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              AN EXPERMEN!I]AZ; STUDY ON MHE IilAILURE OF COLUMN

                            Kazuo OHNOX
                            Makuji SHXBATAau
                            Takashige HATTORI--

     Relating to the destruction of reinforced concrete buiZding in the

Mokach±oki earthguake, Z968, an experimental study was carried out on the
modeZs of colums. The specimens were prepared in a frame type, instead
of a singZe coZuinn type which is usually used in experimentai studies on
the strength of colimmse

(Z) Specimen

     The specimen was prepared in a two--storied frame as will be seen in

Hg. Z. The coZums in this specimen had a cross--seetion of l6 cm × ZO cm
and its length was 40 cm. These dimensions wexe one-fifth scale model of
the aetual colum of the destroyed buiXding. erhe relative stiffness ratio

of the top--girder to the coXumn was abouLt 2Z. The ratio of axiaZ re±n-
forcement to the gross cross-sectional area of the colum was 6.57 % and
the ratio of hoop was O.324 %. Mhe corresponding ratios in the actual

buUding were 2.47%and O.14 %. ･
     The concrete cons±sted of A portland cement, river sand <smalZer than5 mm) and river graveZ (smaZker than 25 mm). The mixing ratio was 1:5.59:

3.45 by we±ght with a water-cement ratio of O.76. The test was carr±ed
out at the age of 13Aa5 days. The mean values of compressive strength at
the age of test, the secant modulus at the one-third of the strength and
the tensile strength by the cylinder-splitting method･were respectively
          , l.29x!OS kg/cm2 and :1.9 kg/cmk.I08 kg/cm2

     The properties of the steel are shown in [I]able l.

(2) Loading

     The constant axiaZ forces were previously introduced into each eoZumn

by means of coil-springs. The magnitude of axial forces were specif±ed in
two leveZs of 15 kg/cm2 and 30 ICg/cmZ for the gross sectional area of the

column. These axial forces were checked by electric strain gages and the
deviatiQns from these.two values were Zess than 1.5 kg/cmZ through the test.
In the first-story colums of the destroyed building of the Hakodate

College, the axial stress due to dead and live ,load was a±so presumed to be
about 30 kg/cm2.
     These specimens were set on the table of a 100 ton Amsler testing
machine supported at the two ends and the Zoad was given at the center as
is shown in Fig. 2. The load was at first increased up to 4 tons by an
increment of 2 tons and then the load was reZeased. The Zoad was again
applied in the opposit direction. The program of these alternateXy
repeated Zoading is ,shown in Mable 2.
     The change of the eompressive stress in the colums of frame under
the loading is estimated as fellows:
     ± O.644 P/bD for elastic calculation
     ± O.65 P/bD when yield hinges are formed at the ends of colums
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where, P is the total shearing force of' t;he s.toyy and bD is the eross-
sectionaZ area of coZumm.

<S) rcest resu:ts

i) Crack formation under the .s.Lad

     There was not a b±g diffeMence of crack formatrkon between the colums
with introduced axiaZ compression and tliose of no axiaZ force. A typicaZ

pattern o£ cracks is sketched in rv±g, 3. by abstracting onZy the cracks
due to the one-sj.de Zoadj-ng, Mhe sequence of crack foTmat±on ls as
follows:
     a) The fZexuraZ cracks occurxeed near the both ends of colum.
     b) Then, some fXexurak cracks grew £oward 'the compression corneT.

             The incXimation of these era¢ks was about 45 degree against
             the axis of colium.
     c) With the increase of shearing forces many fine cracks due to the
             exeess of bond stress occuvred aXong the axiaZ reinforcement.
             At the aZmost same time, the eoncrete at the compMession

             ¢orner in bending began to erush,
     d) Crush±ng of concrete was developed to the extent of about 5tvilO cm
             and the diagonaX craeks deveZoped 'to ]ink these crushed zone
             with the bond cracks.
     Pig, 3(e) shows the whoZe crack pa'ttern under 'the aMternateZy repeated

loading. The concrete in the m±ddMe par't of colmn would tend to crush in
pieces by numerous shearing cracks, if 'the repetition of loading was
further eontinvted. However, in the cases of t'wo speeimens out of three
specimens prepared to have the ini'tiaZ compression o£ 50 kg/cm2 , craek
formations were limited in the vi.cinity of ends of the eolumns (in the
range within the di.stanee aZmost equal to the diepth of column from their
ends) until the sheari.ng foree reached ti.ts maximvtm value, and a large

shearing crack suddenXy appearea across the middle part of coZumn after the

rnaxi.mum load was attained, These featuves of eraek format±on wouZd suggest
the cause of the des'truction of 'the buiZding in Hakodate City by the
TOkachioki earthquake, Z968A

ii) Strength

     The critieaZ shearing forees of the coXumn derived £rom the test
resuZt are shown in Table 3. The da'ta ikdicated with syrnboZs :-;V in 'the
tabZe were obtained in the eorresponding s'teps of Zoading described in

Tabie 2. And Tscand"ZrZA.mean ℃he shearing stresses devived by the formulae
Z"sc= Qsc/bj and ZrtE= Qa/bj, where b is the width ot' eoZunn and j = 7d/8 is

the Zever arm o£ inter'nak couple,
     The sh.earing stress correspond.ing to 'the infi.tial shear erack and. to
the ultimate strength of eol.umm, are agarkn shown in Mge 4e
     There can be seen some j.nfZuence$ of axiaX compression in the colum,
but 'the differenee is smaZZ. The ratio of 'the mean vaZues of the uXtimate
strength that eorresponded to the introduced axial stresses cJb = O, :5 kg/cmZ
and 30 kg/cm2 was Z:1.01:l.Z2. The estima'ted vaZues ofZgcand'Z2tderived by

the empirical formuZae of Dr. Arakawa for beams are aZso indieated in
Iiig. 4. The test results were sZightZy less than the vaZues by Arakawa's

formuZae., Xt is supposed that the sZ±ght differenee may be originated by
the altetnately repeated Zoad±ng and the aZ'ternating additionaZ axiai
stresses dxxe to Meaetions, beeause his formu:.ae are qurte a¢ceptable･to the
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beam subjected to monotonously ±ncreasing load.
     ･The results of a prel±minary caleulation on the ultimate strength of
colum in flexure are shown in Table 4. The values in the table were

computed by replacing the flexura: strength w±th the shearing forces for
the column of each side in the frame of spec±men. The magnitude of shearing
forces was larger than 4.4 tons. Xn most case, the ultimate strength would
be controZled by the yieZding of axial reinforcement in the tension side of
colum, prior to the compressive failure of concrete.
     However, the test results were only a half of the presumed values.
Therefore, the failure of specimens was not necessarily controlled by the
bending stress alone in this case.
     The shearing force eorresponding to the appearance of bond cracks was

1.9N2.1 tons ±n the test. The bond stress estimated for these values was
about l7tvl9 kg/cmZ, These magnitude of bond stress may be reasona'ble to
the bond strength under the repeated Zoading. After the bond Strength was
failed, the shearing force must be transmitted by the concentrated diagonal
compression in the direction of 45 degrees against the axis of column
passing through the compression corners of the column ends or along the
Zine connecting the both compression corners. Consequently, the conerete
near t2ie corner will be accelerated to suffer a compressive failures even
if the apparent shearing force is not so Zarge.
     For the evaluation of the bonding capacity, the bond ratio A which

can be derived by the following concept±on wouZd be taken into eonsideration

     max.bondingforceofconcrete - 7rcL.3b'
     yieldingforceofreinforcement <5lr･A

                                      di z2t7z¢ -4Ta
                                          op･zip'}/r4 dv'¢
where, 'ta = bond strength between concrete and reinforcement
         ils = perimeter of reinforcing bars =7e s6x n
         gw : x;gi,g..ggZe,i. gX2,Og.g2iefOi.C2･ :?n,;.i., b... -(7L ip74) xn

         sb = diameter of a reinforcing bar

         n = numbers of re±nforcing bars
Assuming that Th. is proportional to the compressive strength of concrete
ag, kis introduced as Iik/de¢. When,Pc shows a large value, the safety
against the bond failure will be increased. In this series of test, iLt is
calculated as O.0257. 0n the other hand, the bond ratio in the case of the
S2Zl.a2:sd,gu/lkgigg.ig.gc:k6gge`e,g.:gy. :fig g.･2fi2e.･,:ggn,,qZF,,-.;g09,¥gggm and

different, the feature of failure of the building might be simiZar to those
of the test specimens.

iii) Deformation
     Examples of the "shear-member rotation angle" diagrams are shown in
Fig. 5. The effect of intensity of introduced axial stresses on the
deformations at shear cracking and at the ultimate stage are shown in
Fig. 6. With an increase of introduced axial load, the rotation angle of
members siightiy decreased at shear cracking and somewhat distinctly at the
ultimate stage. The remarkabZe shear cracks oecurred with about 70 % of

the deformation at the ult±mate strength ±n the case of the eoXumns with

.
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no axial load. However, it occurred with about :50 % o£ the deformation at
the u:timate strength for the coZumms with axiaZ stress of 30 lcg/cma. ,

Summary

     Shear resistanee of column[: imde= aZternately repeating shear force
was examined with specimens which had a shape of tpfo storied frames with
single span. Three :eveZs of axia: stresses, O, 15 kg/emZ and 30 kg/cma ,
were previousZy introduced into eo:urnns, The strength of columns was about
a half of the presumed vaZues calcuZated by an uXtimate strength theory for
flexure, and it aZmost agreed with the vaZues derived by an empirical
formuZae for shear strength of beams. From the faiking procedure of the

columns, it was concluded that the £ailure of bond between axial reinforce"-
ment and concrete wouZd promote the failure of colurnns, Since the bond
ratios whieh were derived from the magnitude of bond strength against the
product of yield strength and diametene of deeinforcement in the speeimens
and the aetual columns of the collapsed building in Hakodate Ci"ty we:e
almose same, the test resuZt wouZd suggest that the same kind of failing

procedure might also be expected in the case of that bu±ld±ng,
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Table i. Properties of Steel

Size Diameter
rnm

yftg/xg.･2cry strftn,/g,th.2<rB EZong,
%

E:o6kg/etn2

X3

#8
Z2e73

4.06

3447

tww

4832

6902

32e7

Z:.5

X,99

E-taua

Table 2. Program of Loading (Mota1 load in ton･)

Numberof
repitition
ofloading

r :I zrx TV v VI

Specimen
+Pl -Pl +P2 utP2 +P5 -#P.) +P4 -P4 +P5 -P5 +P6 -P6

NO-l
NO･-2
NO-4S

4.0
4eO
4.0

4.0
4.0
4.2

8.o
6eO
6eO

&o
6eO
6.0

8-2
&o
8.o

7eO
8.0
7e8
10.0
7.6
9.4 8.95

Ni5"ml
Ni5-2
NX5-5

1+eO

4.0
4.0

4.0
4.0
LkO

6.o
6.o
6eO

6eO
6.o
6.0

8.o
&o
8.o

8eO
&o
8.0

9e05
9.7
8.75

7e6
8.5
7.75

7.6
8.45
7e7
7e55
6.2
7.0
6eS5

N50-el
N30-2
N50n3

Li-eO

4.0
4.0

4.0
4.0
L+eO

6eO
6.o
6.o

6.0
6eO
6.o

&o
8.o
8.o

8.o
8eO
8.o

IO.O
9.9
9.9

9e9
9･45
8.8

9.8
9.2
8.5

8.74
7e9
8e55
7e7 6e6

'
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Tabie 3. Test ResuXt

Specimen Shearingforceforacolumn
eon

Shearing
stresskg/cm2

Addition-s
aZaxial
forceby
deeactionte

QBc Qsc QF Qu ft:sc Tu

NO--l +mu 1.0.3

lel7
x: leS5
Oe92
xx
II
2eO.3

2eZ7
rx
r]
2.08
2e17

mII ]-3e6

8e2
l8e5
19el!3

l6e9
17e9

NO-2 +tany O.96
1e12

Ix ]-e55

le67
rr
rr
2p43
2eZ7
xv
xv
2e55
2e52
zv
rv
1-3e5

14e7
22e5
22e2

20e6
20e4

NO-5 +ut Oe88
Oe67

zx 1eS55
:Le67
rr
IZ
Xe95

an

xv 2e03
2eL2

moi

m
Z3e5
14e7
l7e9
]-8e7

l6e5
:L'7e2

Mean -}-

pm

Oe99
O.99

le53
le42

2e13
(2e]-7

2e21
2e27

X3e5
l2e5
Z9e6
20el

[l-8eO

Z8e4

+de Oe78
Oe67

rr ke53
1.55
r:
rx
2e05
2eZ2
:v
mo
2e29
2eX7
rv
mar

]-3e5

13e7
20e2
l9ei

[L8e6

l7e6

N15-n2 +hm Oe78
Oe67

Ir le48
1e67
xr
rr
2e28
Ze67
zv
ma
2e46
2e30
:v
xv
l5el
14e7
21e7
2..Oe5

20.0
Z8e7

N15-5 +tm .Z.05
o.67

rI le28
le67
I:
rr
le98
2eX2

m::::ri 2e22
2el-7
:v
ww
ile5
l,Li-e7

l･9e6

i9e2.
18eO
l7o6

Mean +va Oe87
Oe67

le43
1e63

2e10
le97

2e.'22

2e2i
l2e6
]-4e4
20e5
19e5

18e8
17e9

N30q-1 +an 1e05
1.17

rI le99
le67

I]IIl

va
2e03
2e42

vxv 2e55
2e65
rv
IV
l7e1+

VFe6
22e2
2:5e2

20e5
21e5

N,50-2 +wn le03
lel7

xr 2e03
2el7
mm 2e51
2eLF2
IV
xv
2e5]'

2e55
-IV

IV
M7e8
]'9eO
22eO
22e2

2OeL,-

20e6

N50-･3 +pm 1e05
Oe67

rr Ze53
le67

mma 2e48
2.Z7
rv
:v
2e5tX

2e37
xv
rv
l27e6

M4e8
22e3
21eO

20e4
19e5

l(ean -+-

mp

le05
[L,OO

le85
1e84

2e54'

2e54
2eS2
2e52

]-6e3

l6e2
22e2
22el

aOe5
20e5

QBC corcresponds to the first bending crack
Qsc cor.responds to the first shearing crack
QF corresponds to the beginning of the cornpress･ive faiZujre
Qu corr'esponds to the maximurn load
"Zllsc :: Qsc/bj

"Uu = Qut /bj

ee Additiona]. axial force by the reactions of the frame under lateral
  foree. The va:ues in this Table were computed by g O.65P/bD and are

  shown in kg/cm2 by omi.tt±ng ts; signs '
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Table 4. Shearing Force for Column eorresponding
to Ultimate Flexural Strength

CoXunmsunderthe
eompressivereaction

eolurnnsunderthe
tensUereaction

lnitially
introduced
stress

kg/cm2

Max.shear
force
ton

Position
of£ailure

Max.shear
force
ton

Position
offailure

cro=O
cro=!5
6o=50

6e04
5e90
5e60

tens.side
COMPes±d'Le
cOmp.side

4.44
4e70
5.04

tens.side
tens.side
tens.side
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