SHEAR CAPACITY OF R/C SHORT COLUMK

FUMIO Watanabe(I)
Presenting Author: FUMIO Watanabe

SUMMARY

This paper presents a method to estimate the shear capacity of R/C column.
The shear capacity is defined at the yielding of shear reinforcements crossing
to the diagomal crack. An analytical procedure for the premature shear fail-
ure due to bond splitting of longitudinal reinforcement is alsc presented. By
comparing with the past experimental data, it is shown that the proposed
methods can be applicable to evaluate the shear capacities of R/C columms.

INTRODUCTION

Under the earthquake load condition, the R/C columms in a framed struc-
ture are subjected to combined shear and flexure in additiom to axial force.
Therefore the column may fail in shear unless the adequate amount of shear
reinforcement is arranged at the critical portiom, and at worst results in
the collapse of whole structure. In order to prevent such shear failure the
column has to be designed according to the rational design formulae which is
based on the shear resisting mechanisms. The object of this study is to make
clear the shear resisting mechanisms of R/C column through the detailed inves-
tigations on the experimental data. On the basis of proved mechanisms, a
evaluation method for shear capacity of R/C short column is proposed.

DIAGONAL TENSION CRACKING DUE TO FLEXURAL BOND

The flexural bond seems to be necessary to explain the mechanisms of di-
agonal temnsion cracking in the light of Kani's theory (Ref.1). It is intended
to derive an equation to estimate the shear force at diagonal tension crack-
ing on the basis of the flexural bond action.

Flexural bond stress Q
I
Flexural bond stress is given by the follow- & <fc
ing well known equation for cracked beam section. h !d C A cgd_%
h= Q / jd-Iy —_— (1) o <
Q:shear force, d:effective depth, j:lever arm ratic Flemral Cracking Region
Ly:sum of perimeter of tensile reinforcement N AC+gaC
Pl
On the other hand in case of column Eq.1 is not ‘MC?‘Q A@ )AM*d*M
applicable due to the existence of axial force. ) Bas -:'r_s O

The moment at certain cracked section is given by

M= T-jd + (h/2-d+jd)-N (2)
T:tension force of longitudinal reinforcement M:Ts-jd'N(%—d»jd) aM=aEjd
h:over all depth of section, N:axial force

. . A‘G;:-—i- = e
From Eq.2 moment increment AM is given by AM=4Tjd dx3¢ T dx Wid T Fpid
provided that the change of lever arm jd corre- Fig.l Flexural bond im
. R/C column

*ax—“ Bond Force aTer=¢gx
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sponding to AM is ignored. For the short length
dx of reinforcement, flexural bond stress for

L Series 4 cracked section can be expressed by
X — ZIRH-12-02 } .
= —— ITRE- 8.02 atp= 4Q / jd —— (3},
= , — ITRE- §-02 .
s e, D e This calculation procedure is shown in Fig.1.
€ TR 00 For uncracked section, the tensile force of longi-
. G tudinal reinforcement is given by
10F g '@\
A S, T = M- (d-h/2)-n-Ast / Teq ——  (4).
St ~ 3 : R .
e - - n:modular ratio, Agt:area of tension reinforce-
T3 o -0z ment, Ieq:moment of inertia for uncracked section
— 7TRe-E-0.
H — 2TRH-4.5-0.4 transformed to concrete
g [ . —_ zma-s-c,s-
of R Py By differenciating Eq.4 with respect to x,
K —— 2TRH-3-0.4

Teq

dT/dx = Q-(d-h/2)-n-Ast / Ieq —— (5).
Nominal bond stress is obtained as follows.
= Q-(d-h/2)-n-Ast /(Ieq Z¥) —— (6)

=30 —— TRH-E~03-1/3 To investigate the applicability of Eq.3 and Eq.6
E — 2TRH-3-05-1/3 . ’ B
g o ZTRH3-04-113 with experimental data, the results of author's

FReE-04-0 column shear tests (details are described in next
chapter) are reffered. In Fig.2 nominal flexural

bond stresses of tension reinforcement between
sections A and B of tested colummns (see Fig.6) are
plotted against applied shear forces. In the der-
. i : ivation of flexural bond stresses Teq Eq.7 is used
° Merizontal tond & tiony = , where the contribution of shear reinforcement on

the bond stress are took away by cosidering the

fan-shaped internal truss mechanism as shown in

Fig.2 Nominal flexural Fig.3.

bond st ~
ond stresses Teqs [(Ta-Tb) -2(Tyi-13 / ) / T-39) — (D
Tg,Th:tensile forces of longitudinal reinforcement at sec-

tions A and B, Tyi:tensile force of ith shear reinforce-
ment, 1:length of longitudinal reinf. from section A to B

8

Teq

10;

In Fig.2, two straight lines are also drawn and each of
them corresponds to Eq.2 and Eq.6. From the inspection of
experimental curves, shear force Qy at the intersection of
two lines is determined as the shear corresponding to a
certain moment at which the stress of tension reinforce-
ment becomes zero at critical section. From the compari-
<§§ L son between experimental curves and two straight lines, it
TS — is recognized that Eq.3 and Eq.6 can be applicable to es-
et timate the flexural bond stress with sufficient accuracy.
Fig.3 Internal ) .
mechanisms

Diagonal tension cracking

Flexural bond stress in Fig.2 must be carried by the
concrete cantilevers before diagonal tension cracking. In Fig.2, sharp peaks
can be seen at certain values of t1gq and from experimental observations it is
confirmed that these peaks correspond to the diagonal tension cracking. Based -
. on such fundamental considerations, an equation to estimate the shear force Qs




is derived by following procedure. Flexural bond stress at diagonal tension
cracking can be given by Eq.8.

™=Qo" (d-h/2)-n-Ast / (leq I¥)+(Qs-Qo) / jd-Iy — (8) b

From the failure condition of concrete cantilever a following
equation is obtained (see Fig.4). 4[

Th Cy  Z¢ = b-s2-ft / (6-s) (9) L i
By substituting Eq.8 into Eq.9, we obtain Ae

+4

S0

Q5=Z;_' ft'b'd'(cw/S)"‘[l - —;‘ d- (d-h/2)~ n'Ast/qu]~ QO (10)

Qo=0¢-leq/(d-h/2)/a, j=7/8, og:compressive stress 3
at centroidal axis due to axial force, s:length of N=178

concrete cantilever, Cy:crack spacing, ft:tensile m=100 [
strength of concrete, b:width of section, a:shear 50=0240
span length

X8

In Eq.10, it is assumed that Cy value can be expressed
in a form of Cy= a+ B(Ae/m) according to Morita's pro-
posal (Ref.2). From this assumption the following

equation is given.
(Cw/s/d)= k1 + k2-(Ae/m) —_ (1D I ”
1 -

In Eq.11, two coefficients kj and k2 are determined by 0 0.5 1b 1.5 20
applying a regression analysis in order that the values Q57 0,

from Eq.10 become as possible as close to the diagonal .

tension cracking loads of 175 columm shear tests which Fig.5 H§§;ogram for
have been performed in Japan (Ref.3). Finally a fol- Q Qs values
lowing equation is derived.

Frequency

S
v

w

Qs= [ 9.11+0.0716- (Ag/m)]-f¢-b + [ 1—-§-d-(d—h/2)-n-Ast/qu 1- Qo (12)
Ag:effective embedment area, m:number of re-bar (see Fig.4) (unit:kg,cm)

The comparison between calculated values of Qg and experimental values Q: are
shown in Fig.5 as the histogram of the ratios of them.

EFFECTIVENESS OF TRANSVERSE REINFORCEMENT

To elucidate the reinforcing efficiency of shear reinforcement, the
column shear tests were carried on 15 specimens. Each specimen having 25x25
cm squre section was reinforced longitudinally by eight 16 mm in dia. deformed
bars with the yield strength of 4990 kg/cm?. As the shear reinforcement, high
strength steel bars were arranged passing through the ducts as shown in Fig.6.
Tensile forces of these bars Fp were adjusted to satisfy the given conditions
sthat is, in elastic range Fp=py b Eg wp 1d4/lp and after yielding of shear
reinforcement Fp=py b 14 wfy where pw:shear reinforcement ratio, we:shear
crack width measured in transverse direction, l4:spacing of shear reinforce-
ment, lh:distance between tension and compression reinforcement. Details of
each specimen are summerized on table 1. Obtained Q (horizontal shear force)
-8+ (deflection at columm top) curves are shown in Fig.7. In Fig.8, the rela-
tions between Q and Qg (carried shear force by shear reinforcements crossing
to the diagonal crack) are drawn for each test series. From these figures,

855



Horizontal Load O (1on)

Honzental Load Q (ion)

Horizonal Loag O (lon)

"

,
sl
I
4o
; B i
L 4 %0

25

Table 1 List of test specimens

SERIES SPECIMEN SHEAR REINFORCEMENT | STRENGTH OF CONCRETE |AXIAL LOAD
Tpa(D) | why(kat/cd) | Fc(kgE/cm) [Fy(kgf/ad) | N(conf)
2TRE-0-0 - - 238 26.4 27
2TRHE-3-0.2 0.2 3000 f " «
2TRH-4.5-0.2 0.2 4500 :' " L4
A l2mRE-6-0.2 0.2 6000 " "
2TRH-9-0.2 0.2 9000 " " "
2TRH-12-0.2 0.2 | 12000 " " "
2TRE-3-0.4 0.4 3000 234 23.2 27
2TRH-4.5-0.4 0.4 4500 " " o
B 2TRH-6-0.4 n.4 6000 " " "
2TRE~3-0.6 0.6 3000 " " '
LTRE-6-0.2% 9.1 6000 . " "
2TRE-3-0.4-1/3 | 0.4 3000 262 25.6 54
2TRH-3-0.6-1/3 | 0.6 3000 . " ’
D la1RE-§-0.3-1/3 | 0.3 | 6000 "
2TRE-3-0.4-0 0.4 3000 " " 0

Fig.7 Q-6; curves

it is recognized that the shape of Q-Qr curves
are quite similar to each other after the diago-
nal cracking regardless of different values of py
> wiy, Py wiy and axial load level. From these
curves, a relation between py-wfs and vgp (incre-
ment of nominal shear stress after diagonal ten-
sion cracking) can be derived by following pro-
cedure. From Qg=py-b-a-jd-wfs, we obtain

Py wEs=Qr/(b-a-jd), VR=(Q - Q§)/(b-jd) — (13)

ngshear force at diagonal cracking, a:coeffi-
cient to represent the diagonal cracking region

As shown in Fig.8, some columns showed more in-
crease of load carrying capacity after the yield-
ing of shear reinforcements. However this addi-
tional capacity is not so reliable and should not
be expected to avoid the excessive opening of
diagonal crack. On such point of view, if the
available limit of reinforcing efficiency of
shear reinforcement can be defined at the yield-
ing of that, a capacity equation corresponding to
the shear reinforcement is obtained by replacing
wis with fy in vR-Pwwis (product of the ratio
and the average stress of shear reinforcement)
relations. Results obtained are shown in Fig.9
and a best fitting curve is also determined by
using a least square method.

(14)
(unit:kg/cmz)

PREMATURE FAILURE IN BOND SPLITTING

vg= 3-( pwwfy )58

There are two types of premature failure be-
fore the yielding of shear reinforcements. Ope
is a failure due to the crushing of web concrete.
Another one is a progressive failure in bond
splitting of longitudinal reinforcement. Here it
is intended to introduce an analytical method to
calculate the shear strength of column failing in
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Fig.8 Q-Qr relations for each test series
0 bond splitting. This method can be appli-
« Secies D (N=54t) l /| cable to columns subjected to monotonically
ASHusD(N=00v=p_f e increasing load and the basic assumptions
25p0Series A 8 8 1 _T=a ; are summerized in Fig.10. In the analysis
;r;/ , a concrete'free body formed by two diag-
20 . bl onal cracks is devided into finite con-
-4l Py
g YA R crete segments along column axis. Out of
2 “eﬂ;° w:ﬂg;t#' this free body, fan-shaped compression
= 15 < 7T ] stress field is assumed as shown in Fig.ll.
= wg°°°;§9 R In Fig.10, section B is determined as the
10—l ” 4T intersection of diagonal crack and longitu-
1 . -~ . . .
Y ey \\_ v, =27/R-1, dinal reinforcement, and the distance from
s ki critical section A is represented by lcr.
‘a0
WiTa lep= (1 -Q / Qs) a (15)
o : 35 70 Qg:diagonal tension cracking load (Eq.12)

15 20 .
p.-f, (kalcm’)

Fig.9 vr-py-wfy relations
rA @ B

Concrete Segment J

of Web Reinforcement
Fig.10 Basic assumptions

Qo:shear at which the stress of temsion
reinforcement becomes zero at section A
a:shear span (half of colum length)

According to Eq.1l4, the shear force carried
by shear reinforcements can be obtained by

Q= VR-b-jd= 3-(py wfs)>/8-b-jd (16).

where ,fg is an average stress of shear
reinforcements. From the assumption af
parabollic distribution for the stress of
shear reinforcements as shown in Fig.10,

2-qpax-ler/3 = pw-wis-b-lcr (7.

By eliminating py wfs from Eq.16 and Eq.17,
we obtain

Gmax = 1.5 (Qr/2.63/b/d)!-& b  (18).

Tension force of longitudinal reinforcement
at certain section being x; apart from the

critical section is given by Eq.19 accord-

ing to the fan-shaped internal truss.
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-—— o+

amax][ 4xi* 4x; 3
!, . Txi=Ta-|—
d-ny

:‘ — (19)
41c¢  3ler

glx)cotedx Ty:tension force of longitudinal reinforce-
ment at critical section, ny:newtral axis
depth, lcr:length of shear cracking region

Tension force of top or bottom reinforcement
is given by Eq.20 or Eq.21 (see Fig.12) where
Ty is the bond splitting strength of longitu-
dinal reinforcement.

For top bar,
TY;= Cs+xi-Tu-ZY=Tp-(2-a-lcr-xi) Tu- Sy (20)

For bottom bar,

- -3
C s Qmax [ -4xi*  4xi
sl\ Q X5 Ta- [ + 0 <Xi5 lcr

Fig.11 Fan-shaped truss
mechanism

Lol T, d-ny L 4lcr? 31
; A B T>1<i =< X cr cr (21)
% : Tp-(xi-lep) Ty Z¥ ley <xi< a
i /]Cs Resultant forces and internal moments at any sec-
t ! tion having a distance of xj from critical section
Ta Tal [T A can be expressed by following equations for each
I Pl v resisting mechanism.
<——_>l 5 For fan-shaped truss mechanism,
ler 1
a PO ler 1 ler
Nfan(xi)= q(x)cotfdx=— q(x)xdx - (22)
Fig.12 Force distribution Xi d-ny | Xi
of longit. reinf.
& h d \fler ler
Mfan (%)= -—+l  q()xdx-xj]  q(x)dx
. . . [ . 2(d—nx) d—nx Xi Xj _(23)

q(x) :tension force of shear reinforcement per unit
column length :

xL SN .
Cece 1
% & ;_s._"_j‘\\‘ )

" Dy i ~~.____l_For concrete segments (see Fig.'13),
il L e
Li b ny €iu
Fig.13 Stress strain Ne(xi)= _— o de — (24
distributio of €iy-€il | €11

concrete segment

b n; (0.5h-nji) ni \2 eiy nj 2 feiu
Mc(xi)= < > 'Eil‘bJ ode + b(—-—-— )‘[ cede — (25)
L .

€iu-€il €iy-€i €il Eiu-€il €il
njheight of concrete segment, €4,,€47:top and bottom fiber strains of concrete
segment, g:function for stress strain curve of concrete, e:strain of concrete

For longitudinal reinforcement, .
Ne(xg)=-(T%; + T;)  — (26) Mg (x3)=(d-h/2) (TL;-T%) — (27)

From Eq.22 to Eq.27, we obtain the resultant force N;j and internal moment Mj.
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\fan(tl)+\c('<1)+\s(~<1) 0 <xis lgp

la\\c(xl)+\s(xl) ler <xi< 2 B out .
(28) — Ak ¥
s
Mfan(Xi)+Mc(xi)+Ng(xji) 0 <xj3< 1oy
Ml=<Mc(xi)+MS(xi) 1CI‘ <xj< a ©=00043(1-7/2000) '?! . “"
- 2
(29) s A h, — ° -
Failure condition is given by the —— S iimiiac.
c?ushlng of_concrete at Frltlcal sec- (O (7em e eh e IN/E) 12 3 P
tion ,that is, extreme fiber strain of [T iom % n Smibemn
concrete attains the available limit . S . ;:: -
strain in flexural compression (Ref.4). g =150 2830 5 - Mi 2 My
In the numerical calculation, a T
special compatibility condition is T e g i Cakuiation o ot
used ,that is, the elongation of lon- D z Senganen
gitudinal reinforcement along the Caleulation of 7, 5y '3 siefee - Lo
column length should be identical to ‘;$“ﬁfﬁljiifm‘ S
the virtual elongation of concrete at e s
the layer of that. This condition has —_——
been used for the analysis of unbonded  [iZMa-M=I-MR) _
prestressed concrete. The detailed FECNEY =
procedure is shown in Fig.11l in a form 7 Suma o FesilE
of computer flow chart, where esc and
€3¢ are the virtual concrete stralns Fig.14 Flow chart for numerical
at the layer of longitudinal reinforce- caluculation

ment, €35 and €3§ are the strains of
upper and lower reinforcements. Compatibility condition is given by follow-
ing equationms.

83 =8§ (30), where &3= Isj ei + Isj 811 , 83= Isj €35 + Isj s??
si:length of each concrete segment
EVALUATION OF SHEAR CAPACITY OF R/C COLUMN

Based on a fundamental concept that the shear capacity of reinforced con-
crete column should be determined at the yielding of shear reinforcements , a
following strength equation is proposed.

Qu = Qs + vg-b-jd — (31) Qs:given by Eq.12, vg:given by Eq.l4

Eq. 31 was checked by comparing with the results obtained from the shear
tests on 266 column specimens carried in the past (Ref.3) as shown in Fig.l15.
In Fig.15, Q, denotes the capacity obtained from Eq.31, Qf the shear force at
which the theoretical flexural strength is developed at critical section and
Q§ the maximum shear capacity obtained experimentally. From Fig.l5, it is
recognized that the almost columns showen the larger values of the capacity
than the values from Eq.3l. However, some columms showed the considerably
smaller values of Qe (indicated by trianmgles). For such colummns the shear
strength Q,,5, due to bond splitting of lomgitudinal reinforcement were cal-
culated by the proposed analytical method mentioned in a previous chapter and
the obtained results are shown in Fig.1l5 by solid circles. In the calculation
of Qu’sp , the splitting bond strength of reinforcement was givem by an exper-
imental ‘equation proposed by Fujii and Morita (Ref.5). From the figure it is
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Fig.l5 Evaluation of shear strength of R/C column

known that the shear strength of R/C column can be evaluated by considering
the two failure modes ,that is, the yielding of shear reinforcements and the
premature failure due to bond splitting.

CONCLUSIONS

From this study the following conclusions can be derived.
(1)Diagonal tension cracking load can be estimated by Eq.1l2 based on the flex-
ural bond action and the resistance of concrete cantilever like a tooth.
(2)Contribution of shear reinforcement is expressed by an empirical formula
where the efficiency of shear reinforcement is defined at yieldings of it.
(3)Shear strength of R/C column can be evaluated by Eq.31. However the check
for the premature shear failure due to bond splitting is required.
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