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BOND SPLITTING STRENGTH IN REINFORCED CONCRETE MEMBERS

Masaki MAEDA", Shunsuke OTANI"" and Hiroyuki AOYAMA "

ABSTRACT

Simply supported beams were tested to investigate bond splitting strength of longitu—
dinal bars in a shear span. The variables of specimens were the number and the diameter of
longitudinal bars, spacing and arrangement of lateral reinforcement, and position of a bar
relative to the height of concrete. Maximum bond stresses of longitudinal bars were com-
pared with bond splitting strengths calculated by previously proposed formulas.

From the test results, bond splitting strength of intermediate bars was observed to im-
prove by the use of sub-ties. Previously proposed formulas for bond splitting strength did
not properly evaluate the contribution of lateral reinforcement.

1. INTRODUCTION

Lateral reinforcement, such as hoops and sub-ties, is effective to prevent bond split—
ting failurc along deformed bars in a rcinforced concrete member. Design Guidelines of
Architectural Institute of Japan ( Al )[ Ref. 1] proposed a design formula for bond splitting
strength based on experimental equations proposed by Fujii and Morita [ Ref. 2 ]. However,
it was pointed out that All's formula underestimates the bond splitting strength of intermedi-
ate longitudinal bars supported by sub-ties [ Ref. 3 ].

Simply supported beams were tested to study bond splitting strength. The test results
were compared with All's formula and some previously proposed formulas for bond splitting
strength.

2. OUTLINE OF EXPERIMENT
2.1 SPECIMENS

Five simply supported beams were designed following specimens tested by Ichinose
and Yokoo [ Ref. 4 ]. The dimensions and reinforcing details of a specimen are shown in Fig.
L. The specimens were designed to fail in bond splitting ( side splitting mode) of longitudi-
nal bars ( test bars ). The variables of specimens were the number and the diameter of test
bars, the spacing of lateral reinforcement, and the use of sub~tics ( Table 1 ). Four deformed
bars and three deformed bars ( D19 : 1.91 cm diameter, 6.0 cm perimeter and 2.87 cm? area
) were used as test bars in specimens No.1,No.2 and No.3, and in specimen No.4, respective-
ly. Threc deformed bars ( D25 : 2.54 cm diameter, 8.0 cm perimeter and 5.07 cm? area )
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were used as test bars in specimen No.5. 6¢ round bars ( 6.0 mm diameter ) were used as

Hoops and sub-ties.

In a beam end zone, top and bottom bars were unbonded from surrounding concrete
by covering with steel sleeves so that the bars were not confined by supporting force. A 26
cm zone along top or bottom bars next to an unbonded zone was a test zone in which test
bars were expected to fail in bond splitting and bond stress of test bars was calculated. Each
specimen had four test zones. The test zones contained top ( TOP ) or bottom ( BTM ) bars.
In the right span ( 2 ), every test bar was supported by a hoop or a sub-tie, and in the left

span ( 1) intermediate bars
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zone ( 35 cm outward from loading point ).

To prevent any other unfavorable
failure, auxiliary longitudinal and transverse
reinforcing bars were arranged between the
top and bottom test bars. Four deformed
bars ( D16 : 1.61 cm diameter, 5.0 cm
perimeter and 1.98 cm? area ) were used in
specimens No.1, No.2 and No.3 as the
auxiliary longitudinal reinforcement, three
bars ( D16 ) in specimen No.4, and three
bars ( D19 ) in specimen No.5. In each
specimen, 6¢ round bars were used as the
auxiliary transverse reinforcement at 60 mm
spacing.

Concrete compressive strength o
was 317 kgf/cm? in specimens No.1, No.J2
and No.3 and 341 kgf/cm? in specimens
No.4 and No.5. The properties of reinforc—
ing bars are shown in Table 2.

2.2 LOADING PROCEDURE AND INSTRUMENTATION

Every specimen was subjected to monotonic loading. Test
zone TOP1 ( without sub-ties ), whose test bars were expected to
have the lowest bond splitting strength of the four test zones, was b
tested first. After testing test zone TOP2, the specimen was turned
upside down, and then test zones BTM1 and BTM2 were tested. D

Fig. 1 Details of specimen ( Unit : mm )
Table 1 Test parameters

Shse] Longitudinal|Lateral reinforcement
LIRS reinforcement Details | pw(%)
o (B 2-648120 | 0.19
ook 0T sturitn ¢ 1640120 | 0.37
BTMZ .
ToP _
o %OW% 118 2-6¢ @60 0.37
TOP o
5.3 %\{){ e 2-6¢ @40 0.56
| 4-6¢ @40 1.12
10 2-64 @60 | 0.37
' B _ .
Yot M s e | 0.5
BT™ :
TOP »
0 2 B(T)‘ 3ot 2-6¢ @60 0.37
i 2-6¢4 860 | 0.56

Table 2 Properties
of reinforcement

Ty El
kgf/cm?{10° kg/cm?
5385 . 992

D16]| 374 . 859
9]__3670 . 850
5| 3623 .816
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Load P was measured by a load cell located between a 200 ton universal testing
machine and a test beam. The displacement & at loading point was measured by a transducer
with respect to the test floor. Slip S of a test bar was measured Dy a transducer with respect
to the concrete at an end of a test beam. Strain gauges were bonded on the surface of a test
bar in a notch near the loading point and of hoops and sub-ties in test zones.

50 T T T T
3. TEST RESULTS ol BZT-T o | BT nax |
T MR TR R WP A 19 PER ST W P
3.1 FAILURE MODE il e ;
; 20 - tedas - e i gl L oyt B - : 4 .
The relations of load Pand  * )l .. 0 1 guer.
displacement 0 are shown in Fig. 2. : P s
Many bond splitting cracks were 00 07 1 WE Sa0usily Dieddstel 5§

observed on top and side faces alon
test bars in a tgst zone after flexuragl o by ox{na)
cracks and shear cracks occurred. Fig. 2 Load - displacement relationship
Every specimen failed in
bond splitting along test
bars in a test zone.
Typical crack patterns
are shown in Fig. 3. The
solid lines indicate
cracks observed at the
final loading stage and
the broken lines indicate
cracks observed in
previous loadings.

3.2 LOAD - BOND
STRESS RELATION-
SHIP

The stress o of a :
test bar at a notch near _ Bottom view
loading point was calcu- Fig. 3 Crack patterns
lated from a strain
measured by strain gauges. Although L 260
test bars in specimen No.3-BTM2 ! ‘
yielded before the specimen failed in Lb240 Ln20
bond splitting, maximum strains of test , M
bars were about 2200u. Test bars of the Sleeve Notch Notch

other specimens remained elastic /

throughout their loading. The stress of a a N T~ —0As
test bar was zero at the end of a test LN RN RN NN
zone near an unbonded zone. Bond ’ ”

stress T was calculated by
T=0As/YLb Fig. 4 Development length of test bar ( Unit : mm )

+

where, As = cross-scction area of a test bar, P = perimeter of a test bar, Lb = development
length of a test bar = L- Ln, L = test zone length, and Ln = length of a test bar ineffective
for bond splitting strength.

Load P and bond stress < relations are shown in Fig. 5. The difference between a-
corner bar ( thick line ) and an intermediate bar ( thin line ) is not observed in specimen



584

No.2-TOP2 throughout to maximum load ( Q_,

bar in specimen No.2-TOP1 reached its pcak"b’é

)- However, bond stress in an intermediate
fore maximum load ( Q

) and then de-

creased, although the bond stress of a corner bar increased until the borrxné"sp[itting failure

occurred.

3.3 BOND STRESS - FREE END SLIP RELATIONS

The relations of bond stress
T and free end slip S are shown in
Fig. 6. Although specimen No.2-
TOP1 had the same quantity of
lateral reinforcement ratio ( p,, -
=0.37% ) as specimen No.l-
TOP2, maximum bond stresses in
intermediate bars, unsupported by
sub-ties, were lower than that in
bars in specimen No.1-TOP2.
Maximum bond stresses in corner
bars and intermediate bars in
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66@60mm, p =0.75% ) were higher than in specimen No.2-TOP1 ( 2-66@60mm,
p,=0.37%)

3.4 STRESSES IN LATERAL REINFORCEMENT

Hoops and sub-ties remained clastic in all test zones. The stress g, of hoops or sub-
ties was calculated as an average stress of all hoops or sub-ties in a test zone. Figure 7 shows
the relationship of stress o, of lateral reinforcement and free end slip S. o, increased, unless

the bond stresses T reached its peak. After bond stresses < started declining, ©,, were constant
at their peak level (about 2000 kgf/cm? ) in all test zones.

4. DISCUSSIONS
4.1 COMPARISON OF TEST RESULTS WITH DESIGN FORMULAS

Table 3 Summary of test results

Spesinen Maximum bond stress (kgf/cm?) Bond strength (kgf/cm?)
p T max T maxe T maxav| coibl tim | zbu [ Tyk
TOP1 18, 283 U0, ol 26. 2058 4dididail 21,17
N ‘1 BTM1 39.4, 38.1 37.5, 34.3 37.3 34.6 27.8 28. 4 26. 95
9 TOP2 33, 34.5 33.9, 36.1 34. 4 26. 6 25.°9 24.5 30.9
BTM2 4742, 50.0 44. 2> 45.2 46.0 34.6 ¢ 13 Gl 30. 6 317.1
TOP1 39.5, 37.0 28.7, 31.3 3154 330 DNZonsY 62h08 26. 17
No. 2 BTM1 5028, 953.8 40.6, 34.7 44.6 482 5%¢l n 3l sl 2| 5 Bl 32.6
ok TOP2 48.9, 50.8 50.5, 51.2 49. 4 33 Dmils 312057 1a 289 63.5
BTM2 57.5, 57.4 58.2, 57.5% 57.2 | 43.5 | 37.8 | 36.1 11.5
TOP1 473050 40192 302, Bdni2 36.3 3320 28.2 28.0 35.2
No. 3 BTM1 54.0, 57.3 40.8, 37.6 46.6 | 43.5 | 34.4 | 35.0 42.8
HY TOP2 57.9, 62.0 63.3, 64.1 61.9 331 Szi|s 3674z (1133, 357elsl0%:9
*) BTM2 3. 2881352 P32 513k 2 73.2 43.5 44.5 41.:6+1:14:3..9
TOP1 H0PIFTH 35t 40.1 47.0 | 41.6 ] 34.5 | 33.3 34.8
No. 4 BTM1 56.3, 54.3 43.0 49.6 54.1 42.1 41.1 42. 4
: TOP2 53.5, 57.8 57.0 56.1 410 64 381371595, N 48T
BTM2 69.8, 68.5 65.1 57.5 54.1 | 46.7 | 44.17 55.8
TOP1 49.6, 49.3 31516 £2:5000:332 81 |526mdyels 2dasd 2T.1
o %5 BTM1 51.8, 46.8 35.4 43 Torlnddiei0ad] w3203 4fn 3,138 33.9
% TOP2 50.2, 47.6 51.2 49.5 | 33.8 | 29.4 | 27.3 37.0
BTM2 56.0, 52.9 5243 513 W) A9 A AA01Ee 315 I8 34. 1 415145

%) Bond splitting failure after bar yielding, t maxl: Maximum bond stress of
corner bar, t max2: Maximum bond stress of intermediate bar, 7 max.av: Maximunm
of average bond stress of whole bars in an test zone, © bu: Bond splitting
strength of AlJ's, © fm: Bond splitting strengthof FUJII-MORITA"s formula
T ojb: Bond splitting strength of ORANGUN-JIRSA-BREEN's formula, 7 yk: Bond
splitting strength of KAKU-YAMADA's formula .

Tbu = (0.4+0.5%§J%20+5§‘:+15N3-bd€' }V o s (multiplied by 0.8 for top bars)

1]

rfm = [0.427+0.307D§§%%1+24N%?éb')J_7;: (multiplied by 1.22 for bottom bars)

voib = (1. 2+36+30dasheru a0, 26570, (divided by 1.3 for top bars)

- 1. 66,4 .3 s 88K o3 o
T yk = {0.427+0.307Q§§%%3+0.85Ns pherdany golshetley /o

(multiplied by 1.22 for bottom bars)
where. b: width of a member, d,:diametar of longitudinal bar, Ns: number of
longitudinal bars supported by sub-ties, Nu: number of longitudinal bars
unsupported, Nt: total number of longitudinal bars, pw: lateral reinforce-
ment ratio, pw : ratio of lateral reinforcement arranged at extreme side
¢: half clear spacing between bars or half available concrete width per
bar resisting splitting in the failure plane, Aw: area of lateral rein-
forcement, w0 y: yielding strength of lateral reinforcement, ls: develop-
ment length, s: spacing of lateral reinforment, j«: distance between top

and bottom bar, bu.: width confined by lateral reinforcement of a member
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Maximum bond stress in a comner bar is t maxp» and T o is that in an intermediate bar.
Tpaxav 1S the maximum of average bond stress in the WhoLe test bars in a test zone. T
Toav @nd T . are shown in Table 3. Maximum bond stresses are regarded as experimental
bond splitting strengths in the following investigation. Bond splitting strength calculated by
All's formula[ Ref. 1 ], Fujii and Mori-
ta's formula[ Ref. 2 ],Orangun, Jirsa and 8 R T

Breen's formula[ Ref. 5 ], and Kaku and

Yamada's formula[ Ref. 6 ] are also £ 60f % 1o 2 T

shown in Table 3. Experimental bond < ot o

splitting strength ___ and calculated 407 g Har: 1

bond splitting strcngt'ji are compared in =

Fig. 8. EN'Y:b nd failure i T
k= ter bar|yiellding

o

The bond strength is not affected

by the use of sub-ties in the Orangun- e L L

Tojb (kgf/cmz) Tfm (kgf/cmz)

o

Jirsa-Breen's formula and the Fujii- 80 : , Y
Morita's formula; the test results disa— YAA ; /'
greed with bond splitting strength calcu-  <C ¢, 0, ot 4°
lated by the Orangun-Jirsa-Breen's < 90 o
formula. The Fujii-Morita's formula 2| N T |
underestimated the test results, especial- > O TOP-1

ly in TOP2 and BTM2. The same canbe 2, | |4 19 & TOP-2 |
said for the AlJ's formula, although bond & 0 BTM-1
splitting strength calculated by the All's *+ 0 N “iapT ABIN-2
formula considers the contribution of 0 20 40 60 800 20 40 60 80
sub-ties. Bond splitting strength calcu- Thu (kgf/cn?) Tyk (kgt/cmd)

lated by the Kaku-Yamada's formula
agrees well with most of the test results,
but disagree with some test results in a
high strength range.

Fig. 8 Experimental and calculated bond strength

A corner bar without sub-tie ;
A intermediate bar without sub-tie

O corner bar with sub-tie
4.2 BOND STRENGTH OF TOP AND BOTTOM BARS @ intermediate bar with sub-tie

80..@5’
Wil

A major parameter influencing bond splitting strength
is the position of a bar relative to the height of concrete
during casting. Bond strength of top bars is relatively lower
than that of bottom bars. Experimental bond strengths ob-
served in top bars and bottom bars are compared in Fig. 9.
Experimental bond strengths of bottom bars were, on the
average, 1.22 times larger than that of top bars with a stand-
ard deviation of 0.14. A similar ratio is reported in Ref. 2 and
5. Thercfore, in the following investigation, experimental R : ;
bond strengths of top bars are multiplied by 1.22 to normalize 20 40 60 80
with respect to bottom bars. Tmax (kgf/cnd) (top)

Fig. 9 Bond strength of
top and bottom bars

o
o
v

o
o

~
=3

T max (kgf/cmz) (bottom)

o

o

4.3 LATERAL REINFORCEMENT

The bond splitting strength was expected to be governed by concrete tensile strength.
Therefore, experimental bond strength t_ was normalized by VGy in order to remove the
influence of concrete strength on bond spfitting strength. The relationship of lateral rein-
forcement ratio p, and normalized experimental bond strength Toax / VO3 is shown in Fig.
10. Figures 10(a), (b), (c) and (d) show. the test results of corner bars in a test zone without
sub-ties, corner bars in a test zone with sub-ties, intermediate bars in a test zone without
sub-ties and intermediate bars in a test zone with sub-ties, respectively. The All's formula (
dotted line ), the Orangun-Jirsa-Breen's formula ( chained line ) and the Kaku-Yamada's
formula ( solid line ) are also shown in Fig. 10. :
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Normalized experimental bond strength T_, / VG increases in proportion to lateral
reinforcement ratio p. Bond splitting strength ca Calculated by the Orangun-Jirsa—Breen's
formula increases in propor-
tion to p,, up to 0.75% level, 5 ————7 —
and then is constant. The (a) Comer bar (b) Comer bar
All's formula underestimates L without sub-ties . with sub-ties
bond splitting strength in

o

both corner bars and interme- ‘0 3 = Ll aeause: mei s Zibsams i
dijate bars, especially in the f(
bars in test zones with sub- =, ]
ties (TOP2 and BTM2). sl Crimcmmnl b | et iinnm

T_ presents acontribu— S i's
tion of Iétiral reinforcement ot [— KA s G e s i
to bond splitting strength. T, 2 S e S D Y

is given in proportion to the
square of p in the Kaku-
Yamada's formula. Although
the Kaku-Yamada's formula
agrees well with most of
authors' test results, it overes—
timates some of the test re-
sults in the bars in test zones
with sub-ties at large p,
level.

T

(c) Intermediate bar @ Intermcdxate bar @

4+ without sub—-ties . with sub-ties

4.4 LONGITUDINAL BARS 00 0..2 0.4 0.‘8 0.l8 1.0 1.20 0.2 0.4 0.6 0.8 1.0 1.2
: pw (%) pw (%)
The relations of T, / Fig. 10 T_, / VO, - p,, relationship
\/_B and the number of test 5
bars in a test zone are shown b ; :
it : (a) Comer bar e (b) Comer bar
Lﬁf&f&lléot;%eﬂfé “{;;h :E: 4t \'\, without sub-ties { @ with sub-ties

las. It is observed that T

VG, decreases as the numBer
of tcst bars increases. The test
results agree better with the
AlJ's formula and the Oran-

previously proposed formu— E"
-
=

|—-- ORANGUN" S b

gun-Jirsa-Breen's formula — KAKU s

than the Kaku-Yamada's |
formula in which the bond 5 g T
strength is regarded to in- = (c) Intermediate bar

crease with the number of 4+ -~ without sub-ties
longitudinal bars in case of :
the bars in test zones with
sub-ties.

The relations of T /
VG and the diameter of test
bars are shown in Fig.12. T

1T  (d) Intermediate bar 1

Tinax with sub—ties

/ VoL, decrcases as the diame- 0 : ; : .
ter o% test bars increases. The 2 3 4 52 3 4 5
test results agree with previ- number of test bars number of test bars

ously proposed formulas. :
¥ REp Fig. 11 t_, / VG vs. number of test bars
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5. CONCLUSIONS 5 . - . .
(a) Comner bar (b) Corner bar

Findings from this 4 p-. Without sub-ties | - with sub-ties {
experimental study on bond "~ "‘@~
splitting strength of simply E 3 K AL [ RS0 6T R g et ae
supported beams are summa~— Aq Ty
rized as follows: Ayl 11
1) Bond splitting strength of & 2 Iﬁi ”\ ......................
intermediate bars unsupport—- ~  |[-- AlJ s )
ed by sub-ties was lower 1 l--- ORANGUN" s g "}I il “SVI"V"” ‘m]

than that of corner bars. Bond — KAKU's |
splitting strength of interme- g : : ; g
diate bars was observed to . i
improve by providing support L © In.tirmtcdlagc tl?ar ;
with sub-ties and was as high e nOUSSUDTIES. i
as that of comer bars.

2) Previously proposed
formulas for bond splitting
strength disagreed with
authors' experimental results.

Previously proposed formulas 1F i1t .
did not properly evaluate the |F I IR ll lml lm]

(d) intcnncd'iate bar
with sub-ties |

OB

Tmax2,/

contribution of sub-ties to 0 . s . .
itti : D13 D19 D25 D32 D13 D19 D25 D32
Eg&dcgfnlcl;t;?% ?g::;:fct(}ilia]tg size of test bars size of test bars
bars. Fig. 12 Toax / VOp VS. size of test bars
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