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            Tadaaki Sakai, Assist. Prof., 1fogalezt･shi.

                    (Received August 24, 1938)

   In this paper the authors deseribe from both experimental and
theoretieal standpoints, which story shall be most severely damaged

in a tall steel sl<eleton or reinforced concrete building frame under

the action. of seismic disturbances, especially by the horizontal move-

ment of the foundation ground.
   The authors divided the state of the damage by earthquake into
two classes as follows:

       (I) Darnage of the first order,

       (II) Damag.e of the second order.

   Damage of the first order is tal<en to mean sueh that struetures

do not suffer from injury to the main frames but the cracl<s appear

mere]y in the conerete walls. [E]his failure of wa]ls in the damage of

the first order tends to oeeur in the story where column-deflection has

the maximum value and this story belongs most probably to the second

or third layer in the ordinary building frames.

   Damage of the second order is sueh a ease as that when not only
are the walls shaken down but columns and girders are also destroyed,
In sueh a siexrere damage, failures in the main frames seem to occur,

in the authors' opinion and from the results of experiments, at the

points where the fibre stresses and shearing stresses are at their

maximums as obtained by ordinary statieal calculation, and even if

the ft'ee vibration period of a building fi'ame is smaller than that of

the earthquake, damage seQms to extend to girders in the upper stories

as well as to the fixed ends ol' the lowest eolumns, depending upon

the stiffuess ratio of gi'rders and columns.
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                       Xntgeodikxetiowa.

                            '                                 '                         .t
   In the tall building frames dealt with in this paper there are
treated no wooden framed construetions; the study is limited to a
rigid frame such as a steel skeleton or a reinforced concrete structure.

   Earthguake proof structures are usually designed under the eurrent

assumptions that a seismic foree acts uniformly at eaeh joint as statieal

forees for the,Sake'of eonvenie,bce fbr calculations. ･,"

   IFrom the standpointt of strict theory, it will not yield a perfeet

ealculatjon to solve the .seismie prpb,lem as a,statical one.

   However, the results of the Ptesent experiments on the vibration

dama･ge to ft high storied rigid frame like a- conerete structure give

the idea that the statical treatment of the seismic prob]em is important

fQr the practieal design- of earthquake proof structures, because it

determipes the problems,･which even the dynamical solution may not

solve... ,･/-'･-// /. .i,.''.'･'･''･'1' 1･''1.'
            '.., For sueh frame models 'of relatively rigid materials a.s used in

the present experiments, the dynamieal explanation orainarjly indicates

the weal<est point'against seismie disturbances to be at the lowest

story of the strueture, while the experimental investigation has shown

other eharacterjstics m'hieh have rather good cojnsidence with statieal

calculation results showing the weakest point on the several stories.

   These experiments were carried on as one of the research problems

of the Fourteenth Subeoipmittee in the Japan Soeiety for the Promo-
tion of Scientific Re'se' arch. ' The authors cordlally thanl< the Society

fbrtheassistanceinthisstudy. .
  . Also, to Mr. [EIideo Matusaka and･Sueldti Ono, assistants in the

Institute of Structural Engineering of the IEIokkaido Imperial Univer-

sity, acl<nowledgement is due for･assistance in the tests,of this study.

   In general, the seismic damages i,n tall building frames are very

gomplieated. They are subject to the varied nature of earthquake
motion, the 1<ind of struetures, load distributions on the structures and

the condit･ions of foundation ground.

   On the loeation of the seismic damage to tall building frames,
various discussions have been published by many authorities, such as

Dr.'F. Omori, Dr. IR. Sano, Dr. T; Naito, Dr. Mononobe, A. Mizuhara,

Dr. Taniguchj etc.

. Among them, Dr. Taniguchi proposed l}is theory from a point
of view quite distinct from the other quoted theor'ies.'By the investi-

   u
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gations on damages to buildings in the Great IKwanto Earth(lual{e in

1923, he found that even buildings of a mere three stories, whose free

vibration periods were so small as O.2 sec. "'ere destroyed at the second

story. XVhen Such rig'id reinforeed concrete buildings were shaken at

the period of 1.3"5 sec. which was the period of princi.pal motion of

the Cx"reat Kwanto Eartl)quake the greatest bending rnoment or s,hear-

ing' foree in columns should be expected at thelowest story, aceordi.ng,

to almost all previous theories. In former days ali suggestions in the,

discussions of vibration of t･a.ll buildings assumed that the deformation

curyes of buildings subjeeted to lateral forces are similar to the elastie

eurves of, the ca-ntilever or uniform string. But Dr. Taniguchi pointed

out that the deformation curves of buildings are peculiar and quite
difilerent from those of the eantilver or string. After somQ theoretiea･1

a]}.d exper;rpental investigations of tlae deflegtign curves of tall building

frames he 6Qrieluded that'when a tall building is subjeeted to earth･-
qtiake nioti6n, the maximum slope in the defleetion 6urve will most'

probably occ,ur at the second or at the t･hird story and at these storjes,

the shearing forces in the walls attain their maximum and when the
walls are laid of hollow bricl<, or terraeotta they are extensively
3"aatfiL"ggaXle`5tX･ tllisfOsrtllil,ya."d shaken down, and 'coiumns are sometimes

    From .the consideration of the results of the present writers' many

breaking ,tests of models and the statical caleulations of building

frames,,thefollowingconelusionsmaybereached: ' '
    In the present opinion of the authors, seismic damages might be

classified into two sorts: damage of the first order and that of the

second order. By damage of the first order is meant such as the,
craeking of building ssralls while the struetures do not suffer from in-

jury of the main frame of columns and girders. By damage of t･he

seeond order is meant sueh cases as when not only the walls are
shaken down but columns and girders are broken.

    The above classification of damages was made for eonvenienee in
mechanieal treatment. It is probable that in actual cases the damages

are often in ai) intevmediate mode between the above two classes,

    In the future when the study of meehanies has made more progress

and the rigorous theoretical solution of building frames with vTall taken

into consideration has been found, the above elassifieation should- be

    These two sorts of seismic damages to buildin.crs as defined by the

presentwriterswillbediseussedinthefoIIowingseetion's. '
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       X. investigatioxx on the X.ocation of Failure due to

                  Damage ,of the First Order.

   One may be able to determjne the eorrect deformation and correct

stresses of model ftames only if remarkable progress of rigorous vibra-

tion theory is made. [El[owever, it will be very diflicult and laborious

to apply that theory to the aetual building frames under the complicated

boundary condibions.

   In the desjgn of buildings of to-da>r, one usually treats seismic

force as a statical one for the sa,ke of simplicit.y･ and assumes that

seismic force is coneentrated horizontally at every jolnt, having a

magnitude equal to the product of the total mass on eaeh fioor and
aeceleration.

   For any given load aeting at any joint, the chief elements of'
deformation of the building frames are the joint-rotation angles and

member-revolution angles whieh are simply ealled "slope" and
" defiection " respectively in current use. These two are derived very

easily in the present stage of progress of the statical solution of high

building frames. The authors believe that the senior one is one of

the men to whom the progress in the statical solution of high build-

ing frames is under a heavy debt.

   The aniounts of slope and defieetion vary complieatedly with the

rigidity and Iength of columns and girders, the number of stories and

ba>Ts, the position and distribution of loads, the distribution of seismic

foree whieh depends upon the vibration mode, consequently upon the
free vibration period of the strueture and forced vibration period of

the earthquake, and many other boundary conditions. It is possible
also to design.imaginary building frames with slopes and defiections

of arbitrary va]ues for the given horizontal loads as shown in Kgs. 1

to 5.

   For ordinary building frames and load distributions the maximum
deflection will most probably occur between the seeond and fourth
stories and not at the lowest story under the conditions of the columns

fixed at the ･bases. Also the joint-rot･ation angle, i.e., the slope,

generally takes its maximum value in the same story where the
maximum member-revolution angle, i.e., the maximum defiection,

oeeurs.

   In the building frames with a great number of bays, the mosb
outside columns have the greatest value of slope and second columns

from the outside have the next Iargest amount of slope. Several
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columns near the eentral part have approximately equal amounts of
slope in the sa･me story.

   The values of slopes and deflections for twenty eight different
ldnds of building frames symmetrical to the eentral vertieal axis of

frame, having constant stifliness and equal height of columns in each

story are given in Takabeya's " Moment Diagram of Building Frames "

   These building £rames are as follows and the values of slopes and
defleetions are tabulated in Tables 1 to 5.

     I. a) Building frame of one story and single bay.
         b) Building frame of two･stories and single bay.

         c) Building frame of three stories and single bay.

         d) Building frame of four stories and single bay.

         e) Building frame of five stories and single bay.

         f) Building frame of six stories and single bay.

         g) Building frame of seven stories and single bay.

     II. a) Building frame of one story and two bays.
         b) Building frame of two stories and two bays.
         e) Building frame of three stories and tNKTo bays.

         d) Building frame of fbur stories and t"To bays.

         e) Building frame of five stories and two bays.
         f) Building frame of six stories and two bays.

    III. a) Building frame of one story and three bays.

         b):Building firame of two stories aRd three bays.

         c) Building frame of three stories and three bays.

         d) Building frame of four stories and three bays.
         e) Buildillg frame of five stories and three bays.

    IV. a) Building frame of one sfory and four bays.

         b) Building frame of two stories and four bays.

         c) Building frame of three stories and four bays.

         d) Building frame of four stories and four bays.
         e) Building frame of five stories and fbur bays.

     V. a) Building frame of one story and five bays.
         b) Building frame of two stories and five bays.

         e) Building firame of three stories and five bays.

         d) Building frame of fbur stories .and five bays.

         e) [Building frame of five stories and five bays.
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                       Table 1.

                                                '                               (d) IFrame of Four Stories]F'rame of One Story
andSingleBay..V' ..' ' andSirigle,Ba,.y･.'

S}ope

O.4286

Defleetion Slope

(2.1429)

(b) IFrame of Cl]wo Stories

     and Single Bay.

S]ope Deflection Total

O.5633

O.0713

O.O088

O.OO088

O.64428

Total

O.5455

O.0545

O.6000

Total

O.8182

O,3818

1.2000

I
l

I'
  (Total

I

(3.5456)

(O.6545)

4.2001)

(Total

(2.7273)

(2.07,D,,7)

4,8000)
Total

O.9426

O.4990

O.0616

O.O0615

1.50935

(c) Frame of Three
and Single Bay.

Stories

Slope
[
I Defleetion

Total

O.5612

O.0693

O.O069

O.6374

I

E
E
t

E
I

(P).7346)

(O.8315)

(O.0831)

4,6492)

Total

O.9769

O.9205

O.4840

O.0484

2.4298

(Total

Total

O.9285

O.4850

O.0485

1.4620

Total

O.8661

O.8106

O.381

2.0577

(Total

(4.1919)

(3.4434)

(O.6443)

8.2796)

Total

O.8722

O.8651

O.8105

O.3810

2･ .9288

Defiection

(Total

(3.7589)

(O.8555)

(O.1056)

(O.OI055)

4.73055

(Total

(4.3793)

(3.6293)

(O.8184)

(O.0818)

8.9088)

(Total

(4.2737)

(4.1784)

(3 4417)

(O.6441)

12.53?9)

]
(Total

(2.8083)

(2.7977)

(2.7158)

(2.0715)

10.3933)

([I]otal

(?..7992)

(2.7159)

(2.0715)

e7.5866)
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(e) Frame of Five Stories
and Single Ba.y.

(f') Frame of Six Stories

and Sjngle Ba>T.

Slope
l
L Deflection Slope.

Total

,O.5635

O.0715

･O.O0904

O.OOIII

O.OOOII

O.64526

i
i
l

:
l
i
d

O.9444

O.5007

O.0633

l
(Total

(3.7620)

(O.8583)

(O.1085)

(O.O134)

(O.OO134)

4.74354)

o.oo7s3

O.OO0783

Total

Total 1.51･"iO13

O.5635
O.0715
O.O0908
O.OOI15
o.eoo142
O.OOOO142
O.6453862

]
l

(Total

(4.4031)

(3.6528)

(O.8419)

(O.1040)

(O.OI04)

9.0122)

Total

O.9445
O.5009
O.0636
O.O0805
'O.OOIO

O.OOO099
1.518149

Total

O.9910

O.9345

O.4980

I
;

E
t
:
!

t
L
{
'

(4.4610)

(4.3655)

(3.6276)

(O.8183)

(O.0818)

l3,3542)

Total

O.9927
O.9363
O.4998
O.0633
O.O0782
O.OO078
2.5007

O.0615

O.O0615

2.49115 '(Total

Total

O.9830

O.9758

E
t
E

(4.2837)

(4.2717)

(4.1783)

(3.4417)

(O.6441>

16.8195)

Total

O.9970
O.9899
O.9344
O.4980
O.0615
O.O0615
3.48695

O.9204

O.4840

O.0484

3.4116
I
1
(Total

Total

O.872S

O.8720

O.8651

O.8105

j
1

l
:

l

i

(2.8092)

(2.8080)

(2.7977)

(2.7158)

(2.0715)

13.2022)

Total

O.9838
O.9829
O.97b8
O.9204
O.4840
O.0484
4.3953

O.3810

3.8014 (Total Tobal

-O.8730
O.872. 8

O.8720
O.8651
O.8105
O.3810
4.6744

Deflection

(Total

(3.7620)
(O.8586)
(O.1060)
(O,O138)
(O.OO171)
(O.OOO17)
 4.7452･ 8)

(Total

(4.4060)
(3.6558)
(O.8451)
(O.I070)
(O.O1323)
(O.OOI32)
9,02845)

(Tota･l

(4.4846)
(4.3893)
(3.6513)
(O.8419)
(O.1040)
(O.OI04)
13.4815)

(Total

(4.4712)
(4.4592)
(4.3653)
(3.6276)
(O.8183)
(O.0818)
17.8234)

:

(Total

  (4.2852)
  (4.2836)
  (4.2717)
  (3s1783)
･ (3.4417)
  (O,6442)
 21.1046)

(Total

(2.8095)
(2.8092)

(2.808)

(2.7977)
(2.7158)
(2.0715)
16.0117)
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(g) Frame of Seven Stories and Single Bay.

Slope
l
i
Defleetion

Total

Slope

 O.5635

 O.0716

 O.O09t

 O.OOI14

 o.ooo146

 O.OOOO182

 o.eooools

.O.645506･

Total

O.9445

O.5011

O.0636

O.O0808

O.OOI02

O.OOO127

O.OOOO127

1.5i84397

Total

O.9930

O.9367

O.5000

O.0635

O O0804

O.OOIOO

O.OOO0992

2.5023392

Total

O.9991

O.9918

O.9362

O.4998

O.0633

O.00782

O.OO0781

3.498801

(Total

(3.7620)

(O.8591)

(O.1091)

(O.O138)

(O.OO175)

(O.OO022)

(O.OOO022)

4.745992) Total

(Tota･}

O.9981

O.9970

O,9899

O.9344

O.4980

O.0615

O.O0615

4.48505

(4.4063)

(3.6567)

(O.8454)

(O.1074)

(O.Ol359)

(O.OO169)

(O.OOO168)

9.031248) Total

O,9840

O.9838

O.9829

O.9758

O.9204

O.4840

O.0484

5.3793

(Total

(4.4883)

(4.3928)

(3.6543)

(O.8450)

(O.1070)

(O.O1323)

(O.OOI32)

13.50195) Total

O.8731

O.8730

Q.8728

O.8720

O.8651

O.8105

O.3810

5.5475

Deflection

([PDtal

(4.4732)

(4,4712)

(4.4592)

(4.3653)

(3.6276)

(O.8183)

(O.0818)

22.2966)

CTotal

(4.2857)

(4.2852)

(4.2836)

(4.2717)

(4.1783)

(3.4417)

(O.6441)

25.3903)

(Total

(2.8097)

(2.8095)

(2.8092)

(2.8080)

(2.7977)

(2.7158)

(2.0715)

18,8214)

(Total

(4.4967)

(4,4832)

(4.3892)

(3.6513)

(O.8419)

(O.1040)

(O.OI042)

17.97672)
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(a) Frame

    Table 2.

of One Story and Two Bays.

Slope Slope Defiection

O.3125 O.1250 (1.3750)

(b) Frame of Two Stories and [l)wo Bays.

S}ope

Total

O.3569

O.O190

O.3759

Slope

s
Total

O.1826

O.0296

O.2122

Total

O.5229

O.2537

O.7766 Total

O.3237

O,1435

O.4672

Defiection

(Total

(2.1330)

(O.3593)

2.4923)

(Total

(1.6848)

(1.3255)

3.0103).

(c) Frame of Three Stories and Two Bays.

Slope Slope Defleetion

.tt.tt-

O.3659 O.1837 (2.2127)

O.0278 O.0303 (O.4346)

O.O045 O.OOOI (O.0359)

Tot･al O.3982 Total O.2141 (Total 2.6832)

Total

O.5655

O.2930

O.O180

O.8765 Total

O.3788

O.1972

O.0266

O.6026 (Total

(2.4721)

(2.0731)

(O.3565)

4.9017)

Total

O.5474

O.5247

O.2534

1.3255 Total

O.3395

O.3135

O.1435

O.7965 (Total

(1.7172)

(1.6815)

(1.3252)

4.7239)

pll

tttt/ttt

"s' ii/./'" ''･,illi･iii/Il･

.t

;t[xtt. t.t t.t
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(d) Frame of Four Stories and Two Bays.

Slope

Total

O.3661

O.0281

,O.O046

O.OOOO16

O.398816

Total

O.5724

O.3000

O,0248

O.O0333

O.90053

Total

O.5904

O.5676

O.2928

O.O1794

1.46874

Total

O.5493

O.5461

O.5247

O.2533

1.8734
i

Slope

Total

O.1847

O.0313

O.OOII

O.OO054

O.21764

Tota･1

O.3810

O.1995

O.0284

O.OO062

O.60952

Total

O.3944

O.3680

O.1970

O.02636

O,98576

Total

O.3419

O.3405

O.3135

O.1435

1.l394

Deflection

(Total-

(2.2214)

(O.4435)

(O.0442)

(O.O0393)

2.71303)

(Total

(2.5505)

(2.1514)

(o.43o3)

(O.03477)

5.16697)

(Total

(2.5079)

(2.4680)

(2.0728)

(O.35618)

7.40488)

(Total

(l.7203)

(1.7164)

(1.6815)

(1.32505)

6.44325)
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(e) Frame of Five Stories and TvsTo Bays.

Slope

Total

O,3662

O.0282

O.O047

O.OO02

O.OOO08

O .39938

Slope

'

i

O.1846

O.0313

O.OOII

o.OO049

O.OOO043

O.217533

Deflection

Total

;

I
:

i
]

]
l
1
L

(Total

(2.2219)

(O.<L442)

(O.0450)

(O.O048)

(O.OO04)

2.7163)

Total

O.5725

O.3002

O.0251

O.O036

O.OOO08

O.90148 Tota}

O 3818

O.2003

O.0292

O.OO155

O.OO05

O.61335

]

O.5973

O.5745

O.2997

O.0249

O.O034

1.4998

O.3965

O.3702

O.1992

O.0282

O.OO07

O.9948

(Total

(2.5590)

(2.1600)

(O.4390)

(O.04334)

(O.O041)

5.20544)

Total

Total

O.5923

O.5890

O.5675

O.2928

O.O181

2 0597

Total

O.5496

O.5494

D.5461

O.5247

O.2533

2.4231

Total

I
I

l.
[
F

'

Total

O.3968

O.3954

O.3680

O.1970

O.0264

l.3836

Totai

O.3420

O.3416

O.3405

O.3135

O.1436

1.4812
:
/

:
/

(Total

(2.5863)

(2.5463)

(2.1508)

(O.4302)

(O.0351)

7.7487)

(Total

(2.5113)

(2.5069)

(2.4679)

(2.0727)

(Q･3564)

9.9152)

(Total

(1.7206)

(1.7202)

(1.7164)

(1.6814)

(1.3251)

8.1637)

e



12 F. Takabeya and T. Sakai.

(f) Frame of Six Stories and Two Bays.

Slope

Total

O.3662
O.028in9,

o.eo473
O.OO02
O.OOO08
O.OOOO055
O.3994155

Total

O.5727
O.3003
O.0252
O.O037
O.OO021
o.eooo6
O.90217

Total

O.5975
O.5748
O.3000
O.0251
O.O0359
O.OOO09
1.50108

Total

O.5993
O.5960
O.5744
O.2996
O.0247
O.O034
2.0974

Total

O.5926
O.5925
O.5890
O.5675
O.2928
O.O181
2.6525

Total

O.5496
O.5496
O.5494
O.5460
O.5247
O.2533
2.9726

Slope

Total

O.1847
O.0313
o.eon
O.OO05
O.000015
O.OooO14
O.217629

Total

O.3818
O.2003
O.0292
O.OO15
O.OO044
O.OOO02
OS1326

Total

O.3974
O.3711
O.2000
O.0290
O.OO150
O.OO045
O.99945

Defiection

(Total

(2.2222)
(O.4443)
(O.0451)
(O.O048)
(O.OO051)
(O.OOO052)
2.716962)

(Total

(2.5598)
(2.1608)
(O.4398)
(O.0440)
(O.O0477)
(O.OO037)
5,20954)

(Total

(2.5950)
<2.5552)
(2.1595)
(O.4388)
(O.0431)
(O.O0406)
(7.79566)

Total

O.3990
O.3977
O.3702
O.1992
O.0282
O.OO069
1.39499

Total

O.3969
O.3966
O.3954
O.3680
Oi1969
O.0264
1.7802

Total

O.3421
O.3421
O.3416
O.3405
O.3135
O.1436
l.8234

(Tot･al

(2.5899)

(2.5857)
(2.5462)
(2.1507)
(O.4301)

(O.03505)
IO.33765)

(Total

<2.5117)
(2.5115)
<2.5069)

(2.4678)
(2.0727)

(O.3564)
12.4270)

(Total

<1.7207)

(1.7207)
(1.7202)
(1.7163)
(1.6815)
(1.3251)

9.8845)

.-

s



Experimental Investigations on the Weakest Point 13

(a) Frame

     Table 3.

of One Story and Three Bays.

Slope

O.2222

Slope

O.1111

Deflection

(1.000)

(b) Frame of Two Stories and Three Bays.

Slope

Tota}

O.2476

O.O!08

e.2584

Tota･l

O.3709

O.1814

O.5523

Slope

Total

O.1448

O.O168

O.1616

Defleetion

(Total

(1.5060)

(O.2412)

1.7472)

Total

O.2447

O.1126

O.3573
E

(Total

(l.2117)

(O,9705)

2.1822)

(c) Frame of Three Stories aiid Three Bays.

Slope

Total

O.2530

O.O161

O.O027

O.2718

Total

O.3957

O.2042

O.OI04

O.6103

Slope

Total

O.1463

O.O181

O.OO05

O.1649

Total

O.2769

O,1439

O.O153

O.4361

Total

O.3860

O.3727

O.l812

O.9399

I

Total

O.2561

O.2405

O,1126

O,6092

Defleetion

(Total

(1.5539)

(O.2867)

(O.0217)

l.8623)

(Total

(1.7360)

(1.4710)

(O.2396)

3.4466)

(Total

(1.2316)

(1.2099)

(O.9704)

3,4119)



14 F. Takabeya and [l]. Sakai..

(d) Frame of Four Stories and Three Bays.

Slope
/

Total

O.2530

O.O162 ･','
.

0.oo27

O.OOOO025

O.2719025

Total

O.3999

O.2084

O.O146

O.O021

O.6250

Total

O.4109

O.3977

e.2041

O.OI04

1.0231

Total

O.3871

O.3852

O.3727

O.1811

l.3261

' Slope

Total ,

O.1467

O.O186

o.eolo

O.OO021

O.16651

1tt

Total

O.2786

O.1456

O.O168

O.OO07

O,4417

i

Total'

Q.2882 ,

O.2725

O.1438

O.O153

Q.7198

Total

O.2573

O.2564

O.2405

O.1126

O.8668

' ' Defiection

(T'otal

(1.5587)

(O.2916)

(O.0263)

(O.O023)

1.8789)

(Total

(1.7832)

(1.5182)

(O.2845)

(O.0214)

3.6073)

(Total'

 /t

(1.7576)

(1.7339)

(1.4708)

(O.2396)

5.2019)

(Total

(1.233S)

(1.23!2)

(l.2099)

(O.9703)

4.6447)

t



ENperimental Investigations on the XS'efikest Point :5

(e) Frame of Five Stories and Tl)ree Bays.

      Slope

           O.2531

          O.O163

          O.oo28

          O.OOO07

          O.OOO045

Total O.272315 Total

Slope Defleetion

O.1467

O.O185

O.oo10

O.oo02

O.OOOO06

O.166406 (Tota}

(1.5591)

<O.2920)

(O.0268)

(O.O027)

(O.OO02)

1.8808)

Total

O.4000

O.2085

O.O147

O.O022

O.OOO03

O.62543

1

l

17otal

O.2790

O.1460

O.O172

O.OOtl

O.OO02

O.4435

j
l
/

O.4152

O.4018

O.2083

O.Ol46

O.O021

1.0420

I
I
(Total

Total

t

l

Total

O.2900

O.2742

O.1455

O.O168

O.OO07

O.7272

l
l
l

l
I

I
i
(Total

(1.7881)

(1.5229)

(O.2893)

(O,0260)

(O.O023)

3.6286)

(1.8052)

(1.7811)

(1.5179)

(O,2844)

(O.0214)

5,4lOO)

Total

O.4122

O.4102

O.3976

e.2o4o

O.OI04

1.4344

1

!

1

I

I

I

i
i
Total

O.2895

O.2886

O.2725

O.1438

O.O153

1.0097

l

i

I
(Total

(1.7598)

(1.7575)

(1.7338)

(1.4708)

(O.2396)

6.9615)

Tota}

O.3873

O.3873

O.3852

O.3727

O.1812

1.7137

l
I
[
I
I
I
l

Tetal

O.2574

O.2572

O.2564

O.2405

O.1126

1.1241

i

:

i

I
l

(Total

(1.2335)

(1.2334)

(1.2312)

(1.2099)

(O.9704)

5.8784)



1,6 F. [Vaknbeyat and, ll]. Sal{ai.

(a) Frame

    Table 4.

of One Story and Four ]3ays.

slbPe･ Slope Slope
tttttttttttttttttt

D'efiection

Ot1756 O.0848. O.1029 (O.7871)

(b) Frame of TWo Stories and Four B'ays.

Slope

Total.

OL1916

O.O065

O.1981

Slope

Totial

O.lliOl

O.Ol･29

O.1230

Slope

Total

O.1240

O.OIOO

O.1340

Total

O.2886

O.1423

OL4309

I

i

Tot'al

O.1i890

O.0871

O.2761

1

Total

O.2013

O.0954

O.2967

Deflection

(Total

(1.1652)

(O.1809)

1.3461)

(Total

(O,9470)

(O,7663)

1.7133)

(c) Frame of Three Storjes an(l Four Bays.

Slope

Totall

O.1959

O.OI07

O.O022

O.2088

Total･,

O.3e48

O.1571

Q.O066

O.4685

Slope

Total

O.1.le7

O..e134

O.OOO13)･

Oi12423

Total

O.21･29･

O.,11e3

O.Ol･l5

O.3347

Oi2996

O.2907

O.1421,

O.7324

O.1･971

O.1857

O.e87･2･

O.4700

Tota}

Slope

O.1260

O,Ol19

O.OO094

O.13884

Total

O.221･9

O.1152

O.O095

O.3466

Total Total

'

L

L

I
Total

O.2104

O.2000

O,0953

O.5057

Deflection

(Tota}

(1.1990)

(O.2130)

(O.O154)

l.4274)

(Total

      e(l.3383>

<1.1408)

(O.1799)

2.6590)

(Total

(O.9611)

(O;9458)

(e,7662)･

2.6731)

t



Experimental Investigations on the Weakest ?oint 17

(d) Frame of Four Stories and Four Bays.

Slope

Total

 O.1958

 O.OI06

 o.eo21

-O.Ooo075

 O.20843

s

Total

O.3081

O.1602

O.O098

O.OO16

O.4797

Total

O.3160

O.3071

O.1569

O.O067

O.7867

Total

O.3oo3

O.2989

O.2907

O.1420

1.0319

Slope

Total

O.1111

O.O137

O.OO05

O.oo02

O.1255

Total

 O.2138

 O.1113

 O,O123

･ O.OO033

 O.33773

Total

O.2208

O.2093

O.1103

O.Ol14

O,5518

Total

O.1980

O.1974

O.1857

O.0872

O.6683

Slope

Total

O.1261

O.O120

O.OOII

O.OOO05

O.13925

Total

O.2236

O.1169

O.Ol12

O.OO08

O.3525

Deflection

(Total

(1.2022)

(O.2162)

(O,O185)

(O.OO15)

!.4384)

(Total

<1.3716)

(1.1740)

(O.2115)

(O.O151)

 2.7722)

Total

O.2311

O.2206

O.1151

O.O095

O.5763

Total

O.2111

O.2103

O.2000

O.0953

O.7167

(Total

(1.3537>

<1.3369)

a.14o7)

(O.1798)

4.0111)

(Total

(O.9623)

(O.9607)

(O.9458)

(O.7661)

3.6349)



18 F. Tal<abeya and T, Sakai.

<e) Frame of Five St,ories and Fou}' Bays.

Slope

Total

 O.1958

 O.OI06,

 o.eo21

-O.OOOO075

 o.oeoo41

 O.20853

Total

 O.3080

 O.1602

 O.O098

 O.OO16

-O.OOO035

･ O.47957

Total

O.3192

O.3103

O.1601

O.O098

O.OO16

O.8010

Total

O.3168

O.3154

O.3071

O.1569

O.O066

1.1028

Total

O.3005

O.3005

O,2989

O.2907

O.1420

1.3326

Slope

Total

 O.1111

 O.O137

 O.Ooo47

 O.OOO17

- O.OOOOI7

 O.12542

Total

O.2141

O.1116

O.O126

O.OO063

O.OOO16

O.33909

v

Total

O.2218

O.2103

OLII12

O.O122

O.OO032

O.55582

Total

O.2217

O.2212

O.2093

O.1103

O.Ol14

O.7739

1

Total

O.1980

O.1979

O.1974

O.1857

O.0871

O.S661

Slope

O.1261

O.O120

O.OO12 ,

O.OOO078

O.OOOO146

O.13939

i

Defiection

Total

I

(Total

(1.2024)

(O.2164)

(O.O187)

(O.OO174)

(O,OOOIII)

1.43935)

Total

O.2238

O.1170

O.Ol13

O.OO093

O.OOO058

O.353088

Total

O.2328

O.2224

O.1168

O.Ol12

O.OO079

O.58399

Total

O.2319

O.2310

O.2206

O.1151

O.Ooo5
o.gosl

O.2112

O.2112

O.2103

O.2000

O.0953

O.9280

(Total

(1.3748)

(t.1773)

(O.2147)

(O.O182)

(O.OO148)

2.78648)

(Total

     t(1.3871)

(1.3703)

(1.i738)

(O.2114)

(O.O150)

4.1576)

(Total

(1.3551)

(1.3537)

(1.3369)

(1.1407)

(O.1797)

5.3661)

Total (Tota-1

(O.9625)

(O,9624)

(O.9609)

(O.9458)

(O.7661)

4.5977)



Experimental Investigations on the Weakest Point l9

(a) Frame

    Table 5.

of One Story and Five Bayse

Slope

O.14463

Slope

O.07025

Slope

O.08264

Defleetion

(O.64876)

(b) Frame of Two Stories and Five Bays.

Slope

O.15596

O.O0435

O.16031

Slope

Total

.Total

O.23607

O.ll68

O.35287

Total

O.08996

o.oioo

O.09996

Total

O.15467

O.0716

O.22627

Slope

Total

O.09947

O.oo81

O.10757

Total

O.16366

O,0775

O.24116

Deflection

(Total

(O:94989) '

(O.1442)

1.09409)

(Total

(O.7772)

(O.6330)

1.4102)

(c) Frame of Three Stories and IFive Bays.

Slope

Total

O.15937

O.O0777

O.OO176

O.16890

Total

O.24789

O.1275

O.O0466

O.38005

Total

O.24465

O.2381

O.1167

O.59945

Slope

Total

O.09042

O.OI04

O.OOO09

O.10091

Total

O.17314

O,0897

O.O0891

O.27175

Total

O.16105

O.1522

O.0717･

O.38495

SIope

Total

O.10077

O.O0934

o.eoosss

O.ll0698

Total

O.17999

O,0932

O.O0759

O.28078

Total

O.17064

O.1625

O.0775

O.41064

Deflection

(Tot-al

(O.97579)

(O.1690)

(O.Ol18)

1.15659)

(Total

(l.08868)

(O.9316)

(O.1435)

2.16378)

(Total

(O.78817)

(O.7764)

(O.6330)

2.19757)



20 F. [Vakabeya and T, Sakai.

(d) Frame of Four Stories and Five Bas's.
  v

SIQpe

Total

 O.15926

 O.O078

 o.eo162

-O.OOO09

 O.16859

Total

O.25047

O.1304

O.O0725

O.OD131

O.38943

Total

O.25664

O.2502

O.1274

O.O0471

O.63895

Total

O.24523

O.2442

O.2381

O.11667

O.8442

Slope

Total

O.09070

O.OI08

O.OO0375

O.OOO15

O.10203

Siope

Total

O.10090

O.O095

O.OO0712

O.OOO0587

O,11117

Deflection

(Total

(O.97819)

(O.l717)'

(O.O141)

(O.OOIIO)

1.16509)

Total

O.17384

O.0904

O.O0951

O.OO0233

O.27398

I

Total

O.17947

O.1708

O.0897

O.O0886

O.44883

Total

O.16173

O.16125

O.1522

O.07167

O.54685

Total

O.18120

O.0946

O.O0874

O.OO0539

O.28508

I

Total

O.18701

O.1788

O.0933

O.O0758

O.46669

Total

O.1-'i'122

O.1707

O.1625

O.07746

O.58188

(Total

(1.11432)

(O.9575)

(O.1680)

(O.Ol162)

2.25144)

(Total

(1.10065)

(1.088)

(O.9316)

(O.14348)

3.26373)

<Total

(O.78909)

(O.788)

(O.7764)

(O.63290)

2.98639)



Experimental' Investigations on the Weal{est Point 2X

<e) Frame of Five Stories and I[i"ive Bays.

Slope

Total

 O.15933

 O.O0771

 O.OO168

-O.OOO024

 O.OOO0352

 O.16873

Slope

Total

 O.09068

 O.OI0621

 O.OO036

 O.OO, O126

-O.OOOOI3

 O.10177

Tot･al

 O.25042

 O.l3002

 O.O0718

 O,OO124

-O.Oee044

 O,38882･

l
l

!

l
1

Total

O.17407

O.09056

O.O0972

O.OO046

O.OOOI19

O.27493

O.25920

O.25258

O.12993

O.O0727

o.eo13o

O.65028

O.18017

O.17124

O.09032

O.O0945

O.OO0239

O.45142

Slope

/

Deilection

Total

         [
O.10092･ I
o.oog471 I
         l
o.ooo72 l

O.OOOO68

O.OOOO048

O.11118

       O.18133

       O.09455

       O.O0884

       O.Oo0657

       O.OOO0586

Total O,28544

Total
l Total

i
i

Total

O,18821

O.1800

O.09435

O.O0871

O.OO0583

O.47181

(Total

(O.97838)

(O.17147)

(O.O1425)

(O,OO126)

(O.OOO0804)

1.16544)

(Tot･al

(l.1167)

(O.95948)

(O.17017)

(O.O1389)

(O.OOIII)

2.2- 6135)

O.25721

O.25602

O,2500

O.12739

O.O0471

O.89533

O.18015

O.17973

O.17052

O.08963

O.O0886

O.62889

s
(Total

(1.12627)

q,ll328)

(O.95695)

(O.16781)

(O.Oll61)

3,36989)

Total

Total

O.24531

O.24531

O.24406

O.23804

O.11667

1.08939

Total

I

I

I

l
j

i Total
'

l

O.18759

O.18698

O.17878

O.09316

O.O0758

O.65409
l

(Total

(1.10165)

(l.10046)

(1.08764)

(O.93147)

(O.14347)

4.36469)

e

Total

O.l6176

O.16166

O.16130

O.15221

O.07167

O.7086

E
I
i

l Total

O.17127

O,17121

O.17062

O.16250

O.07745

O.75305

l

P

E
E

l (Total

(O.78917)

(O.78909)

(O.78799)

(O.77638)

(O.63289)

3.77552)

t



22 F. Takabeya and [I]. Sakai.

   In Tables 1 to 5, the eoefl}cients of slopes and defiections nuinerieal-

                                VV･h                      TPr･hly indieated respeetively                                       where I･V indieates in-                           and
                                36EK '                     i2EK
tensity of the horizontaljoint load, h height of column, E modulus
of el.astieity and K' stiffness. Numerical values of the first row in
eaeh frame show the slope and deflection due to a horizontal load TV

concentrated at the first joint from the top on the left side of the

structure. Those of the second row in each frame show the slope and
defiection due to a horizontal load IV eoneentrated at the second joint

from the top on the left side of the structure and so on. Numerical

values of the lowest row in eaeh frame show the slope and defleetion

due to horizontal loads concentrated at every joint on the left side of

the structure having the intensity of IV and they are indicated by
`c Total "･

   These tables are applieable to determinations of slopes and de-
fieetions due to any desired load distribution.

   In regard to tihe slopes and deflections for the frames of variable

.stiffness, these are shown in Figs. 19 to 50 in a later seetion.
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                Fig, 2. Fig. 3.

5 show the imaginary frames whose slopes in every ,joint

deflections in every story are approximately the same

loads. That is, frames of Figs. 1 to 3 are respeetively

 fixed and hinged at their bases; a]1 the slopes and



defleetions

which aet

tensity I･V.

IV･h
               respeetive-     and
 2E          6E
lyforthesameloadings. In
the fl]ame of Fig. 5, all slopes

and defiections are respective-

    PV･h            5 W･hly                  for a        and
             6E    2E
single Ioad whieh acts at
the top.

   In general, one is able
to design frames which have
any desired slopes and defiee-

tions. Thusforexample,for
the frame of a single bay,
fixed at jts base, the values

of K may be deterrr}ined by
the foIlowing formulae:
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1<,, .. - 2opi(Kl+Ki)+cp, K,+th Kl+lf,Kl

              ,3op1

                o                Oop3
   -----ee--ee---ee-{---b-eeeo--o-t---e--eeeb

K,,, = -L2-`P.Ln. KLi･-1 '-t' `Poi-i KLz-i+ si,e K-1

            3qn
In the above equations

   K -- stiffness of member;

    gD = slope multiplied by 2rc;

    pa == defiection multiplied by --6E;

   Rr ;='= -IQrh'r

        3
where,

 . (2.-htotalshearingforeeintheo'-thstory;

   h･,. == height of the column in the o'-th story;

-zih, = - .2igP2(.ZSi+ rll.IIi) + (pi ,lli + q3 .Ji2 -- e2 ZS:.I+ A･3 Kh

               3q2
Kh,=av-2q)3(Kli+Kb)+op2llrh+op,Kb+pa,1{r>+k&

)
l

> ee"4

J

(2>

In equations (1) and (2), there must be the following relations between

pa and q:

          3I,h,i>op, )
          o
          glvel>qi+q2

          'Il-lsi3l>{P2+gp'3 ･-･ee･"･-･i･･=".<3>

          o
           a-----"-"--"
                     tt          T2sLlhi>qn-i+qn

          D .J
                     '
  In the speeial ease of

            op1 == q2 -- q3 =: ....op7t -b-- op

  alld "1 == pa2=pa3 =: eee.pan opMth"" P'
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                                       ..."" (8)
                        3qi

            q)1 = g)2 = q3 = ...e･･....q. = gD

            ILI == A2 == A'3 == .........el[Ln == tL,

equations (7) and (S) become

      K}== Rl m･･･e･･･････････････････････････-(9)

           M +q
            3

                               R,+u,llL,

      Kli-ku-{Ki+2Zill}t9±--@2 or -- 2q2 ......... (lo)

                                              '            '
   The expressions of Kl, Kli, Kb3 ....K;i and Kie2, Kb3, K44, ･･e･-Kinn

are the same as in the case of the frame with fixed base.

   For the frame of a single bay 'virhose both supports are connected

uTitli a beam as shown in IB'ig. 7, the values of K beeome as follows:

                        IL,
                KiF22 ,
                     gpai + opi + qi

                      2 op, Ki + op, Kl + pa, Kl                KI=- ,                         ' 3qi

                and

                  th 2op,(lil+K,)+ev,Kl+op,lkit+pa,Kl+pa,Kl

26

      K,

and when

     F. [l]al{abeya and [V. Salcai.

g,(1.5Kl+2K,)+g,Kl+!S'LKI+pa,Ki

               K,
     Fig.7. ' 3cPi
When all slopes and defleetions take respeetively the

pa, the above equations become as follows:

                         a,
                  M = g.i2q'

"2 9?2K22
@scKfl

h lt2

//trIl

XN

(Z)

9T1<u

.7Fe

e

same value q and

e
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                      Kii = - Ri+R,.,
                                4g

    and Kll =- Ri.
                              Iq

The expressions of stjffnesses of the rest are the same as in the frame

of fixed base.

    XVhen the model of frame constructed of rectangular elements is

papered with thin Japanese paper like a Japanese paper sliding door

and subjected to a statical foree system, the deformation of the model

is slightly disturbed by this paper eovering. But wrinkles due to
slope and defleetion of frame can be observed on the paper eovering

with the naked eye. And also when this model with paper covering
is pJaced on a shaking platform which ean be shaken to any desired
amplitude and period and is subjeeted to oseillation, it is possible to

observe the amount of slope and deflection in each story, of the frame

by the size of the wrinkles on the paper as shown in Fig. 8. [I]his

figure was a snapshot while the frame was shakin.cr.

    In the writers' models the distributions and densities of wrinkles

on paper due to both statical and seismic force are mueh the same.
Wrinkles in t･he story of large slope and deflection are larger than

those in t･he story of small slope and defiection.

                            Fig. 8.

    Now when this consideration is extended to buildings subjected
to seismic action and the above theory of the paper sereen is considered

to be applieable to eonerete building walls, the position where eracks

appear most early andseverely is in a story where elastic deformation,

that is, slope and defiection have the maximum values in all storjes.

At the same time, for ordinary building frames the maximum deflec-



28 F. Takabeya and [I]. SakaL

tion may be expeeted probably to take p]ace bet"reen the second and

fourth stories as related before. Therefore, it may be recognized that

the damage to Nsralls of buildings due to earthquake will probably

appear most early and severely in the second to fburth stories and
not in the lowest story, notwitbstanding that the free vibration period is

considerably smaller than tl)e period of foreed vibration of earthqual<e.

    This theory agrees with Dr. Taniguehi'sin substance. {I]he authors

pay their homage to his eminent opinion which was proposed not
long after the Great IKwanto IEarthquake of 1923.

    But for the damage of the second order it is not always most
severe in the seeond to fourth stories. In regard to the damage of
the second order, it js treated in the following section.

    It seems that Dr. Taniguehi called public attention to the maximum

defieetion alone, while the present authors eall public attention to the

maximum joint rotation-angle, i.e. the maximum slope too, as the
bending moment at the end of a member of a frame is derived from
slope and defiection and this end moment is important to the seeond

order damage. The slope has generally the maximum value in the
story of the maximum defleetion as reeognized from Tables 1 to 5 and

Figs. 19 to 50.

       II. Investigation on the Location of Failure due to

                 Damage of the Second Order.

    (1) introazLction. Damage of the seeond order is tal<en to be such

as when columns and girders are broken as well as when walls are

largely crae]<ed and shaken down. VgTith the occurrence of damage of

the first order, columns and girders can continue to exist in sound

bodies, imperfect as they are, but in the case of damage of the seeond

order they can not exist longer in sound bodies.

    The breakage of the colurnns and girders has eiose relation to tl)e

stresses which are induced in their bodies. But actual stress distri-

bution and the state of damages to building frames are complieated
problems coneerned with the nature of earthqual<e motion, 1<ind ot'
structures, distribution of Ioads, state of foundation ete.

    So, negleeting these complieated boundary conditions, the authors,

using many models, have investigated experimentally the location
and state of the failure of buildiug frames due to a simple harmonic

motion. Of course that experiments with real bujlding frames are
desirable. But there are many difficulties in the eonstruetion of many
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homogeneous models, testing facilities and economy for experiments

with real building frames. The authors therefore obliged to satisfy

themselves v7ith models as Bext described.

 ' (2) )IZite7niats foT Moclel'of Bzeild･iny Frames. As the authors'

experiment is eoncerned with a steel skeleton or reinforced concrete

building frame, it seemed to be desirable to use concrete models. BuQ,

it js difficult to make up a･ small and homogeneous model uTith con-

erete. The homogeneit.v ofthe model is a very irnportant faetor in

this experiment and it is not always necessary to use concrete for
this purpose. Any material will do, so long as with it one can easily

eonstructJ homogeneous models of any desired form provided that the
material is so brittle as easily to break lil<e conerete. This brittleness

is also a very important point in this experiment, as the experiment

is coneerned･with the breal<ing of the model.

   [l]he present authors used a good quality of gypsum, namely
`` dental plaster". A model of any desired form ean be very easily
made having a high degree of hornogeneity.wjth tihis gypsurn.

    [l]he mechanical properties of gypsum vary, depending upon the
percentage of wat,er used in mixing the gypsum mill<, the eompleteness

of drying out and the l<ind of gypsum, that is, the ingredients in the

gypsum and the proeess of ealeination used. From 64 to 120 pereent,

water was mixed for model making and the age of the plaster cast
ranged from 2 to about 20 days..

   Test pieees of 30cm. Iength, 1.5cm. width and lem. thickness
were made for some models of building frames for the purpose
of measurement ofthe mechanical properties. The results are set
down in the tables of the experimental results in an after eon]ing
seetion.

   IFor working Ioads the modulus of elasticity .Zl of gypsum ranges

from about 2･OOOO to 30000 I<g. per sq. em., the weight from O.65 to

I.2bV gr. per cub. cm. and the bending st,rength from about 20 to 30 I<g.

per sq. cm.
                                             M   IE[ere the bendihg streng'th means to value of .z. e, where M is

the maximum bending moment by whieh a test piece is broken, f the
moment of inertia of 'the section and e the distance of the extreme

fibre from the neutral axis of the section,

   1]he tensile strength "Tas not ineasured directly but it may be
estimated from the bending strength of materjals.

1
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   <3) ]fodel .7LZttking. [l]he inodel of the building frame "'as made

as follows. ]Forms were made of wooden pieces on a th'ick wooden

plank and were wiped with an oil before using. Then a thiek milk

of gypsum was poured into these forms. About leO pereent of water

was required to produee good results in model making. After the

gypsum had quite set, the upper face of the model was shaved to a

Plane and then the forms were removed. TIie time for the complete

setting of gypsum was 5 to 15 i:ninutes. The time for the natural

dryingo ut of models was from 2 days to 3 weeks as already mentioned,

but for most of the models this time was from 4 days to one week.

   (4) .Ziio7'7iz and Dionensions of Albelels. As the standard model,

heights of eolumns were･ determined all equally at 10cm., lengths of

girders at 15 cm. and their sections at 1 cm. thicklless by 1.5 cm. width.

   'I'he number o±- stoi'ies was 6 and number of bays was from 1 to eO).

    IFig. 9 shows the standard form and dimensions of a model
of 6 stories and 2 ba>Ts.

F---"-3oCM

s

l

Kg6as

yfem

..fem

lem
focm

intem
3em
7em

         Fig. 9.

tude of 1.5 cm.

was destroyed.

tachometer.

and the

 The
 pei'iod

period

The form and dimensions of all models

used in the present experiments are
sho"Tn in [l]ables 6 'to IS in a later

seetion.

   A fine wire was einbedded in the
centre of the section of all the rnei)Lbers

in sueh a manner as to prevent the com-

plete fa]Iing to pieees during the brealdng

test.

   (5) Eg･uipa"zent ancl )iZletltoa of rcxpeo'i-

o?zent. [l]he model was set up horizontally

and supported on rollers whieh were fitted

to a shaking platform and the base of the

model was fixed to the platform so as to

be subjeeted to harmonie oseillation as

shown in Fig. 10.

   In the experiment the amplitude of
oscillation was kept to a constant magni-

   was ehanged gradually until the model

  of･oseillation was measured with a
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   <6) Emperimental Reszclts. IVhen every story was equa]ly loaded

with load of m gr., the periods of free vjbration for the models of

standard form were, fbr tlie most part, such as are expressed by the

following formulae;

       T= O.O046i/Lm for the model of 6 stories an(l single bay,

       T== O.O034i/m for the model of 6 stories and 2 bays,

       T == O.O029i/'itEz for tlie model of 6 stories and 3 bays.

    In the above formulae T is tl)e period and it is indicated jn
seeonds.

    For the story-loads of 4r)() gr., 310 gr., and 50 gr. the period of free

vibration of the model of 6 stories and single bay beeomes O.0975 sec.,

O.081 sec. and O.033 sec. respectively. The sveight of the model itself

was 50gr. for eaeh story and the period of the free vibration due to

the weight of the model it･self became therefi'om O.033 sec.

    Figs. 11 to 13 show the mode of the free vibration of the model

of tl)e standard form with 6 stories and single bay. These vibration

eurves were recorded with optieal apparatus.
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    In the experiments, the period of external vibration which was

applied to a model to destroy it was, for the most part, from O.12 to

O.22 sec. which is fairly long compared witli that of the free vibration

of the model. Consequently the mode of the vibration of a model

under the foreed vibration was the same as that of tbe shaking plat--

form, excepting the increase of the amplitude as shown in Figs. 16

and 17.

Fig. 11. Frame No. A: 6 stories and sin.crle bay (Age:

Live load: 130 gr. on each story. Dead loRd: 50 gr.

Free vibration period: O.0615 sec.

3days).

on each story.

Fig. 12. Frame No. A: 6stories and $ingle bay

Liveload: 260gr. oneachstory. DeadIoad:
Free vibrfition pericd: O.0815 sec.

(Age:

 50 gr.

3 days).

on each story.

Fig. 13. Frame No. B: 6stories and sing]e bays (Age:

Live}oad: 400gr. oneachstory. I)ead]oad: 50gr.
Free vibration period: O.0900sec.

13 days).

oll eaeh story.
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Fig. 14. Frame No. C: 6$tories and
Live Ioftd: 780 gr. on eaeh story.

Free vibration period: O.100sec.

2 bas.s (Age: 6 days).

DeRd load: 100 gr. on each story,

Fig. 15. Frame No.D: 6stories and
Live lc)ad: 390 gr. on each story.

Free vibrftbion period: O.06'6sec.

3 bays (Age

Dead load:

: 6 day, s).

120 gr. on eaeh story.

Fig. 16. Frame No. 32: 6stories and single bay
Live load: 100 gr. on the 5th story. Dead loacl

Amplitude of shaking platfbrm: 1.5 cm.

I)estruetion period: O.171sec.

(Age: 7 days).

: 50 gr. on eaeh story.

Fig. 17. FrartLe No. 35: 6stories and 3 bays

Live load: Ogr. Dead load: 12-Ogr. on

Amplit{ide of shaking platform: 1.5cm.

Destruetion period: O.158 sec.

(Age: 4 days).

eaeh story.
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   Experimental results of the breaking test of the frame are as
tabulated in Tables 6 to 18. J.n the Appendix, there are shown 101
photographs of the features of the damage to the frame.

    The defbrmations of every story and the bending moments at the
ends of every member due to a horizontal oscillation may be estimated

from the assumption that seismic forees are concentrated horjzont･ally

at ever.v stor.v in the same direction with each other having the
magnitude of the prQduct of the total mass on eaeh story and the
aeeeleration in eaeh story.

    Cl]his assumption may be permissible for the frames whose free
vibration period is considerably smaller than trhe period of an earth-

quake motion sueh as the frames used in this experiment.

    To repeat, for the authors' experiments, the aeeelerations of the

horizontal oseillations of all stories might be assumed to be approximate-

ly equal to each other, as the horizontal deforma･tion of the frames

is very small eompared wit,h the amplitude of the shal<ing platform.

    Fig. 19 to 50 show the results of the statical ealeulation under the

above stated assumption. In these figures, slopes are written in the

parentheses at the corresponding joints aRct deflections at the right

side of the corresponding stories. The values at both ends of
each member in Fi.cr. 19 to 26 show the bending moments and those
in Figs. 27 to 50 the bending stresses. In regard to signs of bending

moments, the moment is considered positive when the eouple aets in

a e]ockwise direction upon the portion of the member considered
and also the sign of bending stress indicates the direetion of moment,

by whieh bending stress is caused.

    Now, eomparing with the results of the statical caleulation, the

present authors propose to describe the features of the damages to
frames, dividing their models into several kinds.

    A. Stanclao-d -F'o"ames.

    (a) liTTames of Six Sto7･ies and Single Bay. Fjg. 19 shows that

the seeond story has the maximum defleetion and in the girders at･
the top and 'bottom of this' story veTy large moments are induced

compared with the others. The values of these bending moments are
respeetively 2.01 l･V･h and 2.07 VV･h. Also it seems that the bending

moment at the fixed ends of the lowest columns is the largest among

the coiumns, having the value of 1.94 Vl･h. JiV shows the intensity

of a sejsmie force at every joint and h the height of column.

    As the magnitude of the direet stresses in all the members is･
relatively sma･II, the extreme fibre stresses of the members may be



Experimental Investigations on the NKreakest Point 35

estimated from the bending moments only at the ends of members
neglecting the effeet of the direet･ stresses.

   In the experiments, three eharaeteristie sorts of damage were usual

to frames as shown in [ReL Nos. 1 to 6 in Table 6. Fig. 18 shows

                                    these 3types of damage.
                                    These features of damage
                                    are all considered to take
                                    plaee respectably as the
                                    magnitudesofthemoments
                                    at the first and second
                                    girders and the lowest
                                    columns are nearly eq"al
                                    to eaeh other.

                                        The features of the
                                    damage to the frame of
                                    Ref. No. 4 show the pos-
                                    sibility of the extension of

                                    the damage to the third

     (aT fkp cC2 girderitselfastheresult
              Fig. ls. of the faultiness in model
                                    mal<ing.

b

7. zZ Zz71.

   (b) Fo'ames of Six 8tories cuncl Single Baz/ aa7'7'yiny a Load on
UPpe7' Sto?'ef. Figs. 20 and 21 show the results of the statieal calculation

for two frames carrying a load on tihe top and fifth girders respectively.

As the effeet of a load on t･he upper girder, the position of the
maximum deflection changes from the second to the third story and
at the ends of the girders of both top and bottom of this story the

maxjmum bending moment･ is indueed.

   In this ease, the moment at the fixed end of the lowest columns

is eomparatively smaller than that of the second and third girders
and aeeordingly there may be only slight damage of type (a>, In the

experiments, the features of damages belonged, fbr the most part, to

type (c) as shown in Ref. Nos. 7 to 13 in Tables 6 and 7.

   There were oecasionally such damages as shown in Ref. Nos. 7
and 8, that is, in these frames none of the members in the first story

suffered from injury but they suffered destruetion at both of the ends

of the seeond and tl]ird girders, at the upper ends of the columns in

the fourth story and at the lower ends of the columns in the seeond

story.

e
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    (c) F7"a7?zes of Six Sto7'ies and Tzvo Bceys. TIie results of the

statical calculation beeome as shown in Figs. 22 and 23 and jt is obal

served that the weal<est points are at the fixed ends of the lowest
eolumns and at the ends of the first and second girders eaeh; ac-
cording}y all the features of damages of t.vpes (a), (b) and (c) may

appear.
   In the experiments, type (b) damage bas most freqtiently tal<en
place.

   (d) -Z7i7'ao7zes of Six Stoo'ies and ]"ho'ee Bays. For the frame ot' 6

stories and 3 bays, the results of the statjcal calculation become as

shown in Figs. 24 and 25. Similarly to the above ease, it is observed

that the weakest points are at the fixed ends of the lowest eolumns

and at both ends of the first and seeond girders; aeco.rdingly it is

possible that all the features of damages of types (a), (b) and (c) may

aPPelanr' the experiments, type (b) damage has most frequently been

observed and types (a) and <c) oeeasionally likewise.

    When a frame of 3 bays is sub,jected to only one force on upper

story, the maximum deflection tal<es place upper rather than when
it is subjeeted to forees at every joint. But, the magnitudes pf
th'e]floments at the fixed ends of the lowest columns and ends of
the first girders are not so different from those of the girders which

belong to the story of the maximum defiection as in a frame of
single bay.
    [l]herefbre, even when the frame of 3 bays is 16aded on the upper
Story with a eomparatively large load, the features of damage are like

those for the frame subjeeted to loads at eveTy joint. In the experi-

lll8stS24tig?idfe2atsiireS Of damages took the type of sa) as shown in Ref.

    B. -li'7･aones of 1;?"reg?elav' .Z7'o7"m, btet of Sta･7tdao'd Section.

' Ref. Nos. 26 to 28 show the frame of irregular form but whose

members' have the,standard section each and Fig. 26 shows the results

of tihe statical ealeulation of the frame of 'Ref. No. 26.

    IEven in sueh frai:nes, they were atlsb''destroyed at the expeeted

points, coiisidering after the results of the statieal calculation, too.

    a' Eqf,t)IS7gtaSmofagteh,e 8t'i.fi'ne88 RCCtiO of Gio'deo"s,and aolzt7nns on .l7'eatzioies

                                         '' (a) Ji'7'avezes of Six Sto･ries ancl Sieegle Bay..Ref. Nos. 29 to 41 in

[I]ables 9 to 11 show the effleet of the stiffness ratio of girders and
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columns on the features of damages to the frames of 6 stories and
single bay.

   Re£ Nos. 29 to 31 in Table 9 show effect upon frames with girder
of 1.optcm. thickness and in them the stiffness ratio of girder and

   'Il]he features of damage to these tl'aiines have coineided with type

(a) in the experiments, that is, the frames suffered destruetion at both

ends of the lowest columns, while all other members did not suffer

from injury.

   The results of the statical caleulation of the frames of this so.rt

beeome as shown in Fig. 27 and they show that the magnitude of the
bending stress at the fixed ends ot' the lowest columns is rather Iarge

compared with the other ones, notv'itl}standing the faet that the de-

flection t･akes the maximum value at the second story. Therefore, it

may be fully expectable that the features of damage were of type (a).

   In the frames of Re£ Nos. 32 to 33, the girders are all lcm.
thic]< and stiffness ratio of girders and columns O.666. In the experi-

ments, every damage type (a>, (b) and (c) appeared in the features of

the damage to these frames as mentioned already.

   Ref. Nos. 34 to 36 shoNsT the frarnes with,girders and eolumns of
respeetively 2 cm. and 1.5 cm. thickness and their stiffness ratio is O.282.

In the experiments, the failure of girders has extended to the upper

ones. For example, in the frames of ReL Nos. 34 and 35 Phis failure

has extended up to the fburth girder.

    In the frames of Ref. Nos. 38 to 41, the stiffness ratios are smaller

and in the experiments the failure of girders has extended to all of

them.
    It may therefore be concluded that the smaller the stiffness ratio

of the girders and eolumns beeomes, the higher in t･he building the

failure of girders extends. And it is quite within the bounds of
possibility that the failure extends so far as the topmost girder
dependent upon the ma･gnitude of the stiflhess ratjo of girder and

column.

    Sueh features of the damages may be reasonable considering from
the results of the statical calculation in Figs. 28 to 31. For example,

in the frame with girders and columns of respectively 1 cm. and 3cm.

thickness, the bending stress in the topmost'girder is greater than that

in the fixed ends of the Iowest columns. Therefore, before the stress

in the fixed ends of the lowest eolumps reaches the breaking point,

all the girders may be destiroyed.
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   (b) IiT7names of Six 8to7"ies a･nd 7itvo Ba:ys, Ref. Nos. 42 to 44 show

the effect of the stiffness ratio of girders and eolumns upon the features

ofdamagetotheflramesof6storiesand2bays. ･ .

    ReL No. 42 shows a frame with girders 1.5cm. thick and the
stiffness ratio of 2.25, Ref. No. 43 a frame with girders 1cm. thick

and the stiffness ratio of O.666 and Ref. No. 44 a frame with columns

1.5em. thick and the stiffness ratio of O.19S. In theexperiment with

the frame of fRef. No. 42, none of the girders suffered from injury

but the frame suffered destruction at the bottom ends of the lowest

columns.
                              '
   In the frame of Ref. No.. 43 the fttilure extended to the first girder

and in the frame of Ref. No. 44 it extended to the second girder.
The results of tihe statical calculation of these frames are shown in

Figs. 32 to 34 and these results show the reasonableness of such

featuresofthedamage., .
                '
' (c) .li'o･avezes of Six Stoo'ies and iZ7Lonee Bays. Ref. Nos. 45 to 56

show the effeet of the stiffuess ratio of girders and columns on the

features of damages to the frames of 6 stories and 3 bays. Their stiff-

ness ratios vary fi'om 2.25 to O.0833. Ref. Nos. 45 to 47 show frames

with the stiffness ratio of 2.25, Ref. Nos. 48 ･to 50 firames with the

stifihess ratio of O.666, Ref. Nos. 51 to 53 frames with the stiffuess

ratio o£ O.198 and Ref. Nos. 54 to 56 the frames wjth stiffness ratio

of O.0833. ･                  '
   In the frames with the stifftiess ratio of 2.25, no girder suffered

from injury but the frames suffbred destruction at both ends of the

lowest columns. In the frames with the stiffness ratio of O.666, some

xsrere destroyed at the lowest columns and every girder escaped from

injury, while in other frames the failure extended to the seeond or

even to the third girders. In the frames with the stiffBess ratio of

O.198, the failure extended to the second or even to the third girders.

In the frames with the stiffness ratio of O.0833, the damage extended

tothesecondandthirdoreventothefourthgirders. '

   The results of the statical ealculation for t･hese frames are shown

in Figs. 35 to 38 and they indieate the possibility of the above men-

tioned features of damages.

   In the frame of 3 bays, the effeet of the stiffness ratio of girders

and eolumns on the features of damage is smaller than that in the

frame ofasingle bay. ･
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   D. thTtinlly Sti.t7leneel -P'7'a77zes.

   (a) li'o'ames Specially Sti.t7lened by th7'tial Rooms. Re£ Nos. 57 to
62 show the features of the damages to the frames specially stiffened

by partia] room whieh consist of members of 2cm. thiekness. Among
them, fi'ames of Ref. Nos. 57 to 59 have the espeeial stiffening of one

room at the left ･side of the lowest story.

   Thanl<s to ･this stiffening room the lowesS story did not suffer

from injury at ali and these frames were destroyed at the seeond story

in almost all cases.

   Frames of Ref. Nos. 60 and 61 have two rooms fbr stiffening at
the left side of the iowest and second stories. In the experiments
with these frames, also the first and second stories were not injuired

   When the stiffening rooms were plaeed in the space from the
lowest story to the third, the first and seeond stories were destroyed

as shown in Ref. No. 62.

   The above features of the damages all seem to coincide with the

resultsofthesta･tiealcalculationofFigs.39and40. '･

   (b) .I7'o'ames opecially Sti.l7leneal by th7'tial Oolzemns. Ref. Nos, 63

to 79 in Tables 13 to 15 show the features of damages to the frames

speeially stiffbned by partial columns whieh,consist of 3 cm. thickness.

Among them, the frames of Ref. Nos. 63 to 65'have one stiffening

column at the left side of the lowest story. ' '
   On aeeount of this stiffening eolumn, in some cases the lowest
story did not suffer from injury at all, while in others the frames were

destroyed at the first and second stories.

   Next, in Ref. Nos. 66 to 79 there are shown the features of
damages to frames with various sorts of specially stiffening partial

columns. They show that the damages to the frames with such
eolums extend to the Rpper stories and the damages of the same kind

oceur to the frames whose columns all eonsist of thi･ck members. It

is an interesting fact that even when the stiffening columns are arranged

as shown in Ref. Nos. 77 to 79, the damages extend eonsiderably to
the upper st+ories.

   In Figs. 41 to 43 there are sl}own some of the results of the
statieal ealculation for these frames.

   (c) l717'ames opecialty Sti.t7leneel by .l)Zz･rtial Gi7'elers. In Ref. Nos. 80

to 90 are shown the features of damages to the frames speeially stiffened

by partial girders w'hich eonsist of mernbers 2 cm. thiek.
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   Frames of Ref. Nos. 80 to 82 have an especially stiffening girder

at the lowest part. With this girder, the lowest room of these frames

of single bay is stiffened as a whole. Therefore, in the experiments,

the frame$ were more frequently destroyed at the upper stories than

at the first story. . . .
   For the frames of 3 bays) the lowest story could not be sufllciently

strengthened with specially stiffening gjrders alone, however st･iff' they

might be, and aecordingly, in the experiments the frames were always

destroyed at the lowest columns. In these cases, on the other hand,

the specially stiffening girders prevented the 'extension of the damage

to the upper girders as shown in Ref. Nos. 83 to 90.

   In Figs. 44 to 47 there are shown the results of the statical ealcula-

tion of these frames and these results indicate that the above experi-

mental results are all reasonable.

                                      '
   (d) Yo'a"zes 2vith Oolzem･rbs and Gti7'eleo's oj' Di,ffb7`ent Sti.tlbzess in

Each Story. In the frames of Ref. Nos. 91 to 95, all members of the

first and seeond stbries have the thickness of 2cm., those of the third

and fourth stories the thickness of 1.5cm. and those of the fifth and

sixth stories the thiekness oflcm.. -
   For these frames the results of the statical ealculation become as

shown in Figs. 48 and 49. These caleulation results show that the

most dangerous points are the fixed ends of the lowest columns

when the frame carry no Ioads. When the frames carry Ioads on
every story both ends of the columns in the fifth story become also

the most dangerous points.

   The experimental results with frames of Ref. Nos. 91, 92, 94 and

95 were all in aeeord with the caleulation results. The features of

damage to the frame of Ref. No. 93 were different from the above
             "results, while the fact that all fibre stresses in the lowest columns

and the first to third girders are similar in their magnitude shows

thereasonablilityofsuehfeaturesofdamage. '-
                                                        ', (e) .li'v-ames w･ith 21tfembe7"s of Unifoo"m StTength. Frai:nes of Ref.

Nos. 96 to 101 are so designed that all the members may have equal

strength against horizontal seismic forees. In the experiments on such

fraines, the features of damage tool< no fixed form and the frames

were destroygd in a haphazard as shown in Re£ Nos. 96 to 101.
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                Summeagey and CoxxcXusions.

   In this experiment, the building t'rames were dealt witli "ri)ich

have a free vibvat･ion period comparatively smaller than the period of

the earthquake iinotion. The general cone}usion drawn from tbe in-
vestigations desevibed in this paper are as follows:

    In an eaythquake of such a degree that struetures do not suffer

from iojury of the main frame, that is to say in the definition of the
present authors, in an earthquake of the first order, the positioll wh6re

cracks appear most early and severely js in a story where the defieetion

or the siope has the maximum value. Here, the words " deflection"
and " slope '' mean the member revolution angle and the joint rotation

angle respectively. For the ordinary buildjng frames the maximum
deflection most probably oecurs between the second and fourth stories.

    Therefbre, it might･ be reeognized as reasonable that the failure

of the walls of buildings due to an earthquake appears most early
and severely in the second to fourth stories and not in the lowest

story, even though the free vibration period is considerably smaller

than that of the earthqual<e motion. i
    In an earthquake so strong that the main frames of struetures
are destroyed, that is to say in tlie definition of the present authors,

in an earthqual{e of the seeond order, the most dangerous positions

among all members of girders and columns have no elose relation to
the positiou of the maximum defieetion or slope. When the stiffness

of the girders is eomparatively greater than that of the columns, the

frames are always destroyed at the lowest coiumns. WIien the stifltriess

of the girders is comparatively si:naller than that of the columns the

damages extend to the upper stories and in some eases damages extend

up as far as the topmost girder.

    These features ofthe damages to tl]e main frames seem a!1 to
eoineide with the results of the statieal calculation whieh is usually

employed in tl]e current praetiee.

    Therefore, it seems to be reasonable that the damages to the majn

fraines themselves should extend to the upper stories even jn some
rigid reiRforeed eonerete buildings whose free vibration period is con-

siderabJy smaller than that of the earthquake mot･ion.

    1)he features of darnages to the various 1<inds of frames ii> the

experiments are shown in Tables 6 to 18 and in the Appendix,

Photographslto14. '''
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                 Table 6.
Breaking point.

?osition of maximum deflection.

Position of maximUm defiection due to

Position of maximum bending stress.

a single }oad.

Ref.

No.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Frame
 No.

No. Il

No. 17

No. 20

No. 22

No. 24

No. 25

No. 9

No. 15

Type of frame &
  features of
   damage

1on

o

ttt.

rcm

lcm

.･ ,o,

TTr e

ku

X071

'

o

ttt

lo71

m

o

v

im

c

rcm

o

lcm
lc

o

'

km

lc

e

o

i

nm

(m

lc

eT

'

 Date o£
L

construc-
 tion &
   test

Per-
eent.

 of
water

 1935

Oct.

Octi.

:

l2

29

Nov. 2

Nov. 4

Nov. 5

Nov. 7

Nov. 5

Nov. 7

Nov. 8

Nov. 11

Nov. 8

Nov. 11

Oet.

Oct.

10

29

Oct. 14

Oct. 31

64

76

76

67

67

Ampli-
 tude

 cm.

1,5

1.5

1.5

1.5

l.5

1.5

3

1.5

 Dest-
ruction
period

 sec.

O.182

O.193

O.176

O.176

O.187

-dn#･

Remarks

Test piece:
 E == 2s2oo kglemg
 /bending strength
   = 21.75 kg/em2
 weight s= 1.25 kg/cm3

Test piece:
 E = 25200 lcglem2
 bending strength
   == 24 kg/cm2
 weight: 1.14gr/cm3

Test piece:
 E -- 27000 kg/cm2
 bending strength
   = 24 kg/cmg
 weight == 1.14kg/cm3

Load on 5th girder

  = 100 gr.

Load on 5th girder

  = 100 gr,
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Breaking
Position

Position

Position

          Table 7.
 point.

ol maximum deflection.

of maximum defiection due to a

of inaximum bending stress.

single load.

Ref.

No.
Frame
 No.

Type. of frame &

  features o£
- damage

 Date of
eonstruc-
 tion &
  test

Per-
cent.
 of
water

Ampli-
 tude
 em.

 Dest-
   .ruetlon
period

 sec.

(9) No. 27

x

fcm

'e
o

'

 1935:

Nov. 9

Nov. 15
120 1.5 O.230

(10) No. 31
rtm

e

o

Nov. 12

Nov. 19
125 1.5 O.206

(11) No. 26

'

cm

cm

e

o

Nov. 9

Nov. 15
120 L5 O.171

(12) No. 32

v

g

i'

cm

nm Nov. 12

Nov. 19
l25 l.5 O.206

x
km

(13) No. 19
e

o

.Nov. 2

Nov. 4
64 L5 O.190

Remarks

Load on 5th

girder = 200 gr.

Load on 5th girder
   == 240 gr.
Test piece:
 E =: 25000 kglem2
 bending strength
    = l8 kg!cm2
 weight == O.7grfei:n3

t

Load on 5th girder
  = 100 gr.
Test piece:
 E == 28000 kg!cm2
 bending strength
   == 18 1<g/cmL'
 weight = O.7 gr/cm3

Load on 5th girder
  = 240 gr.
Test piece:
 E = 22000 kg!cm2
 bending strength
   = 18 kg!cm2
 weight = O.65grlcm3
Load on 6th girder
  = 75 gr.
Test piece:
 E = 25200 kglcm2
 bending strength
   = 21.75 kglem2
 weight == 1.25gr/cm3

(14) No. 30
im Nov. 9

Nov. 14
120 1.5 O.222

I.iTsist=pi2e7eoeo:ok
            g!cm2
I bendingstrength
    = 22.5 1{g!em2
  weight = O.76grlem3

(15) No. 29

7keVi

Nov. 9

Nov. 14
l20 1.5 O.230

Test piece:
 E == 27000 kg!cm2
 bending strength
   = 22.5 kglcm2
 weight = O.75 grlem3

cvat

lcm(16) "To.40
iNov.21

Nov.26
85 1.5 O.200

o 'o
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            Table 8.

Breaking point.

Position of maximum defleetion.

Position of maximum bending stress.

Ref.

No.
Frame
 No.

   j
   [
   l   I
   l(17)1No.51
   '
   i'

   I
   I

Type of frame &
  features oi
   damage

c

lcm

o o
di

 Date of
construe-
 tiOll &

  tes#

 1935

Dec.

Dec.

:

6

II

Per-
cent.
 of
water

Ampli-
 tude
 CIII.

 Dest-
ruction
period

 see.

1
l

I

:t I
i. 1.5 jO.188

l, i

/

Remarks

l

i

100
J

,

   i
(ls) l, No. s6 1/

   :
   1
   i   l･

rcfiv

lcm

oo--f
.

I

I

I

I
I
i
l

l

Dee.

Dec.

   j

,, I

   1   l･ 120
26 l･

   l
   l･

   i
(19) No 50

i

-l----

'--hl

  i･
  l

I
]
l

'

i

r

lcfft

lcta

e e

o o

l.5 i･ O.194
    l
    i

Dec. 7

Dec. 18 l
r

120

l

l
I
t

    ]
    l
    I
    E
1.5 i O.163
    L
    l
    i
    l

(20)

l
[

!

No. 34

tcrn

T 1an

o o o

;

i Nov.
t
i' Nov.

t
l

   I･

,, l

2o I

   !

   t

   it

   I

95 li 1.5

   I

   Li

i

f
! O.158

l
l

I

E

l
i[I]est piece:

  bendlng strength

i =21kglcm2
[ weight = O.s4gr/cm3

Load on 5th gfrder

= 550 gr.

(21)

(22)

(23)

No. 35
'1icm

 o

]N'ov.

Nov.

   j
   1
16 l'

   l･

20 i
   1   1
   I

95

No. 45

11li l
1/i 1.s･il
j
l
i

l

l

      l
      :
      :t

      l
      l
No. 52
      i

     i

     i

'/"n

lcm

o o o

x

:

I
l

;

1
/

Nov.

Dec.

   i
   :

28 i

   /i
   I 3i
   i'
   1
   i

120

O.158

i

i
i 1.5
I

O.162

{
,

I
l

   i/
   l

   I

(2el

lcm

lcm

o-

Ja
oo
u

i
i

i

l

       1

Dec. 7l

       LDee. 18
l20

t

i
1

1,5 l O.166
    l

    11
      [
      l

      L
No. 42 i'

      l.
     I
     l

l
E
t

fct

f

7 lcm

'

r

l
l

i
L

Nov. 22

Nov. 27
i

120 1.5

'

]

i
1
i

i

Test piece:

 bendingstrength
     = 25.5 kg/cm2

 weight = O.9 grlcm"

l
l

O.220 Load 400 gr.
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Breaking
Position

Position

     Table 9.

   . pomt.
of maximum deflection.

of maximum bending stress.

Ref.

No.
Frame
 No.

Type of frame &
  features of
   da･mage

 Date of
construc-
 tion &
  test

  11t

  l･

43'

  I

c

trctn

  1935:

 Nov. 22
I
 Nov. 27

Per-
cent.
 of
    t/wa･ter

Ampli-
 tude

 cm.

I

 Dest-
rnction
period

 sec.

/

(25) No.
L
F

E
    I
    I
12o I 1.5
    '    l

    i

    l

1

I
1

1

O.206

Remarks

(26)

(27)

(28)

(29)

(30)

l

F
t

a

Load

No.

  i
  I
54i
  1
  [
  l

  l･

rc

lcm

o o
'

No.

j

58
  i
  l

lcm

cm
ldi

r

No. 57i
  i'

  '  I.

  I

fc

No. 78
I

'-5

1

o

-5 C;et

ICm

Dee. 14

Dee. 23

Dec. 21

Dec. 26

Dee. 16

Dee. 23

 1936:

May 5

May 12

/

I

NO. 112

l
l

/

/

I
I
i
{
1

.5en

ICM

o

'

I
I
iJuly 7

 July 15

(31) No. 113
:

I
t

i

･5

1

o

･5cm

ICM

120

l

:

1.5

F

O.170

on 5th girder

= 400 gr.

120

l F

H

1

Test pieee:

 bending strength
     = 18.6 kglcm2

 weSght t= O.73grlcm3

l

l

i
i

F
E
I

i
l
i
l･'

!

1.5

120

L

O.170

/

L5

I

Test piece:

 bending strength
     = 25.8 kglcm2

 weight == O.83grlem3

O.166

E

Load: 100gr. each

110 1.5

g

l

i

l

O.200

l

･./
July 7

July 15

100

l

-1

o

t

1CM

-1 CM

i
"

1
l

I

IOO

1.5

(32)

L5

No. 11 l･

  I

  l,

1

l

 1935:

Oet. 12

Oct. 29

i 1
1

J
  m I' 1.s

ilii     '

F
I

O.182

O.200

Stiffness ratio

   Kb/Kh == 2.25

Stiffness ratio

   -lrb/Kh = 2.25

1
1

l
]

Stiffness ratio

   Kb!Kb = 2.25

l

i
l
j

l
I
l

{

Stiffness ratio

   .ll b/Kb = O.666



46 F. Takabeya and T. Sakai.

o
×

Breaking

Position

Position

    Table

 point.

of maximum
of maximum

10.

defieetion,

bending stress.

Ref.

No.

(33)

(34)

(35)

(36)

(37)

(38)

<39)

(40)

Frame
 No.

No. 17

No. 72

No. 120

Nc.121
 .. tt

Type of £rame &
  features of
   damage

L

I

 Date of
construc-
 tion &
  tests

ICop  1935:

Nov. 2

Nov. 4

[

?er-
cent.

 o£
water

/cva

hJ

2

o

n

1,JuliL

 2Cm

I

i
i

64

 1936:

Apr. 2"
       :
       l-May ･4i

100

Ampli-
 tude

 cm.

l
F

L,

,L9H

o

L,fcln

 zcm

Asam

 2aot

o

1.5

I
I
lt.

1.5

July 10

July 15

l

i
l

I

IOO

l

l

I
I

1.5

Juiy iO l

       /July 15 l

       4

       i

100
'

I
l

1.5

No. 122
   '

F

-5

2

x

2cm

a
l

No 71

l
l
L

Sept. 1

Sept. 4.

l

o

'

'f--

tcM

 cm

No. 114 "
ee

`-6'ti

em

een

l 100

l

:
t

Apr. 24

May 4

1

l
/

I
l'

l

)

l

llO

1.5

l

I
I
1

1
I

Ju}y 7

July l5 li

       l/

       I

100

1
I
l
l
I

I
/

/

1
i

l
I

l

I

1.5

1.5

No. 77

ICM

3c

o

l
i

May 5

May 12

/

l

l
'

r
I

110 1.5

 Dest-
   'ructlon
period

 sec.
'

I
Remarl{s

O.182

O,176

O.230

O.214

O.214

O.158

O.166

O.171

Stiffness

 Kbflrl,

  .ratlo

== O.666

Stiffness

  Kb/Kb

  .ratlo

== O.282

Stiffness

 IVblKb

ratlo

= O.282

Stiffness

  KbljZb

  .ratlo

== O.282

Stiffness

k/Sle

  .ratlo

= O.282

Stiffness

 -IYblKb

Tatlo

 tt   '= O.083

Stiffness

Kh/Ata

  .ratlo

= O.083

Stiffness

kla1.&

  'ratlo

= O.025
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Breaking
Position

Position

    Table 11.

   . polnt.

of maximum deflection.

of maximum bendlng stress.

Ref.

No.I
    i
   l

Frame
 No.

(41)
i

'

'

No. 115

(42)

I

i
No. 55

,(43)

i

f
No. 56

(44)

l
l

l

1
l-

No. 53

(45)

1
l
i
I

No. 76

Type of frame &
  featuTes of
   damage

'

 Date Qf
'constsruc-

 tion &
  test

iPer-
eent.
 of
water

3

dv.V:T-
o
u-

leai

 3CM
 1936:

July

July 1

7

5

l

I
t
1

110

",m.:･g!-

ErsZe3,tl'Eh,l

Remarks

E

I
'

E

F
/

1.5

vX,SCh,

'cm
l.

'j o

h t ' r

 1935

Dec.

Dec.

:

l6･

26

i

:
1
i
t

l
l
E
E
E
t

t

O.162

I
l

Stiffness

 KblKb

ratio

= O.025

fcm

cm

oo

100 1.5

Dec.

Dee.

16

26

i
l
I
l

120

i

lcm

X5c

L

'

o o

F

Dec.

Dec.

   l,
   I
   l,l4 l. -

   i
23 i
   l
   '   li

1.5

l

' 1.5

l

X5CPZ

lavl

o

:
i

I
/

 1936:

May

May

i
2I

6i

[

'

]

 O.166

O.194

O.170

Stiffness ratio

  KblKb = 2.25

I
I
I

Stiffness

  lkrblK.

ratio

= O.666

Stiffness

Ala!file

ratio

= O.198

(46) 'No. Il7

Vi6'i

lare

o

110

(47)

(48)

g
l

July

Ju]y

8

14

l
I
I

E

100

      l
      I
No. 119i･

,

zavz

jom

o

r

l
i
I

July

July

10

14

  t
  i50i
  '

ran
1on

o
'

`

i
I

 1935

Dec.

Dec.

:

7

18

100

iNo.

I
i'

1

l.

I
I
120

    11.s I o.230

1.5

-- )---

Stiffness]ratio

  ll hlKc = 2.25

L5

1.5

O.200

 I
 E l
.....

      qStifflless ratio

  Kb/IYb == 2.25

   l
   I

-I

1

Stiffness ratio

  .KbllZb == 2.25

/

     i
     t
O.166 I

     1     l

Stiffness

  Kb!Kb

ratio

= O.666
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            Table 12.

Breaking point.,

Position of maximum deflection.

Position of maximum bending stress.

Ref.

No.

(49)

(50)

(51)

(52)

(53)

(54)

Frame
 No.

Type o£ fraiiie
  features of
   damage

No. 45

No.

ICati･

IC.:Y

o

m

34.

No.

No.

･75

87

No. Ie5

lon

rae?

o

ea

,5e.a

o

'

ICLtiL

･Ses2

o

xact

o

iNo. 74

-
,FVM

ecrn

o

 Date of
construc-
 tion &
  test

 1935

Nov.

Dec.

:

28

3

Nov. 16

Nov. 20

Per-
cent.
 of
water

Ampli-
 tude
  em.

:

I
I
l

l

    I
    t

    l
120 i 1.5
    i

    I

    tt    tt    /t    '   1
   I･1   1gs I 1,s
   I'
   i,
   I
   I
   11

      T Deget- l

ruetlonl
      iperiodi

 sec.

Rema･rks

/ttttt

 1936

May

May

June

June

:

2

6

3

16

E

I

110 1.5

    L"
    l
    I･
    I
110 l 1.5

    1    I

June 30

July 14

 May 2

 May 6

(55)

(56)

:
l

l
g

'No. 111

No. 109

,crv

cm

o"k-"-t

-
i

XLnt

2om

o
'

tt

    l
    I    l    I

loo 1 1.s
    '    1
    lt
    i'
    1
    lt

July

July

July

July

6

14

4

14

llO

j
I

I 1.5

/

l

{

i

IOO

100

l

i 1.s

ltl
1

I 1.s
I

f

O.162

O.158

e

O.206

O.158

O.158

Stiffness

  Kb!Kb

     tt

Stiffness

filaIAle

  .ratlo

== O.666

     '

ratio

= O.666

Stiffness

  -krblKb

    tt

Stiffness

  K5!Kb

  .ratlo

=: O.198

ratio

== O.198

[
E

Stiffness

 KbllYb

  -ratlo

=: O.198

O.193
Stiffness

 Kb!Ke

O.200

O.200

E
I
I

I

I

I
I
I

l

Stiffness

  Kb!Kb

Stiffness

  Kb/Kh

  -ratlo

= O,083

  '

    tt t

  .ratlo

= O.083

  .ratlo

= O.083
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Breaking

Point of

Point of

Investigations on the Weakest

    Table 13,

   .pomt. .maximum defiection.

maximum bending stress.

Point 49

Rei.

No.

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

Frame
 No.

Type of frame &
  features of
   damage

No.

  1
  it

  I

68

No. 99'

/cm /jpt
/cm

o
cip

ecm

'

lcri?

wlavr

o
op

`tt ecm

No.106'

e
T

lcle

ICm

o
aem t.

'

am
t

No. 69

[

t

i
i
I
I
i
I
I
F
F

lem
ICM

2tm o

Zcm

No. 104

!opL

fcm

'

ar-m o

'

ecm
n

No.

l
  I
70!'

  1
  1
  l
l

841･

  d  1

l
  I
  l

85

l

i"IJt

ICR

2cvt

zem

m

No.

r

ca
ICM

'

'
o

3on
za

No.

jJtrt

xcrtt

o
3c;pt. --

'L

 Date of
construc-
 tion &
  test

 1936

Apr.

Apr.

:

23

30

June 20

June 29

July

July

2

13

Apr. 23

Apr. 30

June 26

June 13

Apr.

Apr.

23

30

June 1

June l6

June

June

6

16

Per-
cent-
 of
water

100

110

100

120

110

110

110

110

Ampli-
 tude

 cm,

1.5

1.5

1.5

I.5

1.5

1.5

L5

L5

 Dest-
   .ructlon
period

 see.

O.222

O.170

O.154

O.240

O.162

O.206

O.135

O.158

Remarks

Load 130 gr.

  Stiffening

 each

room

Stiffening room

Stiffening room

Load 130 gr. eac,h

 2 Stiffening rooms

2 Stiffening rooms

3 Stiffening rooms

Stiffening co}umn

Stiffening colurrin

1
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           Table 14.

Breaking point,

Position of maximum deflection.

Position of maximum bending stress.

Ref.

No.

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

Frame
 No.

No. 86

No. 80

No. 90

No; 98

No. 81

No. 88

No. 92

No. 59

Type o£ frame &
  features of
   damage

i.Ht.

ltta

o
3avr

vr･
tmpmr

10M

cpt

zcm
!cez

3CM

z

'L..

'ICM

1

3cm ''
m

/ca

vcm

cm

lcm

tm

'

- '

ecm

t

iVUI

on

3Cnt ･H '
tm

'

2ca 7em
-cm
io -

z ,}z z

 Date of
construc-
 tion &
  test

 1936:

June 11

June 17

May

May

8

16

May 30

June 17

June 20

June 29

May

May

8

IO

May

June

30

17

June 11

June 18

Feb.

Mar.

24

4

Per-
eent.
 of
water

110

110

llO

110

110

100

110

Ampli-
 tude
 cm.

1.5

1.5

l.5

1.5

1.5

1.5

1.5

1.5

 Dest-
   .ructlon
period

 sec.

O.180

O.200

O.133

O.176

O.176

O.161

O.166

O,17I

Remarks

Stiffening column

Stiffening column

Stiffening column

Stiffening column '

Stiffening columh

Stiffening column

Stiffening column

Stiffening eolumn

+



Experimental Investigations on the Weal<est Point

                Table 15.

  - Breaking point.

  O Position o£ maximum defieetion.

  × Position of maximura bending stress.

5Z

Ref.

No.
Frame
 No.

(73)INo. 60

   I
   I
   L

Type of irame &
  featttres of

   damage

 Date of
eonstruc-
 tion &
  test

Per-
cent.
 of
water

Ampli-
 tude
 cm.

'

'2ca7Cm
'lcnt,

'

o
-

.

.

   I

(74)tNo. 82

   E

   I
(75)INo. 93･

acm 7c.,rt
'fcm

'

(76)

ICMt

3en ICpt
'

-

rlt

No. 94

ICM
3aR !cm

.

-

p v
'

(77) INo. s3I

F

E

i

i

3Cm lcm

/cm
o

t7e7

(78) No. sgl

      i
No. 91I

      i

!cnt 3cm 7cm

'

o

'

't T

(79)

(80)

lhCkex'3em cm

'

- '

p mo

      l
      L
      1
No. 125i

      t

cm

1

o
c

ICM

 1936:

Feb. 27

Mar. 4

May

May

ll

16

June 10

June 18

June H

June 18

May

May

11

16

June 3

June 17

June 11

June 18

110

110

110

110

110

110

Nov.

Nov.

6

12
lOO

L5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

 Dest-
   .ructlon
period

 sec.

Remarks

O.200

O.2oo

O.206

O.206

O.171

O,166

O.181

O.162

Stiffening column

Stiffening column

Stiffening eolumn

Stiiffening column

Stiffening column

Stiffening column

Stiffening co}umn

Stiffening eolumn

'
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Breaking
Position

Position

    Table

 point.

of maximum
of maximum

16o

deflection.

bending stress.

Ref.

No.

(81)

Frame
 No.

No, 129

(82) 'No. 126

(83) 'No. 123

(84)I

   l
   i
   I   l
   I

iNo. 127

(85)INo.134
   L

(86) No. 124

   i(87) ]No. 128

(88) No. I30

Type of frame &
  features of
   damage

I Date of
Iconstruc-

I tion &
l test
/

ICM

o
cm

ICM
1

o
.
cm

1aP2

 1936:

Nov. 6

Nov. 12

l

I
I
[
.I

Nov. 9

Nov. 12

cn
ICM
/cm

o
acm

Nov. 5

Nov. I3

1on
ICM

o
2cm

th di

Nov. 9

Nov. 13

Per-
cent.
 of
water

100

IOO

100

tem

eJm
o

'

'

ICM
ICM

o
ecnt

' za
'

E
E
/

100

Nov. 18

Nov. 30

, cm
ICff

o
acvz

Nov. 5

Nov. 13

Nov. 9

Nov. 20

100

. Ioe

lcLez

fcm

o
an

100

ENov. 11

Nov. 20
100

Ampli-
 tude

 em.

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

 Dest-
ruction
period

 see.

Remarks

O.176

l
I

Stiffening    xgirder

O.172

O.139

Stiffening girder

I

i
i

i
I
I
i
1

Stiffening girder

O.182 Stiffening girder

O.150

O.171

O.!20

O.143

Stiffening girder

Stiffening girder

Stiffening girder

Stiffening girder
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Breaking
Position

Position

Investigations on the "Teak(st

    Table 17.

   . pomt.
of maximurn defleetion.

of maximum bending stress.

Point 53

Ref.

No.
Frame
 No.

Type of frame &
  features of
   dama.cre

(89)

(90)

(91)

<92)

(93)

(94)

o.132

No. 131

No. 64

No. 65

No. 67

No. 63

leva

lcva

CP2

'T

ICva

ICM

Bcm

cva

cm
o 3am o

Z5cm
2em 2CM
' '

,, cM
ICM

OISC o
.5on
em 2am

'

 7tm

  o

 ･be
  em
ae m

 em
 npm
:;-tm

"

o

2C

7cn
vm o

on

 Date of
eonstruc-
 tion &
  test

(95)

(96)

No. 66

No. 95

  1636:

 Nov. 15

 Nov. 20

Nov.

Nov.

11

20

Mar.

Mar.

7

10

Mar.

Mar.

7

10

Apr.

Apr.

20

30

Feb. 2

Mar.

8

4

7Cm
1cat

xavt

xscm

3cm o7r
'

x"
2j
27
3,1

ats

lcav

lcm
l5
x?
21
2,3

ze
 1

Apr.

Apr.

20

30

June

June

 6

23

Per-
eent.
 of
water

100

E

100

125

125

110

Ampli-
 tude
 cm.

l.5

1.5

1.5

1.5

1.5

1.5

/･---..---

1.5

1.5

 Dest-
   .ruetlon
period

 see. ･

O.171

O.182

O,162

O.200

O.181

Remarks

Stiffening girder

Stiffening girder

Stiffening eolumn

        '  and girder

Stiffening column

  and girder

Stiffening column

  and girder

O.201

I

Stiffening column

  and girder

O.166

O.103

Stiffening

  and gir

 column

der

Uniform strength
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Table 18.

o
×

Breaking point.

Posibion of maximum
Position of maximum

deflection.

bending stress.

Ref.

No.

(97)

(98)

(99)

(100)

(101)

Frame
 No.

No, 96

No. 97

No, 110

No. 116

No. 118

Type of frame &
  features of
   damage

1"
l3
Z7
3,1

aif

ICM
 ' tcm
   z5
   12
  21
  2.3
  z7

7Cft.

l?
23-
27
it
-IZs

T

 lcm
 zs
 lt
 Z7
t2.3
 2.e

LIJv

l?
23
2,7

J,1

j,/5

,

7ct'r.

15
le
Zl
23
2,P

18
23
2
Jl
3if

'cm

'

lcm
l5
xe
2r
2.J

<29

te
23
z7
al
JZ

lcm
Z5
IS
2.1

g3
2･9

Date of
construe-
 tiOII &

  test

 1936:

June 9

June 23

June 4

June 23

July 4

Aug. 12

July 7

Aug. 18

July 8

Aug. 12

Per-
eent.
 of
water

110

110

100

100

100

Ampli-
 tude
 cm.

1.5

1.5

Dest-
ructlon
period

 sec.

O.138

O.094

O.200

O.188

Remarks

UniEorm strength

Uniform strength

Uniform strength

Uniform strength

Uniform strength

,
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Slope,IDeflectionand]{o}nentt Slope,DefieetionandMoment. Slope,])efleetiona･ndMoment.

   CoeMeients:
SIope: I'ILh12EKb
Deflectioll: I･I･"h,t6EKb

Moment: llLlt.

zarw-.pmofama1}a27

   -al7
 - hana wmlp$kaane3me)ati3

   -as4 l
        hzzg7
 rvimmp3ja(th/rm)lll

 " -Clcva
        hZN6 mel421zgiipi59

   -lza3
        hatil5
 rv-p ¥a(xfftes7) zol

 sff..iml'lllzXfu"l,)za7AKzi`'

   I,",thnvkl zgi7

    Fig. 19.

va

   Coefiicients :

Slope: T･V･hf2EKi]
Deflection: J･Ir･h!6EKc
"Ioment: TV･le.

urojanu}ats
  :[if1213,,,a42,faos

  --lrth i
       A ae63
  -Ztifrw4g) za4g 1

  :a9t?h, ,.i ass7

  :aflS, ,,i ,),.Xma

  --aw )
       h ama3
  'k2.7 fi,) aw

  :zaollilEicttiti6Cele tijtie

    Fig. 20.

Slope, Deilection and Moment.

     Coeflieients:
  Slope: IIJ･h12EKb
  Detlection: IILh/6E.El,
  AIoment: J･V･h･

zazwelzaanto rwane<aasne)

welzanu) a33Sapm<zai4v7)

-aua

--
zaas

--nve

-abl

-aaso

-a290

iue
n a41fl5

w---)ta<aLz2z4) dL59i
nv7(auazs)

z

-afz

-za3

-a

-a

th

ti5

08

04

h asas

vaelduana84 7m<a3ass)

rv-d-)Kafssl)lOre nvca4cT27)

pnv7

--
 a4fl

-aoscg

-- a6el

-za5va

-Zlus

a
:as.W

rvop<aE36i)ii47zdi2ta4c4z2)

   ..ll
   -'11

    -a
Kc
    -z

Fig. L,2.

28

zz

A

h

1537

ZO7ti

l z4ti7

l;li2 llll!Z,  uatifiKc

jiLi.

lrt

   CoeMeients:
Slope: Wile12EKb
Defleetion: TV･h16EK?,
Moment: I'V･lt.

   (auti)ato

  -ato
       ft zane7
  aosrvaynesg)aZ5
  -a3o
       n are1
  -a2o     a4E   (au80)
  --azti i
       n ans
  '<2,"pa44) Ang

  -azs       h a9rs
  -'{2.,)nv

  -a23 1
       n nvz
  i3,i,£is(ZS6iSZ'iilllas6o

･ ･ Fig. 21.

Slope, Defiection and )Ioment..

     Coefiieients :
  Slope: IV･h!2EKb
  'Defleetion: TILh16E.KrU

  Moment:･ VTLh.

"pt,.a,ofyi)aM"ai,aSza,%il;l9 '

Ikll2 7)aas,,,,12,gl,gof a`'liti

            fi e54b -ane-a7Sa2uea)L2fOaa,61<Zas2reite2a)

,/aa,//X/ee'zi ,lii2 ill:･nvflgl ili･ac11j8,

     Fig. 23,

A

ft

A
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1

l

L

nv-

aMfi '

mo

nvfi

z

va-
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    Siope, 'I)eflection and Moment.

         'CoeMcients:
      Slope: i'V･h12EKb
      Deflection: 1'V･h16EKb
      Moment: T'ILh.

scma,",i:/il'iElltew`nv .

           Fig. 24.

    Slope, I)eflection and Moment.

          Coefiicients:
      Slope: ]'V･h/2EKb
      Deflection: J'V-h!6EKc
      AComent: }'Y･h.

arsw--ip-<za.gt%)aiO  aas6Saaiza3ff)aOli

                      A nv           -a m--e-<a26g)a24 (azags4a20

                      n a6es ruojaz2vs)a4i iaaiB247}aiis

-za7V

-ane

-ac1

!zaL2

--aw
-a17

rvt--)p{asva3)`=:p'm{apah)

a.47rvt--)Kasz64i}tasiz-nd94 za4js3)a4rw

-a47

-ajif

-as0

-as7

-a4

-til9

 zaas

nv

Kc

azz
 -a

ass

 -a
 -e.
asfi

 -a
 -a
dlgti - za

 -0･

x
10

31

ew

a

hi

41

 nv

5fi

5fi

 26.

d41W p--""(liilllli)li tmztii{Is li#l a4ipex

           Fie"'

A

1

  h

athtiffe
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  Appendix, P)iotograpli 12.

Features of Damage to Frames.
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        Appendix, Photog.raph 14.

      Featiires of Damage to Frames.
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