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Abstract: Large-scale reinforced concrete columns with high-strength reinforcement and concrete were tested. The nominal compressive
strength of concrete was 70 MPa. The nominal yield strengths of longitudinal and shear reinforcement were 690 and 790 MPa, respectively.
The columns were subjected to double-curvature lateral cyclic loading under constant axial compression. Test variables included the amount
of shear reinforcement and level of axial compression. Test results showed that all the nine columns tested failed in shear and showed
a successful redistribution of internal forces at diagonal cracking. The stress of shear reinforcement at the peak load increased with an
increasing amount of shear reinforcement. Three of four columns with the highest amount of shear reinforcement (0.56%) showed yielding
of shear reinforcement at the peak load. By comparing with the test results of 86 high-strength columns from this research and the literature,
the minimum shear reinforcement equation of the ACI 318 code was found not able to prevent failure at diagonal cracking and failed to
provide a clear trend between the reserve shear strength and the amount of shear reinforcement. A minimum shear reinforcement equation is
thus proposed. The equation is based on the Vc equation of the ACI 318 code and can consider the effect of axial compression. Comparing 86
columns shows that the columns that failed at diagonal cracking do not satisfy the proposed equation. Moreover, the proposed equation
can provide a clear trend between the reserve shear strength and the amount of shear reinforcement. DOI: 10.1061/(ASCE)ST.1943-
541X.0002854. © 2020 American Society of Civil Engineers.

Author keywords: Seismic; Columns; High-strength concrete; High-strength reinforcement; Shear; Diagonal cracking; Axial compression;
Minimum shear reinforcement.

Introduction

As the population of urban areas increases, the need for high-rise
buildings increases. High-rise buildings accommodate more resi-
dents per land area, allowing for an urban area to be planned with
more green lands. Residents can thus enjoy a better living environ-
ment with better ventilation, sun lighting, and views than if the area
is crowded with low-rise buildings. However, as the number of
stories increases, the size of the columns and congestion of rein-
forcement increase due to increased gravity and seismic loads.
To reduce the impact of large column dimensions on the available
floor area and reinforcement congestion on construction, the use
of high-strength concrete and reinforcement becomes necessary.
To investigate the behavior of reinforced concrete (RC) with high-
strength concrete and reinforcement, the Taiwan New RC project
was initiated. This research is part of the project and is aimed

at examining the minimum amount of shear reinforcement for col-
umns with high-strength concrete and reinforcement.

Much research has been carried out in recent years to study
the shear behavior of beams and columns using high-strength
shear reinforcement. Six shear-critical beams with fyt ¼ 690 and
550 MPa were tested by Munikrishna et al. (2011). Test results
showed that shear reinforcement yielded at the ultimate condition.
The f 0

c of the beams ranged from 32.5 to 40.3 MPa. Tests of 25
shear-critical beams with high-strength shear reinforcement having
fyt ¼ 555.3–750.1 MPa (Lee et al. 2011, 2015) showed that shear
reinforcement of most of the beams yielded at the ultimate condi-
tion. Some beams with a low f 0

c did not show yielding of shear
reinforcement. They were designed with fyt ¼ 750.1 MPa with
f 0
c ¼ 25 MPa or fyt ¼ 667 MPa with f 0

c ¼ 33.6 MPa. These stud-
ies showed that high-strength shear reinforcement may not yield at
the ultimate when f 0

c is low. Two shear-critical columns with fyt ¼
735 MPa and f 0

c ¼ 113.8 MPa were tested by Kuramoto and
Minami (1992). Two shear-critical columns with fyt ¼ 875 MPa
and f 0

c ¼ 72.1 MPa were tested by Kuwada et al. (1993). In each
of the two tests, one column was subjected to an axial compressive
load of 0.17Agf 0

c, and the other one was 0.33Agf 0
c. The shear

reinforcement ratio of all the four columns was 0.53%. The shear
reinforcement of these four columns yielded at the peak applied
shear. In contrast, ten shear-critical columns with fyt ¼ 846 MPa
and f 0

c ¼ 57.1 MPa were tested by Seo and Noguch (1992). Seven
columns were subjected to an axial compressive load of 0.3Agf 0

c,
while the other three were 0, 0.15, and 0.6Agf 0

c. Shear reinforce-
ment ratios ranged from 0.3% to 1.8%. No yielding of shear
reinforcement was observed at the peak load. Since the columns
tested in these studies were rather small with a dimension 200 ×
200 mm or 300 × 300 mm. Column specimens with a dimension
of 600 × 600 mm were recently studied by Ou and Kurniawan
(2015a, b). A total of 16 columns with fyt ¼ 862 MPa and
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f 0
c ¼ 92.5–130 MPa were tested. Shear reinforcement ratio ranged

from 0.14% to 0.24%. Test results showed that the shear reinforce-
ment of all the columns did not yield at the peak load. However, it
was also observed that the stress of shear reinforcement increased
with an increasing amount of shear reinforcement. The studies on
columns mentioned showed that high-strength shear reinforcement
when used in columns may not yield even with the use of high-
strength concrete. The results of the tests by Ou and Kurniawan
(2015a, b) also showed that columns with high axial compression
failed right at diagonal cracking even though the amount of shear
reinforcement satisfied the minimum shear reinforcement require-
ment of the ACI 318 code. It was shown with increasing axial com-
pression, the diagonal cracking strength tended to increase, likely
increasing the internal forces that needed to be redistributed at the
diagonal cracking. More shear reinforcement was likely needed for
a successful redistribution of internal forces to avoid failure right at
diagonal cracking. However, the current minimum shear reinforce-
ment equations of the ACI 318-19 code does not consider the effect
of axial compression.

In this research, large-scale shear-critical column specimens
were tested. Longitudinal and shear reinforcement had a specified
yield strength of 690 and 790 MPa, respectively. The specified
concrete compressive strength was 70 MPa. This research is a

continuation of previous studies conducted by Ou and Kurniawan
(2015a, b). Columns with more shear reinforcement were tested in
this research. The main objective of this research is to investigate
the effect of axial compression and the amount of shear reinforce-
ment on the shear behavior of high-strength columns, particularly
on the stress of shear reinforcement at the peak load and failure
modes of columns. Moreover, a new minimum shear reinforcement
equation that can consider the effect of axial compression to ensure
a successful redistribution of internal forces at diagonal cracking is
proposed.

Experimental Program

Specimen Design and Test Set Up

A total of 10 columns were tested. The dimension and reinforce-
ment design of the specimens are shown in Fig. 1, and the im-
portant values of design parameters are listed in Table 1. All the
columns had a cross section of 600 × 600 mm and a clear height
of 1,800 mm. The actual yield strength of longitudinal reinforce-
ment (fyl) and shear reinforcement (fyt) were 735 and 862 MPa,
respectively. The actual compressive strength of concrete (f 0

c)

Section A -A Section B -B Section C-C

Unit: mm

(a) (b) (c)

AA

1900

85
0

18
00

85
0

2000

26
0

BB

1900

85
0

18
00

85
0

2000

16
0

CC

15
0

1900

85
0

18
00

85
0

2000

40

24-D25 (#8)

D13 (#4) @260

006

600

6@
78

.2
65

Lateral Cyclic Loading

65 40

24-D25 (#8)

D13 (#4) @160

006

600

6@
78

.2
65

Lateral Cyclic Loading

65

006

600

65
6@

78
.2

Lateral Cyclic Loading

65

24-D25 (#8)

D13 (#4) @150

40

Strain gauges on longitudinal reinforcement

Strain gauges on transverse reinforcement

Fig. 1. Column design: (a) A-3.1, B-3.1; (b) A-5, B-5, C-5, D-5; and (c) A-6, B-6, C-6 D-6.
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ranged from 78.0 to 101.1 (Table 1). The design variables of the
columns were the axial compression and amount of shear reinforce-
ment. Four levels of axial compression were studied, i.e., 10%,
20%, 30%, and 40%Agf 0

c. This is the same as in the previous re-
search by Ou and Kurniawan (2015a, b). Based on the level of axial
compression, the columns are referred to as series A, B, C, and D
columns, respectively. The amounts of shear reinforcement (ρt) ex-
amined in the previous research were 0.14% and 0.24%. In this
research, the amounts were increased to investigate the minimum
amount of shear reinforcement to ensure the successful redistrib-
ution of internal forces at diagonal cracking. In this research, the
amounts of shear reinforcement in series A and B columns were
0.24%, 0.40%, and 0.56%; while those of series C and D were
0.40% and 0.56%. In the previous research, D32 (No. 10) bars
were used for longitudinal reinforcement. In this research, they
were replaced with D25 (No. 8) bars because D32 was not avail-
able. However, the amount of longitudinal reinforcement remained
similar. It was 3.52% and 3.38% in the previous and this research.
The columns were tested using the multiaxial testing system
(MATS) (Fig. 2) at the National Center for Research on Earthquake
Engineering (NCREE), Taiwan. The columns were tested by lateral
double-curvature loading under a constant axial compression to
simulate the loading condition of a column in a moment-resisting
frame under gravity and seismic loads. During testing, an axial
compression according to the value in Table 1 was applied first

through hydraulic jacks beneath the steel floor supporting the
column. The axial compression remained constant throughout the
testing. Lateral cyclic loading was later applied using displacement
control to drift levels of 0.25%, 0.375%, 0.5%, 0.75%, 1.0%, 1.5%,
2.0%, 3.0%, 4.0%, and 5.0%. Each drift level was repeated three
times. Note that the peak drift that was actually achieved was less
because of the gaps between the actuator and the column. Actual
drifts are used in the following sections.

Test Results and Discussion

Damage Progress and Failure Modes

For series A columns, only columns A-3.1 and A-6 are presented
herein because testing of A-5 was not successful due to the inap-
propriate installation of the column in the testing machine. For col-
umns A-3.1 and A-6, as the lateral load increased, flexural cracks
near two ends appeared first, followed by flexural-shear cracks ex-
tended from the flexural cracks and then by web-shear cracks dis-
tributed over almost the entire height of the column. Column A-6
with 0.56% shear reinforcement showed a denser distribution of
cracks at the peak load than A-3.1 [Figs. 3(a and b)]. After the peak
load, diagonal cracks started to widen, eventually leading to the
crushing of concrete along diagonal cracks [Figs. 4(a and b)].

(b)(a)

SouthNorth
Lateral cyclic loading

Constant axial compression

6700

18
00

90
0

85
0

6300

18
00

85
0

42
00

80
0

Unit: mm

Steel floor

Reaction wall

Lateral actuator

4300

Strong floor

77
00

Fig. 2. (a) Multiaxial testing system (MATS); and (b) photograph of the test setup.

Table 1. Column design parameters

Column

Axial
compression ratio,
Nu=Agf 0

c (%)

Axial
compression
load (kN)

Concrete
compressive strength,

f 0
c (MPa)

Longitudinal
reinforcement,

D25(#8) Shear reinforcement, D13(#4)

fyl (MPa) ρl (%) fyt (MPa) s (mm) ρt (%)

A-3.1 3,319 92.2 260 0.24
A-5 10 2,531 70.3 160 0.40
A-6 3,268 90.8 150 0.56

B-3.1 5,616 78.0 260 0.24
B-5 20 5,616 78.0 735 3.38 862 160 0.40
B-6 7,279 101.1 150 0.56

C-5 30 8,597 79.6 160 0.40
C-6 8,672 80.3 150 0.56

D-5 40 11,923 82.8 160 0.40
D-6 12,226 84.9 150 0.56

© ASCE 04020313-3 J. Struct. Eng.
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The failure mode of both columns is shear failure. The lateral loads
of both columns continued increasing after diagonal cracking, in-
dicating a successful redistribution of internal forces at diagonal
cracking. The reserve shear strength ratios (α), defined as the ratio
of the ultimate shear strength (peak load) to the diagonal cracking
strength, of columns A-3.1 and A-6 are 1.31 and 1.85, respectively
(Table 2). The ratio increased with an increasing amount of shear
reinforcement because the diagonal cracking strength remained
similar, but the ultimate shear strength increased due to increasing
contribution from shear reinforcement. The ratios for both columns
are larger than one. This type of shear failure is referred to as type A
as illustrated in Fig. 5(a).

For series B columns, as the load increased, flexural cracks oc-
curred generally later than series A columns due to higher axial
compression. Flexural-shear and web-shear cracks appeared almost
simultaneously. Series B columns showed a higher diagonal crack-
ing strength than corresponding series A columns (B-3.1 versus
A-3.1 and B-6 versus A-6) (Table 2) and exhibited a less number
of cracks at peak load [Figs. 3(c–e)]. Failure of series B columns
was shear failure due to the widening of diagonal cracks, leading
to crushing of concrete along the cracks [Figs. 4(c–e)] and buck-
ling of longitudinal reinforcement. Column B-3.1 showed diago-
nal cracking during the drift cycles with a peak drift of 0.52%.
The peak load of B-3.1 also occurred during the same drift

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Fig. 3. Crack pattern at the ultimate condition (peak load) for columns: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5; (e) B-6; (f) C-5; (g) C-6; (h) D-5; and
(i) D-6.

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Fig. 4. Damage columns at the end of test: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5; (e) B-6; (f) C-5; (g) C-6; (h) D-5; and (i) D-6.

Table 2. Shear strengths at the diagonal cracking and ultimate condition (peak load)

Column

Diagonal cracking Ultimate condition (peak load)

α
Type of
failure

VMn
(kN)Drift ratio (%) σyt (MPa) Vtest d (kN) σyl (MPa) Drift ratio (%) σyt (MPa) Vtest u (kN) σyl (MPa)

A-3.1 0.37 50 1,382 347 0.84 329 1,817 496 1.31 A 2,573
A-6 0.37 17 1,339 258 1.82 862 2,480 690 1.85 A 2,558
B-3.1 0.28 37 1,999 198 0.52 506 1,999 451 1.00 B 2,678
B-5 0.48 52 2,010 341 0.68 642 2,195 380 1.09 A 2,678
B-6 0.50 64 2,197 293 1.19 592 2,856 494 1.30 A 3,079
C-5 0.55 42 2,400 311 0.55 394a 2,400 311 1.00 B 2,636
C-6 0.72 26 2,689 445 1.19 862 3,039 735 1.13 A 2,633
D-5 0.49 25 2,560 218 0.49 569a 2,560 218 1.00 B 2,618
D-6 0.52 173 2,341 335 0.75 862 2,535 473 1.08 A 2,647
aStress of shear reinforcement measured at a drift next to the ultimate drift (peak load).
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cycles (0.52%). Therefore, the reserve shear strength ratio of B-3.1
is 1.00. However, the column did not fail during this drift of
loading. The internal forces of the column were successfully redis-
tributed at the diagonal cracking. The column continued sustaining
a lateral load more than 80% of the peak load in the next drift of
loading (0.77%). This type of shear failure is referred to as type B,
as illustrated in Fig. 5(b). For columns B-5 and B-6, the lateral
load continued increasing after the drift level in which diagonal
cracking occurred. The reserve shear strength ratios of B-5 and
B-6 are 1.09 and 1.30, respectively. The failure of B-5 and B-6
is classified as type A shear failure. The reserve shear strength
ratios of series B columns are less than the corresponding series
A columns (e.g., B-3.1 versus A-3.1 and B-6 versus A-6) (Table 2).
The ratios reduced because the diagonal cracking strength in-
creased due to increased axial compression, while the shear
strength contribution from shear reinforcement to the ultimate shear
strength appeared to decrease (Table 2).

Due to the increase of the axial compression, series C columns
showed fewer cracks than corresponding series B columns
[Figs. 3(f and g)]. For column C-5, no flexural cracks were ob-
served before diagonal cracking. Flexure, flexural-shear, and web-
shear cracks appeared simultaneously during the same drift loading
(0.55%), and the column reached the peak load at the same drift.
However, the column did not fail and was able to take a lateral load
more than 80% of the peak load in the next drift level of loading
(0.82%). The failure mode is type B shear failure. Column C-5
eventually failed at a drift of 1.1% due to the widening of diagonal
cracks, leading to the crushing of concrete and buckling of longi-
tudinal reinforcement [Fig. 4(f)]. For column C-6, flexure, flexural-
shear, and web-shear cracks occurred consecutively. More cracks
appeared at the peak load than C-5. Column C-6 failed in a way
[Fig. 4(g)] similar to C-5 except that the toes at the two ends of
column C-6 showed more spalling due to a higher moment devel-
oped by a higher amount of shear reinforcement, delaying shear
failure. The lateral load of column C-6 continued increasing after
diagonal cracking. The reserve shear strength ratio is 1.13, and the
failure mode is classified as type A shear failure.

For column D-5, due to a further increased axial compression,
flexural-shear cracks did not appear. Flexural and web-shear cracks
occurred simultaneously during the drift loading of 0.49%. The col-
umn reached the peak load during the same drift loading. However,
the column was able to take a lateral load larger than 80% of the
peak load in the next drift level of loading (0.77%). The column
eventually failed due to the widening of shear cracks, leading to
crushing and spalling of concrete along the cracks and buckling
of longitudinal reinforcement [Fig. 4(h)]. The failure mode is

classified as type B shear failure. Column D-6 with more shear
reinforcement than D-5 showed more cracks [Fig. 3(i)]. For this
column, flexure, flexural-shear, and web-shear cracks appeared
consecutively. The lateral load continued increasing in the drift
level (0.75%) next to the drift with diagonal cracking (0.52%).
The failure mode is type A shear failure. The column eventually
failed due to the widening of shear cracks and the crushing of con-
crete [Fig. 4(i)] similar to D-5.

Lateral Force and Displacement Relationships

Figs. 6(a and b) show the lateral force and displacement relation-
ships of the columns. Note that the P −Δ effect due to the lateral
movement of the applied axial load has been removed from the
plots. Important events including flexural cracking, shear cracking,
and peak load are indicated in the plots. The strengths of all the
columns generally dropped rapidly after the peak load. This is typ-
ical of shear failure. Increasing the amount of shear reinforcement
slowed down the degradation of the strength after the peak (from
A-3.1 to A-6, B-3.1 to B-5, C-5 to C-6, and D-5 to D-6). The
column became more ductile. In contrast, increasing axial compres-
sion tended to increase the degradation of the strength after the peak
load and the column tended to fail more suddenly at a higher load
(from A-6 to D-6, and from B-5 to D-5). The behavior became
more brittle and failed more abruptly.

Diagonal Cracking Strength and Ultimate Shear
Strength

The diagonal cracking strength Vtest d and ultimate shear strength
Vtest u for each column are listed in Table 2. Note that Vtest d in-
cludes a small contribution from shear reinforcement. The contri-
bution is small because the maximum stress of shear reinforcement
at diagonal cracking is small, as listed in the third column of
Table 2. Table 2 shows that Vtest d increases with increasing axial
compression for series A, B, and C columns. However, the increase
in percentage decreases with increasing axial compression. From
series A to B columns, the average increase percentage is 52%,
while from series B to C columns, the average increase percentage
is 23%. When the axial compression is increased to the level of
series D columns, the Vtest d increases only slightly (C-5 to D-5)
or even decreases (C-6 to D-6). The average increase rate is −4%,
meaning there is a decrease. This phenomenon confirms again axial
compression is beneficial to diagonal cracking strength when it is
low. Axial compression turns detrimental to diagonal cracking
strength when it is high. This is because at high axial compression
the weakening effect of axial compression on diagonal tensile

(a) (b) (c) (d)

F
or

ce

Vu

Vc

Drift

0.8Pmax

Pmax

Failure

Drift

F
or

ce

Vc = Vu

0.8Pmax

Pmax

Next drift

Failure

Drift

F
or

ce

Failure

Vc = Vu

0.8Pmax

Pmax

Drift

F
or

ce

Vc = Vu

0.8Pmax

Pmax Next drift

Failure

Fig. 5. Types of shear failure: (a) Type A; (b) Type B; (c) Type C; and (d) Type D.
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strength is more than the decreasing effect of axial compression
on diagonal tension demand (Ou and Kurniawan 2015a). The de-
crease of diagonal tensile strength is more than the decrease of
diagonal tensile demand. Table 2 also shows that the diagonal
cracking strength is not significantly affected by the amount of
shear reinforcement.

A similar trend can be seen for the ultimate shear strength
(Table 2). With increasing axial compression, the ultimate shear
strength first increases and then decreases. For example, from
A-6 to B-6, from B-6 to C-6, and from C-6 to D-6, the percentage
increase of the ultimate shear strength is 15%, 6%, and −17%. It
appears that the beneficial effect of axial compression on the ulti-
mate shear strength is only for axial compression up to 30%Agf 0

c.
The positive effect disappears and turns negative when axial com-
pression increases to 40%Agf 0

c. This observation is consistent with
Ou and Kurniawan (2015a).

Stress of Longitudinal and Shear Reinforcement

The maximum stresses of longitudinal and shear reinforcement
at the diagonal cracking condition and at the ultimate condition
(peak load) are listed in Table 2. The table shows that longitudinal
reinforcement did not yield at the diagonal cracking for all the
columns. At the peak load condition, only the longitudinal rein-
forcement of column C-6 yielded. For this column, the peak load
is larger than the shear corresponding to the nominal moment
strength of the column calculated based on actual material strengths
(The last column of Table 2). Therefore, the failure mode of column
C-6 is a shear failure after reaching the nominal moment strength.
The maximum stresses of shear reinforcement of all the columns
were small right before diagonal cracking as listed in the third
column of Table 2. The stresses increased rapidly after diagonal
cracking. At the ultimate condition (peak load), many of the col-
umns did not show yielding of shear reinforcement. However, the

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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B-3.1

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

:Flexural crack
:Shear crack
:Peak applied load

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

La
te

ra
lf

or
c e

(k
N

)

B-5

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

La
te

ra
lf

or
ce

(k
N

)

B-6

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

La
te

ra
lf

or
ce

(k
N

)

C-5

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

A
pp

lie
d

Lo
ad

(k
N

)

C-6

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

La
te

ra
lf

or
ce

(k
N

)

D-5

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

-3500

-2800

-2100

-1400

-700

0

700

1400

2100

2800

3500

La
te

ra
lf

or
ce

(k
N

)
D-6

Fig. 6. Lateral force and displacement relationships: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5; (e) B-6; (f) C-5; (g) C-6; (h) D-5; and (i) D-6.
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results show that the maximum stress of shear reinforcement
tended to increase with increasing shear reinforcement. Columns
with the highest amount of shear reinforcement, 0.56%, showed
yielding of shear reinforcement at the ultimate condition except
for column B-6. Fig. 7 shows the distribution of the stress of shear
reinforcement along the height of the column at the diagonal
cracking and ultimate conditions. The yield stress, 862 MPa, is
also shown in the plots. Note that more strain gauges were applied
in series C and D columns than series A and B columns. Denser
strain data are shown in Fig. 7 for series C and D columns. More-
over, the strain gauges were applied on the legs of shear reinforce-
ment at or nearby the centroidal axis of the column section
(Fig. 1). Strain gauges may not capture the maximum stress of
shear reinforcement particularly when shear cracks are far away
from the gauges.

Examination of Minimum Shear Reinforcement
Equations

Minimum Shear Reinforcement Equation of ACI 318-19

The types of shear failure of the 9 columns tested in this research
and 16 columns tested previously (Ou and Kurniawan 2015a, b) are
listed in Table 3 according to the classification shown in Fig. 5.
Columns of failure types of A and B do not fail right at the diagonal
cracking and still can show a shear strength more than 80% of
the peak strength at the next drift level. They are considered to have
an acceptable behavior of shear failure. The amount of shear

reinforcement is sufficient to allow successful redistribution of in-
ternal forces at diagonal cracking. All the columns tested in this
research showed either type A or B behavior. Columns of failure
type C do not fail right at the diagonal cracking but cannot sustain a
lateral load more than 80% of the peak load at the next drift level.
The columns are considered to fail at the same drift as diagonal
cracking. Columns C-4 and D-1 to D-4 in the previous research
(Ou and Kurniawan 2015a) showed this type of failure mode. Col-
umns of failure type D fail right at the moment of diagonal crack-
ing. Columns C-1 and C-2 in the previous research (Ou and
Kurniawan 2015a) showed this type of failure mode. Failure types
C and D lack warning at failure and hence are considered not
acceptable. The amount of shear reinforcement should be increased
for columns with failure types of C and D.

To ensure a warning of failure, a minimum amount of shear
reinforcement as calculated by Eq. (1) or Eq. (2) is required by
the ACI code [ACI 318 (ACI 2019)] for columns when the factored
shear is more than half the design shear strength provided by con-
crete. The ratios of provided to required amounts of shear reinforce-
ment (ρt=ρt;minACI) of all the 25 columns tested in this research
and previous research (Ou and Kurniawan 2015a, b) are listed
in Table 3. The ratios of all the columns are larger than one, mean-
ing the amounts of shear reinforcement all satisfy the minimum
requirement of the ACI 318 code. All series A and B columns
showed acceptable failure types (A or B). However, many series C
and D columns showed unacceptable failure types (C or D). For
example, column C-1 with a provided amount 1.22 times the
amount required by the ACI code showed a failure type of D,
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Fig. 7. Stress distribution of shear reinforcement: (a) A-3.1; (b) A-6; (c) B-3.1; (d) B-5; (e) B-6; (f) C-5; (g) C-6; (h) D-5; and (i) D-6.
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meaning failure right at diagonal cracking. Column D-4 with a pro-
vided amount of 1.91 times the amount required by the code
showed a failure type of C. As stated previously, the diagonal
cracking strength increases with increasing axial compression. This
increases the internal force that needs to be redistributed at diagonal
cracking. However, the current equation of the minimum shear
reinforcement in the ACI code [Eq. (1) or Eq. (2)] does not consider
this effect of axial compression. The current equation only consid-
ers the effects of concrete compressive strength (f 0

c) and yield
strength of shear reinforcement (fyt)

Av;minACI ¼ 0.062
ffiffiffiffiffi
f 0
c

p bws
fyt

≥ 0.35bws
fyt

ðMPaÞ ð1Þ

ρt;minACI ¼
Av;minACI

bws
¼ 0.062

ffiffiffiffiffi
f 0
c

p
fyt

≥ 0.35
fyt

ðMPaÞ ð2Þ

Proposed Minimum Shear Reinforcement Equation

To ensure successful redistribution of internal forces at diagonal
cracking, the minimum shear reinforcement should provide a shear
strength that is proportional to the diagonal cracking strength. Since
in the ACI 318 code the diagonal cracking strength is represented
by Vc, the shear strength provided by the minimum shear reinforce-
ment should be proportional to Vc. It is therefore proposed that the
shear strength provided by the minimum shear reinforcement
should be approximately equal to 0.365Vc as defined by Eq. (3).
The Vc in Eq. (3) is from ACI 318-19 (ACI 2019) and includes the
effect of axial compression as defined in Eq. (4). Combining
Eqs. (3)–(5) and considering the current minimum shear reinforce-
ment equation as the lower bound leads to the proposed minimum
shear reinforcement equation as defined by Eq. (6) or Eq. (7). The
coefficient in Eq. (3) is chosen so that when axial compression is
zero (Nu ¼ 0), the proposed equation [Eq. (6) or Eq. (7)] turns back
to the current minimum shear reinforcement equation [Eq. (1) or
Eq. (2)]. The maximum value of fyt in Eqs. (6) and (7) is set as
550 MPa according to ACI 318-19 for seismic design

Vs;min;p ¼ 0.062
0.17

Vc ≈ 0.365Vc ð3Þ

Vc ¼
�
0.17

ffiffiffiffiffi
f 0
c

p
þ Nu

6Ag

�
bwd ðMPaÞ ð4Þ

Vs;min;p ¼ Av;min;pfytd

s
ð5Þ

Av;min;p ¼ 0.062

� ffiffiffiffiffi
f 0
c

p
þ Nu

1.02Ag

�
bws
fyt

≥ Av;minACI ðMPaÞ ð6Þ

ρt;min;p ¼ 0.062

� ffiffiffiffiffi
f 0
c

p
þ Nu

1.02Ag

�
1

fyt
≥ ρt;minACI ðMPaÞ ð7Þ

d is taken as 80% of the full height of the cross section h.
The ratios of provided to required (by the proposed equation)

amounts of shear reinforcement (ρt=ρt;min;p) of all the 25 columns
are listed in Table 3. The results show that the ratios (ρt=ρt;min;p) of
all the seven columns with unacceptable failure modes (C-1, C-2,
C-4, D-1 to D-4) are much lower than one (≤0.5). In other words,
these columns do not have a sufficient amount of shear reinforce-
ment based on the proposed equation. This matches the failure
modes of these columns. For those that showed acceptable failure
modes, the proposed equation appears to be quite conservative for
some columns subjected to low axial compression. For example,
column B-1 and B-2 have the ratios (ρt=ρt;min;p) of 0.48 and
0.37, respectively, but still showed a failure mode of type A. Note
again that the proposed equation becomes the current minimum
shear reinforcement equation when the axial compression is zero.

A test database was established from the literature (Akihiko
et al. 1990; Aoyama 2001; Kuramoto and Minami 1992; Maruta
2008; Ou and Kurniawan 2015a, b; Sakaguchi et al. 1990;
Shinohara et al. 2008; Sibata et al. 1997; Takaine et al. 2010;
Takami and Yoshioka 1997). The database contains 86 shear-
critical high-strength columns. The major design parameters are
listed in Appendix. The values of α (reserve shear strength ratio),
ρt=ρt;minACI , and ρt=ρt;min;p (proposed), of all the 86 columns were
calculated and are listed in Appendix. Fig. 8(a) shows the relation-
ship between α and ρt=ρt;minACI of all the columns. The figure
shows there is no clear trend between α and ρt=ρt;minACI , particu-
larly for columns with high axial compression. The results also
show that 12 columns with ρt=ρt;minACI > 1.0 have α ¼ 1.0. Many
of which do not have successful redistribution of internal forces at
diagonal cracking (e.g., C-1, C-2, C-4, D-1 to D-4). This means the
minimum amount of shear reinforcement of the ACI code cannot
prevent failure at diagonal cracking. Fig. 8(b) shows the relation-
ship between α and ρt=ρt;min;p of all the columns. A clear trend can
be seen. The reserve shear strength ratio α increases with increasing
value of ρt=ρt;min;p. Most of the columns with α ¼ 1.0 fall into the
second quadrant, meaning they do not satisfy the proposed mini-
mum shear reinforcement equation. There is only one column with

Table 3. Examination of minimum shear reinforcement equations using 25 columns

Column
ρt

ρt;minACI

ρt
ρt;min;p Type of failure α Column

ρt
ρt;minACI

ρt
ρt;min;p Type of failure α

A-1 1.30 0.67 A 1.25 C-1 1.22 0.31 D 1.00
A-2 1.23 0.62 A 1.27 C-2 1.06 0.24 D 1.00
A-3 2.20 1.12 A 1.39 C-3 2.11 0.53 A 1.03
A-4 2.09 1.04 A 1.37 C-4 1.90 0.44 C 1.00
A-3.1 2.25 1.16 A 1.31 C-5 3.94 1.09 B 1.00
A-6 5.24 2.71 A 1.85 C-6 5.58 1.53 A 1.13
B-1 1.20 0.48 A 1.12 D-1 1.24 0.25 C 1.00
B-2 1.12 0.37 A 1.14 D-2 1.11 0.21 C 1.00
B-3 2.03 0.66 A 1.15 D-3 2.09 0.42 C 1.00
B-4 1.96 0.62 A 1.20 D-4 1.91 0.35 C 1.00
B-3.1 2.45 0.90 B 1.00 D-5 3.86 0.85 B 1.00
B-5 3.98 1.46 A 1.09 D-6 5.42 1.18 A 1.08
B-6 4.97 1.67 A 1.30 — — — — —
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α ¼ 1.0 but still in the first quadrant. The column is C-5, which
has ρt=ρt;min;p ¼ 1.09. The failure mode of this columns is type B
(Table 3), which is considered acceptable, as stated previously.
Some columns with α > 1.0 still fall into the second quadrant,
meaning the proposed equation is conservative. Note that the pro-
posed equation has been validated only by columns with high-
strength reinforcement and concrete. Its applicability to normal-
strength columns has yet to be investigated.

Summaries and Conclusions

Large-scale shear-critical columns with high-strength reinforce-
ment and concrete were tested in this research. This research
is a continuation of previous studies by Ou and Kurniawan
(2015a, b). Test results of this research and those from previous
studies were used to investigate the minimum shear reinforcement
required for successful redistribution of internal forces at diagonal
cracking. Important conclusions are summarized as follows.
1. All the nine columns tested in this research showed shear

failure. The behavior of the columns turned more brittle with
increasing axial compression and decreasing amount of shear
reinforcement. All the nine columns showed acceptable shear
failure modes, i.e., no columns failed at the same drift as the
diagonal cracking. The shear reinforcement was sufficient to
allow successful redistribution of internal forces at diagonal
cracking.

2. All columns tested in this research reached the peak load with-
out yielding of longitudinal reinforcement except for column

C-6, which failed in shear after nominal moment strength
was reached. Many of the columns reached the peak load with-
out yielding of shear reinforcement. However, the stress of shear
reinforcement tended to increase with an increasing amount of
shear reinforcement. Three of the four columns with the highest
amount of shear reinforcement (0.56%) reached the peak load
with yielding of shear reinforcement.

3. From 25 columns tested in this research and previous research
by Ou and Kurniawan (2015a, b), it was found that many of
the columns with high axial compression (30% − 40%Agf 0

c)
showed unacceptable failure modes, i.e., failure at the same
drift as diagonal cracking, even though the provided amount
of shear reinforcement satisfied the minimum shear reinforce-
ment equation of the ACI 318 code. Moreover, from a database
of 86 high-strength columns, by using the minimum shear
reinforcement equation of the ACI 318 code, no clear trend
was observed between the reserve shear strength and the ratio
of provided to the required amount of shear reinforcement, par-
ticularly for columns with high axial compression (≥30%Agf 0

c).
To address this issue, a minimum shear reinforcement equation
is proposed based on the Vc equation of the ACI 318-19 code,
which includes the effect of axial compression. By comparing
with the 86 columns, the proposed equation showed a clear
trend between the reserve shear strength and the ratio of pro-
vided to a required amount of shear reinforcement. Moreover,
the proposed equation indicated that all the columns with unac-
ceptable failure modes did not have a sufficient amount of shear
reinforcement for successful redistribution of internal forces at
diagonal cracking.

Appendix. Test Database of Shear-Critical High-Strength Columns

Major design parameters of shear-critical high-strength columns.

References Column
f 0
c

(MPa)
fyt

(MPa)
fyl

(MPa)
Nu

Agf 0
c
(%) bw

(mm)
h

(mm)
d

(mm) a=d
ρl
(%)

ρt
(%)

ρw
(%)

Reserve
strength
ratio

ρt
ρt;minACI

ρt
ρt;min;p

Sakaguchi
et al. (1990)

C1 93.5 0 957 0.39 400 400 320 1.25 2.14 0.00 0.89 1.00 — —
C2 93.5 1,360 957 0.39 400 400 320 1.25 2.14 0.16 0.89 1.10 1.45 0.31
C4 77 1,400 957 0.24 400 400 320 1.25 2.14 0.40 0.89 1.43 4.04 1.32
C5 93.5 1,400 957 0.39 400 400 320 1.25 2.14 0.40 0.89 1.26 3.67 0.78
C6 77 1,400 957 0.48 400 400 320 1.25 2.14 0.40 0.89 1.14 4.04 0.79
C7 93.5 1,400 957 0.39 400 400 320 1.25 2.14 0.62 0.89 1.32 5.64 1.20
C8 93.5 1,400 957 0.39 400 400 320 1.25 2.14 0.80 0.89 1.37 7.34 1.56

(a) (b)
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0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7 8 9
ρt/ρt,min,p

ρt /ρt,minACI

αα

0

0.5

1

1.5

2

2.5

3

0<P/Agfc'< 0.3

0.3≤P/Agfc'≤ 0.6

0<P/Agfc'< 0.3

0.3≤P/Agfc'≤ 0.6

Fig. 8. Examination using 86 high-strength columns: (a) ACI 318-19 minimum shear reinforcement equation; and (b) proposed minimum shear
reinforcement equation.
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Appendix. (Continued.)

References Column
f 0
c

(MPa)
fyt

(MPa)
fyl

(MPa)
Nu

Agf 0
c
(%) bw

(mm)
h

(mm)
d

(mm) a=d
ρl
(%)

ρt
(%)

ρw
(%)

Reserve
strength
ratio

ρt
ρt;minACI

ρt
ρt;min;p

Maruta
(2008)

H-0.6-0.15 128 1,053 1,030 0.15 200 200 160 1.25 3.80 0.60 1.58 1.93 4.70 1.77
H-0.6-0.3 125 1,053 1,030 0.30 200 200 160 1.25 3.80 0.60 1.58 1.41 4.76 1.11
H-0.6-0.6 120 1,053 1,030 0.60 200 200 160 1.25 3.80 0.60 1.58 1.12 4.86 0.65
HS-0.6-0.3 128 1,053 1,030 0.30 200 200 160 1.25 3.80 0.60 1.58 1.24 4.70 1.09
HS-0.6-0.6 128 1,053 1,030 0.60 200 200 160 1.25 3.80 0.60 1.58 1.14 4.70 0.61
HS-1.2-0.6 129 1,053 1,030 0.60 200 200 160 1.25 3.80 1.20 1.58 1.10 9.37 1.22
H-0.3-0.6 128 1,053 1,030 0.60 200 200 160 1.25 3.80 0.30 1.58 1.13 2.35 0.31
H-1.2-0.6 121 1,053 1,030 0.60 200 200 160 1.25 3.80 1.20 1.58 1.23 9.68 1.30
H-1.8-0.6 130 1,053 1,030 0.60 200 200 160 1.25 3.80 1.80 1.58 1.32 14.00 1.82
H-0.3-0.3 130 1,053 1,030 0.30 200 200 160 1.25 3.80 0.30 1.58 1.33 2.33 0.54
H-1.2-0.3 121 1,053 1,030 0.30 200 200 160 1.25 3.80 1.20 1.58 1.95 9.68 2.28
H-1.8-0.3 121 1,053 1,030 0.30 200 200 160 1.25 3.80 1.80 1.58 1.82 14.52 3.43
U-0.4-0.6 130 1,450 1,030 0.60 200 200 160 1.25 3.80 0.40 1.58 1.06 3.11 0.40
U-0.7-0.6 129 1,450 1,030 0.60 200 200 160 1.25 3.80 0.70 1.58 1.11 5.47 0.71

Takami and
Yoshioka
(1997)

No. 1 99 757 999 0.13 250 250 200 1.25 3.80 0.51 1.58 1.51 4.55 2.01
No. 2 99 757 999 0.32 250 250 200 1.25 3.80 0.51 1.58 1.34 4.55 1.11
No. 3 99 757 999 0.51 250 250 200 1.25 3.80 0.51 1.58 1.30 4.55 0.76
No. 5 99 757 999 0.13 250 250 200 1.25 3.80 1.02 1.58 2.11 9.11 4.02
No. 6 99 757 999 0.32 250 250 200 1.25 3.80 1.02 1.58 1.44 9.11 2.21
No. 7 99 757 999 0.51 250 250 200 1.25 3.80 1.02 1.58 1.37 9.11 1.53

Takaine
et al. (2010)

H20A-U045s-C-1 188 1,334 1,106 0.30 200 200 160 1.25 5.70 0.45 2.67 1.42 2.91 0.58
H20A-U045s-0.6C-1 198 1,334 1,106 0.60 200 200 160 1.25 5.70 0.45 2.67 1.11 2.84 0.31
H20A-U045s-C-1.25 200 1,313 1,106 0.30 450 450 360 1.56 3.40 0.45 0.88 1.00 2.82 0.55
H20A-U045s-0.6C-1.25 205 1,313 1,106 0.60 450 450 360 1.56 3.40 0.45 0.88 1.02 2.79 0.30

Kuramoto
and Minami
(1992)

C61 113.8 407 736 0.17 300 300 240 1.88 3.80 1.19 1.58 1.87 7.32 2.67
C62 113.8 735 736 0.17 300 300 240 1.88 3.80 0.53 1.58 1.50 4.41 1.61
C63 113.8 766 736 0.17 300 300 240 1.88 3.80 1.19 1.58 1.86 9.90 3.61
C31 113.8 407 736 0.33 300 300 240 1.88 3.80 1.19 1.58 1.17 7.32 1.63
C32 113.8 735 736 0.33 300 300 240 1.88 3.80 0.53 1.58 1.14 4.41 0.98
C33 113.8 766 736 0.33 300 300 240 1.88 3.80 1.19 1.58 1.32 9.90 2.21

Aoyama
(2001)

6-1 73.5 402 757 0.17 300 300 240 1.88 3.80 0.53 1.58 1.33 4.01 1.67
6-2 73.5 409 757 0.17 300 300 240 1.88 3.80 1.19 1.58 1.56 9.16 3.81
6-3 73.5 934 757 0.17 300 300 240 1.88 3.80 0.53 1.58 1.63 5.48 2.28
6-4 73.5 1,091 757 0.17 300 300 240 1.88 3.80 1.19 1.58 1.66 12.31 5.13
3-1 73.5 402 757 0.33 300 300 240 1.88 3.80 0.53 1.58 1.12 4.01 1.05
3-2 73.5 409 757 0.33 300 300 240 1.88 3.80 1.19 1.58 1.41 9.16 2.41
3-3 73.5 934 757 0.33 300 300 240 1.88 3.80 0.53 1.58 1.23 5.48 1.44
3-4 73.5 1,091 757 0.33 300 300 240 1.88 3.80 1.19 1.58 1.49 12.31 3.24

Shinohara
et al. (2008)

HRC-0.39-0.10 98 1,425 1,034 0.10 200 250 200 1.50 3.17 0.39 1.98 1.62 3.49 1.77
HRC-0.39-0.28 121 1,425 1,034 0.28 200 250 200 1.50 3.17 0.39 1.98 1.19 3.15 0.78
HRC-0.39L-0.28 109 596 1,034 0.28 200 250 200 1.50 3.17 0.39 1.98 1.13 3.31 0.86
HRC-0.78-0.10 98 1,342 1,034 0.10 200 250 200 1.50 3.17 0.78 1.98 2.84 6.99 3.55
HRC-0.78-0.28 122 1,342 1,034 0.28 200 250 200 1.50 3.17 0.78 1.98 1.93 6.26 1.55

Akihiko
et al. (1990)

CA12-6-1 114 406 736 0.17 300 300 240 1.88 3.80 1.19 1.58 1.84 7.32 2.67
CA12-6-2 114 734 736 0.17 300 300 240 1.88 3.80 0.53 1.58 1.58 4.41 1.61
CA12-6-3 114 765 736 0.17 300 300 240 1.88 3.80 1.19 1.58 1.74 9.90 3.61
CA12-3-1 114 406 736 0.33 300 300 240 1.88 3.80 1.19 1.58 1.14 7.32 1.63
CA12-3-2 114 734 736 0.33 300 300 240 1.88 3.80 0.53 1.58 1.13 4.41 0.98
CA12-3-3 114 765 736 0.33 300 300 240 1.88 3.80 1.19 1.58 1.33 9.90 2.21

Sibata et al.
(1997)

B-12 118 870 685 0.30 300 300 240 1.88 3.52 0.20 1.37 1.20 1.64 0.39
B-13 118 870 685 0.30 300 300 240 1.88 3.52 0.40 1.37 1.16 3.27 0.78
B-14 118 870 685 0.30 300 300 240 1.88 3.52 0.80 1.37 1.12 6.54 1.56
B-15 118 870 685 0.30 300 300 240 1.88 3.52 1.14 1.37 1.36 9.32 2.22
B-16 118 870 685 0.30 300 300 240 1.25 3.52 0.40 1.37 1.26 3.27 0.78

Ou and
Kurniawan
(2015b)

A-1 92.5 862 735 0.10 600 600 480 1.88 3.52 0.16 1.37 1.25 1.30 0.67
A-2 103.2 862 735 0.10 600 600 480 1.88 3.52 0.16 1.37 1.27 1.23 0.62
A-3 96.9 862 735 0.10 600 600 480 1.88 3.52 0.28 1.37 1.39 2.20 1.12
A-4 107.1 862 735 0.10 600 600 480 1.88 3.52 0.28 1.37 1.37 2.09 1.04
B-1 108.3 862 735 0.15 600 600 480 1.88 3.52 0.16 1.37 1.12 1.20 0.48
B-2 125.0 862 735 0.18 600 600 480 1.88 3.52 0.16 1.37 1.14 1.12 0.37
B-3 112.8 862 735 0.20 600 600 480 1.88 3.52 0.28 1.37 1.15 2.03 0.66
B-4 121.0 862 735 0.20 600 600 480 1.88 3.52 0.28 1.37 1.20 1.96 0.62

© ASCE 04020313-10 J. Struct. Eng.

 J. Struct. Eng., 2021, 147(2): 04020313 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
at

io
na

l T
ai

w
an

 U
ni

ve
rs

ity
 o

n 
01

/1
9/

21
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Appendix. (Continued.)

References Column
f 0
c

(MPa)
fyt

(MPa)
fyl

(MPa)
Nu

Agf 0
c
(%) bw

(mm)
h

(mm)
d

(mm) a=d
ρl
(%)

ρt
(%)

ρw
(%)

Reserve
strength
ratio

ρt
ρt;minACI

ρt
ρt;min;p

Ou and
Kurniawan
(2015a)

C-1 104.1 862 735 0.30 600 600 480 1.88 3.52 0.16 1.37 1.00 1.22 0.31
C-2 138.8 862 735 0.30 600 600 480 1.88 3.52 0.16 1.37 1.00 1.06 0.24
C-3 104.6 862 735 0.30 600 600 480 1.88 3.52 0.28 1.37 1.03 2.11 0.53
C-4 130.0 862 735 0.30 600 600 480 1.88 3.52 0.28 1.37 1.00 1.90 0.44
D-1 101.0 862 735 0.40 600 600 480 1.88 3.52 0.16 1.37 1.00 1.24 0.25
D-2 125.5 862 735 0.40 600 600 480 1.88 3.52 0.16 1.37 1.00 1.11 0.21
D-3 106.4 862 735 0.40 600 600 480 1.88 3.52 0.28 1.37 1.00 2.09 0.42
D-4 127.8 862 735 0.40 600 600 480 1.88 3.52 0.28 1.37 1.00 1.91 0.35

This
research

A-3.1 92.2 862 735 0.10 600 600 480 1.88 3.38 0.28 1.23 1.31 2.25 1.16
A-6 90.8 862 735 0.10 600 600 480 1.88 3.38 0.65 1.23 1.85 5.24 2.71
B-3.1 78.0 862 735 0.20 600 600 480 1.88 3.38 0.28 1.23 1.00 2.45 0.90
B-5 78.0 862 735 0.20 600 600 480 1.88 3.38 0.46 1.23 1.09 3.98 1.46
B-6 101.1 862 735 0.20 600 600 480 1.88 3.38 0.65 1.23 1.30 4.97 1.67
C-5 79.6 862 735 0.30 600 600 480 1.88 3.38 0.46 1.23 1.00 3.94 1.09
C-6 80.3 862 735 0.30 600 600 480 1.88 3.38 0.65 1.23 1.13 5.58 1.53
D-5 82.8 862 735 0.40 600 600 480 1.88 3.38 0.46 1.23 1.00 3.86 0.85
D-6 84.9 862 735 0.40 600 600 480 1.88 3.38 0.65 1.23 1.08 5.42 1.18
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Notation

The following symbols are used in this paper:
Ag = gross area of concrete cross section;

Av;min;p = proposed minimum area of shear reinforcement;
Av;minACI =minimum area of shear reinforcement specified by

ACI 318-19;
a = shear span;

bw = web width of member cross section;
d = effective depth of member cross section, which is

taken as 80% h;
f 0
c = concrete compressive strength;

fyl = yield strength of longitudinal reinforcement;
fyt = yield strength of shear reinforcement;
h = overall height of member cross section;

Nu = applied axial load (positive in compression);
s = spacing of shear reinforcement;

Vc = nominal shear strength provided by concrete;
VMn = shear corresponding to the flexural strength;

Vtest d = experimental shear strength at diagonal cracking
condition;

Vtest u = experimental shear strength at ultimate condition
(peak load);

α = reserve shear strength ratio (Vtest u=Vtest d);

ρl = longitudinal reinforcement ratio;
ρt = shear reinforcement ratio;

ρt;minACI = minimum shear reinforcement ratio specified by ACI
318-19;

ρt;min;p = proposed minimum shear reinforcement ratio;
ρw = longitudinal tension reinforcement ratio;
σyl = maximum stress in longitudinal reinforcement; and
σyt = maximum stress in shear reinforcement.
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