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ABSTRACT :

Authors report the test results of the 12 specimens of column with side walls and the 10 specimens of
column with spandrel walls and hanging walls under repeated horizontal load with fixed axial force. Variables
are spacing of hoop, existence of eccentric connection of secondary walls to a column, existence of partial slits
between column and secondary walls and difference of load history. In this thesis, a secondary wall is a wall
which attaches to the column which is inside a frame of a side wall, a spandrel wall and a hanging wall.
Resultantly, the following items are made clear.

In case of the column with side walls, when the hoop ratio was high, it was sustained after the maximum
capacity that the strength which larger than the simple sum of the strength of the column and the walls. However,
when the hoop ratio was low, the strength deteriorated rapidly after the maximum capacity. This showed that the
evaluation of the column with side walls could be estimated at two steps. Moreover, the maximum strength
deteriorated about 1.6~16.3%, and was not observed the major change by eccentric connection of the side walls
in the shear strength and the deformation performance. But, the difference was observed failure property, and
the spiral shear crack occurred in the column where the secondary walls eccentric connected.

In case of the column with spandrel walls and hanging walls, it becomes the short column and causes
brittle shear failure. And when especially the hoop ratio was low, the maximum strength was deteriorated
rapidly. In addition, the maximum strength deteriorated about 9%~25% with effect of the torsion moment with
eccentric connection.

When the partial slit was used in the secondary walls of the column with side walls, spandrel walls and
hanging walls, ductility performance of the column was improved, and the reinforcement effect has been
verified.

Lastly, although the strength can be presumed under some deviation from the existing valuation estimation
methods, failure mode can be hardly presumed.
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1. PURPOSE

In an existing reinforced concrete structure, short columns having non-structural walls give significant
impacts on the seismic performance of the system as a whole. This study focuses on such short columns,
particularly those with non-structural walls eccentric to the column axis (hereinafter, “Eccentric Non-Structural
Walls”), which currently lack sufficient experimental or engineering data despite the popular applications, and
clarifies how columns with sidewalls and those with hanging/podium walls eccentric to the column axis behave
until they undergo large deformation. In addition, the effect of structural slits on the brittle behavior of short
columns is examined through tests on specimens with and without such slits. It should be noted that the
structural slits examined here are limited to partial ones that allow in-service retrofitting. Based on the results of
these tests, this study aims to further rationalize the seismic evaluation and seismic retrofit design for existing
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reinforced concrete structures.

2. Outline of the Tests

In this study, short columns of a axial stress of 30kgf/cm2 (partially 60kgf/cm2) and a hoop reinforcement
ratio of approximately 0.1 to 0.2% having the following walls on both sides were designated as the standard
short columns with non-structural walls in relatively old low- to medium-rise buildings: sidewalls twice as long
as the column depth; and hanging/podium walls having an internal length of 1.5 times longer than the column
depth. The specimens were subjected to static cyclic loading under a constant axial force. One of the objectives
of these tests included the confirmation of vertical load-bearing capacity after the horizontal strength started to
decrease. The specimens consisted of the following, categorized by variable factor, e.g. configurations:

Specimen configurations: 16 specimens with sidewalls and 14 with hanging/podium walls.

Presence of slits: 16 specimens with slits (2 with a deeper slit depth) and 14 without.

Hoop reinforcement ratio: 15 specimens at 0.1% and 15 at 0.26%.

Alignment of the non-structural walls in relation to the column axis: 22 specimens with eccentric walls and
8 with concentric ones.

Axial stress: 22 specimens with 0.1 Fc and 8 with 0.2 Fc.

Loading cycles: 26 specimens subjected to a large number of cycles and 4 to a small number of cycles.

2.1. Outline of the Specimens
(1) Columns and non-structural walls

The specimens were created on a scale of 1 to 2.5 due to test machinery constraints; the sectional
dimensions and wall thickness were reduced from 60cm to 24cm and 12cm to Scm, respectively. The hoop
spacing was reduced from 25cm to 10cm for the columns of the Phase I (before 1970) and 10cm to 4cm for
those of the Phase II (1971 to 1980). Wall reinforcement intervals were reduced from 25cm to 10cm for both
phases. Reinforcing bars of 10-D10 (p, = 1.24%), 4-D10 (p; = 0.50%) and 4¢ were used as the main
reinforcement of the columns, main tensile and wall reinforcement and hoops, respectively. These were
common to columns with sidewalls (hereinafter, the “CSW Series”) and those with hanging/podium walls
(hereinafter, the “CHW Series”). The non-structural walls of both Series were basically situated eccentric to the
column axis.

(2) Structural slits

For an approximately half of the specimens of both Series, full-length structural slits were provided at
joints between the non-structural walls and columns (Figs. 1a and 1b). They were all partial ones, basically with
a width () of 15mm and a depth (¢,) of 25mm (1/2 of the wall thickness), except two of the CHW Series that
had a slit depth of td = 37.5mm (3/4 of the wall thickness).

(3) Columns with sidewalls (The CSW Series)

Figure 1a and Table 1a show specimen configurations and a list of all the 16 specimens, respectively. Every
specimen had a height (4) of 100cm and a length (/,) of 120cm. Designated as variable factors were: the
alignment of walls in relation to the column axis (12 eccentric and 4 concentric), hoop reinforcement ratio (8
with p,, = 0.105% and 8 with p,, = 0.26%), presence of slits (8 with and 8 without) and loading history (12
subjected to a large number of cycles and 4 subjected to a small number of cycles).

(4) Columns with hanging/podium walls (The CHW Series)

Figure 1b and Table 1b show specimen configurations and a list of all the 14 specimens, respectively.
Every specimen had a hanging wall height (HWL) of 24cm, a podium wall height (HHD) of 40cm and an
internal column height (4,) of 36cm. The columns were of the short type where hy/D. = 1.5. Designated as
variable factors were: the alignment of walls in relation to the column axis (10 eccentric and 4 concentric), hoop
reinforcement ratio (7 at 0.105% and 7 at 0.26%), and the presence and depth of slits (6 with slits of #,/t,, = 1/2,
two with slits of ¢,/¢,, = 3/4, and 6 without any slits).
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(Eccentric, Without Slits) (Eccentric, With Slits) (Eccentric, Without Slits) (Eccentric, With Slits)
(Concentric, Without Slits) (Concentric, With Slits) (Concentric, Without Slits) (Concentric, With Slits)
a) Column with side walls b) Column with spandrel/hanging walls

Fig. 1 Specimen configuration
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Fig.2 The loading device of Column

b) Cyclic Loading of CHW Series
Fig.3 Horizontal loading history

(5) Materials

The average compressive strength of concrete used for all the specimens was approximately 270kgf/cm’.
The yielding points of reinforcing bars were approximately 3700kgf/cm’® and 4800kgf/cm” for the main
reinforcement (D10) and hoops (4¢), respectively.

(6) Axial loading

An axial load of approximately 0.1Fc (30kgf/cm?) in column section area equivalent was applied to the 12
specimens having sidewalls (The CSW Series) in the second year and to the 10 specimens having
hanging/podium walls (The CHW Series) in the third year. For 4 specimens each of the CSW and CHW Series
in the fourth year, the axial load was set at approximately 0.2Fc to study the impact of the scale of axial force.
The column loading device developed by the Building Research Institute was employed here, where the upper
and lower stubs were restrained with a pantograph to keep parallel shifts in the horizontal direction, as shown in
Fig. 2. The top of the vertical actuator was connected to the loading frame via roller bearings. The relative
horizontal displacements of the upper and lower stubs were measured, and the measured value was then divided
by the material length of the column. The resultant value was defined as the joint translation angle R. With
regard to the loading history, the specimens were subjected to a large number of alternating horizontal cyclic
loading under a constant axial force of 339.0 KN (n = 0.2) with the horizontal actuator. The load was applied
until the columns were crushed and shrunk by 30mm or more in the vertical direction. The loading was forcibly
terminated upon reaching that point.

(7) Horizontal loading history
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All the specimens of both Series were
basically subjected to a large number of static
cycling loading in the horizontal direction, as
shown in Fig. 3. For the CSW Series, the
cycling loading was applied mainly with a joint
translation angle of 1/400 to 1/50, which was
terminated when the horizontal strength was
reduced to approximately 20% of the maximum
strength. For the CHW Series, horizontal cyclic
loading was applied with a joint translation
angle of 1/400 to 1/50 until the columns were
finally crushed in the vertical direction.

3. Results

3.1 Test Results Summary

On the whole, the strength, deformation
performance and limit axial load-bearing
capacity of the specimens were significantly
affected by the presence of structural slits and
the axial load levels and hoop reinforcement
ratio of the columns. On the other hand, the
eccentricity of non-structural walls to the
column axis and the loading history (number of
cycles) had a little impact. In other words, all the
CSW and CHW specimens without structural
slits underwent diagonal shear failure, and while
they showed the higher maximum strength than
that of the specimens having slits, they failed
with small horizontal joint translation angles.
The CSW and CHW specimens having slits, on
the other hand, experienced shear failure at the
slits, and while their maximum strength
decreased, the effective length of the columns
became longer, and the columns’ own bending
strength was maintained until the distortion
angle became relatively large.

The effects of structural slits in improving
deformation performance described above were
significant in the Phase-II columns having a
slightly higher hoop reinforcement ratio. By
contrast, the deformation performance of the
Phase I specimens having a smaller p,, was not
improved much in this regard.

The eccentricity of the walls did not affect

Table 1a List of the CSW series

. Hoop . . Load Axial
Year | Number | Specimen name ratio (%) Slit Eccentric history | stress
No. 1 01C10EW-CL without CL
No. 2 02C10EW-SL without SL
0.10
No. 3 03C10EWSCL with CL
No. 4 04C10EWSSL with SL
with
No.5 05C04EW-CL without CL
No. 6 06CO4EW-SL without SL
2002 0.26 0.1
No. 7 07CO4EWSCL with CL
No. 8 08CO4EWSSL with SL
No. 9 09G10CW-CL without
0.10
No. 10 10C10CWSCL with
without CL
No. 11 11C04CW-CL without
0.26
No. 12 12C04CWSCL with
No. 13 01C10EW- without
0.10
No. 14 02C10EWS1/2 with
2004 with CL 0.21
No. 15 03CO4EW- without
0.26
No. 16 04CO4EWS1/2 with

[ Common Factor]

Column section: b.xD=240mmx240mm, Main reinforcement ratio:

pe=1.24%(10-D10),

Tensile reinforcement ratio: p=0.49%(4-D10), Wall thickness: t,=50mm, Length of one
side walls: 1,=480mm, Wall thickness ratio: =0.21(=t,, / b.),
Overhanging ratio of depth to Compression/Tension side: B.=2.00,3=2.00(=l, / D),
Vertical/Horizontal reinforcement: 1-4p@100(Reinforcement ratio: p,=0.26%), Axial stress
ratio: n=cp/op=0.11and 0.21, Axial stress of column: 6,=N/(b.xD.)=2.95 or 5.89N/mm’

Table 1b List of CHW Series

Specimen Hoop . Slit . Load | Axial
Year | Number name ratio (%) Stit Depth Eooentrio history| stress
No. 1 01C10EW- without -
No. 2 02C10EWS1/2 0.10 with 1/2
No. 3 03C10EWS3/4 with 3/4
with
No. 4 04CO4EW- without -
No. 5 05C04EWS1/2 0.26 with 1/2
2003 0.1
No. 6 06C04EWS3/4 with 3/4
No. 7 07C10CW- without -
0.10 cL
No. 8 08C10CWS1/2 with 1/2
without
No. 9 09C04CW- without -
0.26
No. 10 10C04CWS1/2 with 1/2
No. 11 01C10EW- without -
0.10
No. 12 02C10EWS1/2 with 1/2
2004 with 0.21
No. 13 03CO4EW- without -
0.26
No. 14 04C04EWS1/2 with 1/2

[ Common Factor]
Column section: b.xD;=240mm=240mm, Main reinforcement ratio: p,=1.24%(10-D10)
Tensile reinforcement ratio: p=0.49%(4-D10), Wall thickness: t,=50mm,
Internal dimension of column: hy=360mm, hy/D=1.5

Width-thickness ratio :

0=0.21(=t,/b,) »

Overhang

ratio : =2.0(=Iw/Dc) ,

Vertical

reinforcement: 49@100(Reinforcement ratio: py,=0.26%), Axial stress ratio of column:
N=00/c5=0.11 or 0.21, Axial stress of column: 6,=N/(b.xD)=2.95 or 5.89N/mm’

the strength, deformation performance and failure modes. However, it was found that the CSW specimens with
concentric walls and structural slits showed lower strength as the slits failed at an early stage, and that the
Phase-II columns with eccentric walls showed a slight torsion influence in the failure mode, as compared with
those with concentric walls. While loading history did not have significant impacts, slightly larger joint
translation angles were observed where the number of cycles was small.
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3.2 Test Results for Columns with Sidewalls (the CSW Series)
(1) Failure process

Figures 4a, 4b, 4c and 4d show some of the test results for the CSW Series. Figures 4a and 4c show how
the presence of structural slits influenced the relationship between shear force and joint translation angle (Q-R
curve) and how the failure progressed in the Phase-I CSW Series (i.e. Specimens Nos. 1 & 3 and 13 & 14).
Figures 4b and 4d show the same data for the Phase-Il CSW Series (i.e. Specimens Nos. 5 & 7 and 15 & 16).
The crack diagrams show that the specimens without structural slits developed diagonal cracking before
undergoing failure. There are not much difference in cracking conditions between the eccentric (south) side and
the concentric (north) side. On the other hand, those with structural slits, which are shown on the right hand side
of the figures, underwent failure at the slits as early as at R = 1/200. The non-structural walls did not undergo
shear failure until they developed a large deformation; they were separated from the columns and underwent
bending failure, while the columns underwent shear failure after the bending yield, followed by a reduction in
the strength. It should be noted that although Specimens Nos.5 and 15 had no structural slits, they displayed
similar behaviors as those of Nos.7 and 16 having slits; their failure modes and Q-R curves were found to be in
the intermediate range.

(2) Strength and deformation performance

Figures 5a and 5b show envelops of eight CSW specimens, including those with o,= 30kgf/cm®.

Where the axial force ratio was 0.2 or 0.1, the presence of slits slightly reduced the maximum strength, and
those without slits showed a greater rate of decrease in strength than those with slits. On the other hand, those
with slits lost strength more slowly even after reaching the maximum strength. This is due to the fact that where
there were no slits; the whole system including sidewalls underwent shear failure. By contrast, where slits were
provided, they were cut off from the system and let the sidewalls undergo bending failure together with the
columns.

The difference in the hoop reinforcement ratio did not have significant impacts on the maximum strength,
but did affect the post-maximum strength behaviors. It was found that the higher the hoop reinforcement ratio,
the smaller the rate of reduction in strength.

The impact of axial force ratio on the maximum strength was approximately 5%; strength was not
increased much by an increase in axial force. When 1 became large, it had extreme impacts on the post-peak
strength reduction.

(3) Limit axial load-bearing capacity

Figure 6 shows the relationship between the shear force and joint translation angle upon reaching the
maximum strength, i.e. Oua and Rp.., respectively, and those upon reaching the limit axial load-bearing
capacity, i.e. O, and R, respectively. The shear forces are represented by absolute values. For the CSW Series
with n = 0.1, the value of R, is an estimation. O, is not shown. The following insights were gained here:

The value of R, was approximately twice to ten times greater than Ry,,.. without slits.

The value of R, of those with slits was approximately twice that of those without.

The higher the axial force ratio, the smaller the value of R,. Where p,, = 0.26%, in particular, the value of
R, with n = 0.2 was less than a half of that with # = 0.1.

The value of R, with # = 0.1 is expected to increase further. Also, where # = 0.1, provision of slits will give
the same effect as those with # = 0.2 with slits.

Where n = 0.1, failure in the axial direction usually occurred under a newly experiencing large deformation.
Where n = 0.2, on the other hand, such failure often occurred while undergoing an already experienced
deformation during cyclic loading. This is due to the fact that the large axial caused concrete failure to progress
during the repeated loading.

(4) Energy absorption performance

Figure 7 shows the sum total area of hysteresis loop (AW) during the cyclic loading on each specimen. The
simple comparison of the area of hysteresis loop up to the limit axial load-bearing capacity revealed the
following:

The value of AW was significantly varied by different hoop reinforcement ratios. The average value of AW
of Phase-II columns (p,, = 0.26%) was approximately 1.87 times greater than that of the Phase-I columns (p,, =
0.10%), indicating that the Phase-II columns were highly ductile.

Provision of partial slits slightly increased the amount of energy absorbed; where n = 0.2, the amount of
energy absorbed in No.14 was 3.19 times greater than that in No.13, while that in No.16 was 1.45 times greater
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Fig.4b Q—R Curve of Column with side walls(Phase-1I) - Crack diagram (p,=0.26%., o =30kgf/cm?)
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deflection angle upon reaching the maximum strength

than that in No.15. Where partial slits were provided, the Phase-1 columns showed a greater rate of increase in
the amount of energy absorbed.

The increase in the axial force ratio reduced the energy absorption performance; where there were no slits,
the energy absorption performance in the case of # = 0.2 was 0.53 times and 0.65 times less than that in the case
of # = 0.1 where p,, = 0.10% and p,, = 0.26%, respectively. Where slits were provided, the energy absorption
performance in the case of # = 0.2 was 1.36 times greater than and the same as that with # = 0.1 where p,, =
0.10% and pw = 0.26%, respectively. The reason for the amount of energy absorbed being greater in those
having slits and in the case of 1 = 0.2 is because the final loading applied in the # = 0.1 tests was set at 20% of
the maximum strength or less.

(5) Examination of the ultimate strength

Table 2 shows the results of the ultimate strength analysis. For the columns with sidewalls, their ultimate
bending and shear strengths were calculated using the existing evaluation formulas, which were then compared
with the test data. The ultimate strength of the columns without any sidewalls and that of two self-supporting
sidewalls without a column were also calculated and compared. When calculating the ultimate strength of
specimens with slits, they were treated as having a uniform thickness, which was obtained by deducting the
depth of the slits (£, = 25mm) from the wall thickness (¢, = 50mm).

In the tests, shear failure of sidewalls was first observed, followed by the shear failure of the columns. The
calculation results for the ultimate shear strength (.,,0;,) were found to be quite similar to the test results, i.e.
0.98 to 1.2 of the test results. However, the failure mode was found to be more complicated; it was difficult to
distinguish between bending failure, shear failure and the failure of sidewall-column interfaces, and thus it was
not straightforward to estimate them with the evaluation formulas.

Where slits were provided, they detached the sidewalls from the columns by failing. The two sidewalls
underwent bending or bending crushing with a shear-bending capacity ratio (S),) of 2.11, while the columns first
experienced the bending yield at the top and base and then underwent shear failure. Here also, it was found
difficult to estimate the failure mode with the evaluation formulas. Nonetheless, an approximately similar value
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for the maximum strength was obtained by replacing tw in Equation (2) with tw’, i.e. the wall thickness less the
slit depth as shown in Equation (5), in calculating the ultimate shear strength.

tw':zw_td. s = o= m = m owow (5)
where, ¢,,: sidewall thickness and td: depth of partial slits

Table 3 Comparison the test and calculation results (CSW series)

Calculation value
Specimen Test value Columns with side Independent Side wall(Two wall) Test/Calculation
No name walls columns
Load lQlTh’iX RQmax Failure CWQlTlu CWQSU S chu CQSH S WQH]U WQSH S Q / Q Q / Q
direction| (kN) [(10°rad.)| mode | (kN) | (,kN) | ™ | (,kN) | (kN) | 7¢ | (KN) | (kN) | O% [ omeoviomu) tmaxionicn
Plus 259.6| 4.770 | WS— 0.53 1.20
13| 01CI0EW = i s | 248.8] 4.485 |[cs(DT) |102-20[215:46 044 103.28 1.26 0.51 1.15
14]02C10EWS1/2[—Dhus | 218.5| 4835 1 ST= 5 57\185 78] 0.40 047 118
Minus | -206.6 | -5.005 | WB,CS 0.44 1.11
Plus 272.2| 5.040 | WS 82.09 71.61193.901 1.31 0.55 1.15
. . —> . .
15 {03CO4EW — Minus | 27491 2510 cs 492.20(236.29( 0.48 lisod 141 056 116
Plus 204.3| 5.050 | ST— ’ ' 0.44 1.00
16 |04CO4EWS1/2 Minus | 200.0] 4.980 |WFC.CS 466.77(204.08( 0.44 043 0.98
)  Qma : Maximum shear force of the test Romax : Deflection angle when maximum shear force
«Qmu : Bending ultimate strength of «wQsu : Shear ultimate of Column with side walls
Column with side walls (by (1) formula) (by (2 )formula)
Qm: : Bending ultimate strength of Column (by (3) formula) «Qsu  : Shear ultimate of column (by (4) formula)
+Qm : Bending ultimate of side walls(by (3) formula) wQsu @ Shear ultimate of side wall (by (4) formula)
Sew : Safety factor of column with side walls  ¢yQumu/cwQsu S. : Safety factor of independent column  (Qpuy/cQsu
Sw : Safety factor of side walls  Qmu/wQsu
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Failure mode  : Capacity—Ductility ( ): Unclear mode
CS  : Shear failure of column DT: Diagonal shear wall WS: Shear failure of side walll
WEC : Bending crushing of side wall WB: Bending crushing of side wall ST: Slit failure

3.3 Test Results for Hanging/Podium Walls (the CHW Series)
(1) Failure process

Figures 8a, 8b, 8c and 8d show some of the test results for the CHW Series. Figures 8a and 8c show how the
presence of structural slits influenced the O-R curve and how the failure progressed in the Phase-I CHW Series
(Specimen Nos. 1 & 2 and 11 & 12). Figures 9b and 9d show the same data for the Phase-II CHW Series (Specimen
Nos. 4 & 5 and 13 & 14). The cracking and failure conditions indicate that the short columns having hanging/podium
walls without structural slits (Specimen Nos. 1 & 4 and 11 & 13) shown on the left hand side of the figures
underwent diagonal shear failure with a small joint translation angle (R=1/200), experiencing an extreme strength
reduction. On the other hand, those with slits (Specimen Nos. 2 & 5 and 12 & 14) shown on the right hand side of the
figures started to fail at the slits at R = 1/200, followed by bending yield as long columns, and withstood until a large
deformation of R = 2/100 to 4/100 without experiencing a significant strength reduction. When compared in terms of
the value of p,, (Specimen Nos. 1 & 4, 2 & 5 and 11 & 14), those with p,, = 0.26% showed all better deformation
performance; in particular, those with slits were found to be more ductile.
(2) Strength and deformation performance

Figure 10 shows envelops of eight CHW specimens, including those with oo = 30kgf/cm®.

Where the axial force ratio # = 0.2, the presence of slits did not affect the maximum strength much, but gave
significant impacts on the deformation performance. Where there were no slits, a significant reduction in strength was
observed under cyclic loading after reaching the maximum strength. The specimens having slits, on the other hand,
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Fig.8a Q-R Curve of CHW series(Phase-1) - Crack diagram (p,=0.10%. o =30kgf/cm?)
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Fig.80  Q-R Curve of CHW series(Phase-II) * Crack diagram (p,=0.26%. o ,=30kgf/cm?)
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Fig.8d Q-R Curve of CHW series(Phase-II) - Crack diagram (p,=0.26%. o =60kgf/cm?)
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Fig. 10 Relationship between the shear force and deflection
angle upon reaching the maximum strength

Fig.11  Summation of Hysteresis loop (AW)

experienced a reduction to a much lesser extent; the strength decreased at a slower rate after reaching the maximum
strength. This tendency was more obvious where the axial force ratio # = 0.1.

The height of hoop reinforcement ratio did not affect the maximum strength much, but did have significant impacts
after reaching the maximum strength.

With regard to the axial force ratio, the maximum strength was affected slightly more in the case of # = 0.2 than in
the case of n = 0.1. It was also found that the greater the value of 7, the more significant the impacts on the
post-maximum strength reductions. However, where slits were provided, the value of # did affect the joint translation
angle upon reaching the limit axial load-bearing capacity although the strength showed similar reduction tendencies.
(3) Limit axial load-bearing capacity

For the CHW Series, Figure 11 shows the relationship between the shear force and joint translation angle upon
reaching the maximum strength, i.e. Oue and Rpmar, Tespectively, and those upon reaching the limit axial
load-bearing capacity, i.e. Qu and Ru, respectively. The shear forces are represented by absolute values.

The value of Ru was approximately 1.5 to 9.2 times greater than Ry, without slits, showing a higher rate of

increase in the case of 7 = 0.1.

The value of R, of those with slits was twice to 4 times greater than that of those without.

The value of R, where the hoop reinforcement ratio p,, = 0.26% was approximately twice that in the case of p,, =
0.10%.

The higher the axial force ratio, the smaller the value of R,, which became approximately 0.5 times less where
there were no slits, and 0.75 to 0.8 times less where slits were provided.

Axial collapsing usually occurred under a newly experiencing large deformation in the case of # = 0.1. Where 5 =
0.2, on the other hand, such failure often occurred while undergoing an already experienced deformation during
cyclic loading. This is due to the fact that the large axial force caused concrete failure to progress during the repeated
loading.

The value of O, bore the axial force up to a point where the horizontal force neared zero in the case of # = 0.1 and
n = 0.2 without slits. However, in the case of # = (.2 having slits, it rapidly became impossible to bear the axial force
although adequate horizontal strength was still retained.

(4) Energy absorption performance
Figure 12 shows the sum total area of hysteresis loop (AW) during the cyclic loading on each specimen. The simple
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comparison of the area of hysteresis loop up to the limit axial load-bearing capacity revealed the following:

The value of AW was significantly varied by different hoop reinforcement ratios. The average value of AW of
Phase-II columns (pw = 0.26%) was approximately 2.47 times greater than that of the Phase-I columns (pw = 0.10%),
indicating that the Phase-II columns were highly ductile.

Provision of partial slits did increase the amount of energy absorbed; where # = 0.2, the amount of energy
absorbed in No.12 was 4.48 times greater than that in No.11, while that in No.14 was 6.15 times greater than that in
No.13. Where partial slits were provided, the rate of increase in the amount of energy absorbed was greater in the
case of # = 0.2 than in the case of 7 = 0.1.

Where there were no slits, the energy absorption performance in the case of 1 = 0.2 was 0.5 times less than that in
the case of # = 0.1. Where slits were provided, the energy absorption performance in the case of # = 0.2 was 0.67
times less than and 1.04 times greater than that in the case of # = 0.1 where pw = 0.10% and pw = 0.26%,
respectively.

(5) Examination of the ultimate strength
Table 4 compares the test and calculation results for the ultimate strength in the case of # = 0.2, as well as the
existing joint strength formulae. The ultimate strength was assumed to be shear where there were no slits, and to be
bending where slits were provided. The effective internal height of the columns was set at /., which was given
various values here. The following insights were obtained from these comparative studies:

With regard to the specimens without slits, the test and calculated values were approximately consistent in the rigid
zone in the case of (3) sy, = 520mm, where the reduction rate of shear strength due to torsion stress induced by the
eccentricity of wall-column alignment was taken into account. The failure mode predicted from the calculation results
were also found approximately consistent with the test results.

With regard to the specimens having slits, the test results were 0.70 to 0.80 times and 1.04 to 1.17 times less than

the calculation results in the case of (4) Ay, = 680mm and (5) Ay, = 1000mm, respectively. It is indicated that the
specimens showed a similar behavior to that of independent columns where partial slits were provided.
The joint strength formulae were both approximately consistent with the test results. The formula by Hiraishi yielded
a smaller value than the test results, due to its assumption that the column strength was greater than the joint strength.
The formula by Shioya yielded a value close to the test results, as it assumes the maximum load that has not caused
any failure other than the bending yield of column top and base and joint failure.

Table4 Comparison the test and calculation results (CHW series)
Calculation of ultimate strength*' Slit strength
Q R Bending .Q,, (kN) Shear .Q,, (kN) formula

No. | kN) |(rad.)| @ | @ | @ | @* | ® @D | @2 | @ | @« | ©® |byHiraishi*|by shioya®
T c|1¢c| 1| TC|TC|TC|TC|T/C|T/C| T7C T/C T/C

0. 60 0.77 1.14

11 [1135.2| 3.47 | 0.39 0.57 1.10 0. 95) (1.17) (1. 67)

12 11127.11 9.96 [ 0.39 [ 0.53 [ 0.56 [ 0.74 | 1.08 | 0.60 | 0.73 | 0.76 | 0.90 | 1.13 1.15 0.97
0.55 0.69 0.99

13 [1125.0| 4.61 | 0.38 0.55 1.05 0. 82) (1.01) (1. 42)

14 11121.7/ 9.83 [ 0.37 [ 0.50 [ 0.54 [ 0.70 | 1.04 | 0.54 | 0.65 | 0.68 | 0.79 | 0.97 1.10 0.93

note) T: test value(Plus Loading), T/C: (Test value) <+ (Calculation value)
Q,: Maximum Share force of test value, R;: Distortion angle at maximum share force
(DO~® are internal dimensions. (M=360mm, @=487mm, @=520mm, @=680mm, &=1000mm)
Share ultimate strength: Q. The value in parenthesis is ., *.

%1 Ultimate strength

) N
- Bending (Q,): .M,=05a,-c,-g-D,+0.5-N-D,|1- O =
- M, ¢ 0,8 D, "oy e O "

0.12k, k,(180+0,)
- Shear(Q,): = b 227 oy th - +0IN
My O M0 )7 012 VPuGu (b

#2 From the reference 2) @y =j +¥x » ¥=—AL=h)+y{L-hJ +j/a

%3 From the reference 3)  ®h,=h;+2XD./3
%4 From the reference 4)  @h,=h,th,/sth, /s , s=t,/t; (h,: spandrel wall height, h,: hanging wall height)

%5 From the reference 5)
2 —0.5
K
- =114 el
0 =huQ Pa {*{ K”

36 From the reference 6) Slit joint strength: C=0.65-t-h,-F,

(Ai-SL Sy +6,,,,)w+Bi-m+l “Mr

=

¥7 From the reference 7) Slit joint strength: Max((1), (2)) Qg = (0] Qsiy = (Mep + Mgy )i+ Mygy [h ()
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4. SUMMARY OF TEST RESULTS

The present study experimentally explored the impacts of such factors as the axial force ratio, eccentricity of
column-wall joints, amount of column hoops and presence of structural slits, as part of research on the seismic
performance of reinforced concrete short columns having non-structural walls, which have been found vulnerable in
past earthquake damage examples. As a result, the following insights were gained:

Presence of slits: Regardless of the type of the walls attached, the provision of slits significantly improved both the
critical deformation (F) and limit vertical load-bearing capacity (F,) against horizontal load. For the columns with
hanging/podium walls in particular, the energy absorption capacity was also significantly enhanced.

The Phase-I and Phase-II (p,,) comparison: The columns with p,, = 0.26% showed a greater critical deformation (F)
and limit vertical load-bearing capacity (F),) than those with pw=0.1%. However, the effect of slits were more
obvious in the case of p,, = 0.26%.

Difference in the axial force (BOkgf/cm2 and 6Okgf/cm2): The greater the axial force, the smaller the critical
deformation (F) and limit vertical load-bearing capacity (£,). The presence of slits improved F to a greater extent
where the axial force was larger.

Influence of eccentricity: Attaching non-structural walls on an eccentric alignment with the column axis decreased
the maximum strength and resulted in the earlier separation of walls from columns where structural slits were
provided.
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