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ABSTRACT

An experimental investigation on the seismic performance of half precast beams with lapping bar splices was conducted.
The specimens were subjected to continuous cyclic loads producing anti-symmetrical bending moments. To investigate
the change in the failure mode of the beam from shear to flexural failure » tWo parameters were varied : shear-flexural
capacity ratio and the amount of lateral reinforcement. Test results indicated that for specimens having a shear-flexural
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INTRODUCTION

This study aims to further investigate the seismic behavior of precast beams using the proposed connection technique.
Specifically, this study aims to examine the effect of varying the shear-flexural capacity ratio and the amount of lateral
reinforcement on the transition of the beam failure mode from shear to flexural failure.

OUTLINE OF SPECIMENS .

A total of 15 specimens were tested. A layout of a typical specimen is shown in Fig. 1. The specimens are 2/3 the size
of rectangular composite beams at the lower floor of middle or high-rise buildings in Japan. Each specimen is 340 mm
wide, 500mm high, and 2000 mm long. As shown in Fig. 1(b), the lower part of the cross-section having a height of
350 mm is precast and the upper portion having a height of 150mm is cast-in-situ. The horizontal concrete joint surface
of the precast element was roughened using a wire brush about one hour after concrete was compacted.

Table 1 summarizes the details of the specimens. The amount of lateral reinforcement was varied in all specimens. The



T 340
horizontal 50,80, 80,80 50
concrete joint "\ |HRERIR horizontal
concrete joint
2000 o L
Tor
lapping length lapping
) Z bar
1 lapping bar , ] sheath
650 | 2000 | 650 @ A grout
T 3300 T . main bar
(a) Outline (b) Cross Section of Precast Beam
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Table 1 Properties of Specimens
Specimen Main Bar Stirrup Shear-Flexural
Capacity Ratio
Size | Specified Yield | Size | Pitch (pw %) | Specified Yield | Reinforcing Amount Qua/Q
2 . 2 SUA mu
Strength(kgf/cm®) Strength (kgf/cm®) Pu O wy(kgf/cmz)
B21 7000 100mm(0.84) 30.0 0.75
B22 150mm(0.56) 19.3 0.57
B23 |8-D22 90mm(0.93) 32.1 1.45
B24 4-D10 | 110mm(0.73) 3000 26.2 1.26
B25 4000 150mm(0.56) 19.3 1.02
B26 |8-D19 110mm(0.76) 26.2 1.70
B27 140mm(0.60) 20,7 1.44
B31 ' 70mm(1.20) 3000 36.0 0.85
B32 4-D10 | 80mm(1.05) 3500 36.7 0.81
B33 185mm(0.45) 8000 36.0 0.81
B34 |8-D25 7000 4-H7 | 170mm(0.28) 13000 36.4 0.59
B35 3000 18.0 0.57
B36" 4-D10 | 140mm(0.60)( - 3500 21.0 0.57
B37 8000 48.0 0.90
B38 : 4-H7 | 80mm(0.59) 13000 76.7 0.91

pw: Lateral Reinforcement Ratio .
Shear - Flexural Capacity Ratio = Shear Strength Qqa

Flexural Strength Q.

Shear Strength: Method A of the shear strength equation of AIJ (1)
Flexural Strength: Ultimate Flexural Strength (2)

Qsua = bj;PwO y cotd +tand(1-p)bDvo g /2 (1)
where P = {(1 +cot? ¢)pwo wy}/ (vog)
Quu =09A,0,,d /L V)

where A= total area of the main bars
O wy= specified yield strength
d= depth of the beam
L= beam length

design shear-flexural capacity ratio, which was regulated by varying the diameter and the strength of the main bar and
the pitch or the yield strength of stirrups for each of the specimen, was calculated using a specified concrete strength of
300kgf/cm® and the specified yielding strength for the main bars and assuming conventional monolithic reinforced



concrete beams.

The main bars were abutted at midspan and had lap splices located at the middle portion of the beams. The lapped
length used was 30d (d: the main bar diameter) in B21 to B27 and 26.4d in B31 to B38. Both the top and bottom main
bars were double-layered wherein only the outer layers are spliced with lapping bars having equal diameter and strength
as the main bar as shown in Fig.1(b). No lapping bar was placed in the inner layers of main bars.

The specimens were cast in the following manner. First, the sheaths were placed at the position of each bottom main bar
and the precast element containing the stirrups and the bottom lapping bars was cast. Next, the bottom main bars are
inserted into the sheaths and the top main bars together with the lapping bars were arranged. The concrete was then cast
on the upper beam section together with the support columns at both ends of the beam. After concrete hardening, the
grout was injected into the sheaths using previously embedded pipes. All main bars were then anchored in the support
columns.

The specified strengths of concrete and grout were 300 kgf/cm® and 600 kgf/cm?, respectively. Material test results
show that the strength of the rebars, concrete and grout were relatively close with their respective specified values.

LOADING SYSTEM AND INSTRUMENTATION

A schematic drawing of the loading set-up is shown in Fig. 2. Each specimen was subjected to varying shear forces
applied continuously in a cyclic manner producing anti-symmetrical bending moments. Both columns were restrained
from horizontal movement by high-strength anchor bars and oil jacks placed at the upper and lower ends of the beam.
Shear span ratio is equal to 2.0. The application of shear forces was controlled by the following loading history: each
specimen was subjected to one cycle of loading at a drift angle R equal to 1/800, two cycles of loading at R equal to
1/400, 1/200, 1/100, 1/50, and again one cycle at R equal to 1/25. The lateral drift angle R is defined as the total
relative displacement of the columns divided by the length of the beam.

Two sets of devices were used to measure the deformations of the specimens. The total lateral displacement in the front
and back sides of the beam was directly measured by linear variable displacement transducers (LVDTs) positioned at
- the midheight of the specimen as shown in Fig. 3. To measure partial deformations, each specimen was divided into
eleven regions and clip gauges were attached to measure the shear and flexural deformations of each region. Also, the
slippage at the horizontal concrete joint and the strains of the main bars and stirrups were measured. The development
of cracks in each specimen was carefully observed and recorded by marking the cracks at the peaks of each load cycle.
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TEST RESULTS AND DISCUSSION ’

Load-displacement relationship and crack pattern

Typical load-displacement hysteresis loops for specimens failing in different modes are shown in Fig. 4. Schematic
illustrations of the crack patterns on the front side of these specimens are shown in Fig. 5.

For shear failure type specimen B22, failure in shear accompanied by slippage at the horizontal concrete joint occurred



before flexural yielding of the main bars. After the ultimate strength was reached, the load-displacement curve started to

exhibit an inverse S-shaped behavior. Cracks opened at the ends and propagated towards the central surface of the
beam and by the end of the test, these cracks caused spalling of the concrete.

For shear failure type specimen B25 having a higher shear-flexural capacity ratio than B22, slippage at the horizontal
concrete joint occurred after flexural yielding of the main bars. After the second excursion of R=1/50, due to the onset
of slippage at the concrete joint, the hysteresis loop showed a sudden degradation of stiffness and load-carrying capacity.
Small crack damages are concentrated at the beam ends and along the horizontal concrete joint.

For flexural failure type specimen B26, the load-displacement relation shows good hysteretic performance and ultimate

strength is reached at R=1/25. Flexural cracks opened at the beam ends and were excessive at the final stage. No
slippage at the horizontal concrete joint took place.

B32, which had normal strength stirrups at narrow spacing, failed in shear. At R=1/50, shear cracks spread uniformly
at the central part of the beam. At the same time, the stirrups yielded and the specimen failed in shear. It can be

considered that shear failure occurred because the stirrups at narrow spacing could confine the concrete in spite of the
stirrups yielding,

B34, which had high strength stirrups wide spacing, failed in bond. At R=1/100, bond cracks occurred around the
splice of the second layer. At the final stage, bond failure was very much evident around the sheath of the second layer.
The stirrups could not confine the concrete effectively because of the wide spacing.

No difference of hysteretic performance was noticed whether it was shear failure or bond failure.
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Maximum loads

The calculated and experimental maximum loads are listed in Table 2. The maximum loads were calculated assuming
monolithic beams and using the material properties obtained from actual testing. The types of failure attained by the
specimens at the final stage are classified as shear failure accompanied by slippage at the horizontal concrete joint and



flexural failure.

Figure 6 shows a graph of the ratio of the maximum load sustained by the specimen Qmax to the calculated flexural
capacity Qmu versus the shear-flexural capacity ratio. Here, the types of failure exhibited by the specimens are clearly
identified. This graph also incorporates results of previous experiments on a similar study. In a shear failure type,
slippage at the horizontal concrete joint occurring before yielding of the main bar is observed. However, slippage can
also be observed as occurring some time after the main bars have yielded. On the other hand, for a flexural failure type,
the maximum load attained exceeded the predicted flexural capacity for the specimens by about 10-30% which is a
similar results in the flexural capacities of monolithic beams. However, for specimens failing in both shear and bond,
the maximum load attained are relatively close to the shear capacity predicted by Method A of the shear strength

equation of AlJ (1).
Table 2 Experimental and Calculated Maximum Loads
Specimen| Experimental Values Calculated Values Experimental Shear-Flexural Failure
/Calculated Cap. Ratio Type
Drift Angle|  Quma Qmu Qaua Quax | Qe Qua
R (tonﬁ (tonf) (tOl‘lf) Q mu Q SU.A Q mu

B21 1/55 72.5 74.7 74.8 0.97 0.97 2.17 SL
B22 1/54 66.4 56.0 0.89 1.19 1.00 SL
B23 1725 59.7 80.4 1.13 0.74 0.75 F—FC
B24 1/25 60.6 529 70.6 1.15 0.86 1.52 F—FC
B25 1/50 580 57.1 1.10 1.02 1.34 F—SL
B26 1725 479 39.1 70.4 1.23 0.68 1.08 F—FC
B27 1/25 479 59.6 1.23 0.80 1.80 F—FC
B31 1/50 83.1 88.3 0.94 0.85 St
B32 1/52 87.9 84.4 1.04 0.81 St
B33 1/54 743 84.2 0.88 0.81 St—BO
B34 1/61 65.9 60.6 1.09 0.58 Sc—BO
B35 1/61 65.8 103.7 594 0.80 1.11 0.57 St—BO
B36 1/68 65.2 59.5 1.10 0.57 St—B0
B37 1/51 753 93.7 0.80 0.90 St—BO
B38 1/50 84.5 94.2 0.90 0.91 Sc—BO

F: Flexural Yielding

FC: Flexural Failure
Sc: Shear Failure by Compression

Qmu: Ultimate Flexural Strength (2)
Q...a: Ultimate Shear Strength by AIJ (Method A) (1)

SL: Shear Failure and Slippage
St: Shear Failure by Tension

BO: Bond Splitting Failure
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Bond strength to average bond stress ratio

Figure 7 shows the relation between the shear-flexural capacity ratio and the bond strength to average bond stress ratio.
The average bond stress T ave was obtained assuming the bars at both ends of the beam are yielding in tension and
compression and that bond stress is zero at a section 1D (D: beam depth) of the tension side of the member due to
inclined cracks or yield hinge. The bond strength 7 i is calculated from the bond splitting strength equation proposed
by Kaku-Zhang as is shown in the following equation:

Toy = [o.os +0.12b; +k,(q-b; +180p,, /(Nd, ))]-030'6 G)

Here, if 0, s]lSoBO'G,then Ou =1150g

bi=b/(N*dy)-1, k,=1.0+0.85(n-2)/N, q=(2.5+875p,)/(ly/ds+7000p,)
N: the number of main bars
n: the number of stirrups per unit

ly: lapped length
dy: the diameter of the main bar or the sheath

The different modes of failure exhibited by the specimens are indicated in the graph. The following results can be
inferred from the graph:

Flexural failure: a shear-flexural capacity ratio above 1.2 and bond strength-average bond stress ratio
over 1.6.

Shear and Slippage failure: a shear-flexural capacity ratio below 1.2 and (ti) / (QM) = 16
T ave Qmu 1'2

Bond Failure: a bond strength-average bond stress ratio below 1.6 and (: bk ) / (-—_%’“-A ) s g
ave mu .

A distinction on the boundary, however, between shear and bond splitting failures cannot be recognized precisely.

Flexural and Shear Components of total deformation

The relationship between shear-flexural capacity ratio and the flexural component of the total lateral deformation at
every peak of the positive loading cycles is shown in Fig. 8. The flexural deformation are obtained from the curvatures
measured by the clip gauges attached to each of the eleven equally divided regions of the beam. Up to lateral drift angle
of R=1/200, the flexural deformation contributed to about 80% of the total deformation for all specimens while the
remaining deformation was due to shear. Despite a continuous increase in the total deformation, the shear and flexural
deformation distribution remains constant for all specimens having a shear-flexural capacity ratio above 1.2. However,
for specimens having a shear-flexural capacity ratio below 1.2, the flexural deformation component ratio decreases with
an increase in total deformation with the decrease becoming more evident as the shear-flexural capacity ratio becomes
smaller.
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Slip deformation at the horizontal concrete joint

The relationship between shear-flexural capacity ratio and slip deformation of the horizontal concrete joint at the middle
part of the specimen at every peak of the loading cycles is shown in Fig. 9. Both first and second excursions of R=1/50
and R=1/25 are shown in the graph.

For specimens with a shear-flexural capacity ratio above 1.2, no slippage occurred at the horizontal concrete joint. All
these specimens not experiencing any degree of slipping at the concrete joint failed in flexure. For a shear-flexural
capacity ratio below 1.2, failure in shear accompanied by slippage at the horizontal concrete joint which started after
the excursion of R=1/50 can be predicted at the final stage.

For specimen B25, although no slippage occurred at the first excursion (V) of R=1/25, the second excursion('V)
displayed large slipping at the horizontal concrete joint. For this specimen slippage at the concrete joint took place after
a significant increase in the total deformation which is due to the yielding of the main bars.

For specimen B22 with the least value of shear-flexural capacity ratio, a comparison of the slippage after each first (A\)
and second(A) excursion of R=1/50 showed that large slippage at the concrete joint occurs regardless of whether or not
there is a remarkable increase in the total deformation which is assumed to influence the amount of slippage. Once
slippage initiates, the concrete bond between the two contact surfaces is immediately lost. The severity of the slippage
towards the final stage can be attributed to the yielding of the stirrups near the horizontal concrete joint.

Strain of the Lateral Reinforcement at the Horizontal Concrete Joint

Figure 10 shows the relationship between the shear-flexural capacity ratio and the strain of the lateral reinforcement at
the horizontal concrete joint at the peak of each load cycle. The strains were measured by strain gauges placed on the
reinforcement about 10mm below the concrete joint. Strains are observed to be largest at this portion as reported in the
study done by Ozawa (1992).

For a shear- flexural capacity ratio above 1.2, the strain is within the elastic region and no slippage is observed.
However for a shear-flexural capacity ratio below 1.2 , after the excursion of the load cycle R=1/50 , tension yielding
of the lateral reinforcement occurred at the middle portion of the beam. Regardless of the shear-flexural capacity ratio
of the specimens, the lateral reinforcement at the beam ends remain within the elastic region up to the final stage. This
can be attributed to the presence of rigid columns providing adequate restraint at that portion of the beam.
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The Effect of High Strength Stirrups

With reinforcing amount of stirrups constant, the strain of the closely spaced normal strength stirrups of B31 and B32
were greater than the yield strain at the center of the beam while that of the widely spaced high strength stirrups of B33
and B34 were less than the yield strain as is shown in Fig. 11. In this case, even if high strength stirrups were used,



their full capacity could be not attained. On the other hand, with shear reinforcement ratio constant, the strains of the
normal strength stirrups of B35 and B36 were larger than the value corresponding to 25Fc’ [the critical condition of the
shear strength equation (method A)] of All. The strains of the high strength stirrups of B37 and B38 were less than the
value corresponding to 25Fc’ ( Fc’: concrete strength), and 18Fc’ can be considered more suitable.

CONCLUSION

Based upon the results of the experimental investigation of half-precast beams in the main bar post insertion system, the
following conclusions were obtained:

1) Failure attained by the beams are classified into three types: flexural failure, shear failure accompanied by slippage
at the horizontal concrete joint, and bond splitting failure.
2) The flexural capacity of the specimens which failed in flexure exceeded the calculated flexural capacity for
monolithic beams by about 10-30% which is a similar result in the flexural capacities of monolithic beams.
3) The shear capacity of the specimens which failed in shear and slippage at the horizontal concrete joint, can be
predicted using commonly used shear strength equations for monolithic beams.
4) For a shear-flexural capacity ratio near a value of 1.2, changes can be observed on the distribution of the total
deformation, slippage at the horizontal concrete joint, and the strains in the lateral reinforcement at the concrete joint.
The nature of these changes provided the basis of classification of the end failure mode of the beam specimens.
5) The failure modes can be distinguished accordingly as shown below.

Flexural failure: a shear-flexural capacity ratio above 1.2 and bond strength-average bond stress ratio

over 1.6.

Shear and Slippage failure: a shear-flexural capacity ratio below 1.2 and (IL") / (gﬂ—A—) = 16
T ave Q mu 12

Bond Failure: a bond strength-average bond stress ratio below 1.6 and (: bk ) / (%ﬁ—) < %
ave mu b
6) By the knowledge of the shear-flexural capacity ratio and the bond strength-average bond stress ratio of the beam
alone, a distinction on the boundary between shear and bond failures cannot be precisely done.
7) Normal strength lateral reinforcements (0 ,,= 3000 kgf/cm® and 3500 kgf/cm®) yielded, while the high strength
lateral reinforcements (0 ,,= 8000 kgflem’ and 13000 kgficm®) did not yield whose stress corresponded to about 18
times the strength of concrete.
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