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SUMMARY

Based on the experimental study, shear failure mechaunisms of reinforced
concrete (RC) short columus are presented and tie reinforcing effect on the
brittle failure at the eund portiom of the wember is discussed. For the test
specimens used in this study, bond characteristics in wain bars, axial load and
tie ratios are selected as test parameters. As the results of the analytical
and experimental studies, the effects of bound characteristics on the shear
failure criteria of RC short columns (bending shear failure and bond splitting
failure) are examined and the design considerations of tie confining effect om
the bending shear failures are introduced.

INTRODUCTION

Shear failures of reinforced concrete (RC) short coelumns have been classi-
fied into sowe typical failure criteria based on the experiwental studies, and
it has been pointed out that the shear span ratio, axial loadings, wain bar
ratio and tie ratio have significant effect (Ref.1,2). For the mewbers with
shear span ratio of about 1.5 to 2.0 loaded by shear reversals, it is known
that these wembers reach the ultimate state in shear failure at the end
portions, or, in bond splitting failure at the wid portiom, and that in the
ultimate state, the bond strength in main bars at the end portious becomes
smaller and truss bearing mechanmisms are composed (Ref.3,4). The authors have
analyzed the shear resisting properties of RC short columns based omn the
experimental studies of the members with shear span ratio less than 1.5, in
which diagonmal cracks have siguificant effect on the ultimate states of the
mewbers (Ref.5). Following the former study, ium this paper, shear failure
criteria of RC short coluwns with shear span ratio of about 1.5 to 2.0 are
discussed based on the experimental study, and a truss theory to amalyze the
shear failure mechanisms is presented. As the results of this study, shear
strength of RC short colummns affected by bond characteristics in main bars and
tie confining effect to keep ductile behaviour in the ultimate states are
discussed wainly qualitatively.

EXPERIMENTAL STUDY

Shear failure mechanisms of reinforced comcrete short columns are studied
experimentally. Two series of tests are carried out usimg special speciwens in
which bond in main bars is removed at the end portioms and ordimary specimens.
The effects of boud in wmain bars om the shear resisting properties are
discussed comparimg the test results of each group of specimens.
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Fig. 1 shows the test specimen. The cross section
(=25cm x 25cm), shear spam ratio (=1.5) and main bar
ratio(Pt=0.96%, 6-D16) are fixed for all specimens and
as the test parameters; 1. the wagnitude of coumstant
axial force (15t, 30t, 45t), 2. tie ratio (0%, 0.57%,
0.85%, 1.28%) and 3. bond conditiom at the end portion of
the member (ordimary=B, unbonded=U) are used. Table 1
shows the list of test specimens. Names of specimens are
given in the order of (bond conditiom)-(tie ratio)-(axial
load). Fig.2 shows the loading apparatus. Constant i y
axial loads are applied by the upper jack and reversible T
shear loads are applied by the side jacks. Incremental
shear loads are applied first by 3 cycles of loading of =T T
3t, 6t, 9t followed by displacement controlled loading of (unit : om)
7.50m, 15wm, 22.5wmm. Horizontal and vertical displace- Fig.1 Test Specimen
meuts ?re measured by dial gaug?s and s?ralns in ties Table 1 List of
and main bars are measured by wire strain gauges. Test Specimen
Cracks are observed carefully during whole loading

nm

focesses B-0.85-15 | U-0.85-15
processes. B-1.28-15 | U-1.28-15
Figs.3 show the experimental results of typical g:g'g?:gg g:g'gg:;g
crack patterns which appeared up to the loading cycle : :
- . . B-0.85-30 | U-0.85-45
of 7.5um displacement. Comparing (B-1.28-15) with
X . . B-1.28-30 | U-1.28-45
(U-1.28-15) in figs.3, bending shear cracks are
. . B-0.57-45
observed at the ends of the member in the former, while
N B-0.85-45
cracks are observed all over the member in the latter. B-1.28-45

Similar differences exist in the comparison of series B
and series U for each condition. In the middle portion of (U-1.28-30), more
notable splitting cracks are observed. It cam be also pointed out that in
series B, the bending cracks develop into the inside of the mewber and lead to
bending shear cracks, and in series U, cracks occur in the core portioun of the
member independently of bending cracks.

Experimental results outlined above show the effect of bond properties iu
main bars omn the shear failure of RC short columns as follows. For the speci-
men in which the bond at the end portions of main bars is removed, the middle

L

£

—

N

1 HIY o |
L"' B-1.28-15 B-1.28-30 U-1.28-15 U-1.28-30

(unit ; mm)
Fig.2 Loading Apparatus Fig.3 Crack Patterms

830



portion of the wewber is affected by shear force wore clearly .

and the memwber yields in bond splitting failure. On the ,ZEPEiSE_~_q Q
other hand, for ordinary specimens the effect of shear force |  ~=>=

in the middle portion is not clear, but the deterioratiom of /Boud |

the memwber in the vicinity of bending shear cracks near the 6552
omp.
[

ends of the member becomes peculiar. These tendencies
described above are explained by considering truss mecha-
nisms composed by main bars as a tension chord aund concrete
as an inclinmed strut as shown in Fig.4, that is, for bond
removed specimens, the failure of the analogous truss depends on the boud
failure near the intersectiom of strut and temsiom chord, and, for ordinmary
specimens, the failure of the member will be caused by the failure of concrete
strut due to beunding shear cracks.

Fig.4 Truss
Mechanism

(o)
(=

DISCUSSION ON THE SHEAR FAILURE 2
MECHANISMS

Based om truss beariung mechauisms which )
are deduced from experimental results, aund
assuming the boud properties of main bars f
affected by bending cracks, shear failure = ,‘_\‘>M ]
mechanisms of RC short columns are discussed. | & E

| - f T
N Il I
Truss Bearing Mechaunisms FTruss —=Sgnding
. - - 1 lC' A = ila
Figs.5 show a truss bearing mechanisms r*——”%*——»~—%
composed at the end portion of the member lo :
after the bond strength in wain bars (a) Shear Load_and
disappears. Imn Fig.5(a), point(0)shows the Resisting Forces
fixed eud of the wmember, point(:)shows
the farthest bending cracks from point 1 _ L ) '
G$ and point(i)shows the wid point. P "‘1 LI e =] e
Between the sectionO -@, bond in r’s I T ‘f A l(
main bars disappears and the shear Ey A ! £ y
%oad;_are re31steg by truss-me;hanlsm; (b.1) (b.2) (b.3)
u this truss mwechanism, main bars ac (b) Resisting Patterns
as a chord, coucrete acts as a strut and
these elements are connected by development
bond at the middle portion of the wember. l
Thus the shear load Q is giveun by resisting \ |
wowent M, at point (1)as follows, ) — , :
d3=(lg+R)cos @ ‘
=M 2 P
Cr-to . (1) , \ X ;
It -8 Q|
Assuming the bending temsile stress distri- o 3 2N \Qﬁo .
butions and their variations affected by bending iy ﬁ%: N
cracks, as shown in Figs.6, truss geometries are | = //?? %1.
given. In Figs.6, bending tensile stresses ;;. N &éaf
€ N>

resisted by concrete are translated to mainm bars
after a bemding crack occurs and the development
bond acting between main bars and comcrete {c) Stress Distribution
affects the following behaviours. The bending
crack at point(:)occurs when line segment CE in
Fig.6(e) becomes equal to the temsile strength
of concrete, and the distance of X im Fig.6(e) is givenm as follows,

Fig.5 Forces Actimg in
Truss Mechaunism
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(N Tensile force
x=£0‘r’:::“ s (2) . in concrete
where in main bar
(FieAr+ Lo{N=1) 18} =v [Fi-cAct Lo(N=1)7s}2—4 [ Lo(N=1)2+ Lo(N—1)}cFi-cAi-7» (3)

2 {Lo(N—1)2+ Lo(N-1)} ,
7 : strength of development bond,
F.: temsile stremgth of concrete,
(A.: sectional area of concrete resisting ‘o)
tensile force,
N : ratio of temsile forces after bending
crack and before beunding crack,

Developement boud

Flexural bond

Hil ~ 5>

: .
“Beuding crack

Bond disappear
Developement boud

flexural boud
RGN

and
{cFecAr+ Lo(N—1) rs)}2—4 { Lo(N—1)2+ Lo(N—1)}*cFi-cAc e > 0, (c

. — bending crocks
Assuming the bending deformation (rotation) at
point(:)is given by pull out elongation in main
bars related to development bound at this sectiom,
resisting moment M; is given provided the section
keeps plane under bending moment. Shear force
acting on the truss mechanism is given by eq.(1)
substituting the maximum value of X by eq.(2) for lu.

Failure Criteria of Truss Strut Concrete &) == pX+Nesy

- Y=—1tx+7L,
In anmalyzing the truss bearing mechaniswms, it X j%f

is assumed that the directions of the cowmpressive :ihﬁg

forces are determined considering the center of the T Xiom

developwment boud area aund the ultimate state of the (g) te

member is arrived at by the failure of truss wecha- Fig.6 Bending Temnsile

nisms and then shear strength is given by one con- ) Stresses

dition among the following conditioms; 1. yield in v «

main bar, 2. deterioration of development bond aund Vt

3. failure in strut concrete. Failures in strut _4fﬁ£*

councrete are assumed as shown in Fig.5(b), where the g— ’ET‘V

slip failure along the truss cowmpressive force .

directions cowbined with the compressive failure at ~ = V/bd

the fixed eund section occurs. Load resisting con- g o = V/bw
ditions of the strut concrete shown in Fig.5(b.2) and L_W_J ’

(b.3) are so called "direct shear'" and the bearing o = pt
strength of strut concrete should be obtained from (a) Experiment
such experiments as shown in Fig.7(a). Im our
former studies (Ref.5), the experimental study by
Mattock et al. (Ref.6) was applied to analyze direct
shear strength of concrete in RC short columns which
resists Fhe diagona% compression. The sawme pro- ) // =177 (a+F)
cedure will be applied to amalyze the strength of 7| 7 177(q «F/3)
the strut concrete; that is, the shear stresses / TeMTte Y
acting on the slip surfaces and the direct com- 37',f‘

pressive stresses acting on the sections normal to. R KV
the slip surfaces are introduced, and the failure
criteria for these stresses are énalyzed by applying (b) Slip Failure Eavelopes
slip failure euvelopes (eq.4). After shear slip Fig.7 Slip Failure
occurs and tie confiuning effects are caused, the Consideration
stress circles are revised by tie confining stresses.

-

L Fg//3
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For the later stress circles, failure envelopes by eq.(5) are applied.
r=1.77(a+F4) (4) r=1.7Tic+Fu3 (5)

Fig.7(b) shows the failure envelopes given by egs.(4) and (3).

Effect of Axial Loads

In Figs.8, analytical assumptioms for
the axial stresses are shown. Fig.8(a) -
shows the bending teusile stress distri- e —
butions. Iun this figure, it is shown that
the analytical counditions for bending cracks
are given by correcting the length of the b
member by the ratio of axial stress and
bending tensile stress. Fig.8(b) shows the
axial forces on the strut comcrete. The
strut concrete may fail in slip under the
combined stress conditiom caused by axial
load and truss compressive force. Equivalent lo
lengths of the wember for bending crack ‘
analysis are given as follows, (a) Bending Stress Distribution

T
tamri e (6) R R

T2 T cAc
T2+ gavcAr zo'T:+ao~:AxlCl . (7)

% BD .,
{Axial Load)

Loz

where, Ti=NTelc1, T2=NT-(let-lc1).

X (b) Slip Failure Comnditiom
In this condition, stress compounents are
given as follows, Fig. 8 Effect of Axial Forces

o1=(Ps+ ¢go*B-D-cos 8) /A2, c2=00"B-D-sinf/ A t=(Ps+ go-B+D-cos§) /Ay, (8)

where, Al=(lc1/cosﬁ—-%=un0 )*B. A2=A1-tané .

SHEAR REINFORCEMENT FOR PLASTIC HINGE ZONE

The end portious of the wember where truss bearing mechaniswms are composed
act as plastic hinges if the brittle failure is avoided. Iun the followiung,
brittle failure criteria of the strut elewent and tie reinforcing effect to
keep ductile properties are presented.

Shear Crack Coundition

Geometrical conditions concerniung slip failures at the strut element are
given as shown in Fig.5(c). The angle between strut and member directious are
given by the ratio of temsile force T im the chord (main bar) and shear load Q
as such tang = Q/T and substituting eq.(1) for Q aud after sowe manipulatioms,
tand$ is given as follows,

wanf=(d—4dz2)/(to—tecr), (9)

As the compressive force actimg om the strut is givem by +/ T?+Q?, a portion
of the forces Pc resisted by mormal compressive stremgth is given as follows,
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Pc=Fc-Bedsind , (10)

Chord Shear Loaq

¢ .
where, di=d—da=d—{ { s+ lcos 8, Forge |
- “‘rITWﬁ'— i [ e L
_ YA 28
The shear force acting on the strut A P L ke
. " kIMJL I RN i i
is given as follows, z '~ P &
Strut Force an Oy
Ps=/T?+Q*—Pc (11) Canfining Force Frictional Dnrecl‘
by Tie Effect Resisting

Stress components caused by Ps are given
as follows (Fig.5.c), Fig.9 Effect of Tie Reinforcement

4 T=177(c+F)
; T=177( o0+ RI3)
/

? B
where, A1=ilm/%m€—ffum5 )+B, Az=Ai-tanf . VS

r=Ps,Al, ¢=Ps Az, (12)

Shear failure should occur when the
stress circle composed by eq.(10) becomes 1
tangential to the failure envelope (4). /CK. ,f iy/~StESCWCW o
“." Slip Failure

Reinforcing Effect on the Strut Councrete = stress Circle under
due to Tie Confining Forces Confined Condition

Fig.10 Stress Circle Variation
due to Tie Comnfinement

Fig.9 shows tie reinforcing effect
acting oun the end portioms of the wmewber
to confine strut comncrete after shear failure. In this conditiom, as shown
in Fig.10, the original stress circle is tangential to the failure eunvelope
given by eq.(4) and the stress circle affected by tie confining stress is
tangential to the failure envelope given by eq.(5). The confining stress Pw-fy
(kg/cm®) is givem as a root of the following second order equatiom.

3 {cos* §+2(2X1.772+1)cos® -sin §+cos? f-sin? 6+ 4(1.772+1)sin* 8} -(Pw-fy)?

+{({301—3(2X1.77%+1)—2X1.772XFt}cos? § + {3(2x1.772+1)m—3az+2x1.772-Fz)cose-s}ne —12(1.77%+1) t sin? 8)-(Pw-fy)

+303—6(2X LT+ 1) 102 +303—4X1.77%( o1+ 02) - Fr+12(1.772+1) 2= 4 X1.77?°Fi=0 ( 13)

RESULTS OF THE ANALYSIS

Results of the analysis using egs.(10) through (13) are shown in Figs.ll
and 12. 1In these figures, bending cracks, development bond areas and beunding
shear cracks caused by shear slip are presented for the ultimate state of the
mewber. For the wmewmber which should fail in bending shear, confining stresses
(Pw-fy) which are necessary to keep the ductile behaviours are also presented.
Figs.11l (a) through (d) show the ultimate states of members affected by bond
characteristics (B/Y) for each case of axial load, main bar ratio and shear
span ratio. Boud stremgth is chosen as fa=0.4+Fc. As shown in the figures,
bending shear failures are observed for smaller B/U; B/Y< 1.81 in Figs.(a),
B/Y<1.12 in Figs.(b), B/Y< 1.26 in Figs.(c) and B/y< 1.08 in Figs.(d).

It is also observed that the shear streugth of the member is affected by
bond strength in wain bars; that is, for the wmembers which should yield in main
bars, shear stremgth of the member becomes larger with larger bomnd strength,
and for the wmembers which should fail in bendlng shear, shear strength becomes
less w1th larger bond strength 4 - :
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Figs.12 shows the border linmes of the mewmbers which fail in bending shear
for each condition of maim bar ratio, axial load and shear span ratic. It is
shown that the border of bending shear failure for B/ is affected by axial
load aud shear span ratio.

CONCLUSIONS

Based on the experimental study, truss bearing mechanisms are assumed and
the shear failure criteria of RC short coluwns affected by shear span ratio,
axial load and B/ are discussed. As the results of the analytical study, it

I e : - — ] ; -
t 3 / — 11 S// : S "/. :
Ve - b0, 214224 T a,citse” s
_ 7h 088" U 5 ngoe ; ' B =083 o . :
Q,=12.60 /7R,=063% Q, =1214! B=067%, | o) ‘e ! A P20.72% i
1Y /=128 (N8 =112 K1)B.7y=1.28 TN 6=108
, | . .
7T — T e —t
g 7 M /-/ M TN f
Vs S ra
L it f - !
0, =1373%'2=076% | Q,=13T1 Q,=1714¢ Oy=1448" |
Ity e=181 k28r0=113 (2Brg=127 Dereaib8
! i [
M o ] — T e i
o : > Lie " |
e 5 : . P ;
Qu=1637 ] Q=178 | Qu=1582 Q,=12.94* i
(3)e b= 182 e s =148 3. =143 (318 6= 126
| | i
T g i —
M- i A 1 )1'/
- | T 5
0, 21318 Q,:=893" Q, =17 g, =11.73"
(4)B/ =198 feye 9=2.23 ke o= 187 @ =141
@} r=15 ) r=18 e} r=18 ) r=L8
ca=0 0 =2 1.0Kg cnl ao=2 10K ol ay=3 15K/ o
Py=10% Py =10% P(=1.34% Pi=1.0%
M: Main bar yielding
S : Shear failure
Fig.11 Amalytical Results of Failure Conditiom
B/y (Ratio)
& .
22F BB . . %0
323 g =0 T (Kol
00 2 3 e e (g e ) T
;« > - o =0 .
wr= e e (g Sl )
6 . S =100 i =100
; ... =00 mTTTTETTTT T
“roow ' . 0, 5200 il 5200
= . =200 TR werieb— T e
2 T s ... =300 -
o . =300 TTTrmeemeees i 2300
g e . L s
W aw LI had
I w
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2]
oty 5 . . Ly Py (%}

. 2 , P : . N " . .
10 12 14 18 18 1012 14 16 18 W 12 14 16 18
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Fig.12  Classification of Causes of Failure
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was shown that higher bond strength in main bars countributes to increase the
shear strength of the member under the conditiom in which the member reaches to
the ultimate states due to main bar yielding aund that, in the other cases ia
which the mewber fails in beanding shear cracks, higher bound strength in main
bars lessens the shear strength of the member. It was also shown that the
confining effect by tie reinforcement at the end portiomns of the member
contributes to stremgthen the strut concrete for the wember which fails in
bending shear and keeps the member ductile.

The purpose of this study is to deduce shear failure mechanisms and to
describe the behaviours of the member, but, it is not yet satisfactory to
verify the analogy and related assumptions. But it could be said that the
behaviours of RC short columns explained by truss analogy agree with our
knowledge of the forwmer works and the truss mechanisms presented in this paper
are considered to be effective to analyze the shear failure criteria of RC
short columns of shear span ratio of 1.5 to 2.0.
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