Transactions, SMiRT-22
San Francisco, California, USA - August 18-23, 2013
Division V

PERFORMANCE OF HOLLOW COMPOSITE MEMBERS SUBJET TO
EXTREME LOADS

Hsieh-Lung Hsu® and Che-Hao Chang?

'Professor, Dept. of Civil Engineering, National Central University, Taiwan (hhsu@ncu.edu.tw)
’Graduate student, Dept. of Civil Engineering, National Central University, Taiwan

ABSTRACT

This paper investigated the performance of hollow composite members subject to extreme loads.
Strengthening schemes, including infilling concrete to the locally buckled encased steel tube, replacing
the buckled longitudinal bars with hooked steel bars, refilling concrete to the crushed zones and confining
the plastic zone with a steel jacket, were adopted to rehabilitate composite members with various damage
extents. Test results showed that the strength of the damaged member was effectively restored after
strengthening. It was also observed from the test results that the energy dissipation of the member was
significantly enhanced after strengthening, which justified the effectiveness of the proposed strengthening
schemes.

INTRODUCTION

Hollow composite members, comprising of reinforced concrete and encased structural tubing
possess high strength, high strength/mass ratios and significant energy dissipation capabilities, thus are
effective structural forms for buildings subject to extreme loads (Galanoand Vignoli 2000; Hsu and Liang
2003, Koutchoukali and Belarbi 2001). During the extreme load excitation, the structural members will
reach different damage states causing various deteriorations in the structural usefulness. For important
structures, such as nuclear power plants, removal of the impaired structural members may not be feasible
as normal operation of the facilities will be hampered. Therefore, a remedy to effectively rehabilitate the
structural integrity and to resume the operation of the facilities is essential.

It has been indicated in previous investigations that the damage of hollow composite members
usually started with cracking of concrete in the member ends. Subsequent local buckling of longitudinal
bars and encased steel tubing was observed when the member was subject to larger deformation. Plastic
hinge was formed due to the combination of damages in reinforced concrete and encased steel tubing. In
this regard, rehabilitation of hollow composite members could be considered in simultaneously
retrofitting the damaged reinforced concrete and the encased steel tubing. This paper investigated the
feasibility of strengthening of hollow composite members subject to extreme loads.

EXPERIMENTAL PROGRAM

In order to evaluate the effectiveness of the proposed strengthening schemes, a series of composite
members with identical sectional compositions were fabricated for testing. The cross-sectional dimension
was 360mm x 360mm, and was shown in Figure 1. ASTM A-36 tubing with dimensions equaling 200
mm x 200 mm x 4.5mm was encased in the center of the composite members. Four #6 deformed bars
were used to fabricate the reinforced concrete. Stirrups were made from #3 deformed bars. Yielding
stresses for the steel tubing, longitudinal bars and stirrups were 317.3 MPa, 450.1 MPa and 395.5 MPa,
respectively. Compressive strength of the concrete was 35.4 MPa, determined from the cylinder tests after
28-day curing. Each specimen was subject to a series of increasing cyclic displacement commands, as
shown in Figure 2, generated by a servo-controlled actuator to evaluate the member performance.
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Figure 1. Cross-sectional dimensions.
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Figure 2. Displacement history.
RESPONSES OF UNSTRENGTHENED MEMBERS

In order to correlate the relationship between the damage state and the member drift, a reference
composite member was tested to the second full cycle of 5% drift, where the ultimate damage state, i.e.
the residual strength was approximately 14% of the member strength, was reached. It was found from the
loading processes that the member reached the medium and the heavy damage states, with residual
strength equaling 70% and 50% of the member strength, at the first cycle of 4% and 5% drift, respectively.
Therefore, the remaining members were divided into two groups, tested up to the first cycle of 4% and
5% drift, respectively, and were labeled M-series and H-series, respectively, for subsequent strengthening
verification.

Figure 3 showed the typical failure patterns of the unstrengthened composite members. It can be
found from the figure that the damage zone of the composite members subject to extreme load was
concentrated at the member bottom where a plastic hinge was developed. During the loading process,
local buckling of the encased tube was observed and the longitudinal bars at that region were also buckled
causing significant deterioration in member strength. Therefore, the strengthening scheme of the damaged
area could be implemented by the combinations of infilling concrete to the locally buckled encased steel
tube, replacing the buckled longitudinal bars with hooked steel bars, refilling concrete to the crushed
zones and confining the plastic zone with a steel jacket, as shown in Figure 4.
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Figure 3. Typical failure pattern of unstrengthened member.
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Figure 4. Strengthening schemes: (a) hooked steel bars; (b) steel jacket with shear connectors.

RESPONSES OF STRENGTHENED MEMBERS

During the strengthening processes, concrete with compressive strength equaling 34.9MPa was used.
The hooked steel bars were made from cold-bending #6 deformed bars and were welded to the buckled
longitudinal bars. The steel jacket was accomplished by welding a pair of 6-mm-thick ASTM A-36 thin
plates. Shear connectors were welded to the steel plates to enhance the bonding between the plates and the
concrete. Yield strength of the steel plates was 316.9 MPa. Table 1 listed the strengthening details of the
test specimens. The strengthened composite members were tested again and were compared with the
performance of the original members to define the efficiency of the proposed strengthening method.

Figure 5 showed the failure patterns of the strengthened members. It can be found from the figure
that the damaged region of the strengthened member was moved away from the original plastic hinge
zone during the loading process. This phenomenon indicated that the strengthening scheme effectively
resumed the sectional integrity and enhanced the confinement of the damaged zone.
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Table 1: Specimen details and responses
Before strengthening After strengthening
. Original Residual .
Specimen Specimen . Strength
label strength strength label Strengthening scheme (KN)
(kN) (kN)
M1 158.970 110.473 M1-D Infilled concrete 148.327
M3 159.719 108.441 M3-R Reinforcement 145.478
M4 154.852 114.603 M4-DR Infilled concrete + reinforcement | 151.835
Infilled concrete + reinforcement
M7 158.113 108.826 M7-DRS-6P . 173.332
+steel jacket
H4 151.110 68.591 H4-DR Infilled concrete + reinforcement | 136.560
Infilled concrete + reinforcement
H7 157.978 85.882 H7-DRS-6P . 162.814
+steel jacket

Figure 5. Typical failure pattern of strengthened member.
COMPARISONS OF TEST RESULTS
Strength

Figure 6 showed the typical responses of the unstrengthened composite member subject to cyclic
load. It can be observed from the figure that similar hysteretic behavior was exhibited and the residual
member strengths for M-series and H-series were approximately 68% to 74%, and 45% to 54%, when the
members were tested up to the first cycle of 4% and 5% drifts, respectively.

The typical hysteresis curves of the strengthened members were shown in Figure 7. It can be found
from the figure that the member strength was effectively enhanced. The restored effective strength for the
strengthened members ranged from 91% to 109.6% and the strength gains were between 24% to 48%,
depending upon the strengthening details. For example, the effective strength for member strengthened
with infilled concrete to the encased steel tube and replaced reinforced concrete in the plastic hinge zone,
i.e. M4-DR, was slightly lower than that of the original member. However, the strength of the members
with additional steel jackets combined with the above strengthening scheme, i.e. M7-DRS-6P, was
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higher than that of the original member. This phenomenon indicated the importance of confinement
enhancement to the strengthening of composite members.
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Figure 6. Typical responses of the unstrengthened members: (2)M1; (b)M7.
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Figure 7. Typical responses of the strengthened members: (a)M1-D; (b) M7-DRS-6P.

Figure 8 compared the capability of energy dissipation between typical strengthened and
unstrengthened members. The energy dissipation was evaluated by the cumulative area bounded by the
hysteretic curves when the member strength dropped to 80% of that of the unstrengthened member. It can
be found from the comparisons that the energy dissipation of members strengthened with adequate
schemes, that is combination of infilled concrete to the steel tube, replacement of reinforced concrete and
installment of steel jacket, was significant. This phenomenon validated the effectiveness of the proposed
strengthening method in the performance enhancement of members subject to extreme loads.
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Figure 8. Comparisons of energy dissipation: (a)M-series; (b)H-series

CONCLUSIONS

This paper presented the test results of a series of unstrengthened and strengthened hollow
composite members subject to extreme loads. The member performance, before and after strengthening,
was compared by the members’ strength and energy dissipation capacity. The comparisons indicated that
the strength of the damaged member was effectively restored after strengthening. It was also observed
from the test results that the energy dissipation of the member was significantly enhanced after
strengthening, which justified the effectiveness of the proposed strengthening scheme.
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