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ARTICLE INFO ABSTRACT
Keywords: Five-spiral transverse reinforcement for square reinforced concrete columns has been proven to possess a
Shear strength confinement capability superior to that of conventional rectilinear tie reinforcement. The objective of this
Five-spiral reinforcement research is to investigate the shear capacity of five-spiral reinforcement. Large-scale shear-critical five-spiral
Columns . . . . .

. . columns and comparable conventional tied columns were tested using double-curvature lateral cyclic loading.
Discrete computational shear strength model . .. . .
(DCSS) Test results showed that with the same amount and similar yield strengths of shear reinforcement and concrete
Seismic compressive strengths, the column with five-spiral reinforcement exhibited a slightly lower shear strength than

Cyclic the counterpart tied column. All the five-spiral columns showed a lower speed of strength degradation after the
peak load than counterpart tied columns. Failure of the five-spiral column under a high axial load was caused by
fracture of the spirals. In contrast, failure of the rectilinear tie reinforcement was caused by premature failure of
the hook anchorage. A modified Discrete Computational Shear Strength (DCSS) model was developed in this
research for calculating the shear strength of five-spiral reinforcement. Comparison with the test results showed
that the modified DCSS model provides conservative estimation of shear strength contributed by five-spiral
reinforcement. Moreover, the DCSS model provides a degree of conservatism similar to the code equation for
tie reinforcement.

spirals are used to increase the area of confined concrete around the four
corners of the column. Fig. 1(a) shows the five-spiral reinforcement
tested earlier in the studies presented in Yin et al. [12] and Yin et al.
[13]. Fig. 1(b) shows the five-spiral reinforcement developed later [15]
and studied in this research. Compared with the previous design, the
central large spiral is increased to maximize the confined area. Tests on
columns with the new design were conducted to investigate the axial
compressive behavior of columns with five-spiral reinforcement [15]. It
was found that columns with five-spiral reinforcement even with a
smaller amount still showed better strength and ductility than those
with conventional rectilinear tie reinforcement. To ensure interlocking
between the small and large spirals, it is suggested that the maximum
distance between the inner faces of small and large spirals in the over-
lapping region should be at least equal to the smaller value of 0.3 times
the inner diameter of the small spiral and 60 mm. This suggestion has
been added to the reinforced concrete code of Taiwan [16]. Moreover,
the size of the small spiral can be taken approximately 0.3 times the size
of the large spiral. A larger size of the small spiral does not significantly
increase the performance of the column [15].

1. Introduction

Spiral reinforcement is more effective in providing confinement to
concrete than rectilinear tie reinforcement. Spiral reinforcement can
resist concrete expansion at every location along the spiral while recti-
linear reinforcement is only effective at bends. Spiral columns showed
excellent performance during previous extreme events such large
earthquakes (e.g. Murphy [1]) and blast and impact loadings (e.g.
Mlakar et al. [2]). Spiral reinforcement fits well to columns with a cir-
cular cross section. To use spiral reinforcement in columns with other
cross sections, multi-spiral reinforcement has been developed, including
two-spiral reinforcement [3-8] and seven-spiral reinforcement [9-11]
for oblong columns, five-spiral reinforcement [12-13] for square col-
umns, and six-spiral reinforcement [14] and eleven-spiral reinforcement
[10] for rectangular columns. This research focuses on the five-spiral
reinforcement, which is illustrated in Fig. 1.

The five-spiral reinforcement consists of a central large spiral and
four small spirals at the four corners of the column. The four small
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Notations Ve shear strength provided by concrete
Vi shear strength provided by j-th spiral
Ape area of an individual transverse reinforcement Vum, shear corresponding to nominal moment strength
A cross-sectional area measured to the outside edges of Va nominal shear strength
transverse reinforcement Vacode ~ Nominal shear strength computed by ACI318 code
Ag gross area of concrete cross section Vapcssm nominal shear strength computed by modified DCSS model
Ay area of shear reinforcement within spacings Vapcss ~ nominal shear strength computed by original DCSS model
by web width Vs nominal shear strength provided by shear reinforcement
d distance from extreme compression fiber to centroid of v, shear strength provided by each spiral with chosen origin
longitudinal tension reinforcement of Cartesian coordinate system
D; diameter of j-th spiral Vs Gode shear reinforcement strength computed by Eq.15
Dy diameter of large spiral Vspcssm  shear reinforcement strength computed by modified DCSS
D, outside diameter of large spiral method
Ds diameter of small spiral Vipcss  shear reinforcement strength computed by DCSS method
D'S outside diameter of small spiral Viest maximum lateral force obtained from experiment
Dg inside diameter of small spiral X; x-coordinate of intersection of shear crack and i-th layer of
f; specified compressive strength of concrete spiral equation
foa actual compressive strength of concrete x} x;of the first intersection as shown in Fig. 9
fie specified yield strength of transverse reinforcement x? x;of the second intersection as shown in Fig. 9
fria actual yield strength of transverse reinforcement o; angle between horizontal line passing center of spiral to
fye specified yield strength of longitudinal reinforcement point intersected by shear crack for i-th intersection
fyea actual yield strength of longitudinal reinforcement af a;of the first intersection as shown in Fig. 9
h overall depth of section a? a;of the second intersection as shown in Fig. 9
¢ length measured from the origin of coordinate to left edge S angle between longitudinal axis of column and large spiral
of j-th spiral equation from elevation view
‘e length measured from the origin of coordinate to left edge Ps angle between longitudinal axis of column and small spiral
of column equation from elevation view
M, nominal flexural strength 0 angle between shear crack and longitudinal direction of
Ny applied axial compressional force for equation ofV, column
p applied axial compressional force Pq ratio of longitudinal reinforcement area to gross area
R; radius of j-th spiral Ps volumetric ratio of transverse reinforcement
Ry radius of large spiral 2 proportion of spiral bounded between section width
Rs radius of small spiral limitation
s spacing of shear reinforcement

Fig. 1. Five-spiral reinforcement: (a) tested in Yin et al. [12] and Yin et al.
[13]; (b) tested in this research.

Regarding the required amount of five-spiral reinforcement for the
plastic hinge region of columns of special moment frames resisting
earthquake forces, it is proposed [12] that the volumetric ratio of each
spiral of five-spiral reinforcement should not be less than that required
by the ACI 318 code [17] for spiral transverse reinforcement. The area
A, used to calculate the required volumetric ratio is measured to the
outside edges of all the spirals. This proposal has been added to the
reinforced concrete code of Taiwan [16].

The objective of this research is to investigate the shear behavior of
reinforced concrete columns with five-spiral reinforcement, which has

never been studied before. Large-scale shear-critical columns with five-
spiral reinforcement were tested in this research using lateral cyclic
loading. Counterpart columns with conventional rectilinear tie rein-
forcement were also tested. Test results were used to investigate the
shear behavior of five-spiral columns and to develop the shear strength
model for five-spiral reinforcement.

2. Experimental program
2.1. Specimen design and test setup

Four large-scale square columns were designed and tested in this
research. The design parameters and material strengths are listed in
Table 1. The dimension and reinforcement design of the columns are
illustrated in Fig. 2. Two columns, designated as Y1S and Y3S, were
designed with five-spiral reinforcement and the other two, designated as
R1S and R3S, were designed with conventional rectilinear tie rein-
forcement. “Y,” “S,” and “R” in the names of the columns stand for “Yin’s
spiral”, “Shear critical” and “Rectilinear tie.” “1” and “3” in the names
stand for 0.1f,A, and 0.3f,A, axial load. The five-spiral reinforcement is
also known as Yin’s spiral because it is first proposed by Yin et al. [12].
The difference in performance between five-spiral and conventional tied
columns can be observed by comparing columns Y1S and Y3S to R1S and
R3S, respectively. The shear strength of each column was designed to be
lower than the flexural strength to ensure that shear failure occurs
before flexural failure. The volumetric ratio of transverse reinforcement
of all the columns was 0.75% and the area ratio of longitudinal
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Table 1
Column design parameters.
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Column  Transverse P Concrete Transverse reinforcement Longitudinal reinforcement
inf t A
remtorcemen fels f. foa Bar size @spacing frMPa)  f(MPa)  p(%)  Quantity-bar size fye fyea Pg(%)
(MPa) (MPa) (mm) (mm) (MPa) (MPa)
R1S Rectilinear Tie 0.1 49 48.3 D10@150 420 477 0.75 8-D25 420 476 3.84
12-D32 476
Y1S Five-spiral 0.1 48.4 S:D10@135 477 0.75 8-D25 476 3.84
L:D10@135 12-D32 476
R3S Rectilinear Tie 0.3 74.6 D10@150 500 0.75 8-D25 466 3.84
12-D32 485
Y3S Five-spiral 0.3 76.6 S:D10@135 443 0.75 8-D25 466 3.84
L:D10@135 12-D32 485
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Fig. 2. Specimen design: (a) R1S and R3S, (b) Y1S and Y3S, and (c) cross sectional design.

reinforcement was 3.84%. The height and diameter of the columns were
1800 mm and 600 mm, which results in a shear span-to-effective depth
ratio of 1.88. The shear span is taken as half of the height because the
column was tested in a double curvature fashion. The effective depth is
assumed to be 80% of the overall depth of the column cross section. The
five-spiral reinforcement contained a large spiral with an outer diameter
of 540 mm and four small spirals with an outer diameter of 180 mm. The
maximum distance between the inner faces of small and large spirals in
the overlapping region was 75 mm, larger than the smaller value of 0.3

times the inner diameter of the small spiral (0.3 161 = 48 mm) and 60
mm as required by the reinforced concrete code of Taiwan [16].

The concrete compressive strength was obtained from testing of
cylinder specimens with a dimeter of 12 cm and height of 24 cm. The
specified concrete strength was 49 MPa, which is common for lower
story columns in buildings of 10-20 stories in Taiwan. The actual con-
crete compressive strengths ., of all the columns are listed in Table 1.
The ratios of f,, to f, of columns with 0.1f.A, axial load (R1S and Y1S)

are significantly different from those with 0.3f.A, axial load (R3S and
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Fig. 3. Test setup: (a) MATS and (b) column R3S in MATS.
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Y3S) because the concrete of the 0.1f.A, columns and that of the 0.3f.A,
columns were cast in different time by different ready-mix plants. The
nominal yield strength of reinforcement was 420 MPa. The actual yield
strengths of reinforcement of all the columns are listed in Table 1.

The columns were tested using the Multi-Axial Testing System
(MATS) located at the National Center for Research on Earthquake En-
gineering (NCREE) in Taiwan. The test setup is shown in Fig. 3. The
columns were tested in a double-curvature fashion. The top and bottom
blocks of each column were fixed to the testing machine. Axial load was
applied first and maintained constant throughout the testing.
Displacement-controlled lateral cyclic loading was then applied. The
loading contained drift ratios of 0.25%, 0.375%, 0.5%, 0.75%, 1.0%,
1.5%, 2.0%, 3.0%, 4.0%, 5.0%, 6.0%. The drift ratio is defined as the
relative displacement between the two ends of the column divided by
the height of the column (1800 mm). Loading to each drift ratio was
repeated three times. The test setup was used to simulate the loading
condition of a building column subjected to gravity and seismic load-
ings. The lateral load versus relative displacement between the two ends
of the column were monitored. Moreover, the column deformation was
monitored by an optical motion tracking system. The stress responses of
reinforcement were monitored using strain gauges that were installed on
reinforcement during specimen fabrication.

2.2. Damage process and hysteresis behavior

For columns R1S and Y1S, which were subjected to 0.1f,A, axial
load, flexural and flexural shear cracks started to occur at 0.375% drift
near the two ends of the column, which were subjected to higher mo-
ments than the other region of the column. At 0.5% drift, web-shear
cracks occurred around the middle height of the column. At 0.75%
drift, both columns showed long web-shear cracks extending diagonally
from the top to the bottom of the column. Moreover, at this drift, R1S
showed the peak lateral force for both positive and negative loading
directions. Y1S showed the peak lateral force for negative loading di-
rection at this drift but the peak lateral force for positive direction
occurred at the next drift level (1%). Fig. 4(a) and (b) show the damage
conditions of both columns at 0.75% drift. At 1% drift, both columns
started to show spalling of concrete around the corners at the ends of the
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column. At 1.5% drift, notable spalling of concrete appeared along di-
agonal cracks. The extent of spalling increased with the increasing drift.
Fig. 4(c) and (d) showed the damage of R1S and Y18, respectively, at 4%
drift, when significant spalling can be observed around the middle
height region of the column. Both columns appeared to show similar
damage progress until 4% drift. However, the five-spiral reinforcement
in Y1S seemed to provide better confinement to core concrete such that
even with significant spalling of concrete, a better integrity of core
concrete could still be maintained to take the load. As a result, Y1S
exhibited a much lower speed of degradation in lateral strength after the
peak lateral force. Due to safety concerns, testing of R1S was terminated
at 4% while Y1S at 6% when the lateral strength was dropped to 29%
and 38%, respectively, of the average peak lateral force (average value
of positive and negative responses).

For R3S and Y3S, due to a higher axial load (O.BﬂAg), less flexural
cracks appeared at 0.375% drift than R1S and Y1S. At 0.5% drift, web-
shear cracks appeared as shown in Fig. 5(a) and (b) for R3S and Y3S,
respectively. At this drift, R3S for the negative loading direction and Y3S
for both positive and negative loading directions showed the peak lateral
force for respective loading direction. R3S for the positive loading di-
rection exhibited the peak lateral force at the next drift level (0.75%). At
1% drift, long diagonal cracks extending diagonally from the top to
bottom occurred and spalling of concrete along diagonal cracks started.
At 1.5% drift, R3S suddenly showed significant widening of one of the
long diagonal cracks, followed by large extent of concrete spalling as
shown in Fig. 5(c). The hooks of tie reinforcement were pull out of the
core concrete. The column then lost its axial load capacity and hence the
testing was terminated. In contrast, at 1.5% drift, spalling of concrete in
Y3S was much less than R3S as shown in Fig. 5(d). At the first cycle of
2% drift, Y3S was still able to sustain the axial load. During the second
cycle of the loading, the spiral reinforcement broke at several locations,
losing its capacity to hold the core concrete together and hence the
column lost its axial load capacity. It was evident that the five-spiral
reinforcement in Y3S was fully mobilized in providing confinement to
core concrete while the tie reinforcement in R3S failed prematurely due
to failure of hook anchorage.

Table 2 lists the lateral forces and drift ratios at diagonal cracking
and peak lateral load of all the columns. The diagonal cracking is the

© @

Fig. 4. Damage conditions of columns: (a) R1S at —0.75% drift (peak lateral force), (b) Y1S at —0.75% drift (peak lateral force), (c) R1S at —4% drift, and (d) Y1S at
—4% drift.
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Fig. 5. Damage conditions of columns: (a) R3S at —0.5% drift (peak lateral force), (b) Y3S at —0.5% drift (peak lateral force), (c) R3S at —1.5% drift, and (d) Y3S at

—1.5% drift.

Table 2
Lateral forces and drift ratios at diagonal cracking and peak lateral load.

Column  Diagonal cracking Peak lateral load
Drift Lateral Positive direction Negative direction
tio (% f
ratio (%) oree Drift Lateral Drift Lateral
(kN) . .
ratio force ratio (%) force
(%) (kN) (kN)
R1S 0.375% 1247 0.75% 1468 —0.75% -1333
Y1S 0.375% 1150 1.00% 1381 —0.75% —1333
R3S —0.50% 2056 0.75% 2393 —0.50% —2056
Y3S 0.50% 2218 0.50% 2218 —0.50% -1976

condition when the first appearance of diagonal cracking that caused
significant increase in the stress response of transverse reinforcement.
Fig. 6 shows the relationships of the lateral force and drift ratio of all the
columns. Fig. 7 shows the envelope responses of the relationships. Note
that the P-delta effect due the axial load on the lateral force has been
removed. Under an axial load of O.lﬂAg, the five-spiral column (Y1S)
showed a slightly lower by approximately 3% the peak load (ultimate
shear strength) to the counterpart conventional tied column (R1S).
However, the five-spiral column showed much slower degradation after
the peak load than the tied column. As stated previously, testing of the
five-spiral column stopped at 6% drift while that of the tied column
stopped earlier at 4%. Both columns could still sustain the axial load
when the testing was stopped due to safety concerns. Note that these two
columns had the same amount of shear reinforcement. The actual yield
strengths of shear reinforcement and actual compressive strengths of
concrete of the two columns were similar (Table 1). For the columns
subjected to an axial load of O.SfCAg, the five-spiral column (Y3S)
showed a slightly lower by approximately 5% the peak load (ultimate
shear strength) to the counterpart conventional tied column (R3S). Note
that the actual yield strength of shear reinforcement of Y3S was lower
than that of R3S (Table 1). However, the five-spiral column showed a
larger drift capacity than the tied column. Testing of the five-spiral
column was terminated at 2% drift while that of the tied column at
1.5% drift because the axial load could not be maintained as stated
previously.

Fig. 8 shows the stress distribution of transverse reinforcement
measured at the peak lateral load. Also shown in the figure are the actual
yield stresses of transverse reinforcement. It can be seen that all tie
reinforcement yielded at the peak lateral load. The large spiral of the
five-spiral reinforcement yielded at the peak lateral load for both Y1S
and Y3S. The small spiral yielded for Y1S and was very close to yield for
Y3S. It appears that the small spirals were effectively interlocked with
the large spiral to provide shear resistance to the column.

3. Shear strength analysis
3.1. Shear strength model

A shear strength model, referred to as discrete computational shear
strength (DCSS) model, has been developed for five-spiral reinforcement
in a previous study [18]. The model was developed based on the actual,
discrete locations of the interception points between an assumed shear
crack and the five spirals. However, the model has not been verified by
test data. Moreover, the vertical projection of the assumed crack is equal
to the overall depth of the section h if the crack angle is 45 degrees to the
axis of the column. However, the vertical projection is typically taken as
0.8 h for columns [17]. In this research, the DCSS model developed by
Ou and Ngo [18] is modified so that the vertical projection is equal to
0.8 h if the crack angle is 45 degrees to the axis of the column, as
illustrated in Fig. 9. The derivation of the modified DCSS model are
described as follows and the validation of the model is presented in the
next section.

As shown in Fig. 9, a coordinate system is placed on the left side of a
column such that the x axis of the coordinate system passes through the
left edge of the large spiral. For the i layer of the j™ spiral (the colored
spiral in Fig. 9), the function of the dotted spiral line (blue line) is

_s 7
y= 2Djx“(’ 21),.) M

The function of the solid spiral line (red line) is

2D; 2D,

J J

y= —Lx—i-s(i—}—l-i-i) (2)

A shear crack is assumed to start from a point on the left edge of the
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Lateral Force (kN)

Lateral Force (kN)

Lateral Force (kN)

reinforcement as shown in Fig. 9 and propagates for a distance such that
the horizontal projection of the crack is 0.8 h. The point on the left edge
of the reinforcement where the crack starts is selected so that the
extension line of the crack passes through the origin of the coordinate

2400
2000
1600
1200
800
400

-400
-800
-1200
-1600
-2000
-2400

2400
2000
1600
1200
800
400

-400
-800
-1200
-1600
-2000
-2400

2400
2000
1600
1200
800
400

-400
-800
-1200
-1600
-2000
-2400

'
[e2)

5 4 3 -2 -1 0 1 2 3 4
Drift ratio (%)

(@)

R3S
1 I 1 I 1 I 1 I 1 I 1

'
[«2)

5 4 3 -2 1 0 1 2
Drift ratio (%)

(c)

3 4 5 6

2400
2000
1600
1200
800
400

-400
-800
-1200
-1600
-2000
-2400

Lateral Force (kN)
o

2400
2000
1600
1200
800
400

-400
-800
-1200
-1600
-2000
-2400

Lateral Force (kN)
o

Engineering Structures 233 (2021) 111929

'
[e]

3 -2 -1 0 1 2 3
Drift ratio (%)

(b)

4 5 6

-6

3 -2 -1 0 1 2 3
Drift ratio (%)

(d)

4 5 6

Fig. 6. Hysteretic behavior of columns: (a) R1S, (b) Y1S, (c) R3S, and (d) Y3S.
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Fig. 7. Envelope responses of columns: (a) R1S and Y1S; (b) R3S and Y3S.

y = xcotf

system. Therefore, the function of the crack is

3

The x coordinate of the interception of the dotted spiral line (blue
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Fig. 8. Stress distribution of shear reinforcement of columns: (a) R1S, (b) Y1S, (c) R3S, and (d) Y3S.

line) and the crack, referred to as xl.l, can be obtained by solving Egs. (1)
and (3) for x.

xi=——= @

The range of x} is limited to the intersection of the boundary of the
assumed shear crack, i.e., £, <x!<Z. + 0.8h, and that of the jth spiral, i.e.,
¢;<x;<¢; + D;. A factor ¢, as defined below is used to reflect the fraction
of the j spiral that is intersected by the shear crack.

0, £3C0408h
£+ 08h— ¢
Br= R £ Dl 408> ¢ ©)
i
I 6+ 08h> 64D,

With the ¢, factor, the range of x! can be expressed as fjsx} <G+
¢,D;. The range of i for x; can be obtained as below by substituting Eq.
(4) for x} in ¢;<x}<¢; + ¢D;, recognizing i is an integer.

int r’/cotE’] + 1<i<int {¢hD/cot0 N £jcotd ﬂ}
s s

X N 2 6)

The sina; is calculated by the following equation.

/ £+ R —x\?
sinal = /1 — cosa} = /1 — <%> 7
i

The x coordinate of the interception of the solid spiral line (red line)
and the crack, referred to as x2, can be obtained by solving Eqs. (2) and
(3) for x.

s(i+l+2%’j>
Nm—— ®)

cott + 55
gl

Following a similar derivation as for Eq. (6), the range of i for x? can
be expressed as the following equation.

t;cot Djcotd  t;cotd
e R ©

The sina? is calculated by the following equation.

4+ R — 2\’
i y? ey — _ J J i
sina; = /1 — cosa; = 4/ 1 (7& ) 10)
The sinfg is calculated by the following equation.
sinfig = ! an

2
()

The shear strength of the j spiral V; is the summation of all the shear
resistances contributed from all the intersection points between the
spiral and the shear crack.

V= ZT,- = ZAI”J'W (sinal + sina )sinf 12)

The shear strength of the five-spiral reinforcement for the assumed
shear crack is the summation of all shear resistances of all five spirals.

V=2
J

By moving the location of the shear crack, several values of V, can be
obtained. The minimum value is considered as the shear strength of the
five-spiral reinforcement and is referred to as V; pcssm.

13)

(14)

Vipessm = mi”(V;)

Eq. (15) is the equation which the ACI 318 code [17] uses to calcu-
late the shear strength contributed by transverse reinforcement. It is
used in this research to calculate the shear strength of tie reinforcement.
Moreover, for comparison purpose, Eq. (15) is also used to calculate the
shear strength by the five-spiral reinforcement. In the calculation, the
contribution from the four small spirals are ignored. The five-spiral
reinforcement is conservatively simplified as a single spiral formulated
by the central large spiral.

V:.Code = M (15)
S

The shear strength contributed by concrete V. is calculated by Eq.
(16), which is from ACI 318 [17] and applied in this research to both
five-spiral columns and tied columns.
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Fig. 9. Modified DCSS model for five-spiral reinforcement.
, N,
V. = (0.17y/f, + —— | b.d (MPa) (16)
‘64,

where V. should not be taken greater than 0.42\/f70bwd and the value of

N,/6A, should not be taken greater than 0.05f,. The d is taken as 0.8 h.

The shear strength of the column V,, as defined by Eq. (17) is the
summation of the shear strength by concrete V. and shear reinforcement
Vs. The V; is calculated by Eq. (14) or (15) for five-spiral columns and by
Eq. (15) for conventional tied columns.

Engineering Structures 233 (2021) 111929
3.2. Comparison with test data

The shear strength of all the columns V), tested in this research was
calculated and listed in Table 3. The V;pcssm and Vipess in Table 3
respectively represent the shear strength of five-spiral reinforcement
calculated by the modified DCSS model developed in this research and
the DCSS model developed previously [18]. The crack angle 6 is set
equal to 45 degrees in the calculation. The V, of all the columns was
calculated by Eq. (16). The d in Egs. (15) and (16) is taken as 0.8h. The
moment strength of all the columns M, was also calculated according
the ACI 318 code [17] and listed in Table 3. Actual material strengths
were used in the calculation of V, and M,.

It can be seen from Table 3 that the peak experimental shear V. of
each column is smaller than the shear corresponding to moment strength
Vu,. The value of Vi./Vy, ranges from 0.676 to 0.884. This means all
the columns failed in shear as expected in design. For the shear strength,
the calculated shear strength of the five-spiral reinforcement is generally
lower than that of the rectilinear tie reinforcement. However, the actual
shear strength V. of the five-spiral columns is only slightly lower than
that of rectilinear tie reinforcement. For example, the V; pcssm of Y1S is
lower by 24% than the V; .4 of R1S, but the actual shear strength of
Y1S, Vi, is only 6% lower. Note that the transverse reinforcement of
Y1S and that of R1S had the same actual yield strength (f,,,=477 MPa,
Table 1) and the same amount (p, = 0.75%, Table 1). The values of Vies/
V,, of all columns (Viest/ Vi codes Viest/ Vnpcssm and Viese/ Vi pess) are larger
than 1.0, which means the predictions are all conservative. The modified
DCSS model produces the values of Vies/ Vi pessm for five-spiral columns
(Y1S and Y3S) very close to the values of Vies/ Vi code for tied columns.
The difference is only 4% in average. This finding shows that the
modified DCSS model for five-spiral reinforcement provides a degree of
conservatism similar to the code equation for the tie reinforcement. The
use of the code equation for five-spiral columns by ignoring the contri-
bution of the four small spirals show predictions (Viest/ Vi code for five-
spiral columns) that are too conservative than those for tied columns.
The DCSS model previously developed show less conservative prediction
(Viest/ Vnpess) than the modified DCSS model. Note that these findings
are based on a limited number of specimens and hence should be used
with caution.

4. Summaries and conclusions

Large-scale columns with five-spiral reinforcement and those with
conventional rectilinear tie reinforcement were tested and compared in
this research. Moreover, a discrete computational shear strength (DCSS)
model for five-spiral reinforcement was developed and validated by the
test results. Important conclusions are summarized as follows.

(1) All the columns failed in shear as expected in design. With the
same amount and similar yield strengths of shear reinforcement
and concrete compressive strengths, the five-spiral column under
the low axial load (Y1S) showed slightly lower shear strength

V,=V.+V, a7 than the conventional tied columns (R1S). The five-spiral col-
umns under low and high axial loads showed a slower strength
degradation after the peak load and hence a larger drift capacity
than the counterpart tied columns. Under a high axial load of
0.3f.A,, the five-spiral reinforcement was fully mobilized in

Table 3

Comparison between analysis and test data.

Ve Vs.code Vs.pessm Vs.pess Vncode Vnpcssm Vnncss Veest M, Vi, Viest Viest Viest Viest
kN kN kN kN kN kN kN kN KkN-m kN Vum, Vn.code Vn.pcssm Vapcss
R1S 565 436 - - 1001 - - 1468 1789 1988 0.738 1.466 - -
Y1S 564 242 331 386 806 895 950 1381 1838 2042 0.676 1.713 1.544 1.454
R3S 1017 457 - - 1473 - - 2393 2436 2707 0.884 1.624 - -
Y3S 1030 225 307 358 1255 1337 1388 2218 2516 2796 0.793 1.768 1.659 1.598
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providing shear resistance and confinement to core concrete as
evident by fracture of spirals at several locations at the end of test.
In contrast, the tie reinforcement failed prematurely due to
pullout of hook anchorage.

(2) A modified DCSS model has been developed in this research for
calculating the shear strength of five-spiral reinforcement. In the
modified DCSS model, the shear strength is calculated based on
actual, discrete locations of the interception points between an
assumed shear crack and the five spirals. The location of the
assumed shear crack is changed to obtain the minimum shear
resistance as the shear strength of five-spiral reinforcement. The
modified DCSS model for five-spiral reinforcement combined
with the shear strength equation for concrete from the ACI 318
code was found to provide conservative estimate of the shear
strength of the five-spiral columns tested. Furthermore, it was
found that the degree of conservatism of the modified DCSS
model is similar to that of the code equation for the tie rein-
forcement tested.
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