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O O Introduction

A torsion type closed thin shell section is overwhelmingly superior in structural
functions to a bending type structure because the torsion type resists against external
load with second power of the closed area whereas the bending type resists with the
sectional moment of inertia of thin shell, and this superiority gets more remarkable as
the structural span becomes longer.

We have two theories in structural torsion, the simple torsion and the
bending-torsion. In case of the simple torsion, shearing stress yields on a cross section
due to simple torsion moment. In case of the bending-torsion, bending-torsion moment
is applied to the section in addition to simple torsion moment. Shearing stress due to
simple torsion moment distributes uniformly over the section whereas shearing stress
due to bending-torsion moment meanders so that peak value of their total sometimes
become much more than 200% of simple torsion alone. Furthermore, vertical stress
that is causally related to sectional warping and in equilibrium with shearing stress of
bending-torsion arises on the section.

Since stress is in proportion to the product of a form coefficient, deformation and a
spring constant that shearing and vertical stresses of bending-torsion can decrease or
be eliminated with form coefficient reduction (patent pending). On the other hand, the
form coefficient reduction will result in section modulus decrease which may cancel its
effect because intensity of deformation is equal to internal force divided by the product
of a section modulus and a spring constant.

The most important section modulus controlling deformation of a torsion type
structure is [0 o. The product of [0 o and a spring constant is a sectional rigidity
which resists simple torsion moment. Although [0 o decreased because of the form
coefficient reduction, gate weight cut is possible by making up thelost O o with help
of cross section form change.

Superiority of the torsion type structure to the bending type may be made more
certain by applying the form coefficient operation to optimum design whose object
function is cost.



0 0O What isbending-torsion?
000 Who started to use the name of "Bending-torsion"?

Use of the name "Bending-torsion” was started by H. Wagner. He established
general theory for bending-torsion of H shape shown on Fig.-2-1. In hisstudy, 00 O
(section modulus for bending-torsion) was called, Bieguugsverdrehungswiderstand (a
sectional rigidity of bending-torsion).

In Fig.-2-1, End A is a support side of the H shape and End B is supposed to be
twisted around X axisby 6 due to external torsion moment and section 1234 of End
B warps and gets to 1'2'3'4'. The warping will change along X axis if any restriction or
change in torsion moment exists between A and B. Existence of change in warping
means each flange of H shape bends in its own plane so that a pair of shear forces
exists on the flange sections as shown on Fig.-2-2 and it forms a couple. This couple
together with simple torsion moment is in balance with external torsion moment.

It is reported that "Bending-torsion” was named after above explained structural
phenomena. The couple is called bending-torsion moment. There are many cases
which give different images from such as the origina explanation since study in this
field spread but still this name is surviving.

Fig.-2-1 Origin of "Bending-torsion” Fig.-2-2 Flange shearing stress

000 Simpletorsionand bending-torsion

Explanation of difference between the simple torsion and the bending-torsion is



presented on a closed section of shin shell as an example that has a different image of
"Bending-torsion”.

0 0 O The simpletorsion

Fig.-2-3 shows an example of deformation due to the simple torsion of a closed shin
shell section. End A is a support side and End B is aloading side of the closed section,
which is twisted around X axis due to torsion moment applied on End B and section
1234 of End B is transformed to 1'2'3'4" without sectional warping. The simple torsion
IS a twisting without sectional warping. It is also called uniform twisting. It includes
not only twisting without warping (for instance, round section) but also twisting
having warping but no bending-torson and twisting whose bending-torsion is
negligible. Most of twisting is deemed to belong to this category and all of them are
handled as if they have no warping. Internal forces on a cross section of simple torsion
are simple torsion moment, bending moment and shearing force in general.

Fig.-2-3 Simple torsion of a closed section of thin shell

0 O O The bending-torsion

Fig.-2-4 shows deformation of a rectangular closed section of thin shell in
bending-torsion. End A is a support side and End B is supposed to be twisted around X



axis due to external torsion moment and section 1234 of End B warps and gets to
1'23'4'. The warping will change along X axis due to restrictions or change in torsion
moment existing between A and B. Asis seen on Fig.-2-2, shearing forces yield on the
bottom and the top plate and on the both side plates and they form two pairs of
coupling. These couples together with simple torsion moment are in balance with
external torsion moment. In addition to the three internal forces of simple torsion, two
other items, bending-torsion moment and vertical stress of sectional warping, exist on
the cross section in case of the bending-torsion.

Fig.-2-4 Bending-torsion of a closed section of thin shell



0 O Effect of the bending-torsion

Although there is no big change in internal forces, the shearing stress which
distributes uniformly over a section in case of simple torsion will meanders due to
existence of bending-torsion moment and its peak value increase to a remarkable
extent sometimes that is shown in following examples. The elastic equation method
shown on bibliography (6) was applied to the structural analysis of the examples.

000 Effectoninterna force
Fig.-3-1 is Fundamental case of arectangular section, on which it will be shown that

no big change due to the bending-torsion occurs in internal forces of simple torsion. 0
of the front view in the figureis a support end and 8 is afree end.
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Fig.-3-1 Fundamental case of arectangular section

Fig.-3-2 and Fig.-3-3 are internal force analyzed by the simple torsion theory and
Fig-3-4 thru Fig.-3-6 are internal force and deformation analyzed by the
bending-torsion theory. Deformation of the simple torsion theory is shown in Fig.-3-4
for the bending-torsion theory. My which is bending moment around Y axis and QO
which is shearing force in X direction are zero because the pin support in Fig.-3-1
locates on X axis on which shearing center is also.

Change in cross sectional internal forces due to additional bending-torsion is as



follows.

(1) Internal torsion moment has small difference, but no change at support terminal.
(2) Sum of simple and bending torsion momentsis equal to internal torsion moment.
(3) Small decreases in bending moment and shearing force on the section.

(4) Twisting angle has small decrease, but no change at free terminal.

0 O O Analysis of the simple torsion theory
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Fig.-3-2 Analysis of the simple torsion theory[] [] torsion moment
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Fig.-3-3 Analysis of the simple torsion theory(] [1 Bending moment etc.

0 O O Analysis of the bending-torsion theory



Fig.-3-4 Analysis of the bending-torsion theory[] [0 Deformation
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Fig.-3-5 Analysis of the bending-torsion theory[] [J torsion moment
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000 Effect onstress

It is observed on both the fish belly section and the rectangular section that the
shearing stress which distributes uniformly over a section of the simple torsion will
meanders due to additional bending-torsion moment and its peak value increases to a
remarkable extent. The section whose stress is shown is identified by, for example,
lout or lin where 1 indicates section number and out or in indicates outside or inside
of the section with respect to a center line of gate. Stresses of both side of a section are
presented since sign of bending-torsion moment turns over at the section. The section
number and the center line are shown on a corresponding figure.

00000 Stressonafishbelly section

A fish belly section is often utilized for reservoir or river flaps. Fig.-3-7 shows its
example. Section Number 0 on the figure is a support end and that of 8 is afree end.

Example of fish belly section
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Fig.-3-7 Example of afish belly section

Fig.-3-8 shows sectional stress of the simple torsion theory and Fig.-3-9 shows that
of the bending-torsion theory. Lateral axis on the graphs is girth length along the
section shown on Fig.-3-7 and the numbers 0, 1, 2 and 3 on the axis correspond to pink
colored points on the figure.
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Fig.-3-8 Sectional stress of the simple torsion theory (fish belly section)

Fig.-3-9 Sectional stress of the bending-torsion theory (fish belly section)
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Explanation of Fig.-3-8 (simple torsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress and shearing stress relating to
bending. Vertical is abbreviation of vertical stress which corresponds the sum of
stresses by bending moments around X and Y axes. 0 p; and ¢ p, are principal
stresses calculated from the shearing stress and the vertical stress. Stress status of the
section is almost in pure shearing because absolute value of o p; and o p; isamost
equal to the shearing stress.

Explanation of Fig.-3-9 (bending-torsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress, bending-torsion stress and
shearing stress relating to bending. Vertical is abbreviation of vertical stress which
corresponds the sum of vertical stress by sectional warping and stresses by bending
around X and Y axes. 0 p; and o p, are principal stresses calculated from the
shearing stress and the vertical stress. Stress status of the section is almost in pure
shearing because absolute value of o p;, and o p, is amost equal to the shearing
stress. Vertical stress by sectional warping corresponds to majority of total vertical
stress but is not still dominant among sectional stresses. The more calculation points,
the more smooth curves we will get in cases of the shearing stress and the principal
stresses. The maximum shearing stress increase rate of bending-torsion versus simple
torsion is about 33 %.

-10-



00000 Stressonarectangular section

A rectangular section has been applied to a flap gate of ultra-large ship repair docks.
This sectional form is recommendable for a torsion type flood gate of our technical
proposal. Two examples are presented for comparison. One shows stress on a section
in the vicinity of a support end where internal twisting moment is big and other shows
stress on a section in the vicinity of a free end where internal twisting moment is
comparatively small.

0000000 Stressinthevicinity of asupport end

Sectional stress in the vicinity of a support end of Fundamental case shown on
Fig.-3-1 is presented. Applied twisting moment is maximum at a support end.

O O O Section lout

Fig.-3-10 shows sectional stress of the simple torsion theory and Fig.-3-11 shows
that of the bending-torsion theory. Lateral axis on the graphs is girth length along the
section shown on Fig.-3-1 and the sign a, b, ¢ and d in the graph correspond to pink
colored points on the figure.

Explanation of Fig.-3-10 (simpletorsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress and shearing stress relating to
bending. Vertical is abbreviation of vertical stress which corresponds the sum of
stresses by bending around X and Y axes. 0 p, and ¢ p, are principal stresses
calculated from the shearing stress and the vertical stress. Stress status of the section is
amost in pure shearing because absolute value of o p;, and o p, is amost equa to
the shearing stress.

Explanation of Fig.-3-11 (bending-torsion): Shear is abbreviation of shearing
stress which corresponds to the sum of simple torsion stress, bending-torsion stress and
shearing stress relating to bending. Vertical is abbreviation of vertical stress which
corresponds the sum of vertical stress by sectional warping and stresses by bending
around X and Y axes. 0 p; and o p, are principal stresses calculated from the
shearing stress and the vertical stress. Stress status of the section is almost in pure
shearing because absolute value of o p; and o p, is amost equal to the shearing
stress. The warping stress which corresponds to majority of the vertical stress may
affect sectional stress to certain extent but is not dominant. The maximum shearing

-11 -



stress increase rate of bending-torsion versus simple torsion is about 20 %. Increase of
stress occurs between a and b (bottom plate) and ¢ and d (top plate), and decrease
occurs between b and ¢ and d and a (side plates).
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Fig.-3-10 Sectional stress of the simple torsion theory (Rectangular section)
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Fig.-3-11 Sectional stress of the bending-torsion theory (Rectangular section)
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O O O Section 2in

Stress

Fig.-3-12 shows sectional stress of the simple torsion theory and Fig.-3-13 shows
that of the bending-torsion theory. Lateral axis on the graphs is girth length along the
section shown on Fig.-3-1 and the sign a, b, ¢ and d in the graph correspond to pink
colored points on the figure.
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Fig.-3-12 Sectional stress of the simple torsion theory (Rectangular section)
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Fig.-3-13 Sectional stress of the bending-torsion theory (Rectangular section)
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Explanation of Fig.-3-12 (simpletorsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress and shearing stress relating to
bending. Vertical is abbreviation of vertical stress which corresponds the sum of
stresses by bending around X and Y axes. 0 p, and ¢ p, are principal stresses
calculated from the shearing stress and the vertical stress. Stress status of the section is
almost in pure shearing because absolute value of o p, and o p, is amost equal to
the shearing stress.

Explanation of Fig.-3-13 (bending-torsion): Shear is abbreviation of shearing
stress which corresponds to the sum of simple torsion stress, bending-torsion stress and
shearing stress relating to bending. Vertical is abbreviation of vertical stress which
corresponds the sum of vertical stress by sectional warping and stresses by bending
around X and Y axes. 0 p; and o p, are principal stresses calculated from the
shearing stress and the vertical stress. Stress status of the section is almost in pure
shearing because absolute value of o p; and o p, is amost equal to the shearing
stress. The warping stress which corresponds to majority of the vertical stress may
affect sectional stress to certain extent but is not dominant. The maximum shearing
stress increase rate of bending-torsion versus simple torsion is about 22 %. Increase of
stress occurs between b and ¢ and d and a (side plates), and decrease occurs between a
and b (bottom plate) and c and d (top ).

OO0O0O0gdoggd stressinthevicinity of afreeend
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Fig.-3-14 Example of arectangular section
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Sectional stress in the vicinity of a free end of the case shown on Fig.-3-14 is
presented. Applied twisting moment at a free end is comparatively small. The section
number O in the figure is a support end and section number 10 is afree end.

0 O O Section 8out

Fig.-3-15 shows sectional stress of the simple torsion theory and Fig.-3-16 shows
that of the bending-torsion theory. Lateral axis on the graphs is girth length along the
section shown on Fig.-3-14 and the sign a, b, ¢ and d in the graph correspond to pink
colored points on the figure.

Explanation of Fig.-3-15 (simpletorsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress and shearing stress relating to
bending. Vertical is abbreviation of vertical stress which corresponds the sum of
stresses by to bending around X and Y axes. Resultant is abbreviation of resultant
stress which is calculated according to the shearing strain energy theory
(Mises-Hencky-Huber-Theory). o p, and o p, are principal stresses calculated
from the shearing stress and the vertical stress. Stress status of the section is amost in
pure shearing because absolute value of o p; and ¢ p; is amost equal to the
shearing stress.

Explanation of Fig.-3-16 (bending-torsion): Shear is abbreviation of shearing
stress which corresponds to the sum of simple torsion stress, bending-torsion stress and
shearing stress relating to bending. Vertical is abbreviation of vertical stress which
corresponds the sum of vertical stress by sectional warping and stresses by to bending
around X and Y axes. Resultant is abbreviation of resultant stress which is calculated
according to the shearing strain energy theory (Mises-Hencky-Huber-Theory). o p;
and o p, are principal stresses calculated from the shearing stress and the vertical
stress. Stress status of the section is amost in pure shearing because absolute value of
O p; and o p; is dmost equal to the shearing stress. The warping stress which
corresponds to majority of the vertical stress may affect sectional stress to certain
extent but is not dominant. The maximum shearing stress increase rate of
bending-torsion versus simple torsion is about 114 %. Increase of stress occurs
between b and ¢ and d and a (side plates), and decrease occurs between a and b
(bottom plate) and c and d (top plate).
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Fig.-3-15 Sectional stress of the simple torsion theory (Rectangular section)

Fig.-3-16 sectional stress of the bending-torsion theory (Rectangular section)
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O O O Section 9in

Fig.-3-17 shows sectional stress of the simple torsion theory and Fig.-3-18 shows
that of the bending-torsion theory. Lateral axis on the graphs is girth length along the
section shown on Fig.-3-14 and the sign a, b, ¢ and d in the graph correspond to pink
colored points on the figure.

Explanation of Fig.-3-17 (simple torsion): Shear is abbreviation of shearing stress
which corresponds to the sum of simple torsion stress and shearing stress relating to
bending. Vertical is abbreviation of vertical stress which corresponds the sum of
stresses by bending around X and Y axes. Resultant is abbreviation of resultant stress
which is caculated according to the shearing strain energy theory
(Mises-Hencky-Huber-Theory). o p, and o p, are principal stresses calculated
from the shearing stress and the vertical stress. Stress status of the section is amost in
pure shearing because absolute value of o p, and o p; is amost equa to the
shearing stress.

Explanation of Fig.-3-18 (bending-torsion): Shear is abbreviation of shearing
stress which corresponds to the sum of simple torsion stress, bending-torsion stress and
shearing stress relating to bending. Vertical is abbreviation of vertical stress which
corresponds the sum of vertical stress by sectional warping and stresses by bending
around X and Y axes. Resultant is abbreviation of resultant stress which is calculated
according to the shearing strain energy theory (Mises-Hencky-Huber-Theory). o p;
and o p, are principal stresses calculated from the shearing stress and the vertical
stress. Stress status of the section is aimost in pure shearing because absolute value of
0 p, and o py is amost equal to the shearing stress. The warping stress which
corresponds to majority of the vertical stress may affect sectional stress to certain
extent but is not dominant. The maximum shearing stress increase rate of
bending-torsion versus simple torsion is about 86 %. Increase of stress occurs between
a and b (bottom plate) and ¢ and d (top plate), and decrease occurs between b and ¢
and d and a (side plates).

-17 -



Stress
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Fig.-3-17 Sectional stress of the simple torsion theory (Rectangular section)

Fig.-3-18 sectional stress of the bending-torsion theory (Rectangular section)
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0 O Mitigation of warping

It is shown in the previous article that shearing stress on a section meanders with the
existence of bending-torsion and its peak value remarkably increases sometimes. A
main cause of the meander is the shearing stress which constitutes bending-torsion
moment of the section. Since this stress is in equilibrium with vertical stress of
sectional warping, it is estimated that the vertical stress as well as the stress
meandering will vanish if there is no warping.

Stress is in proportion to the product of a form coefficient, deformation and a spring
constant**. If a form coefficient reduces by sectional warping reduction, both shearing
and vertical stress of bending-torsion may decrease or vanish (patent pending). On the
other hand, the form coefficient reduction will result in section modulus decrease.
Because intensity of deformation is equal to internal force divided by the product of a
section modulus and a spring constant*?, the section modulus decrease will bring out
deformation increase which may cancel the effect of the form coefficient reduction.

The most important section modulus controlling deformation of a torsion type
structure is O O *2. The product of 0 O and a spring constant is a sectiona rigidity
which resists simple torsion moment. Although [ [0 decreased according to the form
coefficient reduction, a gate weight cut is possible by making up the lost O o with
help of cross section form change.

The object function of optimum design is construction cost including fabrication.
Although the purpose of the form coefficient operation was a gate weight cut, an
optimum design of torsion type structure including this operation is possible.

000 Condition of zero warping

Fig.-4-1 shows s axis which is set along a center line of thin shell making up a closed
section shown in the figurewhere [0 O isasmall quantity at arbitrary pointons, tis

*1Contents of each item are explained at (1) of Appendix 1 Technical key factors.

*2Contents of each item are explained at (1) of Appendix 1 Technical key factors.

*3Relation between 6 and 00 0O, 8 and warping, 8 and vertical stress and® and shearing stress
are explained at (1) and (3) of Appendix 1 Technical key factors.
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thickness of shell at the point, S is a shear center of the closed section and 0 O is
distance between the shear center of closed section and atangent at the arbitrary point.
And the area surrounded by s axisis denoted by AC .

Flg.-4-1 Thesaxison aclosed section of thin shell

Warping function W of aclosed section of thin shell in Fig.-4-1 is given by below formula.

=2, - fr.ds+z2a.F =-ds+§
[ [ t

iy}

—+ |

W o of above formulais awarping constant which isequal to W at integration start
point and is given by below formula

d s .1
+ Bt b o =dsds) 2§5tds

mn:{ﬁtSI:deS_Eﬂ:+§_
“ t t

Warping function ¥ and a warping constant W o are going to be zero, when
formula (1) below is satisfied.

0 x O o O constant on each sectiond [ oo0odd@)
Sectional warping disappears when W is zero, and vertical stress which is in

proportion to W and bending-torsion shearing stress which is in equilibrium with the
vertical stress are also zero. In short, formula (1) isa condition of zer o war ping.
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000 Examplesof zero warping

Two examples, a rectangular section and a lens section which is a kind of fish belly
section, are presented. Formula (1) is applied to achieve a zero warping status.

00000 A lenssection

Fig.-4-2 shows scantlings of a closed lens section of thin shell. As a shearing center
coincides with a section center, formula (1) is transformed into formula (2). B isan
anglemadeby Ooandline OO0 anditsrangeis OO B OB o. nOB Oisequal to O
/00 where O is a shell thickness which is a function of B and satisfies the zero
warping condition. si isalinesi.

O 0
nOBU000o0000+ 00o000x cos(B)O 00000(2)

A warping function and a shear flow of bending-torsion for the case of Fig.-4-2 are
shown first then a sectional form which satisfies the zero warping condition is shown.

¥ oaxis
.

Scantlig of

leng section
Item Data |Unit
1 Yaxis | Hg= | £000 | mm

to

e r o= BO00 | mm
S o Bo® = 30 ¢
t 1= 20 i

Fig.-4-2 Lens section

Fig.-4-3 is a warping function W and a shear flow of bending-torsion for a lens
section shown on Fig.-4-2. W isaform coefficient of warping and vertical stress and
the shear flow divided by O o is a form coefficient for shearing stress of
bending-torsion. Distributions of warping and stresses are in proportion to these

graphs.
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Shear flow of bending-torsionand warping function ¥ (out side of section+)
H=6m. ro=5.0m,ri=6.0m. to=20mm. ti=20mm

PNt i Wa sl
Fane

-4 B3 —-3.E3 -2 B3 -1.E3 0.E+00 1.E403 2.E403 3.E403 4. E403

—Section Gravity Center Shear Center —Shear Flow (x10™—7) — Warping (x10™3)

Fig.-4-3 Warping function ¥ and shear flow of bending-torsion (lens section)

Fig.-4-4 shows a form of lens section which satisfies a zero warping condition.
Calculated points of formula (2) are joined together by curve lines and the thicknessis
shown in 10 times scale. The calculation was made on eleven points which distribute
uniformly over a quarter of the section. The shell thickness on the Y axis is 00
which is original thickness of Fig.-4-2. The bending-torsion was completely excluded
and shear flow and warping shown on Fig.-4-3 vanished.
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Fig.-4.4 Lens section which satisfies a zero warping condition
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00000 A rectangular section

A section of Fundamental case shown on Fig.-3-1 is modified step by step until
warping on the section disappears completely. A state of decrease in warping and
torsion stress on the section is presented in below two ways.

1) Decrease in warping function and shear flow on a section
2) Change in factors of warping and results of structural analysis

Step by step method of Fundamental section approaching a zero warping condition
is explained specificaly, before the state of decrease in warping is presented. Zero
warping is realized by plate thickness selection as was seen at a lens section.
Fundamental section is shown on Fig.-4-5 after setting [ 1[0 O r200 O fand O wald [
w2l O w on Fig.-3-1. As a shearing center coincides with an axial center, zero warping
condition formula (1) is transformed into formula (3).

Ox Dwld Owx Ot Oo0ode)

Yoaxis
a+\

_?I“_ |

| e L.,

| 8

L wx2 |- Lt e L ---tx X axis

: t t w

¥ Lo N

1 tf

wl ¥

C Lee 2

Fig.-4-5 Fundamental section (Axial center = shear center)
There are two choices to realize a zero warping condition, one is to increase [ o,
another is to decrease [J 0. Suppose purpose of a zero warping condition is gate

weight saving, step by step approaching method is to decrease [ o step by step until
Oo arrivesat Oox Oo+ 0o 12.4 mm (azero warping condition).

0 O O Warping function W and shear flow
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Fig.-4-6 thru Fig.-4-9 show a state of decrease in warping function and shear flow.
Fig.-4-6 is Fundamental section ([J 0 =34 mm). Fig.-4-7 is a section of [J 0 =16 mm,
and Fig.-4-8 isl] o =14mm. Fig.-4-9 is a zero warping section (I 0 =12.4 mm).

Shear flow of bending—torsion and warping function ¥ (outside of section+)
H=5m. w=13.75m. tfl=twl=t2=tw?=34mm

2 NE1nAa
[ARY I ERAYy )
e <
ST

\ a4

1 {14
t

=l

-4 B4 -3 B4 -2 B4 -1. 504 0.E+00 1.E404 2.E404 3.E04 4 E4H04

—Section Gravity Center Shear Center ——Shear Flow(5x10™10) ——Warping (x10™4)

Fig.-4-6 Warping function and shear flow of bending-torsion
(Fundamental section: [0 0=34 mm)

Shear flow of bending—torsionand warping function ¥ (outside of section+)
H=5m. Ww=13.75m_ tfA1=t2=16 . tw1=tw?=34mm

Lo W a i WY |
P Y g vy

é.
&

L.

-4 B4 -3 B4 -2 B4 -1. 504 0.E+00 1.E404 2.E404 3.E04 4 E4H04

—Section Giravity Center Shear Center ——Shear Fkow (5x10™10) ——Warping (x10"—4)

Fig.-4-7 Warping function and shear flow of bending-torsion (O o =16 mm)
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Shear flow of bending—torsionand warping function ¥ (outside of section+)

[f=5m. w=13.75m. tA=t2=14 twl=tw2=34mm
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FAR T mnpY e

1 o A
OETHT
c
1. 04
AT
L
]
Fatls! miWatal
[Ty Empvv)
. Fatsd
J Lo

e
2

|

]

-4 B34 -3 B4 -2 04 -1 504 0.E+00 1.B404 2. E+04 3.E04 4 E404

— Section Cravity Center Shear Center —Shear Flow (5x10™10) — Warping (x10™4)

Fig.-4-8 Warping function and shear flow of bending-torsion (O o =14 mm)

Shear flow of bending—torsion and warping function ¥ (outside of section+)

If=5m. lw=13.75m. tFf1=tf2=12 4mm. twl=tw2=34mm
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Fig.-4-9 Warping function and shear flow of bending-torsion
(Zero warping section: [ 0=12.4 mm)
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0 O O Factors of warping and structural analyses

Purpose of thisitem is asfollows.
1) To show quantitatively a status of decrease in sectional warping.
2) To show influence on the whole structure of the zero warping operation.
For areference, the structural analysis was carried out according to the elastic equation
method of bibliography (6).

Fig.-4-10 shows change in factors of warping and influence on structural anaysis.
The lateral axisis plate thickness [0 o, and the vertical axis is factors of warping and
results of structural analysis whose indication isin % of Fundamental case.

Fig.-4-10 Change in factors of warping and influence on structural analysis

Explanation of factors of warping: A warping constant W o which relates to
warping magnitude and a shear flow constant [ wo (value at integration starting point
of shear flow O w) which relates to shearing stress of bending-torsion are rapidly
approaching 0 at [J 0 =12.4mm. Two section moduli, Cod[] bending-torsion) and Ot
(simple torsion), are also decreasing. Decrease of [t is very important because [ o
is a leading factor in deformation control of a torsion type structure. Although [ t
decrease due to zero warping operation is not unreasonable, there is a possibility of
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cancelling the form coefficient reduction effort because of an increase in twisting angle
0 of the structure.

Explanation of structural analysis: Results of structural analysis shown on the
figureare Vo (displacement in'Y direction of a shear center at afree end), and Y1 thru
Ys (statically indeterminate reaction forcesin Y direction of pin supports). As aresult
of the zero warping operation, following are observed.

1) A remarkable increase of Vo (dueto abigincreaseof 6 )

2) Y3 thru Ys of span center portion increased and others of span end portions
decreased.

3) Above statement suggests an increase of bending deformation, which is still
secondary matter.

000 Optimum design

It is shown that the form coefficient reduction will result in section modulus decrease
which will bring out stress increase due to increase of twisting angled . As the stress
increase can be controlled by making up the lost O o with help of a cross sectional
form change, an optimum design including the zero warping condition is possible.

00000 Method of asectional form change

Although there are two choices, [0 o and [ o, as a measure of the form change to
increase [ 1, the latter does not meet the purpose which is a gate weight cut. Rate of
O tincreasing dueto 0 o increase is much more than rate of the form coefficients (W
0 and 0 wo) increasing and rate of 2nd and third derivation of 8 decreasing due to
O t increase is much more than decreasing rate of first derivation of 6 . Accordingly,
it is concluded that the [0 o increase is an appropriate measure of reducing
bending-torsion stress.

A step by step method of U o approaching the zero warping condition was
introducedat DO OO0, Let (0o at each step be denoted by [0 o step. A step by step
method is also introduced for the a cross sectional form change and, in order to
maintain a distance from a zero warping condition, [J o at each step isrounded out in
mm scale after it is calculated by formula (4).

O o0 O ostepx O Dincreased+ 5000 (Mm) ooooe
where, [0 0incressed: INcreased [0 o
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00000 Method of optimum design

Although purpose of a zero warping condition is gate weight reduction, that of
optimum design is cost cut.

As cost composing factors include material, fabrication, transportation, site
construction, maintenance, operation etc., minimum gate weight can not necessarily be
minimum cost. For instance, there is an option that a high tensile steel plate of
specially ordered thickness is fit in the shell of stress increased zone to keep minimum
gate weight. But it may be better idea in cost mind to increase gate weight in order to
use ordinary strength steel plate of commercial thickness since cost of material and
fabrication in the option is more expensive.

So far, stress which yields corresponding to whole structural deformation due to
simple torsion, bending-torsion, warping, bending etc. is considered in the study, a
torsion type structure which is planned according to a zero warping condition may not
be a minimum weight after stability of structural parts or stress which yields
corresponding to partial deformation such as bending due to applied hydraulic pressure
on gate plates and their stiffeners, bending due to reaction forces of pin supports and
support ends etc. are considered.

Suppose an actual conventional measure to find out an optimum design in cost is to
select best one among multiple plans, an optimum design should be selected from not
only a zero warping point but also a surface made by the two lines one of which is an
approaching line to the zero point and other is a cross sectional form change line to
make up thelost [ 0.

Fig.-4-11 and Fig.-4-12 show image of the optimum design procedure. Fig.-4-11isa
design flow chart and Fig.-4-12 is a selection table of the zero warping condition. A
purpose of the selection table is to impose the zero warping condition on the design
flow and the table is expected to be a guide of decreased shell thickness setting at [
0. This table set is supposed to be prepared for each design condition and has been
corresponding to the example of arectangular section shown on Fig.-3-14.
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S 3iStructural
analyses and shell
stress calculation

Multiple cases 2 | S Support
=l strength and

structural stability

Screeningl
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[Multiple casesl No -
SE:DE‘-E.I’EEISEEQ 57 :Fabrication/ Multiple cases 3 .
plate thickness € Transportation/ | Screening 2
{bending-torsion Construction Yes

!

: T

=1 :Preliminary
plate thickness
{simple torsion}

S8
Screening 3

——1 Result
Yes

Fig.-4-11 Image of a design flow chart
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Preliminary thickness: 34 mm (t1) (Red:zem warping) Preliminary thickness: 84mm(h“u‘eight %) (Red: zero warping)
Ls ti step (rmm) L+ tt step (mm)

{mm) |12 |13 [14 |15 |16 [17 |18 |20 |22 |24 |26 |28 |30 |34 {mm) 12413 [14 |15 |16 [17 |18 |20 |22 |24 |26 |28 |30 |34
5000 124013 |14 (15 [16 [17 |18 |20 |22 |24 |26 |28 |30 |34 5000 |93 |84 |84 (B85 |86 |87 |87 (B9 |91 |52 |94 |85 |87 100
5100 |15 |14 |15 |16 |17 |18 19|21 |23 |25 (27 |20 |31 |35 5100 |&3 |85 |a5 |86 |87 (88 |89 |80 |02 |93 |95 |97 |98 101
5200 12314 |15 (16 [17 (18|19 |21 |23 |25 |28 |30 |32 |36 5200 |54 |85 |86 |86 |87 (88 |89 (00 |52 |54 |96 |98 |95 103
5300 |11 |14 |15 (16|17 |19 |20|22 |24 |26 |28 |30 |32 | a7 5300 |84 |85 (a6 |67 |87 |89 |00 |92 (93 |85 |97 |98 100|104
5400|1415 |16 |17 |16 |19 |20 |22 |24 |26 (20 |31 |33 | a7 5400 |&5 |86 (&7 |88 |89 (89 |50 |52 (o4 |95 (o8 [1o0f101 105
BEQO 13515 |16 (17 (18 (19|20 |22 |26 |27 |20 |31 |33 |38 BEOD |85 |86 |87 (88 (89 (90 |51 (52 |55 |57 |98 MO0 02106
5600 |1es |15 |16 |17 |16 |20 |21 |23 |25 |27 (30 |32 (34 |30 5600 |85 |87 (&7 |88 |89 (91 |52 |04 (85 |87 [1oof1o1 103|108
5900 |45 |16 |17 |18 |19 |21 |22 |24 |26 |20 |31 |34 |36 | 41 5900 |87 |88 |89 |90 |91 (93 |04 |86 (o7 foofioz|1os)107(111
G700 18518 |19 (21 (22 (23|25 |27 |30 |33 |35 |38 |4 |46 G700 |91 |92 |53 (55 (56 (98 10OHC2(10EHOEM10N13116122
7500 |15 |20 |21 |23 |24 |26 |27 |30 |33 |36 |30 |42 | 45 |51 7500 |95 |97 |98 |1ooj1oz|ioaltosliosfiizi1afi1s)123)126133
Preliminary thickness: 16 mm (t1) (Red:zem warping) Preliminary thickness: ‘lEimm(Weight %) (Red: zero warping)
Ls ti step (rmm) L+ tt step (mm)

(mmj | 58 6|7 |8 |8 |10]11 12|13 |14 [16 |18 (mm; | 52 g |78 |2 |10)11 (12|13 (14 (15|18
5000 8 (9 [10 (11 (12 (13 |14 |15 |16 5000 87 |88 |90 |92 |93 |95 |97 |88 (100
5100 g [10[11 [12 [13 [14 [15 [16 |17 5100 89 |50 |52 |94 |85 (87 |80 101|102
5200 g (10|11 [12 |13 |14 |15 [16 |17 5200 89 |91 |92 |94 |96 (88 |80 101|103
5300 g5 [10[11 [12 |13 [14 [15 [16 |17 5300 87 |89 |51 |93 |95 (86 28 [1ooftoz|103
5400 g o [10[11 |12 |13 |15 [16 [17 |18 5400 82 |90 |91 |93 |95 (97 loofioz|104|106
BE00 8 (9 |[10|11 (13|14 |15 |16 |17 |18 5500 88|90 |52 |94 |57 |98 1O 10305106
5600 g5 [11 |12 |13 |14 [15 [16 [17 |18 5600 82 |90 |54 |56 |98 (85 [1o1 [1o3[105|107
5300 g |9 [1o[11 |12 |13 |15 |16 |17 |18 |12 5500 89 |91 (93 |95 |87 (oo [1os[1os|107|100]111
G700 TE 9 (10|11 |13 |14 |15 |17 |18 |19 |21 |22 G700 93|96 |98 [1C205 107|111 (114116120122
7500 | @7 5 (11 (12 [14 |15 |17 |18 |20 |21 |23 |24 7500 |95 o6 [101 (103108 [111 [11a[118[123 (126131 133
Preliminary thickness: 14 mm (t1) (Red:zem warping) Preliminary thickness: 14mm(h“u‘eight %) (Red: zero warping)
Ls ti step (rmm) L+ tt step (mm)

{mmj | 81 506 [ 7|8 | % 1011 |12]13 (14 (mm; | 51 Sle | 7|8 |8 [10|11 |12 (13|14
5000 B |9 1011|1213 |14 5000 89 |80 |92 |94 [ 56 (58 (100
5100 8o [10[11 |12 |13 |14 |15 5100 89|91 |93 |95 |97 |99 (101 [1oz2
5200 8|9 [10[11 |12 |13 |14 |15 5200 89 |91 |93 |95 |97 |99 [101 [103
5300 89 (1011 (12 |13 |14 |15 5300 89 52 |94 |96 |98 MO0 02104
5400 8|9 [10[11 |12 |13 |15 |16 5400 50 |92 |94 |96 |99 [1o0[104[106
BE00 85 (1011 (13 |14 |[1E |16 5500 00 52 |54 |95 1O NO3105(107
5600 85 |11 (12 13 [14 [15 |16 5600 50|93 |97 |99 1ot [1o3[105[107
5300 8o (1011 [12 |13 |15 [16 |17 5500 91 |94 |96 |98 [1oofioaflo7|1os|11z2
G700 9 (1011 (13 |14 (1B |17 |18 |1D G700 96 |95 MO fo7pos12i17(11a(122
7500 | 75 8 5 [11 |12 |14 |15 [17 |18 |20 |21 7500 96 (99 [105[108[11a[116[122 [125/130(133
Preliminary thickness: 12 mm (t1) (Red:zem warping) Preliminary thickness: 12mm(h“u’eight %) (Red: zer warping)
Ls ti step (rmm) L+ tt step (mm)

(mmy | 4 506 |7 |8 |8 101112 (mm; | 94 516 |7 |8 |8 ({10112
5000 89 [1o|11 |12 5000 91|93 |96 |98 100
5100 g o [10[11[12]13 5100 o1 (94 (o6 |98 101|103
5200 g o [10[11[12]13 5200 92 (94 (96 |90 101103
5300 89 (10|11 |12 |13 5300 92 |95 |97 |85 102104
5400 g o [10[11[12]13 5400 93 |95 |87 [1oof10z|105
5500 g o [10[11[13]14 5500 93 |95 (88 [100[105(108
5600 g o [11[12 1314 5600 53 (96 (101 [103[106(108
5300 8 |9 |10[11 |12 13|15 5500 94 |97 foofioz[1o5[107|113
G700 9 (10|11 |13 |14 |15 |17 G700 100103106112(115(118 (124
7500 |65 85 |11 (12 14 [15 [17 |18 7500 100[103[110[113]120[123[130[133

Fig.-4-12 Image of a selection table of the zero warping conditions
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O O Conclusion

(1) A torsion type closed thin shell section is overwhelmingly superior to a bending
type structure.

(2) There are two types of structural torsion, the simple torsion and the
bending-torsion.

(3) Sectional shearing stress distribution of simple torsion moment is almost uniform.

(4) The sectional shearing stress distribution meanders by additional bending-torsion
moment.

(5) In some case, peak stress of additional bending-torsion is much more than 200%
of simple torsion alone.

(6) Stressisin proportion to aform coefficientx deformationx a spring constant.
(7) Form coefficient can be diminished by eliminating sectional warping.

(8) OO will reduce due to warping reduction operation, and stress and deformation
increase accordingly.

(9) Control of stress increase is possible by making up the lost [0 [0 with help of a
cross sectional form change.

(10) An optimum design including the zero warping condition is possible.
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Appendix 00 Technical key factors of atorsion type structure

0 O O Factors of stress and deformation (their contents and relations)
1) Stress [0 Form coefficientx Deformationx Spring constant

2) Deformation 0O

Internal force+ Sectional rigidity

3) Sectional rigidity[d Section modulusx Spring constant

Tablel1 0 Factors of stress (contents)
Stress Form coefficient Deformation Spring constant

&b (hending) % .y % v E

7 b {kending) . . . x v E

7 sisimple torsion) . g e

oz (bending—taorsion) L g E
T w{kending-torsion) l g E

Tablel 0 Factors of deformation (contents)

Deformation

Sectional rigidity

Internal force

Section modulus

Spring constant

= }r Mby . b e . Ix E

x v G . G L. Ik E
a T= Ji G
g (7) (JtX Coa) ™ 3 (GXE)® S
5‘ Tw hd E
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0O O Relations of stressto 0 and O (degree of effect).

Red colored factors in Tabled 0 and Tabled O are affected from O and O . Tabled O
shows degree of 0 and [0 effect on section moduli. Tabled 0 shows degree of 0 and [
effect on stress. Effect degree of deformation is invert of section modulus and effect degree of
stress is a product of form coefficient and deformation. Effect degree analysis is based upon
geometric similarity of sectional form and of t distribution.

Tabled 0 Degreeof 0 and U effect on section modulus

Section madulus Effect degree of
tand =
e . Ix i1 g5
i t1. 5%
{Jt Coa) ™ 7 g
Zhbd t1. 55

Tabled O Degreeof 0 and O effect on stress

Stress Effect degree of t and 5
Form coefficient Deformation otress
o'b (bending) = L 12
T b (bending o® =g =g
T s(simple torsion) S =g 8 g2
&'z {bending-torsion) = =g d 12
T w  bending-torsion) o® =1 gms 13

0 O O Factors of deformation (their contents and relations)

1) Displacement] Deformationx Form coefficient



Tabled O Factors of displacement (contents)

Displacement Defar- Forrn
Direction | Mark | rmation coefficient
¥ direction | = 4 1
Y direction W W 1
¥ direction | wu g —{y—Lpy)
Ywdirection | v g w—Lpx
Warping (21| w g s
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