Shearing stress can be obtained
Mt-~O0O
T.O0O0——00

by a condition that the stress is in 00

balance with the vertical stress.

Let the stress of closed section be

o :UJ
found out first. Fig. D0 O0O0DO0O0O0 pgg é& .%D

0 h t I H 00 o.00
shows stress on a sma piece 0 00
o0
00 xO0O x0O cut out from the
—
section. The 1 O denotes T .0
shearing stress due to 00
bending- torsion (being separated
from t O which is shearing stress Fig. OO0DOO0OAOd

due to simple torsion). Following formula is obtained by an equilibrium of force in
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the O direction.

d (1 -0) o (o -0)
o O o O

Formula (aa) isinserted into the right hand side of above formula and both hand

sides of the formula is integrated along the s axisto get t 0 of following formula.

U o o"e
T 00-0f WYOOOODOGoweO
0 o

000oo(ab)
ooQ-®

The inside of ( ) in this formula is shear flow which shows a distribution of
shearing stress of bending- torsion. Let 0 O denote the shear flow and formula
(1) is inserted into the W to get following formula where O OO is value of the

shear flow at a starting point of integration .

[u} [u} u]

O 0% ODOODOf ODOOD0DO020.f OO0ODOOOaoo
a a

u]

OWolooOOoeD20 o0 0o O oo DDDDD(&C)

where WO is given by formula (n), OO, O and O are same definition as
those of formula (m) and Oo0DO0, ODOo0oO0 and OO0 are OO, OO and 0O 0O of
formula (m ) after their one round integration isreplaced by the integration up to

the srespectively .

The shearing stress can be given by formula (ad) which includes the shear flow

where 0 0 isamoment of bending- torsion .

T.00 O O O 0ogoo(ad)
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Let 0 OO be settled next. Before that, let the condition which is necessary for
the settlement be found out. t O can be expressed as 1T 00O according to the
expression method defined for formulae (c) and (d). Let the relation between Tt
0 and strain be formulated referring to these formulae and let the geometric
relation of stresses shown on Fig. 000 0ODODOD0O be applied to that of strains to

get following formula where O isadisplacementinthe O direction.

0 0O 0o 0O 0o 0O o0 o0 o0 o0
tTocodddyesce0d 0 08 -0 —0oooooog —0 —0 —4O0 —0O — 0O
0 0 0 O 0 O o0 o0 0 O 0o 0O

Following formula which is a condition to settle O 0O is obtained by integrating
above formula along the s axis giving consideration to that O and O are rigid

displacement of sections.

0 0O 0 O 0 0 0 0 0 O
dtr-.00b OO —DOO0ODO0 —O0 —OOO —O —OODOO
o0 o0 0 0 0 0O 0 0O

To get O oo, both hand sides of formula (ab) is integrated along the s axis and
the integrated right hand side is set as 0. This is solved for O 00O which is a
function of W . Formula (1) isinserted intothe W and integration of the function

iscarried out. Theresult is given as follows .

OO0 00WoelOooODOoO20 o0 o0+ O 0 DDDDD(ae)
where WO isgiven by formula (n) and Oo0, OO, O and 0O correspond to

the definition at formula (m).

1 o

O. 00 -OfoOO0O0O0QoaO
D u]
1 o

O« 00 OfyoO0oOoo0OO
I:l o
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O. 00 OfyoO0O0oooao
D u]

For a closed cross section, a shear flow constant is calculated by formula (ae)

and it is inserted into formula (ac) to establish shear flow, and then shearing
stress at arbitrary point of the section is calculated by formula (ad). Appendix O O
000 shows an calculated example of shear flow constant and shear flow on a
rectangular section. Calculation formula is very complicated even in case of
simple sectional shape like this and numerical integral by a computer on a line

elements model is necessary for a practical purpose.

Let a open cross section be described next. Suppose a starting point of
integration on the section is at an end of sectional members then shear flow of the
point equals 0 since shearing stress in the s direction at the point has to be 0.
Accordingly O o0 in the formula (ab) which gives shearing stress disappears and

the formulaisrewritten as follows.

0O o 0°e
T 00-f wooOo — goooo(af)
o o oo-o

Aterm including O 0O of formula (ac) which gives shear flow disappears in addition

toO0o0 andthe formulaisrewritten as follows.

o [u}

O. 0¥, 0OO0O0O0f 0000 000oo(ag)
o [u}

where W O is given by formula (s) and O corresponds to definition at formula

(m).

There is no change in the procedure that shearing stress is calculated by formula

(ad) including shear flow. Shear flow of | section is given by formula (ag) as a

3.1- 127



parabolic formula as shown following where O 0O is flange width, O 0O is web height,
0o is flange area and v is non dimensional figure between 0 and 1 which

correspondsto a point on flange.

O ODOcOcOdcdv Ov 0=+ 4

In case that all sectional membersrun toward the shearing center such as an equal
angle steel which was described at preceding clause 0 O 0O for O OO, a variation
of W along the thickness had to be considered to get 0 0O, and as the shear flow
in this case also becomes approximately 0, Calculation method of shearing stress

has to be so expanded that a variation of W along the shell thickness may be
considered . Accordingto O 0OO case, let WOWOWDO and 1 0o00OTt1T o071 00O be
set where 1 00O is shearing stress correspondingto Wo. W inthe formula (aa)

isreplaced by WO WO to get following formula (ah).

0ore

c. 0O0O0WOW. O 0oooo(ah)

oo-®°

Although shearing stress can be obtained by a equilibrium of shearing stress and
vertical stress, the equation of equilibrium is supposed to have following

expression since warping function varies along shell thickness.

ooood (T [[) ooood (0 [)
Dooaof -
0ooo g9 0 0oono g3 0

gd

Formula (ah) and Tt ooOt 0 Ot 00 are inserted into above formula and its
both hand sides are integrated alongthe s axisto get following formula. Aconstant

of theintegration isnaturally 0.
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o ooood (T DD) 0 0"oe 0 o0ooo Ov"oe
1.0 OFf J —— 000O0D0D00f woOoao 0O0ff wv.0OODO
a oooo a D ] DDD ] oooo DDD

The first terms of both hand sides of above formula are deleted since they are equal

accordingto formula (af) and it istransformed to get following formula .

o ooood (T D]) 0o"e
[0 — 0OV, Doooooo
0onono g 0Qgeo

The inside of double integration hasto be 0 owing to that above formula istrue for

any value of ssincetisafunction of s. In short,

a('[ DD) 0"e
— 0 0Wq
0 O ooe-r

go

This relation is integrated along the s axis and following formula by which t 00O

can be calculated is obtained .

o ore
TDDDDDI YOO
o

00000(ai)
oo-®

Integration constant of 1t 0O equals 0 because of the same reason as the shear
flow. The 1 0O is obtained by adding the 1t 0O to 1 O which is calculated by

formula (af).

A result of the application on equal angle steel shown on Fig. 00O O ODO0O0O is
presented next. The 1 O in this cas is 0. The stress distribution is parabolic
where 0 is a distance from the flange tip to the shearing center, t is flange

thickness, v is non dimensional figure between 0 and 1 which corresponds to a
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point on the flange, its origin is a starting point of each interval and =

correspondsto outside and inside of the angle respectively.

R

&Shearing center

Fig. O0O0QO0O0OO0OO0OO

oonor- v " o°"e

alb T ool % Ov O — 0O
2 2 oooe°
oonoe- O°"e

b O c T ool % 01 0v " 0O
4 oooe°
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0 0O 0O 0O Stress distribution of simple torsion
Only results are shown since calculation method of shearing stress due to simple
torsion is well known. OO is simple torsion moment and equals a difference

between internal torsion moment and bending- torsion moment .

For a closed cross section,

1 0o (W 0o 0o
T o0 — 0O O o — 0O o — 0oooo(aj)
20 o O O (W O 0o
0o
where 000 —
O
20 o
0o 0O 0 shear flow corresponding to simple torsion
(W

For an open cross section,

0 0 0o 0o . O°
1.0 —O0.0 — 00« —0O000 — where O. Of — O 0O 00000Cak)
0o 0o 00 00 ©3

In the right hand side of above formula, O 0 wasreplaced by O O 0O multiplied by
a twistingintensity g—ze which is calculated from solution of formula (e); i. e.
equation of equilibrium for bending- torsion. Result which correspondsto moment
of widely used sectional shapes is formulated in many design handbooks. Table O 0O

00000 showsitsexamples.
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Sectional shape Calculation formula
& | Constant t . O o
S) .
o hollow pipe T o O
& 20 o O
<
]
o]
]
=)
*G Tetragon U o 0o
< hollow pipe T ool Ot ool gooo
% 20 o0 o 20 o0 o
o
—
o
= Angle 30 o o 30 o0 o
2 T 00 071 ool 0000
4; > Oo™0 I o > 0”00
@
2
¥
%
o —
&~ | Split circular 30 o
© pipe T ooool
=
o 2n O O
=8
o

Table 0 0O O0O0O0O Torsion shearing stress formulae of thin shell section™

“'For instance page 102 and 103 of bibliography (35)0O
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0 O 0O Characteristics of stress distribution

Fig. DO ODOOODOO shows characteristics of shearing stress distribution on

various sectional shapes. Thisis an assumed characteristics for stress formulation

3.1-

133
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and actual detail of them is supposed to be just a bit different. 1T 00O due to
bending- torsion on square, |I and channel sections are abbreviated because of
their quantities although they are supposed to exist. In case of a square section of
simple torsion, stress component which varies on a shell thickness section is
supposed to exist but they can be neglected in general. Shearing stress
distribution due to bending- torsion and that of bending are completely different .
Fig. 00O ODOO0OO shows distribution pattern of shearing stress due to bending
where 0O indicates a loading direction, O is a gravity center and O is a shearing

center .

Rectangular O section Channel Angle

Fig. 0oooooo™

"'For instance page 66 of bibliography (35) and page 45 and 46 of bibliography (38)0
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Appendix O OO OO Stress distribution of thin shell section subject to bending

Formulae to calculate stress distribution and a shearing center of a thin shell

closed cross section beam are presented”™

0 O 0O Shearing stress distribution

The x and y axes are set coinciding with principal axes of a beam cross section
such as shown on Fig.OOOODOODO. Normal bending stress o 0 and sectional
moment of inertia are given by following formulae where 0O 0O and O O are bending
moment around the x axis and the y axis respectively and 0O 0 and OO are

sectional moment of inertia around the x axisand they axisrespectively.

Uo Uo
oo 0 —0O0O —0OO0OO0o00o oo 00o000(ba)
Uo Uo
O.000°000
} 00000(bb)

O.000"000

Let T O denote shearing stress which is in equilibrium with ¢ 0 t, then relation
between the two stress is expressed by following formula since the relation equals

relation between ¢ zand t wshownof Fig. 00O 0O0O0ODO.

og — 00ooo(be)

In above formula, O is thickness of the balanced small portion, z is a axis set

normal to the section and s is a girth axis along the shell thickness center line of

"'Detail of derivation is, for instance, shown on page 201 201 of bibliography (17)0
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the section defined on Fig.0 OO OOOO. Let 0 and OO denote shearing force
in the x and y directions on the section, then the relation between shearing force

and bending moment is expressed as follows .

00000(bd)

Formula (ba) is separated into ¢ 00O which isa bending stressduetoload in the x
direction and o 00 which is a bending stress due to load in the y direction and
they are inserted into formula (bc) to get formulae relating to shearing stress 1 0O
O and 1t 0O which correspond to each bending stress. The bending moments in
the formulae are eliminated by using formulae (bd) and the integration along the
s axis is made on them to get following two formulae which give shearing stress

distribution .

DD a D[
10000 —Of 00000000 O —O0:0000
0 s o O s
00o0o0o(be)
DD a DE
10000 —Of 00000000 O —O0:00.0
0 s o O«

In above formulae, definition of O 0 and OO is same as that of formula (0) in
Appendix OO 0O OO and the inside of ( ) is shear flow of bending and 0O 0 and
Oointhe ( ) areintegration constants which are intensity of the shear flow at a
starting point of integration. Let O 00 and O 00O denote the shear flow
corresponding to OO and O O respectively to express a formula for shearing
stress as follows where & and n are displacement in the x and y directions of

whole section, in short, deflection of the beam .
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O o O oo O oo D[E

T occ00dd —o0 —0oOQO0g —0o0 —
(- O O oo-
00000(bf)
0o O oo O oo O0%n
Teocdd —0 —OO0O0 — O —
U o u u ooe°

where 0 oo O o0 O o0 shear flow of bending due to aload in the O directionO

OooD0 000000 shear flow of bending due to aload in the O direction

Condition to determin O 0O and O O can isderived accordingtothe condition set to
derive formula (ae) of Appendix O OO OO . In short, the relation between 1 O
and y 00O is set in relation between shearing stress 1 0O and shearing strain y O

and following two formulae for the condition are obtained .

Ot oo 0O o o
}- 00000(bg)
Ot oocldO o o

Formula (be) isinserted into above formulae and they are solved for 0 0 and O O,
then following formulae are obtained. 09, O 10 and O 0 are same definition as

that of formula (o) of Appendix 0O 0O OO .

1 1
0. 000 -0f 0000000+ 0 —-00000:+ O¢
O o 0
00000(bh)
1 1
0. 000 -0f 0000000+ 0 -00000oss+ 05
O o O

0 00O Shearingcenter

A working point of resultant force of shearing stress given by formula (be) is not
the origin (sectional gravity center) in general. This is a shearing center . Let
moments around the origin of shearing stress and itsresultant force be equilibrium

to get coordinates of shearing center, 00 and O 0O, and following formulae are
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obtained where O 0 is a distance between the origin and tangent to an integrating
point .
Ot ec0 00000000
} 0oooocbi)

Ot ec000cO0000000 O s

Formula (be) is inserted into these formulae and integration is made on them to
get following formulae by which shearing center can be calculated. 0O 11, 0O 12 and
0 0O are same definition as that of formula (o) of Appendix OO O OO . The x and
y axes adopted in this clause coincide with principal axis of beam cross section so
that moment of inertia and product of inertia of the section equal 0. In above
description subject matter is a closed cross section and a open cross section

correspondstothe closed case exceptthat 0 o0d O o0OdO0 and O inthe formulae are
o

replaced by [ and starting point of the integration hasto be at an end of the open

a

section. Other end is supposed to be u.

u]

0«.0o0o0.s0fyo000O0o0b0s0b00+0c0000eb200000+ Oo

u]

00000(bj)
]

DuD-DDuDI OO000+0.:000+000-0000+20c0 00+ 040
o
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Appendix OO OO 0O Example 1 of bending- torsion section calculation

A result of formulae calculation
on section modulus O 0 O and
shear flow of bending- torsion for a
fish belly flap section shown on
OO0O0DDODOO is presented. The

O o and 0O O denotes shell

thickness of the upstream side and
the downstream side respectively Hk

and another marks are shown on

the figure. Marks other than
defined here are same definition as
these of the based formulae. The x : .
' Support point

axis is vertical and passes through s

iny
the intersection points of the
upstream and downstream shells and Fig. O O0D0DQOO0OO

they axis coincides with a principal axis of the section.

000 Section modulus O oo
This is a result of formulae calculation for section modulus 0O 0O O of

bending- torsion based on formula(m )O (n) and (o) in Appendix 00 0O 0O 0O .

O Result of calculation O
Mem ber area 0o O02000B o000 OB OO
Section area 00 OB oc0c"0P o000 0csin(2B o)OO”sin(2B o)O + 2
Gravity center -0 Q03O0
-0000 ox+ Oo

where 0O ox 020 c0 "0 0(B 0)O 200000 0(B o), and

Oao(B U sin(B )-cos(B )HOB
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Shearing center

O

O

o 02000 o+ Oo0 0P o+ 00D
o0 - 200°0 0(B 0)0 20 070 (B o)

s O0O00c+ O

o 0200000 6(B 0)020 0000 (B o)

o(B )O B /20 sin(2B )/ 4

po020000°000a(B =)0 (cos(B o) O o)(sin (2B o)/ 40 B o/ 2)0

O020c0c°0000(B o)O (cos(B o)O O o)(sin(2B o)/ 40 B o/ 2)0O

00 OO0 (@MoeO20c000)+ Oo

O

O

O

O

00020 0B o0 o(B 0,00)0400°0 0B 0o/ OO o(B o,00)
020 c“B o0 o(B o,00)

o(B ,O0)0 sin(B )- Ocos(p )T O)B

oA O+ Oo

oA O+ 0o

o OO0Owe+ 0o

o 02000000 0%00(B 0)-20cA00(B o)0ADB O

020:0c000°00(B o)+20:A00a(B o) ADR O

(B )OPB /20B cos(2B )- 3sin (2B )/ 4

-0 OO0

Integral constant of warping function

O

O

o 0o+ Oo

D.000000

O.000000

o 020 0°0 6B o0 c(B 2,0:)040 %00 aP o0 (P 0,0 0)
O020."°0cPB cO0c(B =,00)

(B ,0)0pB O sin(B )(cos(B H)+0)

o000+ O

o000+ O

o O2B o°0c°0 4B oB o0 00 o/ OO 2B 070 6"

Yo 0000020 c0 00 = O o
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Section modulus of bending- torsion
Oo O 200°00B o0 0%(B o,00)
0200°0 0B o0 0°(B o,00)
080 c°0 00 B o0 o(B o,0c){0 o0 (B 0,00)00:°00(B o,00)}
00o°0 .0 2B 0%/ 3+ 4[cos(B o)+ O c][cos(B o)B u- sin(B =)]
+ [B o- sin (2B )/ 2][cos(B o)+ O ]1°0
O0c"0002B 0"/ 3+4[cos(P o0)- Ool[cos(P o)B o- sin(B o)]
+ [B o-sin(2B o)/ 2][cos(P o)- O o]0
Do O 200°B o0 o(B 0,00)020 5B 270 o(B 0,0 o)
040 c0 6B o020 0B o0 o(B 0,00)0 0/ 0o+ 000 B o0 a(B o,00)
006°B c0u(B o,00)00/ 000
O0c"02B o7/ 3+ 2[cos(B c)B o-sin(B o)][cos(B o)+ T o]0
O0c"02B c”/ 3+ 2[cos(B c)B c-sin(B o)][cos(B o)- O o]0
Oo 08B o°0 0"/ (30 0)08B o0 o/ (30 1)
08B of cOolO o/ Oc(B o0 c+ 0o o0a/ O0)

00 We"0c02Wo0doc04W 0000000040 o000 40 0% 0

000 Shear flow

This is a result of formulae calculation for shear flow constant and shear flow of

bending- torsion based on formula(ac)d (ad) and (ae) in Appendix O OO 0O O .

O Result of calculation O
Shear flow constant
OcO2B o000 2B o000 4B of o0 o0 cOo/ O
Oc O002(B o"0c"0B 0”0 c")/ 30 2[0 "B o0 c(B o,00)
OO00"Bo"0c(B o,00)
040 c°0 cPB o0 (B 5,0:)/ 0 c(0oP o000 B c00)
020 O c"[cos(PB o)+ 0O c][sin(B o)O cos(B o)B o]
O 0o"[cos(B o)- Oo]lsin(B o)0 cos(B =)B =10
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Oc O4[B 0°0 0%/ O0c0B o°0 0%/ O]
O4B oB o000 o/ (OcOo0)(0oPB cO0c0O0aB cO0)

-0cc000WYoOcOOO020cc0:0+ 09

Fig. 0O O0OCOCDOOO iscalculated examples of shear flow of bending, shear flow of
bending- torsion and warping function and shows their distribution patterns.
Marks are those shown on Fig. OO 0ODO0ODOOO. Each curve shows a calculated
result multiplied by the figure shown on the figure. The shear flow of bending, the
shear flow bending- torsion and the warping function were calculated by formula

(f), (ac) and (lI) of Appendix O O O O 0O respectively.

Fig. 0O0Q0QDOO0OOO
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Appendix O OO 00O Example O of bending- torsion section calculation

A result of formulae calculation on section modulus O 00 and shear flow of
bending- torsion for a rectangular section shown on 0 OO O OO O is presented.
2x 00 and 2x O 0O denote height and width of the section respectively and 0O 00,
Ooo, ODoo and O o0 are shell thickness as shown on the figure. The x and y
axes coincide with principal axes of the section and 0 0 and OO denote x and y
components of distance between the centroid and the gravity center of the section .

Marks other than defined here are same definition as these of based formulae.

v oaxis

Center line

A
Ners | .
| ravity center
el .
7 P Hoaxis
FANETS

5 1! W - -— Center line

Fig. 0 O0oQoOOOd

000 Section modulus O 0O

This is a result of formulae calculation for section modulus 0O 0O O of

bending- torsion based on formula(m )O (n) and (o) in Appendix 00 O 0O 0O .
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0O Result of calculation O

Mem ber area 0o 0200 00000000020 0000 0oecO

Sectional area - 0o 04000

Gravity center -0 00000000000+ 02000
00000000 0OweDd =+ 02000

Shearing center

Ooc 02000 1+ 0001+ O 020 00 1+ 000l 1+ 0O 00O

1 o
O. 00 =-OfOoODO0O0O0OoDOOd
I:l o
DUU DUU DUU
4 —0:"0c 0 4 — 00" 00000404 —0O0Ox"
DUU DUU DUU
DDD DDD DDD DDD DDD
oo 44— 04— 04— 04 —00c0c00404 — OO0
DDD DDD DDD DDD DDD

O OO0+ Oo
O 00000000+ 3000%°020 0000000000200

O00cc0 00000200
o ooooooao

Oec00O00f 000000003 0000000
o

ooooooao

where O isan element of the firstrow, 0O isan element of the first
column and O isother element of below table. Theiisrownumber
and jiscolumnnumber.

0o 0o O0cO oo OcO oo 0o oo OcO oo
(0 -+00)20 - (0 -+ 3+0
o g)

(0 c-00)20 (0 .- 00) - 200
o

(0 c-00)20 Oc+ 3-00 |[2(0c-00) - 200
.

(0+00)20 |-(0 o +0O 200 |2(0.-00) - 200
: 0)

0o O(@ocO020c00)+ Ono
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[u}

DDD

Occ00 =O0f 0O0D0O0DOOOO O4 —0000
o 0 oo
O oo O oo O oo O oo
ood4 — 04 — 04 — 000" ODDODODD404 — OO "
DUU DUU DUU DUU
DUU DUU DUU DUU DUU
od 44— 04— 04 — 04 —0OD0cO000D404 — OO O
O oo O oo O oo O oo O oo
Ooc 00000+ Oo

U o

O.o000O0cO0f OOODDOOOO
o

where O

column and O

o

OD0D0sc000e0 00"+ 3000°020c00cc00cO0DDO0OR200

O0.c00c0000°%20 0

ooooooao

isan element of the first row, O
isother element of below table.

and jiscolumn number .

Y 00000 oo

ooooooao

isan element of the first
Theiisrownumber

0ot 0o - 0cO oo 0o0 oo O0o0 oo O0o0 oo
(0 -+00)20 - (0 o+ 0O
o g)

(0 -- 00 )20 - (0 o+ 3+ 0 - 2(0 -+ 0O
. 0) 0)

(0 --00)20 (Oc-00) -200 |-2(0 o +0
. 0)
(0-+00)20 |0o+3-00 |2(0c-00) -200 |-2(0 5+0
o g)

-0 o

DD(DuLDZDuDu)+Du

Integral constant of warping function

OcO0w0+ 0o

Ubc.00000¢

gb.00000¢

Oc 0000000200 0000002000 00020 0000 2000 000
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O00c000c020 0000000 2000000 2000 000

U0dc000c020c0 0000002000000

OO0dc0O00-020c:00000:0

Oc 0200000 O

0200000 20

0200000 20

0200000 20

-WYo 0000200

o+ O ool

o+ Ooold Oo+ O0cl

o+ Do 200+ Ooeold Oo+ Owo0O

o+ Ooold 20 0+ Oool0d 20 0+ Do O+ OoelO

o+ O o

Section modulus of bending- torsion

Doooooo

Oc 08y O0c0c0 oo

DoooDooo

where O is an elem

column and O isother element of below table.

ent of the first row,

O

isan element of the first

Theiisrownumber

and jiscolumn number .
0ol O.000¢0 O.000¢0 O0.000¢0 0c0 00 o
Oo0O Oc”(0oo+ 30 000) 00”0020 oo Oo"0 oo Oc00"0 0o
00n a 00000 g

O0°0c0(0 o0 0oo) (0 0o 20 00) 00%°0 020 oo
0os0 Ooc0c0"0 00 Oc"000 00 000 oo
00 o 000 O

(0 oo+ 30000) Oc0c0"20 0o

0os0 Oc”0 co+ 3 0O Ooc0c0"0 00
00on Oc"000 00
0os0 Oo"0 0o+ 3
00 o

poooooao

Oc O08Y OocOo0ooo

poooooao
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where O
column and O

isan element of the first row,
isother element of below table.

and jiscolumnnumber.

O isan element of the first

Theiisrownumber

Ool 1+ Ooo 1+ O oo 1+ 0O oo 1+ O oo
0os0 Ooc(0 0o+ 300 00) Oc”0 00 00 Oc”0 go+ 2 Ooc00"0 0o
00ao a 00000 O + 2
Oc°00(0 000 000) | (0doo+ 20 0 00) O:°0 o0 oo
0Os0 Oo°000 00 Oo00"0 00 Oc’000 00+ 2 | 00”000+ 2
00o O0o0Oo"0O 00”0 O
(0 oo+ 20 0 s0) (Oco+ 30000) | OcDo?0 oo
0os0 00000+ 2 0O Oc"0c00 00+ 2 Oo0%0 00+ 3 0O Ooc0c0"0 oo
00ao Oc"000 00 00000000 Oc"000 00 + 2
0Os0 Oo0000 00+ 2 0000+ 2 Oc0dc’000+ 2 | 00000+ 3
00¢0
oboooooo
Oo 08 O0ocO o0 0o
boooooo
where O isan element of the first row, O isan element of the first
column and O isother element of below table. Theiisrownumber
and jiscolumnnumber.
Ool 1+ Ooo 1+ O oo 1+ 0O oo 1+ O oo
1 Oc°(0 oo+ 300 00) Oc"0 020 oo 0:0°0 oo Oo00%°0 0o
ﬁ a 00000 g
Oc°00(0 000 00s) (0 500 20 00) 000020 oo
1 Ooc000 00 Oo°000 00 Oo"0 00
i 00”0 O
(0Oco+ 300cs) | DOoDo®20 00
1 Oc”0ce+ 3 0 Ooc00"0 0o
E Oc"000 00
1 Oo"000+ 3
.o
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Table 00O DODDODDOOO shows formulae of section modulus in case of simplified

conditions as shown on the table.

S. Condition Formula
Frm thickness O o O o O o O o O o O o WY O oo
0 al 0 1EOD Dﬁl] .
0o other 20 7 x OO0 x O°0 x OO0
0o 02 x 2 X
all 20 0 0 0 0 0 0
OO Oov0 o°0

FigpOOOoOGOoooaOo
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00 0O Shear flow

This is a result of formulae calculation for shear flow constant and shear flow of

bending- torsion based on formula(ac)d (ad) and (ae) in Appendix O OO O O .

0O Result of calculation O

Shear flow constant

DUU Duu Duu Duu DUU

O 00404 — O Oc"00 4 — 04— 04— 04— 0O0OcOGc
DUU Duu Duu Duu DUU
DDD

0040 4 — 0O 0O "

DUU

Oo 04 000 00 0o

goooooo
where O is an element of the firstrow, O isan element of the first

column and O isother element of below table. Theiisrownumber

and jiscolumn number .

-0cc000WYeOcOOO20 00+ 00
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Shear flow

Table D OO OODOO showsformulae of shear flow in case of simplified condition as
shown on the table. Fig. 00O ODO0OO shows the shear flow in condition O of
the table after its value was divided by (240 "0 ) to let it be dimensionless and be

compressed in magnitude.

S. condition Formula
Position T
Frm | Thickness fwooo (10v Oo) Ooo isumming

0o O0coO00O [tooside | O 0 224v 0O 224v 00 "0 + 525 |- 0.0213330 °0O

oad other 20 t oo side | O 448v 0O 420v "0 0 °0 + 525

0o t oo side 0 280 392v 0O 392v "0 0O "0 + 525

oad t coside | 0280 392v O 420v "0 O °0 + 525
dall 20 All sides 0 0

Table O DO OOQODO

Shear flow of bending—torsion = (I XXXt
1=t twl=t2=tw2=2t

~

/

[T \

=]
—_ |

N |/
/ —

= b

-12 —07 -02 03 08

—Section —Shear Flow (5x10™10)

Fig. 0 O0oQoOOOOd
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Appendix O OO QOO Strength experiment of torsion type gate

Preceding to construct the first torsion type gate in Japan, a big scaled model
experiment was carried out at the fabrication factory. Purpose of the experiment
is to verify analysis method of structure, vibration and buckling strength and to

confirm operation function of the gate. This appendix presents a brief explanation

of it™. — :
Prinecipal items of tested zate
[tens Prototype gate Wodel gate

0 0 0 Measurement items Seale ratin ) 1
(1) Strain and displacement Length {m) B8 ¢ Two blocks) | 3401/2 fabricated)
(2) Natural frequency Heizht (m) 2.000 1.000

D. head (m) 2.300 —
3) Operating load
(3) Op g Wax. tg. (f+m) 112.00 14.00
(4) Shear buckling load Skin p.t. (mn) | 9.0 4.5

Peizght (t) 30.000 2.4500

Drive method Shaft drive Shaft drive

Table D OO OOOO

00O 0O Experimental model

Table O OOODOODO shows the principal items of assumed prototype and
experimental model. The model gate is 1.0000 height and 17.0000 long and Fig.
0000000 isasketch ofthe model being installed on the concrete foundation
blocks for a measurement of strain and deformation and itsone end is supported by
a drive shaft detail of which isshown on Fig.0O O OQOOUOUO . Abeam fitted on other
end of the model is used for loading of a buckling test. The gate bottom s
supported by hinge brackets on the concrete blocks. Fig. OO OO O ofthe body
text shows the inside of model gate body where web frames are arranged at a
constant interval and the skin plate between the frames is stiffened by an angle

against shear buckling.

"'Bibliography (3)0o
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Crush test loading heam

Support reaction

Teting 1mad (] ¢ 450kefx16Blocks

, M1 : eeokefx 2Blocks
Support reaction

Fig. 0 O0oQoOOOOd

Fig. O0O0QOO0OO0OOO

00 0O Test method

(1) Measurement of strain and deform ation
Fig.0OOODOODO shows loading method by concrete block weights hanged on
cantilever beams fitted on the model sections including hinge brackets. Ordinary

loading and extreme loading conditions can be realized by adjusting weight hanging
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position on the beam . The block weight distribution was chosen so that statically
determinate torsion moment which is described at theitem O OO ofthe body text
clause 0O OOOODO may be realized. Strain measurement was made by a wire
resistance strain gauge and deformation was measured by reading a scale on the

gate through a transit .

(2) Natural frequency measurement
After natural vibration was given to the gate body by an impact power application

a gate strain variation wasrecorded autom atically .

(3) Operating load measurement

Suppose a torsion type flap gate is installed on long span main gate, the
measurement of operation load on the flap gate and observation of the gate
movement were made during the gate operations with the gate hinge removes which
correspondstothe main gate deflection and with the hingesin a straight line. Gate
operation was made in such a way that the gate end support beam was lifted up by a
crane when the gate stood up and the gate moved down by its own weight when the
gate laid down. The load measurement was made by a load cell provided to the

crane suspension wire .

(4) Shear buckling load measurement

Load of buckling was applied by hydraulic oil cylinders provided to the beam of
gate body non- drive end in addition to the ordinary concrete loading blocks and
twist couple was increased in a step- by- step manner until buckling occurred on
the gate body shell. The measurement was made by strain gages and oil pressure
gages. The buckling portions were cut off and their patterns were identified by

measurements.

O 0O O View of experiment

Fig. DO ODODOODOO and OO 0O showthe views of experiment. The Fig. 00O 0O
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is a full view of strain and deform ation test and the Fig. O O O shows status at the

maximum loading condition .

Fig. O0O0Q0OO0OOO

FigpOOOGOoooao
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Appendix 0 0O OO Bibliography for structural analysis of torsion type gate
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1965

Mitsubishi Heavy Ind . Ltd. (Hiroshi Terata) , Fllap gate O Number 0O 0O,
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Hiroshi Terata, Mitsubishi fish belly gate, Mitsubishi Heavy Ind., Ltd.
TECHNICAL REVIEW Vol. 2 No. 2, 1965
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