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In this study, the use of two continuous rectangular spirals is proposed, one along the
corner longitudinal bars, and a second one holding the inner longitudinal bars. The use of two
independent spirals may provide more adequate ductility and confinement of the core
concrete.

Three columns were tested in order to evaluate their seismic performance, comparing the
ductility, failure mode, and hysteretic behavior at different drift ratios of the specimens
reinforced using spiral transverse reinforcement against a specimen reinforced with
conventional ties. The test variables were the transverse reinforcement configuration and the
effects of welding the spirals to the longitudinal steel reinforcement. The experiment was
conducted using the Bi-Axial dynamic Testing System (BATS) to simulate the gravity loads
and cyclic lateral loads.

ok

A steel platen with a thickness of 100 mm was attached to the base in order to transfer the
loads from the specimen to the reaction floor and as well to avoid direct contact with the
concrete. The specimens were connected to the steel plate using 16 steel bolts with a diameter
of 39 mm. On the top part of the specimens, a steel hinge with a total height of 200 mm and a
square base of 300 mm x 300 mm was attached in order to simulate the inflection point at the
mid-height of a double curvature column. The hinge was attached to the columns by 4-M24
seismic wedge anchor bolts. Additionally, two steel plates with a thickness of 40 mm were
installed at the top of the specimen, in order to connect the hinge and the reaction frame of the
BATS.
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Figure 1. Test set-up

To measure the strain in the steel rebars, strain gauges were installed to them. A total of
16 strain gauges were attached to both the longitudinal (8 strain gauges) and transversal
reinforcement (8 strain gauges) of the CS specimen, likewise, 20 strain gauges were attached
to both the longitudinal (8 strain gauges) and transversal reinforcement (12 strain gauges) of
the SS1 and SS2 specimens. The arrangement and labels of the strain gauges are shown in

Figure 2.
@ T
-

i

Figure 2. 3D view of the position of sensors in specimen

WEAR

The columns were loaded axially with a constant compressive force equal to 2640 kN,
which is equivalent to a load ratio of 0.6( P / Agf'c ). Additionally, cyclic lateral reversals were
applied to simulate severe seismic loading. The loading history is summarized in Figure 3,
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where the lateral drift ratio o was calculated by dividing the lateral displacement at the loading
point by the net column height L=1200mm.

Load History
3.0% Drift ratio Displacement
6.00% (%) (mm)
G.0% 5.00% 0.10% 1.2
o 4.00% 0.25% 3
g 0.50% 6
‘_% 2.0% 0.10% 0.25% 0.50% 0.75% 1.00% 0.75%
£ 00% 1.00% 12
s 1.50% 18
Z 20% 2.00% 24
4.0% 3.00% 36
4.00% 48
0% 5.00% 60
8.0% 6.00% 72
Cycles

Figure 3. Lateral-loading history
RS E

Specimen CS, using conventional stirrups and crossties, was initially loaded with the axial
load and some vertical cracks on all the faces of the specimen appeared. As soon as the lateral
displacements were applied, the cracks became larger, reaching up to 500 mm long on the north
and east faces at 6 = 0.1%. The crack patterns of specimen CS are shown in the Appendix B.
At a lateral displacement of 6 mm corresponding to 6 = 0.50%, the vertical cracks were
spreading down 800 mm on the north and east faces of the specimen. At a lateral displacement
of 9 mm corresponding to 6 = 0.75%, severe damage to the cover concrete was noticeable with
large cracks spreading throughout the whole height of the specimen. Some horizontal cracks
due to flexure located at the plastic hinge region started to develop at this drift ratio. At the first
loading step of 6 = 1.0%, at a lateral displacement of 12 mm, the column failed suddenly due
to concrete crushing caused by the high axial load applied. The longitudinal rebars buckled due
to the lateral displacement, and the closed stirrups did not confine the rebars effectively. The
135° and 90° anchorage hooks from the closed stirrups and crossties failed, they opened
outwards and together with the buckled longitudinal rebars pushed the cracked cover and
causing concrete spalling. The peak strength of the specimen was 313 kN and 357 kN at § =
+0.75%.

Specimen SS1 with two continuous rectangular spirals and a pair of crossties, tied
conventionally to the main longitudinal rebars, was loaded axially and showed the same initial
behavior regarding the vertical cracks caused by the connection as Specimen CS. The vertical
cracks at 0 = 0.1% were up to 400 mm long on the north, east and west faces (see Appendix).
At a lateral displacement of 9 mm corresponding to 6 = 0.75%, the vertical cracks expanded to
500 mm long and several flexure cracks started to appear at the plastic hinge zone. The vertical
cracks did not propagate significantly at 0.25%, 0.5%, 0.75% and 1.0% drift ratios. At d=1.5%,
concrete spalling occurred at the plastic hinge region. The peak strength was 436 kN and -463
kN at a lateral displacement of 17.62 mm (6 = 1.47%) and -16.46 mm (6 = -1.37%)
correspondingly. Specimen SS1 demonstrated a ductile behavior after its peak strength was
achieved, ultimately failing at the second cycle of a 60 mm lateral displacement corresponding
to & = 5.0% due to buckling of the main longitudinal rebars. The spirals did not break at the
time of failure, providing effective confinement to the concrete core at high lateral drift ratios.

Specimen SS2 with two continuous rectangular spirals and a pair of crossties, welded to
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the main longitudinal rebars, was loaded axially and behaved initially in the same way as the
previous specimens. As observed in specimens CS and SS1, vertical cracks formed beginning
at the critical points where the bolts were inserted at the top of the column. The vertical cracks
at 0 = 0.1% were up to 300 mm long on the north, south and west faces (see Appendix). These
cracks did not expand significantly during the initial lateral loading cycles, measuring up to 400
mm until a lateral displacement of 12.0 mm (& = 1.0%). Flexural cracks at the plastic hinge
zone began to appear at a lateral displacement of 6 mm (& = 0.50%). Initial spalling of the cover
concrete in the plastic hinge zone began at 6 = 1.5%. The peak strength of the specimen was
461 KN and -449 kN at a lateral displacement of 16.15 mm (6 = 1.34%) and -14.72 mm (6 = -
1.23%) respectively. Specimen SS2 demonstrated a ductile behavior after its peak strength was
achieved, reaching a 72 mm lateral displacement corresponding to & = 6.0% at the end of the
test without losing its ability to sustain the axial load. However, there was some plastic
deformation of the main longitudinal reinforcement observed in the corner rebars in the column.
The spirals did not break at the end of the test, providing effective confinement to the concrete
core at high lateral drift ratios. The propagation of the cracks and overall degradation of the
specimen was not as significant as the other specimens during the initial cycles up to 6 = 1.0%.
The damage to the cover concrete was significant at large lateral displacements, nevertheless,
the welded continuous stirrups confined efficiently the concrete core and showed a ductile
behavior. There were no fractures observed at the welding points of the transverse
reinforcement. The failure mode of all three specimens are shown in Figure 4, Figure 5 and
Figure 6.

Figure 4. The failure mode of specimen CS.
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Figure 5. Buckled longitudinal rebars in Figure 6. Buckled longitudinal rebars in SS2
SS1

Lateral force-displacement hysteretic loops for each specimen are shown in Figure 7. The
initial stiffness of the three specimens was similar, having an initial response resembling each
other. Stable hysteretic loops were found in specimens SS1 and SS2, while in the loop
corresponding to specimen CS, the ultimate failure can be identified at a relatively low drift
ratio.From the hysteresis behavior, it is observed that specimens SS1 and SS2 produce
hysteresis loops in a linear elastic way up to approximately £1.5% drift ratio. At this specific
point, initial spalling of the cover concrete was observed in the compression side of the plastic
hinge zone. Specimen SS2 that has welded reinforcement, appears to have an improved
behavior immediately after the peak load is reached. It can be noted a slight tendency to increase
in the maximum loads per cycle for the following loading steps, on the other hand, the post-
peak behavior of specimen SS1 denotes a decreasing tendency in the maximum lateral load.
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Figure 7. comparison of hysteretic loops hoops

As shown in Figure 8,the displacement ductility ratio x« was 4.27 (positive loading) and
3.37 (negative loading) for SS1, while the values for SS2 were 5.01 (positive loading) and 6.90
(negative loading). The positive and negative ductility ratios were higher in specimen SS2 when
compared to specimen SS1, indicating that the confinement of the core is more effective when
the stirrups are welded to the longitudinal rebars. The peak strengths of specimens SS1 and SS2
with the same continuous transverse reinforcement configuration were comparable, on the other
hand, specimen CS had a lower strength. CS had peak strength values of 72% (positive) and
77% (negative) lower than SS1; and values of 68% (positive) and 79% (negative) lower than
SS2. The maximum drift ratio of the specimens was also similar, except for the negative loading
of specimen ssl1, which the ultimate load was reached at a lower drift ratio. The values of
maximum drift ratio and ductility ratio corresponding to specimen CS were not calculated due
to its failure at a relatively low drift ratio. Table 1 summarizes the test results.
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Figure 8. comparison of envelope curves

Table 1. Summary of the values obtained from the evelope curves

Specimen Peak strength Vmax (kN) Yield drift ratio 6y (%) Max. Drift ratio 0y (%) Ductility ratio p
+ - + - + - +
Ccs 313 357 0.38 0.42
551 434 463 1.01 0.87 4.31 2.93 4.27 3.37
552 461 449 0.92 0.70 4.61 4.83 5.01 6.90
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