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Fig. 5. Failure modes at the end of the tests.

8 = 2.0% because of concrete crushing at the top plastic hinge of the
column.

In specimen C-2, symmetric flexural cracks occurred at both ends of
the specimen at § = 0.5%. At § = 0.75%, diagonal cracks occurred, and
hoop bars yielded earlier than C-1. The longitudinal bars yielded at
8 = 1%, and the yield load-carrying capacity P, reached 271 kN and
— 284kN (see Fig. 4(b)). After the peak strength P, = 312kN at
6 =1.25% and — 321kN at § = —1.0%, bond-slip cracks along the
longitudinal bars occurred in the range of 500 mm at the bottom end,
and spalling of cover concrete near the height of 50 mm was initiated
(see Fig. 5(b)). Ultimately, C-2 failed at the second cycle of § = 1.5%
because of concrete crushing at the bottom plastic hinge of the column.

In specimen C-3, flexural cracks occurred at both tension sides of the
specimen at § = 0.3%. At § = 0.6%, the flexural cracks were extended
to diagonal cracks, and new diagonal cracks occurred at 440 mm from
the bottom end. At § = 0.8%, the diagonal cracks were occurred to the
column center, and hoop bars yielded. The longitudinal bars yielded at
8 = 0.9%, and the yield load-carrying capacity P, reached 357 kN and
— 435kN (see Fig. 4(c)). After the peak strength P, = 359kN and
— 441 kN at § = 1.0%, target drift ratio 6 was gradually reduced to
8 = 0.0%, and ten load cycles re-applied at § = 1.0%. In the load cy-
cles, the load carrying-capacity was almost maintained. However,
spalling of cover concrete initiated, and hoop strain increased con-
tinuously. At the second cycle of § = 1.1%, the maximum crack width
increased to 1.34 mm. Spalling of cover concrete occurred at § = 1.4%
(see Fig. 5(c)). Crack width in the plastic hinge exceeded 5.0 mm. The
load-carrying capacity decreased to 134 kN and — 168 kN in the posi-
tive and negative loadings, respectively. Ultimately, C-3 failed at the
first cycle of § = 1.5% because of concrete crushing at the plastic hinge
of the column specimen.

In specimen C-4, flexural cracks were initiated at P = 180 kN cor-
responding to § = 0.2%, and diagonal cracks occurred at § = 0.5%. The
longitudinal bars and hoop bars yielded at 0.8%, and the yield load-
carrying capacity P, reached 299 kN and — 341 kN (see Fig. 4(d)). After
the peak strength P, = 302kN and — 351 kN at § = 1.0%, the load-
carrying capacity decreased due to the ten times repeated cyclic load-
ings at § = 1.0%. At § = 1.1%, bond-slip cracks along the longitudinal
bars occurred at the top and bottom end. At § = 1.4%, diagonal cracks
expanded to the column center (see Fig. 5(d)). Ultimately, C-4 failed at
the first cycle of § = 1.5% due to shear failure.

In specimen C-1, flexural failure is governed due to large shear span
ratio 2.57. On the other hand, specimens C-2 to C-4 with relatively
lower shear span ratio 2.16 exhibited shear failure. The number of the
flexural cracks was increased in specimen C-1, while the number of the
diagonal cracks was increased in specimens C-2 to C-4.

3.2. Deformation Capacity

Table 2 lists the ultimate drift ratios &, and ductility ratio p of
column specimens. C-1 showing flexural failure due to large shear span
ratio 2.57 exhibited the greatest deformation capacity § = 2.0% and
ductility ratio p = 2.68 (average value). On the other hand, C-3
showing shear failure due to lower shear span ratio 2.16 under cyclic
loading type 2 exhibited the least deformation capacity (6 = 1.2%) and
ductility ratio p = 2.19. This is because 1) low shear span ratio 2.16
increased the shear demand that increases the diagonal cracks and
concrete damages in the specimen (see Figs. 5(c)); and 2) critical di-
agonal cracks were initiated at the first load cycle, which indicates the
column specimen was susceptible to cyclic loading type 2 describing
near-fault ground motion. In C-2 under cyclic loading type 1 that de-
scribes far-field ground motion, diagonal cracks were relatively well
distributed compared to those of C-3. Even though the cyclic loading
type 2 was applied to C-4, premature shear failure was prevented due to
the reduced shear demand. As a result, the deformation capacities
8 =1.5% and ductility ratios g = 2.33 of C-2, and § = 1.5% and
U = 2.64 of C-4 were greater than those of C-3.

3.3. Secant stiffness

Fig. 6 shows the variation of the average secant stiffness at each
load cycle. The secant stiffness K; indicates the slope between the peak
positive and negative strength in the load-drift relationship.
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where P; = peak strength at the i load cycle, A; = lateral drift corre-
sponding to P;.
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Fig. 6. Variations of secant stiffness according to load cycles.
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Fig. 7. Energy dissipation per load cycle.

In Fig. 6, C-2 showed greater secant stiffness K; than that of C-1
because of greater load-carrying capacity due to shorter shear-span
ratio. The secant stiffness K of C-1 and C-2 decreased as the load cycles
increased. This is because the existing flexural-shear cracks are ex-
panded, and a few new cracks occur as the loading amplitude increases.
The secant stiffness K; of C-1 and C-2 at § = 1.5% was approximately
58% and 44% of the yield stiffness K,, respectively. On the other hand,
in C-3 and C-4, the secant stiffness K; at the 1st cycle corresponding to
6 = 1.0% was less than that of the undamaged secant stiffness K; of C-2
at the 1st cycle. However, the secant stiffness K of C-3 and C-4 at the
1st cycle was almost same to that of C-2 at the 7th cycle corresponding
to § = 1.0%. From the 3rd cycle to 8th cycle, the secant stiffness Kj
increased because the lateral drift ratio decreased to § = 0.0%. After
the ten times repeated load cycles at § = 1.0%, the secant stiffness of C-
3 and C-4 showed 85.9% and 85.3% of those corresponding to the 1st
load cycle, respectively. The secant stiffness K of C-3 at the ultimate
drift ratio §, = 1.2% and C-4 at §, = 1.5% was approximately 40% and
35% of the yield stiffness K,, respectively.

3.4. Energy dissipation capacity

Fig. 7 shows the variation of energy dissipation capacity of the four
specimens according to the number of cyclic loading. The energy dis-
sipation coefficient E. per load cycle was defined as follows (JGJ101-
96).

Ep

EC =
Sose + Sopr

(2)
where Ep = energy dissipation per load cycle defined as the area en-
closed by a complete load cycle; Sppr = triangular area enclosed by
points O, B, and E; and Sopr = triangular area enclosed by points O, D,
and F.

C-1 and C-2 exhibited the similar E¢ values until the 10th load cycle.
In C-2 showing shear failure, however, E; was measured until the 10th
load cycle. On the other hand, after the 10th load cycle, E¢ of C-1 in-
creased due to flexural behavior. C-3 and C-4 showed lower E. values
than those of C-1 and C-2 because the cyclic loading initiated to the
yield loading at the first loading step, which caused shear damage. After
the 20th load cycle (i.e., § = 1.1%), E¢ of C-3 increased due to strength
degradation. On the other hand, E. of C-4 was not almost increased due
to bar-slip. It should be noted that the large cyclic loading at the initial
state decreased the energy dissipation capacity of the specimens.

3.5. Strain of hoops

Hoops provide confinement effect on the core concrete of a circular
column, which increases the load-carrying capacity and deformation
capacity. Furthermore, lateral buckling of the longitudinal bars are
restrained by the hoops. Fig. 8 shows the strains of the hoops measured
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by strain gauges in plastic hinge of columns. According to Priestley
[16], plastic hinge length I, of a flexural member can be defined as
follows.

I, = 0.08] + 0.022d,f, 3)

where [ = column length, which was considered as a half column
height H, because the both ends of the specimen were completely fixed;
d, = diameter of the longitudinal bars; and f, = yield strength of the
longitudinal bars.

In specimen C-1 showing flexural failure, hoop strains were con-
centrated at the height of 150 mm and 250 mm from the bottom end of
the specimen, which was almost consistent with the calculated plastic
hinge length 205.5 mm. At § = 2.0%, concrete crushing at the bottom
of the specimen caused the maximum hoop strain of about 0.0025 mm/
mm, which was greater than the yield strain 0.0019 mm/mm. In spe-
cimen C-2, after the hoops yielded at § = 1.0%, hoop strain sig-
nificantly increased over 0.0140 mm/mm at § = 1.5%. As a result, large
diagonal cracks and concrete crushing failure occurred. Specimens C-3
and C-4 exhibited similar hoop strain variation, except the maximum
hoop strain locations at 250 mm and 150 mm from the bottom end of C-
3 and C-4, respectively. After the hoops yielded at the first load cycle,
crack width increased at the initial cracks. As a result, though the
number of cracks of C-3 and C-4 was less than that of C-2, premature
concrete damage and larger hoop strains were occurred (refer to Fig. 5).

4. Evaluation of structural performance

4.1. Load-carrying capacity

Lateral load-carrying capacities of circular columns were evaluated
by Chinese design code (GB50010—2010). Compression force N was
applied to the column specimens, which decreased the lateral load-
carrying capacity due to the second-order effect. Thus, the nominal
strength P, was calculated as follows:

B =Fo— Né 4

where P,, =2M, / H; M, = nominal flexural strength considering
compression force effect. § = lateral drift ratio of the specimens. The
nominal flexural strength M, was calculated from section analysis
considering the effect of compression force N = 1210 kN (C-1), 1180 kN
(C-2), 1417 kN (C-3) and 1120 kN (C-4). The lateral load-carrying ca-
pacities P,, of four specimens are 283 kN, 330 kN, 368 kN, and 367 kN,
respectively. P,, and P, of the specimens are presented as the dotted
lines in Fig. 4(a) to (d). The lateral load-carrying capacities P, de-
creased as the lateral drift ratio § increased due to the second-order
effect. The predictions correlated well with the tests results.

4.2. Shear strength

Shear resistance of circular columns is provided by concrete, and
hoops. According to Chinese design code (GB50010—2010), the nom-
inal shear strength V,, of the column specimen can be calculated with
consideration of the contributions of concrete, transverse hoops, and
applied axial load as follows:

v, = ;'—_Zslf[bho + yv%ho + 007N ©
where A is shear span ratio; f; is tensile strength of concrete (=
0.359f.”%); b and h, are width and effective height of a rectangular
section, respectively, which can be replaced by 1.76r and 1.6r in the
circular section (r is the radius of the column section); f,, is yield
strength of the steel hoops; and Ay, is cross-sectional area of the hoops.

In test specimens, V,, in Eq. (5) were greater than the shear demand
V, by the peak strength (V,, / V,, = 316/314 = 1.01 for C-1, 318/321 =
0.99 for C-2, 360/441 = 0.82 for C-3, and 317/351 = 0.90 for C-4).
Since the ratio was less than 1.0 for C-2, C-3 and C-4, shear failure



W.-J. Yi et al.

C-1 Negative Loading  Positive Loading
277 ——025%
g B4 B-5 —o—0.5%
= 400 B2 B3 —a—0.75%
5 B-1 —v— 1%
g —x—1.25%
g 3001 ——15%
A —— 1.75%
£ 200- A /)\ ——2%
£ 4
£
< 100-
20
53
T 0l

-20000 -10000 0 10000 20000
Hoop Strain ( ye
(@ P Stain (e
C-3 Negative Loading Positive Loading

_500- .

- o

E B4 —e—0.75%

< 4004 B2 —4—0.75%

sl —v—0.25%

£ ——1%( 1)

£ 3001 ——1%( 10)

M —1.1%

£ 200- ——1.2%

£ ——13%

& —e—1.4%

= 1007 ——1.5%

20

T N

-20000  -10000 0 10000 20000

Hoop Strain (u¢)

(©)

(d)

Soil Dynamics and Earthquake Engineering 112 (2018) 8-17

C-2 Negative Loading  Positive Loading
5007 —n—0.25%
B4 B-5 « —e—0.5%
< [ — 0,
4001 B2 ‘Xj/ _:_ ?Zs %
SuES

[S]

[=3

(=]
1

Height from the Bottom End (mm)

Fig. 8. Strains of hoops.

easily occurred in the test specimens.

4.3. Contributions to lateral drift

Lateral drift A of specimens consists of bond-slip deformation Ay,
shear deformation A;, and flexural deformation As (refer to Fig. 9).

A=Ay + 4 + 4 ©6)

Bond-slip deformation A, is developed by bond-slip of the long-
itudinal bars at the column-footing joint, which causes rotation of the
column as a rigid body behavior. Fig. 10 shows the bond-slip mea-
surement and curvature distribution in the column specimen. In the
present study, uniformly distributed curvature was assumed in the
measurement region.

(An — 4r) .
b= % for region 1 7a)
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L.
Abs 7 7 As 77 Ar 77
M \% M

(@ (b) (©

Fig. 9. Estimations of lateral drift developed by bond-slip, shear, and flexural
deformations.
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where ¢, and ¢, = curvatures at the regions 1 and 2, respectively;
Ar; and Ag; = displacements measured on left and right sides at the
region 1 of the specimen, respectively; Ay, and Az, = displacements
measured on left and right sides at the region 2 of the specimen, re-
spectively; L; and L, = horizontal distance between the linear po-
tentiometer at the regions 1 and 2, respectively; and H; and H,
= vertical distance between the linear potentiometer at the regions 1
and 2, respectively (= 30 mm and 100 mm).

Curvature ¢, at the region 1 includes both the flexural curvature and
bond-slip curvature. Considering the relative small length H; of the
region 1, the bond-slip rotation 6 at the bottom of the column specimen
can be calculated from the curvatures ¢, and ¢,.

6 = Hi(¢, — ¢,) (8)

The bond-slip rotation 6 is simplified to be developed at the center
of the curvature ¢,. Thus, the average bond-slip deformation A, is as
follows.

— (etop + ebﬂt)

Abs (Hc - Hl)

©)]
where 6;,, and 6;,; = bond-slip rotation at the top and bottom ends of
the specimen in Eq. (8), respectively.

As shown in Fig. 10, bond-slip deformation of C-1 increased with the
increase of load cycles. After yielding of the longitudinal bars (i.e., 6th
load cycle), the bond-slip deformation A, significantly increased under
positive loading, and decreased under negative loading. In C-2, bond-
slip deformation was less than those of other specimens. In C-3 and C-4,
bond-slip deformation A,s of C-4 was greater than that of C-3. This is
because the specimen C-4 with larger diameter of longitudinal bars and
low strength of concrete is vulnerable to bond failure.

Fig. 11 shows the shear distortion y according to the load cycles.
The shear distortion was calculated from the test measurement in the
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Fig. 10. Bond-slip deformation measurements.
plastic hinge region of the specimens. 400 mm and 400 mm).
Specimen C-1 exhibited the almost same shear distortion to that of
y=(4—a) Ja? + b? C-2 regardless of shear span ratio. In C-3, after the initial load cycle at
2ab (10) 8 = 1.0%, the shear distortion linearly decreased due to the reduced
lateral drift. In the constant ten cycles at § = 1.0%, the shear distortion
where 4 and A" = diagonal deformations measured by the two diagonal increased slightly, but the increment was only 2.3%. Ultimately, the
linear potentiometers; and a and b = horizontal and vertical distance, shear distortion of C-3 under cyclic loading type 2 was greater than that
respectively, between the ends of the diagonal linear potentiometers (=
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Fig. 11. Shear deformation measurements.
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Fig. 12. Contributions of bond-slip, shear, and flexural deformations to lateral drift.

of C-2 under cyclic loading type 1.

Fig. 12 shows the ratio of each contribution of bond-slip deforma-
tion, shear deformation, and flexural deformation to the overall lateral
drift measured from the test specimens. The flexural deformation was
calculated by 4y = A — Ay — 4;. The shear deformation A; was calcu-
lated from the shear distortion y. In C-1, after yielding of the long-
itudinal bars at the 6th load cycle, the bond-slip contribution decreased,
but the shear deformation contribution increased. The contribution of
the flexural deformation ranged from 2% to 45%. In C-2 with low shear-
span ratio, the contribution of the flexural deformation was greater
than that of C-1 because the bond-slip decreased. In C-3 with low V,, /
V, = 0.82, the shear deformation contribution was significantly in-
creased due to shear failure. The contribution of the bond-slip de-
formation in C-4 was greater than that of C-3, which decreased the
flexural deformation contribution. This result indicates that in C-4, the
contribution of the bond-slip deformation was significant because of
large diameter of longitudinal bars.

5. Summary and conclusions

Four RC circular column specimens with different height and re-
inforcements were tested under two different cyclic loadings to in-
vestigate the seismic structural performance of the RC columns. On the
basis of test results, load-carrying capacity, deformation capacity,
failure mode, and energy dissipation capacity of the column specimens
were evaluated. The primary test results are summarized as follows.

(1) Specimen C-1 with shear-span ratio 2.56 exhibited flexural failure,
which showed deformation capacity of §, = 2.0%. On the other
hand, specimens C-2 to C-4 with shear-span ratio 2.16 exhibited
shear failure, which decreased deformation capacity of &,
= 1.2-1.5%.

(2) The lateral load-carrying capacity of the column specimens
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predicted by Chinese design code (GB50010—2010) correlated well
with the test strengths.

(3) The number of flexural cracks in C-2 to C-4 was less than that of C-
1, while the amount of diagonal cracks in C-2 to C-4 was greater
than that of C-1. The number of cracks in C-3 and C-4 under the
cyclic loading that describes near-fault ground motion decreased,
but the damage at the initial cracks increased shear deformation
and decreased energy dissipation. This result indicates that near-
fault ground motion decreases the seismic structural performance of
circular reinforced concrete columns with relatively small shear
span ratio.

(4) The maximum hoops strain occurred between 150 mm and 250 mm
of columns height, which were close to the plastic hinge length
predicted by the empirical equation. The cyclic loading that de-
scribes near-fault ground motion increased the hoops strain due to
strain concentration at the premature concrete damage, which in-
creased the shear deformation.
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