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Abstract

The damage of reinforced concrete columns due to shear is often serious, so this type of failure should be
avoided from the design. In this paper, a model derived based on the discrete computational method is proposed
to calculate the shear strength of column carried by multi-spiral transverse reinforcement, accounting for the
effect of compression depth. Furthermore, based on this model, a method is proposed to predict the failure mode
of multi-spiral columns. The test database of multi-spiral columns from previous studies is used to validate both
the shear strength and failure mode predictions. The proposed model with a crack angle of 40 degrees gives the
best estimation of the shear strength of multi-spiral columns, and the proposed method predicts well the failure
mode of these columns. To avoid shear failure, the ratio of the minimum shear strength calculated from the
proposed model with a crack angle of 40 degrees to the shear force based on the moment-curvature analysis is
suggested to be larger than 1.2.

Keywords: shear strength model; failure mode; shear failure; multi-spiral column; shear crack angle; compres-
sion depth.
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1. Introduction

In reinforced concrete columns, shear failure is considered a severe failure mode that should be
avoided because of its brittle nature. This mode of failure usually occurs suddenly, and it is difficult
to predict, leading to serious damage to building structures and hard to repair. Therefore, all columns
should be designed as ductile concrete members, which can suffer a large deformation and survive
during a strong earthquake. Conventionally, shear force corresponding to flexural strength has to be
less than the shear strength capacity of columns. Hence, accurate determination of the shear resistance
capacity of reinforced concrete columns plays an important role in structure design, especially for a
new structure such as multi-spiral columns.

The type of transverse reinforcement is an aspect that has a significant influence on the per-
formance of reinforced concrete columns [1, 2]. As basic knowledge, the superior confinement of
spiral transverse reinforcement (Fig. 1(b)) to that of conventional tied reinforcement (Fig. 1(a)) has
been stated in reinforced concrete textbooks [3, 4]. Based on that, the innovation of spiral trans-
verse reinforcement schemes has been attracted to many researchers over the world, especially for
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other cross-sections than circular shapes. In which the two-spiral (Fig. 1(c)), which was developed
from single-spiral (Fig. 1(b)) by adding one more spiral for oblong cross-section, was first studied by
many researchers [5–11]. In order to reduce spiral size for large bridge columns and apply automa-
tion construction technology in the production of spiral reinforcement, Ou et al. [8, 12] have proposed
seven-spiral for oblong columns (Fig. 1(d)). Test results from previous studies indicated that even with
less amount of transverse reinforcement, two-spiral and seven-spiral columns exhibited comparable
or even better seismic performance than the corresponding conventional tied columns.

(a) Conventional tied column (b) Single-spiral column

(c) Two-spiral column (d) Seven-spiral column

Figure 1. Cross-section of different types of columns

Recently, Yin et al. [1] have proposed five-spiral transverse reinforcement (Fig. 2(a)) for square
columns by adding four small spirals at the corner of the single spiral. Based on uniaxial compressive
loading, the square five-spiral column showed higher strength and ductility than a corresponding
column with conventional tied transverse reinforcement. Similarly, Wu et al. [10] and Ou et al. [12]
have developed innovative six-spiral and eleven-spiral for rectangular columns by adding four small
spirals at the corners of two-spiral and seven-spiral as shown in Figs. 2(b) and 2(c), respectively.

(a) Five-spiral column (b) Six-spiral column (c) Eleven-spiral column

Figure 2. Square and rectangular cross-section of multi-spiralcolumns
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For lateral cyclic loading tests, the better performance of six-spiral and eleven-spiral columns than
those of tied columns has been reported in previous studies even with less amount of transverse
reinforcement [10, 12]. In Vietnam, the use of spiral transverse reinforcement for circular columns
under axial loading has just been studied by Nguyen and Pham [13].

(a) Single-circular hoop (b) Single-spiral stirrups

Figure 3. Shear strength carried by different types of transverse reinforcement

The shear strength carried by a single-circular hoop was first derived by Ang et al. [14], as shown
in Fig. 3(a) and Eq. (1) based on the assumptions that the spacing between hoops (s) is very small. In
American standards such as AASHTO (2011) [15] and Caltrans SDC (2019) [16], Eq. (2) is used to
calculate the shear strength provided by multi-circular hoops or multi-spiral transverse reinforcement.
It is noticed that Eq. (2) is a form of Eq. (1) with assuming that the shear strength of multi-circular
hoops or multi-spiral equals the sum of shear strength provided by each circular-hoop or spiral and
the shear crack angle (θ) is equal to 45 degrees. When calculation shear strength for oblong two-spiral
columns, Tanaka and Park [11] used Eq. (2) with n = 2. It is noticed that the shear strength pro-
vided by a circular hoop and a spiral reinforcement is different, as shown in Fig. 3. Moreover, most
columns failed by shear often have large spiral spacing, hence using Eq. (1) or Eq. (2) to calculate
the shear strength of these columns results in high non-conservatism. Previous studies have pointed
out that the use of Eqs. (1) or (2) for spiral transverse reinforcement led to the high error, especially
with s/(D′ cot θ) ≥ 0.2 [17–19]. Recently, Ou and Ngo [20, 21] have developed shear strength mod-
els for multi-spiral columns. These models were derived based on the discrete computational method
and intersection points between shear crack and circular-hoop or spiral reinforcement. The difference
between shear strength of circular-hoop and spiral transverse reinforcement was clarified in their mod-
els. They also pointed out that the use of Eq. (2) to calculate the shear strength of spiral transverse
reinforcement leads to a high error, especially with a high ratio between spiral spacing and diame-
ter of spiral. However, their models do not consider the effect of compression zone, and transverse
reinforcement within this region does not contribute to the shear strength.

Vs =
π

2
Ash fyh

D′ cot θ
s

(1)
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Vs =
Av fyhD′

s
, where Av = n

(
π

2

)
Ash (2)

in which Vs is shear strength provided by transverse reinforcement, Ash is the cross-sectional area of
a transverse reinforcing bar, fyh is the yield strength of transverse reinforcement, D′ is the diameter of
a circular hoop or spiral, s is the regular spacing of transverse reinforcements, θ is the angle between
a shear crack and the longitudinal axis of the column, Av is the total area of transverse reinforcement,
and n is the number of circular-hoop series or spirals.

The shear strength model is an important tool to assess the shear behavior of columns. However,
most of the existed shear strength models have been developed for conventional columns with tied
transverse reinforcement [22–24]. For spiral columns, Kowalsky and Priestley [25] have developed a
shear strength model for single-spiral columns based on Priestley’s model [22]. However, that model
still used the form of Eq. (1) to calculate the shear strength of single-spiral, even that equation is the
shear strength of a single-circular hoop. Therefore, developing an assessment shear strength model
for multi-spiral columns considering the effect of compression zone is an objective of the present
study. Based on this model, a simple method to predict the failure mode of multi-spiral columns is
also developed.

2. Shear strength model for multi-spiral columns

2.1. Proposed shear strength model for multi-spiral columns

Priestley et al. [22] proposed the shear strength model for conventional tied columns as shown in
Eq. (3). In which the shear strength carried by concrete (Vc), the shear strength enhancement by axial
load (Va), and the shear strength carried by transverse reinforcement are calculated based on Eqs. (4)
– (6). In Eq. (4), k is a reduction factor, which reduces from 0.29 to 0.1 when the column displacement
ductility increases from 2 to 4. It is noticed that Eq. (6) is used to calculate the shear strength provided
by conventional tied transverse reinforcement, and it does not include the effect of the compression
zone. Transverse reinforcement in the compression zone does not contribute to the shear resistance
of the column [25]. The present study proposes a model to assess the shear strength for multi-spiral
columns based on Eq. (3). In which, the shear strength carried by concrete and the shear strength
enhancement by the axial load is kept as the original model proposed by Priestley et al. [22]. Eq. (6)
will be replaced by another equation to calculate the shear strength provided by multi-spiral transverse
reinforcement considering the effect of the compression zone, which will be derived later.

Vn = Vc + Vs + Va (3)

Vc = k
√

f ′c × 0.8Ag (4)

Va = P tan θ =
D − c

L
P (5)

Vs =
Ash fyhD′

s
cot 30◦ (6)

where Vn is the column shear capacity, Vc is the shear strength provided by concrete, Vs is the shear
strength provided by transverse reinforcement, Va is the shear strength enhancement by axial load,
Ag is the gross area of the section, f ′c is the concrete compressive strength, D is the width of cross-
section, c is the compression depth of cross-section, L is the effective column height, P is the axial
force (positive for compression), θ is the angle between a shear crack and the longitudinal axis of
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the column, Ash is the cross-sectional area of transverse reinforcement, fyh is the yield strength of
transverse reinforcement, s is the spacing of transverse reinforcement, and D′ is the distance between
centers of the peripheral hoop or spiral.

2.2. Shear strength provided by single spiral reinforcement

The general shear strength model for single-spiral transverse reinforcement is proposed by Ou
and Ngo [20, 21], but that model does not consider the effect of compression zone. In this section, a
general model for single-spiral transverse reinforcement considering the effect of compression zone
is developed based on the model proposed by Ou and Ngo [20]. The shear strength provided by single
spiral reinforcement is calculated by summing the shear resistance from all intersection points be-
tween shear crack and transverse reinforcement as Eq. (7). As shown in Fig. 4, a Cartesian coordinate
system is used to determine the intersection points. The dashed and solid lines represent half of the
spiral on the back and front sides of the column, respectively. Based on the coordinate system, the
equation for the back side and front side spiral lines of the ith spiral level are shown in Eqs. (8) and
(9), respectively. The function of the critical shear crack can be represented by Eq. (10).

Vs = Ash fyh sin β
∑

i

(
sinα1

i + sinα2
i

)
(7)

y =
s

2D′
x + s

(
i −

l
2D′

)
(8)

y = −
s

2D′
x + s

(
i + 1 +

l
2D′

)
(9)

y = x cot θ (10)

The X coordinate of the intersection points between the crack and the spiral lines of the ith spiral
level can be derived by solving the Eqs. (11) and (12). Because shear cannot transfer through the
compression zone (as seen in Fig. 4), hence l ≤ x1

i , x
2
i ≤ l + D′ − c′, the range of i is shown in

Eqs. (13) and (14).

x1
i =

s(i − b)
a1

from


y = x cot θ

y =
s

2D′
x + s

(
i −

l
2D′

)
(11)

x2
i =

s(i + 1 + b)
a2

from


y = x cot θ

y = −
s

2D′
x + s

(
i + 1 +

l
2D′

)
(12)

where b = l/2D′, a1 = cot θ − s/2D′, a2 = cot θ + s/2D′.

Nl ≤ i ≤ Nl + ND′ − Nc′ − 0.5 +
c′

2D′
for x1

i (13)

Nl − 1 ≤ i ≤ Nl + ND′ − Nc′ − 0.5 −
c′

2D′
for x2

i (14)

where Nl =
l
s

cot θ,ND′ =
D′

s
cot θ; and Nc′ =

c′

s
cot θ.
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Figure 4. Shear strength provided by single-spiral transverse reinforcement

It is noticed that i should be an integer, therefore:

int [Nl] + 1 ≤ i ≤ int
[
Nl + ND′ − Nc′ − 0.5 +

c′

2D′

]
for x1

i (15)

int [Nl] ≤ i ≤ int
[
Nl + ND′ − Nc′ − 0.5 −

c′

2D′

]
for x2

i (16)

sinα1
i and sinα2

i in Eq. (7) can be calculated based on Ou and Ngo’s equations, which are expressed
as Eqs. (17) and (18).

sinα1
i =

√
1 − cos2α1

i =

√√
1 −

 l + 0.5D′ − x1
i

0.5D′

2

=

√√√
1 −

Nl + 0.5ND′ −
i−b
a1

cot θ

0.5ND′


2

(17)

sinα2
i =

√
1 − cos2α2

i =

√√
1 −

 l + 0.5D′ − x2
i

0.5D′

2

=

√√√
1 −

Nl + 0.5ND′ −
i+1+b

a2
cot θ

0.5ND′


2

(18)

Substituting Eqs. (17) and (18) into Eq. (7), the shear resistance provided single-spiral transverse
reinforcement is calculated by Eq. (19).

Vc′
l = Ash fyh sin β



int[Nl+ND′−Nc′−0.5+c′/D′]∑
i=int[Nl]+1

√√√
1 −

Nl + 0.5ND′ −
i−b
a1

cot θ

0.5ND′


2

+

int[Nl+ND′−Nc′−0.5−c′/D′]∑
i=int[Nl]

√√√
1 −

Nl + 0.5ND′ −
i+1+b

a2
cot θ

0.5ND′


2


(19)
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where, subscript l denotes the distance from the origin to the first edge of the spiral, superscript c′

denotes the distance from the neutral axis to the edge of the spiral in the compression zone as shown in
Fig. 4. It is noticed that for multi-spiral transverse reinforcement, each spiral has its own location and
compression zone corresponding to each value of l and c′. Eq. (19) is the general model to calculate
the shear strength carried by single-spiral transverse reinforcement, which is applicable to any shear
crack angle (by adjusting θ), any compression depth (by adjusting c′), and any location of the shear
crack (by adjusting l).

2.3. Shear strength provided by multi-spiral reinforcement

For multi-spiral transverse reinforcement, the model is the superposition of single-spiral with
an assumption that each spiral works effectively and can be accounted as independent single-spiral,
as shown in Eq. (20). In which, shear strength provided by each spiral is calculated by Eq. (19).
In previous studies, Ou and Ngo [20, 21] have indicated that the shear crack, which intercepts the
edges of spirals, is a potential critical shear crack, leading to the smallest shear strength capacity. For
simply, assuming that the shear crack is starting from the edge of the first spiral as shown in Fig. 5.
As examples, the models for seven-spiral under strong axis bending, and seven-spiral under weak axis
bending are shown in Eqs. (21) and (22), respectively. In Eq. (21), the distance from the origin to the
first edge of first, second, third, fourth, fifth, sixth, and seventh spirals are l1 = 0, l2 = l3, l4, l5 = l6
and l7, respectively. Their corresponding compression depths are c′1 = c′2 = c′3 = c′4 = 0, c′5 = c′6
and c′7. Similarly, the value of l j and c′j for seven-spiral under weak axis bending are illustrated in
Fig. 5(b), with l1 = l2 = 0, l3 = l4 = l5, l6 = l7 and c′1 = c′2 = c′3 = c′4 = c′5 = 0, c′6 = c′7.

Vs =
∑

j

V
c′j
l j

(20)

where j is the spiral number; c′j is the compression depth in the jth spiral; l j is the distance from the
origin to the first edge of jth spiral.

VStrong
Seven = V0

0 + 2V0
l2 + V0

l3 + 2V
c′4
l4
+ V

c′5
l5

(21)

(a) Strong axis bending (b) Weak axis bending

Figure 5. Cross-section of a seven-spiral column under strong/weak axis bending
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VWeak
Seven = 2V0

0 + 3V0
l2 + 2V

c′3
l3

(22)

Based on the superposition method (Eq. (20)) and general model for single-spiral (Eq. (19)), the
models for any multi-spiral can be derived. It is noticed that these models (Eqs. (21)–(22)) reflect the
different behavior of spirals even they are in the same cross-section and the different shear resistance
of columns under varying direction loading. These factors are not considered in Eq. (2).

3. Comparison of model with column database

3.1. Column database

The database of 29 multi-spiral columns is shown in Table 1. In which 18 columns were failed by
shear, they are used for shear strength comparison obtained from the experiment and the model. 11
later columns were failed by flexure, and they are used to predict the failure mode. Material properties
and other important parameters of these columns are listed in Table 1. More details about specimen
design and test results of all columns presented herein can be found in the references [5–12]. It is

Table 1. Test database of multi-spiral columns

No.
Column

name
P

Ag fc′
Ag

(mm2)
L

(mm)
f ′c

(MPa)

Longitudinal steel Transverse reinforcement
θ

Failure
modeDetails fy (MPa) dt (mm) s (mm) fyh (MPa)

1 Inter 1 [5] 0.02 220000 1220 35 30D16 442 6.35 89 448 35 Shear
2 Inter 2 [5] -0.1 220000 1220 34 30D16 442 6.35 89 448 35 Shear
3 Inter 3 [5] 0.35 220000 1220 35 30D16 442 6.35 89 448 35 Shear
4 Inter 4-C [5] 0.35 220000 1220 37 30D16 442 6.35 89 448 35 Shear
5 Inter 4-T [5] -0.1 220000 1220 37 30D16 442 6.35 89 448 35 Shear
6 ISH1.0 [6] 0.1 79627 737 34 32D10 443 4.05 38 466 45 Shear
7 ISH1.25 [6] 0.07 86993 800 50 34D10 431 4.05 25 449 45 Shear
8 ISH1.5 [6] 0.08 94105 877 34 38D10 443 4.05 25 467 45 Shear
9 ISH1.5T [6] 0.07 94105 877 50 38D10 431 4.05 25 456 45 Shear
10 Column 1 [7] 0.09 85509 1219 32 14D16 420 6.35 127 420∗ 35 Shear
11 Column 3 [7] 0.09 93251 1219 32 14D16 420 6.35 127 420∗ 38 Shear

12 Column 4 [7] 0.09 85509 1219 32
10D16

4D6
420 6.35 127 420∗ 35 Shear

13 DM1R-SL [8] 0.06 444743 1580 64 20D32 468 10 120 605 42 Shear
14 DM1R-SS [8] 0.06 444743 1200 70 20D32 468 10 100 605 37 Shear

15 DM2R-SL [8] 0.07 444743 1580 58
14D32
8D29

468
479

8 120 648 35 Shear

16 DM2R-SS [8] 0.06 444743 1200 69
14D32
8D29

468
479

8 100 648 42 Shear

17 DM2RI-SS [8] 0.07 444743 1200 55 20D32 468 8 80 648 34 Shear
18 Unit 6 [9] 0.05 432743 1620 31 36D13 386 6 200 364 31 Shear
19 Unit 4 [9] 0.05 432743 1620 31 36D13 386 6 50 364 NA Flexure
20 Unit 5 [9] 0.05 432743 1620 29 36D13 386 6 100 364 NA Flexure
21 DM-CS [10] 0.1 444743 2100 44 18D25 469 10 60 605 NA Flexure
22 DM-CW [10] 0.1 444743 2100 54 18D25 469 10 60 605 NA Flexure

23 CM-CW [10] 0.1 522000 2100 43 22D25 469
10
6

60
60

605 581 NA Flexure

24 Unit 10 [11] 0.1 205664 1784 21 14D20 485 10 80 308 NA Flexure
25 Unit 11 [11] 0.3 205664 1784 30 14D20 485 10 100 308 NA Flexure
26 Unit 12 [11] 0.5 205664 1784 25 14D20 485 10 75 308 NA Flexure
27 DMR1 [12] 0.1 444743 2100 56 18D25 469 8 60 648 NA Flexure

28 DMR2 [12] 0.1 444743 2100 47.1
6D36
12D19

484
469

8 60 648 NA Flexure

29 CMR1 [12] 0.1 444743 2100 45.5 22D25 469 8 60 648 NA Flexure

where, dt is the diameter of a transverse reinforcing bar. NA means that no value is available.
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noticed that the properties of materials in Table 1 are actual strengths. Only yield strengths of lon-
gitudinal and transverse reinforcement of Columns 1, 3, and 4 are specified values since their actual
values were missed in its reference [7]. The compression depth of each cross-section was determined
using moment-curvature analysis. The interaction between shear strength from experiment and model
is shown in Fig. 6. The ratio of shear strength from the experiment to shear strength from the model
(Vexp/Vmod) corresponding to the failure point is used to validate the proposed model in this study.

Figure 6. Illustration of shear strength from experiment and model

3.2. Effect of shear crack angle on the shear strength of columns

As in previous models [22–24], the proposed model in this study is used to assess the shear
behavior of multi-spiral columns, hence the shear crack angle should be predicted first. Each model
used its shear crack angle, for example, a crack angle of 45 degrees is used in Sezen’ model [23], while
that of 30 degrees is used in Priestley’s model [22] and Aschheim’s model [24]. The comparison
between shear strength from the experiment and shear strength from the proposed model with the
crack angles of 30, 35, 40, and 45 degrees are shown in Fig. 7. In which the lateral load is normalized
by peak load for all columns to uniform evaluation. It is noticed that the shear strength capacity of
columns decreases with increasing displacement ductility due to the widening of cracks in the tension
region, which results in a reduction in shear strength carried by concrete (as shown in Eq. (4)). As
shown in Fig. 7, the shear strength of the column is reduced with increasing crack angle. This is due
to the number of intersection points between shear crack and spiral transverse reinforcement reduces
since the crack angle increases. In general, the model shear strength with a crack angle of 30 degrees
is often much higher than the shear strength from the experiment, while model shear strength with
a crack angle of 45 degrees is often lower than that from the experiment. This is because the actual
shear crack angle obtained from the experiment ranged from 31 to 45 degrees with an average value
of 38.4 degrees (Table 1).

Fig. 8 shows the results of Vexp/Vmod against an arbitrary test number and crack angles. Accord-
ing to Fig. 8, the predicted shear strength based on 30 and 35 degrees results in much higher than
experimental strength, while an adverse trend is observed with a crack angle of 45 degrees. With a
crack angle of 40 degrees, the value of Vexp/Vmod is scattered around unity. The statistical results of
the effect of crack angle on shear strength are presented in Table 2. The proposed model with a crack
angle of 40 degrees gives the best result with a mean value of 1.03 and derivation of 0.15. It is noticed
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(a) Inter 1 (b) Inter 2

(c) Inter 3 (d) Inter 4-compression

(e) Inter 4-tension (f) ISH1.0

(g) ISH 1.25 (h) ISH1.5
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(i) ISH1.5T (j) Column 1

(k) Column 3 (l) Column 4

(m) DM1R-SL (n) DM1R-SS

(o) DM2R-SL (p) DM2R-SS
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(q) DM2RI-SS (r) Unit 6

Figure 7. Effect of shear crack angle on shear strength

that the average value of actual shear crack angles obtained from the experiment is 38.4 degrees, ap-
proximation to 40 degrees as aforementioned. This is explained why the proposed model with a crack
angle of 40 degrees yields the best estimation of the shear strength of multi-spiral columns.

(a) 30 degrees (b) 35 degrees

(c) 40 degrees (d) 45 degrees

Figure 8. Effect of shear crack angle on shear strength
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Table 2. Statistical results for the effect of shear crack angle

Crack angle 30 degrees 35 degrees 40 degrees 45 degrees

Mean and derivation 0.85 ± 0.15 0.93 ± 0.13 1.03 ± 0.15 1.11 ± 0.15

4. Prediction of column failure mode

As aforementioned, shear failure mode must be avoided during the design process because of dan-
gerous damage. Sometimes, the prediction of failure mode is more important than the exact estimation
of shear strength. In this section, a simple method is suggested to predict the failure mode of multi-
spiral columns. It is noticed that the maximum lateral load can be predicted using moment-curvature
analysis. The ratio of maximum lateral load from the experiment (Vmax

exp ) to maximum lateral load
from moment-curvature analysis (Vmax

analysis) of 29 multi-spiral columns presented in Table 1 is plotted
in Fig. 9. Most values of ξ = Vmax

exp /V
max
analysis are ranged from 1.0 to 1.2. It is noticed that these values

of Columns 1, 3, and 4 are significantly higher than 1.2. This is due to the use of specified material
strength in the moment-curvature analysis for these columns, while other columns are analyzed with
actual material strength. It means that if the actual material strength is used, the ξ values of Columns
1, 3, and 4 should be less than 1.2. In other words, the maximum probable lateral strength of multi-
spiral columns is assumed to be 1.2 times maximum lateral force from moment-curvature analysis for
conservatism.

Figure 9. Ratios of maximum experimental lateral load to maximum analytical lateral load versus test number

Fig. 10 shows the theory to predict the failure mode of reinforced concrete columns. The max-
imum shear force corresponding to flexural strength is determined by moment-curvature analysis
Vmax

analysis = Mmax/L and the maximum probable shear force is assumed to be 1.2Vmax
analysis. Thus, if the

minimum shear strength of column (Vmin
mod) is higher than the maximum probable shear force (as seen

in Fig. 10(a)), the column is failed by flexure. On the contrary, if the maximum shear force (Vmax
analysis)

is higher than the minimum shear strength (Fig. 10(b)), the column will be failed by shear. These
findings are interpreted by two conditions as follows:
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The column will be failed by flexure if

Vmin
mod

Vmax
analysis

> 1.2 (23)

The column will be failed by shear if

Vmin
mod

Vmax
analysis

< 1 (24)

(a) Flexural failure (b) Shear failure

Figure 10. Prediction of flexural and shear failure mode

It is noticed that Vmin
mod is determined using the proposed model with a crack angle of 40 degrees,

as aforementioned. Based on Eqs. (23) and (24), the condition to determine the column failed by shear

or flexure is listed as follows (as illustrated in Fig. 11). If 1 ≤
Vmin

mod

Vmax
analysis

≤ 1.2, the columns may be

failed by shear or flexure.

Figure 11. Determining the failure mode based on Vmin
mod/V

max
analysis

A total of 29 multi-spiral columns failed by shear and flexure, as presented in Table 1, is used to
validate the proposed failure mode prediction method. The results are presented in Table 3. As seen
in Table 3, the proposed method exactly predicted failure mode for 17 of 18 columns failed by shear
with Vmin

mod/V
max
analysis < 1. Only column DM2RI-SS has 1 < Vmin

mod/V
max
analysis = 1.03 < 1.2 is not known

failed by shear or flexure. This column is stated failed by shear, but its lateral displacement ductility
is 4.7. Therefore, its failure mode is between flexure and shear is reasonable.

Meanwhile, for 11 columns that failed by flexure, the proposed method exactly predicts nine
columns, except Unit 5 and Unit 11. As a test result, Unit 5 was considered to fail by flexural, but
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Table 3. Prediction of failure mode for multi-spiral columns

No. Column name Actual failure mode
Vmin

mod

Vmax
analysis

Predicted failure mode

1 Inter 1 Shear 0.57 Shear
2 Inter 2 Shear 0.72 Shear
3 Inter 3 Shear 0.82 Shear
4 Inter 4-C Shear 0.74 Shear
5 Inter 4-T Shear 0.83 Shear
6 ISH1.0 Shear 0.76 Shear
7 ISH1.25 Shear 0.97 Shear
8 ISH1.5 Shear 0.83 Shear
9 ISH1.5T Shear 0.99 Shear
10 Column 1 Shear 0.75 Shear
11 Column 3 Shear 0.68 Shear
12 Column 4 Shear 0.83 Shear
13 DM1R-SL Shear 0.75 Shear
14 DM1R-SS Shear 0.80 Shear
15 DM2R-SL Shear 0.74 Shear
16 DM2R-SS Shear 0.99 Shear
17 DM2RI-SS Shear 1.03 Flexural-Shear
18 Unit 6 Shear 0.83 Shear
19 Unit 4 Flexure 1.30 Flexure
20 Unit 5 Flexure 0.96 Shear
21 DM-CS Flexure 1.77 Flexure
22 DM-CW Flexure 2.42 Flexure
23 CM-CW Flexure 1.88 Flexure
24 Unit 10 Flexure 1.31 Flexure
25 Unit 11 Flexure 1.16 Flexural-Shear
26 Unit 12 Flexure 1.24 Flexure
27 DMR1 Flexure 3.11 Flexure
28 DMR2 Flexure 2.53 Flexure
29 CMR1 Flexure 2.65 Flexure

Vmin
mod/V

max
analysis = 0.96 is close to unity, and its displacement ductility is 5.2. Therefore, although flex-

ural behavior is dominated but the shear damage is also affected by the failure mode of this column.
For Unit 11, which is not classified based on the proposed method, Vmin

mod/V
max
analysis = 1.16 close to 1.2

and displacement ductility of 10 indicates that the flexural-dominated is the behavior of this column.
All these findings proved that the proposed method could almost exactly predict the failure mode of
multi-spiral columns. For structural engineers, the Vmin

mod/V
max
analysis is recommended to be larger than 1.2

in order to avoid shear damage.
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5. Conclusions

This paper proposes a model to calculate the shear strength of multi-spiral columns considering
the effect of the compression zone. Based on that, the model to predict the failure mode of multi-spiral
columns is also proposed. The main conclusions are summarized as follows:

- A model to calculate the shear strength of column provided by multi-spiral transverse reinforce-
ment is proposed based on a discrete computational method. This model considers the effects of shear
crack angle, compression zone, the direction of loading, and the crack location.

- The proposed shear strength model with a crack angle of 40 degrees yields the best simulation
shear strength of multi-spiral columns.

- The failure mode of multi-spiral columns can be predicted using the proposed shear strength
model with a crack angle of 40 degrees combined with flexural strength from the moment-curvature
analysis. If ratio Vmin

mod/V
max
analysis < 1, the column is failed by shear, while if Vmin

mod/V
max
analysis > 1.2, the

column is failed by flexure. To avoid shear damage, the ratio Vmin
mod/V

max
analysis > 1.2 is recommended to

use in the design process.
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