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D13@50
In the AIJ Standard for Structural Cal- .

culation of Reinforced Concrete e T
Structures, the upper limit of shear rein- FEr T Rt g
forcement ratio (Pw) for ordinaﬂg s%ri?g;h - AVAVIITAYITAATA 1AVAVRTATAR ,
steel bar ie also set up to Dbe . - - . W 4
That may be based on the fact that there Lr 202 | . o\ | t.q[a%&
was few data aboutf s.;ear geitr;lfotrcggg fri;- - Shear reinforcereny —1
fect over 1.2 % © w an a i | . 150’15 N
orease of the ultimate shear strength rﬁrhﬁ;oo f m_qwm_m_‘%

4-013 | unit: mm

could not be expected according to the in- e
sroaps of Pw over 1.2 %. In the past D22 4

study using the high tension shear re'in-
forcement (Fukuhara, 1982), the in-
crease of the ultimate shear strength 1s
also not observed in the range of the
large amount of shear reinforcement. These
phenomena may be due to the fact that the
shear compression failure of concrete goes
ahead before the shear reinforcement dis-
plays its full strength. Therefore, it 1s
considered that the large tensile strength
of the high tension shear reinforcement
would be highly utilized, if the shear
compression failure could be delayed by
using high strength concrete.

The objective of this study is to prove
that the ultimate shear strength will in-
crease according to the increase of the
strength of concrete and that the range of

Pwew’y, where the full strength of the

Fig.3 Detail of reinforcing arrangement

shear reinforcement is displayed at shear
failure, will expand wilth the increag.
of concrete strength. Furthermops
the shear transfer mechanism is discusseé
by the simple truss model.

2 OUTLINE OF EXPERIMENT

2.1 Specimens

The test specimens are listed in Table 1.
The parameters are the diameter of gshear
reinforcement and the strength of
e concrete. The size of the specimens and

¥ Speci’;men's B Py wa Pw w the reinforcing arrangement are shown in
Rt (Z) (kg/cm?)(kg/cm?) Fig.3. The cross section (b x D) is 18 ep

X 40 cm and the shear span to depth
ratio (a/D) is 1.5 in all specimens. The

Table 1. Properties of test specimens

M
__—--I—-—

B-210- 0 208 0.0 B g

1

g 2-5110- 6.0 208 0.314 13600 427

d =210- 7.4 208 0.444 14500  64.4 by five deformed steel bars of 22 mm
2

5:538:1?3 <08 0.711 14300 101.7 nomin?1 diameter both in tensile and con-
' <08 1.000 14600 146.0 pressive side, which yield strength was

——  ©nhanced up to 8140 kg/cm? so as to make

B
3 ":-
I
4
T
AP Al
ad :'.'_F.'. g
.Il Nl
e .
-1| -'.I'_ L K
i
W H
+§.
__'l t
:..E_:ﬁ;
.'4"“.]';_-. 3
(159 3
I- J%;- .
el 5
* Tl
5_.{! o
AL
5:1‘;5 T
RER
Eiprb et |
o e
e -

6 B-360- 0 383 )

0.0 0
T oy 0.0
. 360~ 4.1 o U 1 14200

?hear failure precede. The shear rein-
orcement was shaped spirally in rectan-

B-360- 9,3
9 B—géo- 2(; ggg 8'227 0l 98N gular with 10 ecnm intervals. The
10 B-360- 7.4 s 0-314 13600 42.7 Strength of concrete was initially
11 B-360- 9.2 3a3 O-’lﬁu, 14500  64.4 designed as 210, 360 ang 570 kg/cm?. The
12 B-360-11.0 383 1.002) e B actual strength of concrete was shown 1n
13 . s Stpe Eaf '® 2. The mechanical properties of
14 g:?)'";g- . 249 0.0 B ~8a ®inforcement are shown in Table 3.
3 15 B-570. é_é 549 0.147 14200 20.9 ' '
16 B-570- » 49 0.314 13600 42.9 Table 2. Mechani
17 Boine 9-3 ;549 0.444 14500 ¢ '4 anical properties of concrete
18 5 tn A2 0711 yiann san e e
* Specimen's nape represents th kg/cn?) (x1078) ( x10%kg/cm?) (kg/cn’)
Rame and the : © serieg M
rﬁiﬂfﬂr_camgnt. diameter of Bhear B_368 §g§ 2315 bl 2‘09 e 20-5

** Compressive st

unit of kg/cm 2.I‘Bngth of concrete in
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- - d
mpecimen's N.Nf Of Ultiggs |
e (kg/cm?) ?Ezzl)?’ Tm
B-210- O (kg/op?)
1 B-210- 6.0 42'2 11.6
§ B-210~ 7.4 644 24.6 f;,”
210~ 9.2 <8.5 0
A B"" v 101.7 32 8 53.1
5 B-210-11.0 146.0 36.3 61.3
g A & W
6 B"'BE)O" O-O 17-6 i A
7 B“'BE?O"‘ 4'1 20-9 30 8 32.9
8 B""jé’o_ 5'1 32-9 35.5 57.5
] B-360- 6.0 %9 37:3 66.3
10 B-360- 7.4 Od .1 37.8 69.7
11 B-360- 9.2 101.7 46.9 70.0
12 B-—BéO-—""-O 146.0 52.0 87-6

B-570- 0O 0.0 19.
112 B-570- 4.1 20.9 382 gg‘?
15 B-—570- 6-0 42.7 42.5 79-
16« DRy 044 49.5 92'2
o i BeAT- R .t01W 56.0 o 5. _
i v BSMEAND T 5 160 60.5 i 9.2 130.0

113.0 66.7 101.7 130.0
’#_x» ——

Maximum shear force in experiment
Average shear stress at maximum shear force in experiment
Ultimate shear strength by Arakawa's ‘umean formuls
Ultimate shear strength by Fukuhara's formula

s'u2 = Min( st™w , scTu )

st'u = 0.12 *ku *kp(180+Fc)/(M/Qd+0.12) + aPy=’y (a=1 )
sc ‘u 0.124*Pw*wly + 824 °Pc + 0.14°'Fc vd/a
"My : Average shear stress at bending yield

-3
—
D
~
M

Shear stress at bending yield = _________

E:‘pﬁ‘ﬁmtﬂl
resuits

Fukuhara's formuld

Fig.10 Crack pattern (1)

Arakawa's Tymean formuia

B-210 series

Fig.11 Crack pattern (2)
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12 through
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Experimental -

‘ resulls

@ 5 Fukuhara's formula
ar /
&
LLH"‘AmHﬂwm‘ﬁ 'Curfﬂ?"‘* formula
2 B-360 series

Puw; (kg/em?)
Ty - Pwew’y relations of B-360

[
ip—ﬁ-——-i-l—_—'--l—#“--ﬂ-“#

‘Experimental
results

Fukuhara's formula

™,
L

L
Arakawa's Cymean formula

B-570 series

120 %0 160
pw'wo; (kglcmz)

Pipik ‘n - Pw.w’y relations of B-570
geries

+ R ) 65C 80 100

of Pw*w’y., Experimental value of the ul-
timate shear strength is fairly greater
than the calculated value applied to
Arakawa's Tumean formulas (Arakawa, 1970).
Wwhen the experimental value 1s compared
with the calculated value by Fukuhara's
formula, both of the value geem to agree
well generally. But in B-360 and B-570
series, the rate of the increase of Tu in
the experiment ig greater than that in

Fig.15 Position of
reinforcement

1 A B & B i b 4 ¢ N
g formula, 8CC raAlng to the

. F‘j r‘!] 1 T 1 L o nas 1 = ¥
PR of Fw* W Y Fukuhara'es Lormy) g
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value 1l
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cage o 3

s s distribution of Sk
3.4 Stralil dl " Tuear

roainforcemen t,

Pigure 16 through }i‘ig.W? fj‘:hw the strai,
distribution of shear reiniorcement at
l-l 1+imate shear .':'H;-I‘E:I’lﬁ{th.' I'he posgi tion rjf',
strain gages are shown in Fig.15, js thé
roinforcement used in biska o

shear X~
b slic 7 es |

periment had helical ng?VH foz bond wit),

concrete except for 4.1mm¢, the strain

gages Wwere put on along the ST 00Veg
obliquely. Table 5 shows the regy]tg of
the tension test of reinforcement on whigh
strain gages were put in the gane WaY as
specimens. Fig.19 shows !:1? example of their
atress-strain curves. 8-y' was obtaineg
by deviding the yield strength (w0 y)
shown in Table 3 Dby elastic modulus i,
this tension test (sE'). Then, the yielq.
ing of shear reinforcement in the experi-
ment was judged from this yield strain

(a%y').

3 B-210 series

it B-210-6.0

ki

= . ~210-7.4
.—

p

Position X{cm)

Fig.16 Strain distribution of shear
reinforcement of B-210 series

B-360-41 { \
v § B-360-5.1 \/J '

e

/
';, -k Q:/ i

“ -----
""‘

& & IR W 120
Position X(cm)

aln distribution of shear
nt  of B-360 series
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. e - 'E r f;‘q‘ﬂ Genent.a 1 & ety : { { ‘
_"‘“‘tf’iia r = AL A ....J'r‘... III[ - & 4 t,.r - NFJ_L:' no t, f_jtJ:1 {_,I'uu..‘:- ‘.h :if
.11 specimens. A8 for B.360 cans: d 1in
e . o Sk o 1 b 'Qﬂrlfﬂﬂ, the
f_ B |- 1,;’1.‘;‘; A - 1!.;"-5:11’ P{flrlf{)PQFAm;__nfh : =
. T s - o o o
haerhy ed 1N ﬁ*‘“]&{f‘-ﬂ.- 5 B*jﬁ()—-—f)-‘l and w;”
0-6.0, but not observed in B_2¢n ~ , 2
h - . L:I -".'{ & r 'jJO-— }-Il(.“_’ P
{3 y { 3 o
0-9.2 and B-360-11.0 with large py.yo;
- 1 K 7 T~ : o . -
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~ainforcement was observed in B-570~/ .1
. ! E i = ye
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,:f'.:'. and E_L ?':“-?"“I ] -O-

In B~570-7.4, the

shear was just before
yielding.

That is, in the range of small wapy,
the full strength of high tension shear
reinforcement was displayed at the ul-
timate shear strength and in the range of
large Pwew" y over some value, the shear

~ompression faillure of concrete goes ahead
ithout full working of high tension shear
< i

reinforcement. In this experiment, it was
| 0

hat such boundary value of Pwew"y

than 43 kg/cm?® in B-210 series ,

3
0 kg/cm? in B-360 series and about

F1-3-19 Stress~-strain 5 )
reinforcement ( ULBON - 7ol

3 ;3 F‘Iri
rt § Jr.'
'l o AN
! L8
Llemern4 i eBuL : '
| 4 ;:"'_li"‘-]'j i
.J!-;-I'.._r:l .["'k
h:‘if- W j
fl‘"”/ e Irr't
1 [l ) ( 1 M B+ f'
/’q-1 J FH’/ ff [ # ,
‘:' ‘l ‘E'}l"'”}r; |
r vy
FJ.-‘; 11";1,5.-';,4” D) G {f};f}f;
b ad 13600 P 6800
f v 1.fi-r. H“'jr) 2 |
)-;-J: J'-J ;f; f" f %_..- !r;'r.l
12“-‘( f o >'70
‘!].f‘_] ek / 453 Jf}rl
: 14600 iy 600
vy r,‘r';( I 1
% 0 209 - - 5700
Y [_J}'"f'_,r}f 4 1.._.]”‘__ .
. (ONo
"i {J ,}H.;{ LIETH_{AT 'rfjfl ( [,<"
TT A e - ) SHEAS I'H
MhuHhNIuM g B
Gt A ad
4 . :ﬁ 1 Y
3lmple Urugs model
/ o5
'TOpPosed ¢
86 russ Ode. 18 '
model 14sg shown in

Fig.20., Tt
B+20, The concrete truss, whi '

Nnemnt m’i t.-'[ . A0y W 11ch are con-
"~Vod Dy nodes A, By C

11¢ ~ and D, represents
dlagonal erack i ey

o

» ) ¥ 4 4 &
o 1inki ng the bendi (g COom-
S8l ve 72m 4 » “
' V€ zone of beamn endg, which develop
NGO ‘the |

b diagunal snear
failure. The failure of the
oc

compression
concrete truss
: curs when the strain ( or stress ) of C-
U element reaches a certain value. The
truss except for the above mentioned con-
crete truss construct the beam mechaniem.
It represents the yielding of 1lon-
gitudinal reinforcement and the yielding
of shear reinforcement.

In Pig.16 through Fig.18, the maximum
strain of shear reinforcement appears at a
distance from the center. It 1is, however,
probably affected by the cracks which
cross the position of strain gages GT‘dO
not. In this struss model, the shear rein-

forcement in center .1is made to yield

first, TO gimplify the model and the e8-
timation of the analytical result, but it
ig considered that.
well worth to explal

erimental results.
4 The boundary elements

hetween the elemen

this truss model is
n the tendency of ex-

were
+ A-E and A-C,




| ' in
tween the element B-F and B-D as showih

Fig.22-

_ ‘h
4.2 Determination of rigidity of eac

elements

The rigidity of each ﬁlement_ﬂhoiidEZT
given some general value based on i;gary.
perimental results or some kind of the Qr@
In this study, however, the valgei :ear;-
roughly given from the viewpoint totﬁ? 9;_
tigate the possibility to explain ttéladr
perimental results. They were actusd
determined as follows.
Elements A-E and B-F:
compressive longitudinal

The axial rigidity was §
alent value considering the

reinforcement and the cover concrete. The

flexural rigidity was also giveni that
equivalent value, because tne splitting

erack along the longitudinal reinforcement

was supposed to open.
Elements E-G and F-H: They represent

tensile longitudinal reinforcement. The
axial rigidity should be a slightly larger
than that of reinforcement only because of
the surrounding concrete. But in this
study, that was given the same value as
that of elements A-E and B-F. The flexural
rigidity was infinitely large, as an ex-
treme value.

Shear reinforcement elements: The axial
rigidity was that of only reinforcement,
ignoring bond with concrete.

Element C-D: Figure 21 shows the stress
distribution caluculated by elastic
analysis using Finite Element Method,
which is normal to the diagonal linking
the bending compressive zone of beam
ends. The equivalent length, where the
maximum value in the stress distribution
uniformly distribute, was about 80 cm
From the analytical result :
the cross section ofsuc-g’ etil’;emeiri.:ea e
determined to be about 1400 01‘:?3
considering the beam width, ’

They represent
rainforcements.

iven the equiv-

.

Table 6. Input data in trugg

B-360 serioes

ATy - AT
ey Sl b
. e T
e

| o b e i  p—— ———— e My
i #m-.u.--l-bl-".h“ﬂ""""

Elamant (tOﬂ/ﬂm?) (Hmzj ([i
L —————————— sty v Cm J
B , BelP 2100.0 ae o
E_é : f-H 2 ']“(JO % h 40.0 300 .0
A-C , B-L 260.0 200.0 .
c-B , D-A 260,0 200.0 n
c-D 260.0 1400.0 0.0
E-B , F=A 260.0 200.0 0,0
Shear 0.0
reinforcement 2000.0 % q
; s g s s ——————— , -{J
# Variable —~—

Elements A-G, A-D, A-F, B-D, p_c
E: To begin with, it was roughly
that the area of the cross section of
these elements were equal. Next, +t. ..
tial rigidity between the sghear foféem“
the relative displacement of i), tr&nd
model was computed, when the rigidi{ ugg
boundary elements was set to be infﬂ-ﬁf
and the splitting crack along Uhaliw

gitudinal reinforcement did not opey T?‘
L] lﬁ.

experimental secant modulus at tp, s
curence of the first bending crack in tn;
relation between the shear foree ané
the relative displacement was obtaineqd
Then, the sectional area of these element;
was determined to be 200 cm? Dy makir
equal the rigidity of the truss mode] ang
the experimental secant modulus.

Input data for B-360 series are shown in

Table 6.

4+3 Properties of boundary elements

The vertical spring shown in Fig.22 looks
like Crack-Link in Finite Element Method.
In this study, it is assumed that the vir-
tical spring is sufficiently rigid under
compressive force and bears no tensile
force as shown in Fig.23-(a) in order to
symplify the truss model. Essentially, the
vertical spring bears tensile force. And
the tensile stiffness of the concrete,
which resists the opening of the splitting
crack due to the dowel action of the lon-
gitudinal reinforcement, should be applied

to the rigidity of the vertical spring

. g = r = r - ——
s g — r ' ¥ . . P !
}
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f.f._J I'ce,
vertical

Spring 1is
sgngidere d to represent the width of : 7 h;;..
splitting crack. H

‘mhe horizontal spring looks like Bond-
ink in Finite Element Method. It re pre-
gents the bond reslistance between the 1 Qﬁ_
ﬁitu.;jirml reinforcement and the

; and has the characteristics
shown 1n Fig.23-(b). When the vertical
_ elongates and the splitting crack
spens, the rigidity of bond resistance
1—’ ) is made to be zero assuming that the
hond resistance is perfectly lost.

4.4 Boundary condition for calculation

Node A and H are
joints. Node B and G are jointed with
rigid truss elements G-B ,B-G' and G-G'.
The equally forced vertical displacement
is given the nodes G, G' and B. Then, the
anti-symmetric bending moment condition 18
produced, The horizontal displacement 18
free, because of no axial force.

445 Analytical results

Figure 2/ shows the relation between shear
force (Q) and Pw.w®y in B-360 geries. 1he
broken line shows the case that the con-
crete truss element C-D reaches & certaln
value of strain and the solld line 8hOWS
the cage that the ghear Winforcz-
nent in center reaches 118 yield lBtt:ezr;
For reference, exparimental reau

Pointed with symbol "@". The
the concrete truss element C
judged when its stress reache?® e
strength of concrete. It will be,ax
Overestimation to regard the und-
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pear and one of
shear failure
under

criterion for
Because at the
plural ".]fI.Fi-EUJHH,l cracks sip;
them is dominant to the
g the concrete is
‘ . ne experimental results
1t was proved that the adoption of about :1
nalf of uni-axial tensile strength gave a
well agreement between the ﬁ@ﬁpU.Léi’l anﬂ
the experimental results. Then, in Fig.24,
a half of uni-axial tensile strength was
adopted for the criterion for breaking of
C-D element.

In the range of small Pw-w‘jy, the ver-

« And because

tical spring of boundary element much
elongates. The dowel action of
longitudinal reinforcement becomes large

and the splitting crack generates. Then,
the yielding of shear reinforcement
precedes. In the range of large Pw*woy,
the elongation of shear reinforcement 1s
small, that is, the elongation of‘the ver-
tical spring of boundary element is small.
Then, element A-E and A-C (also element B-
F and B-D) work as one body and the stress
of C-D element tends to be large. T%en, G-
D element breaks before yieldlng o% Shiir
reinforcement. That weli afrejys with the
' in tenden
GXSEZimiEi?lsiiZiéii of concrete tmcomis
higher, the higher gtress'lefgl i;pthz
concrete FFruzszs ;Olveeﬂl:ﬂlipm;d: gy e
line in r1g&*

o tween the

a of Puw J be |
v S t\;zluyielding of shear Teill~
t shear failure and

shear compression
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atralght

ha twe &1l Lt ne
and Pw *W )

art 0l
hy tne two part |

t 1 on
atrangth

pProx { ma tod
lines. .

| ' ines
) In the above approxXima ted 11iNnes,
!‘I-._J -.' rl 1 i ' -1 8 i ! 1. = |

B Y i ;'nf‘
i b he rafllx
i A = tha case
._*.;_1;%'.1;_;“;11’1.1;: Loy ThE
~f the shear reln-
reanglon

afl the

part |
amall Pw*w Y,
the yilelding |
ahead and aheal
And the nther 1
large PW W Yy
s LhA the
fajlure of

tha t
f‘lf'.il'“-i.‘l"ﬁ;‘f,f!'}f,- OO o
failure occurs.

14ines in the Trange
the ©CAS!

() f.w

L‘.i'l!‘I*#‘:I}':‘_r[].i:l LO |
ashear compression

diagonal | ‘ ._
: pefore ylelding ol

soncrete precedes
shear reinforcement.
(3) The value of Pw*w Yy at the i
above approximated lines,
to the i1ncecrease of

intersecC-

tion of the
increages according
the concrete strength.

(4) By using the higher strength concrete
the ultimate shear strength is made U0
inerease even if the value of Pwew"y
ig fixed. And the rate of increase of
the ultimate shear strength with the
the increase of Pw'w'y becomes large.

(5) The simple truss model was proposed.
The tendency of the above experimental
results can be well explained by the
truss model taking account of the com-
patibllity of deflection as well as
the equilibrium of forces in the truss
model .
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