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Study on Anchorage Properties of Bundled Bars in Reinforced Concrete Beams
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Abstract: The first part of this paper describes the results of pull - out tests on 31 pieces of concrete specimens with
bundled steel bars embedded . Based on the initial pull - cut test results, a series of R.C. beam specimens that had
been reinforced with bundled longitudinal steel bars were prepared and tested. The bond ~ anchorage characteristics
and the major factors affecting the bond — anchorage properties of bundled steel bars in a R, C. heam, with compar-
isons to beams reinforced in the regular way, are discussed in detail. Formulas for calculating the required anchor-
age length of bundled steel bars are proposed . Caleulated results from the proposed formulas agree well with the test
results, and the design method of using bundled steel bars in beams is proposed. This proposal can be used as a

reference for future revision of the Chinese Design Code.
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Introduction

It is specified in the current Chinese Design Code and
Chinese Construction Code for concrete structures that
the longitudinal steel bars in concrete should be ar-
ranged singly and there should be sufficient spacing be-
tween these bars. In a heavily reinforced R.C. beam,
the longitudinal steel bars may need to be placed in 2
or mare rows according to the above specification. This
may be difficult 1o accomplish in practice due to insuf-
ficient space in the beam. The bundled - bar method is
a feasible way of solving the practical problem of insuf-
ficient spacing between longitudinal steel bars in a
heavily reinforced R.C. beam. The anchorage strength
of bundled bars in concrete is lower than the anchorage
strength of singly placed bars in concrete. The required
anchorage length of bundled bats in concrete should he
increased appropriately .

I Pull - out tests on specimens with bun-
dled bars in concrete

1.1 Test specimens

In order to find out the bond ~ anchorage characteristics
and the major factors affecting the bond - anchorage
properties of bundled steel bars in concrete, pull - out
tests were performed on 31 specimens. These speci-
mens were casl with either a single bar or a bundle of
bars in concrete. The test specimens are illustrated in
Fig.1. Among the test specimens, 8 were cast with
one single steel bar in each, 14 specimens were cast
with a 2 - bar bundle, and 9 specimens were cast with
a3 - bar bundle. Details of the specimens are shown
in Table 1.

1.2 Bond - anchorage characteristics of bundled

steel bars in concrete

The results of pull — out tests on the specimens have
indicated that the average bond — anchorage strength
decreases with the increasing number of steel bars in a
bundle. However, the characteristics of bond - slip is
similar to those of the single — steel — bar specimens.
The average bond — anchorage strength along the an-

chorage length may be expressed as
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Table 1 Pull - out test specimens

. \ Number of Concrete cube
Specimen no.  Number of specimens . ded hars strength range/MPa Anchorage length range/mm
BA 1-3 8 1912 21.6~31.1 80 ~ 200
BB 1~5 14 2012 23.0~39.0 80 ~ 200
BB 1-3 9 3dl2 25.5-31.3 80 ~ 250
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Fig.1 Test specimens
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where 7 is the average bond — anchorage strength along

(m

the anchorage length [,, d is the diameter of the steel
bars and F is the pull - out force. When the pull - out
force F is increased to the maximum value F,(i.e.
when failure in the bond — anchorage occurs), the av-
erage bond - anchorage strength becomes the ultimate
average bond — anchorage strength 7,

Fy
T v
Fig.2 shows the curves of bond — slip for three different
specimens. (f these three specimens, one was cast
with a single bar, the second one was with a 2 - bar
bundle and the third one was with a 3 — bar bundle. It
can be seen that the ultimate average bond - anchorage
strength 7, decreases with the increasing number of
steel bars in a bundle. This is because the effective
bond areas in the specimens with bundled steel bars are
less than the total surface areas of the same number of
singly placed steel bars acting together. The effective
bonding surfaces for a 2 - bar bundle and a 3 - bar

bundle are shown in Fig.3.

singular bar

bond slip s/mm

Fig.2 Curves of bond - slip
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Fig.3 Effective bond surfaces of bundled steel bars
Statistical analysis of the results of pull - out tests {in-
cluding other test results?!) indicates that the ratio of
the ultimate average bond - anchorage strengths for
specimens with a single bar to specimens with a 2 - bar
bundle and to specimens with a 3 - bar bundle is in the
order of 1:0.719:0.562. This ratio may be expressed
approximately as 1:1/¥2:1/3 =1:0.707:0.577.

2 Anchorage properties of bundled steel
bars in R, C. beams

2.1 Laboratory tests

In order to study the anchorage properties of R. C.
beams reinforced with bundled steel bars, 18 beams
were designed, cast and tested. Of the I8 beams test-
al, 12 were cast with 2 ~ bar bundles, 4 were cast
with 3 - bar bundles and 2 were cast with singly placed
bars. The arrangement of the sel up for the tests is
shown in Fig. 4 and the test results are shown in Table
2.

2.2 Bond - anchorage characteristics of R. C.

beams

Fig.5 shows the test results of 7/, against the bond -
ships for the beams with singly placed bars, with 2 -
bar bundles and with 3 - bar bundles. The anchorage
lengths are almost the same. Tt can be seen that the ul-
timate average bond — anchorage strenpth of the beam
using singly placed bars is the highest. The beam with
2 — bar bundles is in the middle, and the beam with 3
- bar bundles is the lowest. The ultimate average bond
- anchorage strength decreases with an increase in the
number of bars in a bundle. The results obtained are
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similar to those obtained in the pull ~ out tests.

Table 2 Test resulis of beams using bundled bars

Specimen no.  fu/MPa  f/MPa  b/mm h/mm L /mm Longitudinal steel bars M,/ {kN-m)
BLIL1-1 3.5 215 257 305 680 2012X 2 58.89
BLII1-2 2375 2.15 232 301 480 212X 2 37.74
BLI1-3 23.75 2.5 240 305 390 2012X2 46.50
BLI1-4 2375 2.15 224 307 280 212X 2 24.85
BLII 2-1 36.73  2.87 230 303 480 2¢12X2 61.05
BLII 2 -2 36.73  2.87 210 303 390 28012X2 39.53
BLUI2-3 3673 2.87 220 305 310 2012%2 61.60
BLII2-4 36.73  2.87 187 305 210 2912%2 22.20
BLI3-1 5178 3.61 213 303 440 2012%2 39.66
BLI 3-2 5178 3.61 204 303 310 2012%2 42.35
BLII 3-3 51.78  3.61 220 30 240 20122 88.20
BLI3-4 5178 3.61 205 363 180 2012X2 38.25
BLIU 1~ 1 5233 3.64 230 308 620 19122 100.78
BLIT1-2 5233 3.64 2 301 510 3012X2 76.05
BLII1-3 5233 3.64 207 301 340 3012x2 43.58
BLII1-4 5231 3.8 212 308 210 APIZX2 32.49
DL1-1 32.0 2.62 230 300 380 4412 36.40
DL1-2 2.0 2.62 20 299 280 4012 9.5

Notes: (Df, is the cube strength of concrete, f, is the tensile swength of conerete . @ Yield strength of longitudinal bars is
393.5 MPa.(D M, is the test value of the ultimate moment ar failure.
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Fig.4  Arrangement of the set up for
testing beams with bundled bars
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Fig.5 Curves of r/f, against bond - slip
Fig.6 shows the relationship between the stress in the
longitudinal sieel bars ¢, and the bond — slip s for 3
beams cast with 2 - bar bundles of different anchorage

length. It can be seen that when the anchorage length
is insufficient (BLIl 1-3, BLIl 1-4), the stress in
the longitudinal bars is low and will not reach yielding.
The ultimate moment is less than the flexural hearing
capacity of the beam. The mode of failure is the bond
— anchorage failure {(Fig.7(a)).
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Fig.6 Curves of o, against bond - slip
When the anchorage length is sufficient (BLT 1-1),
the stress in the longitudinal bars is higher and the bars
may yield. The ultimale moment is about the same as
the calculated flexural bearing capacity of the beam.
The mede of failure is of the flexural type(Fig,7(b)).
It can, therefore, be deduced that by increasing the
anchorage length of the bundled steel bars, the strength
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(a) bond anchorage failure

BLTI1-4 /

£, =630 mm

(b) ftexral failure

Fig.7 Modes of failure
of the anchorage and the bearing capacity of the beam

can be ensured.

3 Design anchorage length of bundled bars
in R.C. beams

The design anchorage length I, of a steel bar in a R.
C. beam is the minimum required length to ensure that
anchorage failure will not occur before the stress in the
longitudinal steel bars reaches the yield point. In
beams with the longitudinal sieel bars normally placed,
the design anchorage length [, is expressed as

Iy

LY S (3)

ly= «a

where f, is the tensile yielding strength of the longitu-
dinal steel bars, 7, is the ultimate average bond - an-
chorage strength (which varies with the tensile strength
of the concrete), and ¢ is a coefficient. In the curreni
Chinese Design Code, the design anchorage lengths I,
for deformed steel bars (1 grade f, = 310 MPa) are
shown in Table 3.

Table 3 Design anchorage length
(for steel of II grade f, = 310 MPx)

Cube smength of (o 50 25 3 a0 50
concrete/ MPa
1 504 404 354 304 304 25d

In heams using bundled sieel bars, the ultimate aver-
age bond - anchorage strength 7, is less than that in
the beams with the steel bars singly placed. The ratio
of the ultimate average bond — anchorage strength for
the beams with singly placed bars to that for the beams
with 2 - bar bundles and 1o thai for the beams with 3 -
bar bundle may be taken to be 1:1//2:1/43. Using

2001 £

formula (3), the design anchorage length for bundled
steel bars may be expressed as

lp = W2}, (4)
and In = (31 (5)

where I, and [ are the design anchorage length for
bundled bars in beams with 2 — bar bundles and with 3
— bar bundles respectively.

Fig.8 shows the relationship between the flexural bear-
ing capacity ratic M,/ M," and the anchorage length I,
of bundled bars. M. 'is the test value of the ultimate
moment of the beams and M, is the calculated ultimate
moment by the formulas in the Chinese Design Code.
When M,'/M,* <1, the failure of the beam occurs in
the bond - anchorage failure mode due to insufficient
anchorage length of the bars. M,'/M," > 1, the failure
of the beam occurs in the {lexural failure mode and the
anchorage length provided is sufficient .

It can be deduced that if the design anchorage length of
the bundled bars in a beam is sufficient, the sirength of
the anchorage and bearing capacity of the beams can be
assured. Formulas (4) and (5) may be used as a ref-

erence {or fiture revision of the Chinese Design Code.
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Fig.8 Design anchorage length of beams
using bundled bars

4 Conclusion

The test result of pull ~ out concrete specimens and
beams with a single bar and with 2 - bar bundle and 3
~ bar bundle indicate that the ultimate bond — anchor-
age strength decreases with the increasing number of
steel bars in a bundle. The ration may be expressed
approximately ag 1 1742 1 143, Increasing the re-
quired anchorage length of bundled steel bars in con-
cretie beam. The anchorage and bearing capacity of the

beams can be ensured .
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