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Abstract. This paper tested the behaviour of 32 high-strength concrete columns confined by high-strength spirals under
concentric compression. The test parameters included unconfined concrete compressive strength, spiral yield strength,
volumetric ratio, and spiral spacing. The results showed that bulging and shear sliding were the two characteristic types
of failure patterns of the thirty-two confined columns, depending on spiral spacing and concrete strength. Moreover, the
spiral in most specimens did not yield at the confined concrete compressive strength. An analytical confinement model for
high-strength concrete columns confined by high-strength spirals was proposed. In this proposed model, the calculated
value of the spiral stress at the confined concrete compressive strength was used to calculate the feature points of the stress-
strain curve. The proposed model showed good correlations with available experimental results of 64 columns.
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Introduction

High-strength concrete (HSC) is widely used in the con-
struction industry, particularly in high-rise and large-span
buildings. Using HSC in columns can effectively reduce
column size because of the high load-carrying capacity
per unit weight of HSC. The reduction in column size re-
sults spacious buildings and bridges. Moreover, the high
density of HSC leads to beneficial effects for sustainable
development (Ramezanianpour, 2014). High-strength
concrete columns confined by conventional stirrups can
increase concrete compressive strength and peak strain at
the maximum strength of confined concrete to a certain
extent (Han et al., 2003). However, normal-strength stir-
rups provide low confinement pressure for HSC columns,
and consequently, the high compressive strength of HSC
may not be completely developed. On the contrary, high-
strength stirrups not only allow complete development
of the high compressive strength of HSC, but also reduce
the number of stirrups required. Moreover, HSC columns
confined by high-strength stirrups, show good deform-
ability (Paultre et al., 2001). Currently, several interna-

tional design codes recommend the use of high-strength
steel bars as stirrups. Presently, high-strength steel bars
are widely used in practice. The ACI 318-19 code permits
the use of high-strength steel bars with the maximum
yield strength of 690 MPa as spirals in design (American
Concrete Institute [ACI], 2019). Grade 800 MPa steel bars
are also recommended for use as stirrups in practice in
NZS 3101 (Standard Association of New Zealand, 2006).
Deformed steel bars with yield strength of 785 MPa are
commercially available in Taiwan for use as stirrups (Ou
& Kurniawan, 2015a, 2015b).

Recently, valuable experimental research efforts have
focused on the behaviour of HSC columns confined by
high-strength steel bars under concentric (Taheri et al,,
2017; Razvi & Shaikh, 2018; Eid et al., 2018; Campione
& Minafo, 2010; Bing et al., 2001; Foster & Attard, 2008;
Issa & Toban, 1994; Cusson & Paultre, 1994; Afifi et al,,
2014, 2015; Wang et al., 2017; Li et al., 2018) and eccen-
tric loadings (Liao et al., 2017; Hadi & Zhao, 2011; Kim
et al., 2017b). Yong et al. (1988) tested 24 confined con-
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crete columns, with concrete compressive strength rang-
ing from 83.6 MPa to 93.5 MPa and stirrup yield strength
of 500 MPa, subjected to concentric compression. He re-
ported that the volumetric ratio (p, = Vg, /sA.,,) affected
the behaviour of the confined columns under concentric
compression. As the volumetric ratio increased, the com-
pressive strength of the confined concrete columns and
peak strain increased. Based on the tests on 20 short cir-
cular high-strength confined columns with concrete com-
pressive strength ranging from 60 MPa to 124 MPa and
spiral yield strength ranging from 400 MPa to 1000 MPa
under concentric compression, Razvi (1995), Razvi and
Saatcioglu (1999a) concluded that the high lateral pressure
required to confine HSC columns can be provided either
by increasing the volumetric ratio or the grade of spiral.
They reported that the ratio pfy,/f. was a suitable design
parameter for confinement of circular HSC columns. In
summary, studies avaliable on the behaviour of high-
strength confined concrete circular columns with spiral
yield strength higher than 700 MPa are limited.

Several confinement models have been proposed for
high-strength confined concrete columns under concen-
tric compression (Razvi & Saatcioglu, 1999a, 1999b; Aki-
yama et al., 2010; Legeron & Paultre, 2003; Hong et al.,
2006; Baduge et al., 2018; Kim et al.,, 2016, 2017a). Razvi
and Saatcioglu (1999b) proposed a confinement model for
confined concrete based on the test results of 40 circular
and rectangular specimens with unconfined concrete com-
pressive strength ranging from 51 MPa to 105 MPa and
stirrup yield strength ranging from 400 MPa to 1000 MPa.
The type of stirrup, volumetric ratio, arrangement of stir-
rup, concrete strength and section geometry were the
factors considered in this model. Akiyama et al. (2010)
developed a formalised stress-average strain model based
on an analysis of the test results of 27 confined concrete
columns with unconfined concrete compressive strength
raning from 44 MPa to 120 MPa and stirrup yield strength
ranging from 1395 MPa to 1480 MPa. Effective confine-
ment pressure and compressive fracture energy were used
in this model. The above mentioned confinement models
and current design codes EN 1992-1-1:2004 (European
Committee for Standardization [CEN], 2004), CEB-FIB
Bulletin 66 (The International Federation for Structural
Concrete [FIB], 2010), CSA A23.3-04 (Canadian Stan-
dards Association [CSA], 2004), and GB50010-2010 (Chi-
na Architecture & Building Press, 2011) assume that the
stirrup yield at compressive strength of confined concrete
is accurate for concrete columns confined by normal-
strength stirrups. However, the effect of confinement is
overestimated based on this assumption, particularly for
HSC columns confined by high-strength stirrups (Assa
et al., 2001a, 2001b; Antonius, 2014) because stirrup
stress may lower than stirrup yield strength at confined
concrete compressive strength (Zheng et al., 2018). The
spatial distribution of stirrup yield strength should be
considered in the design of confined concrete columns.
The parameters influencing of development of stirrup
strain at confined concrete compressive strength should

be considered as well. Kim et al. (2017a) evaluated the
pure confinement effect of spirals based on experimental
results of 75 confined concrete columns with uncon-
fined concrete compressive strength raning from 28 MPa
to 100.1 MPa and spiral yield strength ranging from
472 MPa to 1430 MPa. All the 75 confined concrete col-
umns were designed to exclude concrete cover and lon-
gitudinal reinfrocement. An model using relationship
between axial and lateral strain at peak stress of confined
concrete was developed to predict the stress-strain rela-
tionship of confined concrete. Cusson and Paultre (1995)
proposed a confinement model based on the results of
tests of 50 high-strength confined columns. In Cusson’s
model, the process of stirrup stress calculation at confined
concrete compressive strength was quite complicated. The
process of iterative calculations reduced the calculation
efficiency of this model. Therefore, a simple equation of
stirrup stress at confined concrete compressive strength
and an accuate confinement model is required to predict
the stress-strain curves of HSC columns confined by high-
strength stirrups.

The aforementioned research works shows that there
are presently few experimental and theoretical studies
on HSC columns confined by high-strength spirals. In
this study, 32 HSC columns confined by high-strength
spirals were tested under concentric compression. Based
on the experimental results, we studied the influence of
unconfined concrete compressive strength, volumetric
ratio and spiral yield strength on the stress-strain curve
of confined concrete. Besides, an equation of spiral strain
at confined concrete compressive strength was established.
Finally, a confinement model for HSC columns confined
by high-strength spirals was proposed and evaluated by
comparing the predicted values with the experimental
results of 64 HSC columns confined by high-strength
spirals.

1. Experimental program

1.1. Test specimens

A total of 32 HSC circular columns, each 265 mm in di-
ameter and 1100 mm in height, confined by high-strength
spirals, were tested under concentric compression. The
circular confined concrete columns used four longitudi-
nal reinforcement steel bars with diameter of 10 mm and
yield strength of 480 MPa. All the columns were equipped
with spirals and the covers of the columns were 10 mm.
The three main parameters of confinement were uncon-
fined concrete compressive strength, spiral yield strength
and volumetric ratio. There were four different concrete
compressive strengths, ranging from 47.09 to 75.64 MPa.
Two different grades of spiral were used in the test col-
umns: steel of Grade 800 MPa and Grade 970 MPa. There
are four different volumetric ratios, ranging from 0.9% to
2.0%. The spiral spacing met the maximum and minimum
spacing requirements specified in ACI 318-19 (ACI, 2019).
Figure 1 shows the geometry and reinforcement details
of the columns under concentric loads, and Table 1 lists
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Figure 1. Geometric details of test columns

the complete specifications for each column. Carbon fibre
clothes were used around the top and bottom 150 mm of
the columns to prevent sudden damage of the specimens
in the end regions, as shown in Figure 2.

1.2. Material properties

Each column was constructed using normal-weight,
ready-mix concrete. The cube compressive strengths of
each batch were determined by testing six 150x150x150
mm cubes on the day of testing and then the cube strength
was converted to cylinder strength (FIB, 2010). Table 1
lists the cylinder compressive strength f.. HRB400 bars
were used as longitudinal reinforcements for the columns,
while Grade 800 MPa and Grade 970 MPa bars were used
as the spirals. Standard tests were carried out, according to
ASTM D695-10 (ASTM International, 2010) and ASTM
D638-14 (ASTM International, 2014), to determine the
mechanical properties of the steel bars. The properties of
the longitudinal reinforcements and spirals are given in
Table 2.

1.3. Instrumentation and testing procedures

Eight reinforcement strain gauges (1-8) were glued to
four longitudinal steel bars in the middle section, 270
mm in length, to measure the longitudinal reinforcement
strain. Four reinforcement strain gauges (9-12) were
placed on one hoop of spiral to measure spiral strain and
four concrete strain gauges (13-16) were pasted onto the
surface of concrete cover to measure concrete strain, as
shown in Figure 3. The axial deformation of each specimen
was recorded by four displacement meters (17-20) located
at mid-height on each side of the specimens with gauge
length of 270 mm, as shown in Figure 4.

Concentric vertical load was provided by an electro-
hydraulic servo universal testing machine with a capacity
of 10000 kN capacity. The testing machine was stiff
enough to measure the descending branch of the load-
deformation curve of each specimen. To ensure concentric
loading, a spherical hinge was applied between the testing

Figure 2. Sample specimens

specimens and the upper plate of the testing machine, as
shown in Figure 5. A monotonic concentric compression
was applied in two stages. In the first stage, the loading
rate was 150 kN/min until the load reached approximately
70% of the estimated ultimate bearing capacity. Next,
in the second stage, the load was increased at a rate of
0.4 mm/min until failure.

2. Experimental results
2.1. Observed behaviour

All the specimens were damaged at mid of length
and behaved in a similar manner until concrete cover
cracked. Two types of failure pattern were observed in the
specimens: (1) bulging, (2) shear sliding along the failure
plane inclined at 40-60° to horizontal. Figure 6 shows
the appearances of specimen ACS-Y-9 and ACS-Y-8 after
testing. The failure mechanism of ACS-Y-9 was bulging
and that of ACS-Y-8 was shear sliding. The bulging failure
pattern was mostly observed in specimens with closely
spaced spirals while the shear sliding failure pattern was
usually observed in specimens with widely spaced spirals.
The failure patterns of the 32 specimens are given in Table 1.

Specimens with closely spaced spirals, such as ACS-Y-9,
exhibited linear elastic stage before the value of load
reached 50% of the maximum. When the load reached
approximately 80% of the maximum, the specimens reached
the elastic-plastic stage. During this stage, vertical crack
of the concrete cover occurred, increased, and developed.
When the compressive load approached the maximum
value, the concrete cover spalled, the sound of the fracture
splitting was audible, and the spiral was exposed. With
the reduction in axial load and spalling of concrete cover,
the concrete core was crushed, and the specimens were
damaged. The closely spaced spiral provided larger lateral
stress on the concrete core, which was in a state of triaxial
stress, which enhanced the ultimate capacity and ductility
of the specimens effectively. For specimens with widely
spaced spirals, such as ACS-Y-8, vertical and inclined crack
of the concrete cover occurred in the elastic-plastic stage.
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Table 1. Details of test specimen and summary of test results

SPECIMER | ¢ MPa | f,, /MPa | dimm | shmm | p,/% | fi/MPa | £ /1076 | £05/10C | £,/10°6 | o, /MPa ;ng:rrz
ACS-Y-1 47.09 729 9 50 2.0 83.51 12148 13963 3825 684 bulging
ACS-Y-2 47.09 729 9 65 1.6 74.88 9481 12667 4579 704 | bulging
ACS-Y-3 47.09 756 7 50 1.2 69.42 7111 10370 5466 746 | bulging
ACS-Y-4 47.09 756 7 70 0.9 61.76 5370 9444 6423 758 shear sliding
ACS-Y-5 47.09 977 9 50 2.0 82.98 11482 14066 3778 838 |bulging
ACS-Y-6 47.09 977 9 65 1.6 75.37 9963 12852 4648 878 bulging
ACS-Y-7 47.09 985 7 50 1.2 70.94 7333 11778 5627 932 bulging
ACS-Y-8 47.09 985 7 70 0.9 64.23 6667 11259 7276 986 shear sliding
ACS-Y-9 59.44 729 9 50 2.0 95.14 10222 12444 3454 675 bulging
ACS-Y-10 59.44 729 9 65 1.6 88.61 9370 12259 4202 694 |bulging
ACS-Y-11 59.44 756 7 50 1.2 82.59 6963 9630 5053 734 shear sliding
ACS-Y-12 59.44 756 7 70 0.9 73.26 5185 7296 6092 757  |shear sliding
ACS-Y-13 59.44 977 9 50 2.0 97.26 9889 13259 3496 825 bulging
ACS-Y-14 59.44 977 9 65 1.6 88.72 9333 12000 4175 856 bulging
ACS-Y-15 59.44 985 7 50 1.2 83.14 7000 10148 5175 912 |shear sliding
ACS-Y-16 59.44 985 7 70 0.9 76.69 5778 9815 6923 985 shear sliding
ACS-Y-17 68.59 729 9 50 2.0 100.76 8259 10407 3187 668 bulging
ACS-Y-18 68.59 729 9 65 1.6 94.45 7185 10222 3936 687 | bulging
ACS-Y-19 68.59 756 7 50 1.2 90.54 6259 9000 4709 723 shear sliding
ACS-Y-20 68.59 756 7 70 0.9 84.11 4704 6963 5711 754 shear sliding
ACS-Y-21 68.59 977 9 50 2.0 101.45 8074 10111 3150 809 bulging
ACS-Y-22 68.59 977 9 65 1.6 95.05 7259 10000 3735 836  |shear sliding
ACS-Y-23 68.59 985 7 50 1.2 89.24 6370 9852 4842 897 shear sliding
ACS-Y-24 68.59 985 7 70 0.9 87.18 5037 7148 6163 956 shear sliding
ACS-Y-25 75.64 729 9 50 2.0 106.14 5889 8074 2659 654 | bulging
ACS-Y-26 75.64 729 9 65 1.6 100.49 4667 7481 3318 971 shear sliding
ACS-Y-27 75.64 756 7 50 1.2 95.71 3630 6444 4002 702 shear sliding
ACS-Y-28 75.64 756 7 70 0.9 90.49 3074 5222 4875 728 shear sliding
ACS-Y-29 75.64 977 9 50 2.0 108.62 5963 8889 2723 789 bulging
ACS-Y-30 75.64 977 9 65 1.6 101.27 4630 8000 3230 813 shear sliding
ACS-Y-31 75.64 985 7 50 1.2 91.65 3926 6741 4111 865 shear sliding
ACS-Y-32 75.64 985 7 70 0.9 91.53 3259 5296 4895 900 shear sliding

Notes: The nomenclature of columns is as follows: ACS is short for “Axial Compression Specimen’, Y means the specimen cross-section

is circular.

Table 2. Mechanical properties of longitudinal reinforcements and spirals

Tension Compression
Bar Type dy/mm
Jy (fy)/MPa fu/MPa E/MPa Jy (fyy)/MPa f/MPa E/MPa
HRB400 10 480 640 2.00x10° 480 640 2.00x10°
Grade 800MPa 7 756 907 2.05x10° - - -
9 729 905 2.05x10° - - -
Grade 970MPa 7 985 1153 2.05x10° - - -
9 977 1139 2.05x10° - - -

Notes: d is bar diameter; f,(f,,) is yield strength(nominal yield strength); f, is ultimate strength; and E; is elasticity modulus.
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When the compressive load approached the maximum
value, the concrete cover spalled partly and the inclined
crack elongated and deepened. With reduction in the axial
load, the concrete core around the main inclined crack was
crushed and specimens were damaged.

Since the top surface and bottom surface of specimens
were not absolutely flat, there was deviation between
vertical force on the top surface and vertical center
line of specimens. The main tensile stress in the central
section may not perpendicular to the vertical center line
of specimens. If the volumetric ratio is relatively small
and spiral spacing is relatively wide, oblique cracks will
appear in the middle-height section of specimen when
the main tensile stress reaches unconfined concrete
compressive strength. Finally, the failure pattern of the
specimen is shear sliding, as shown in Figure 7(b). If the
volumetric ratio is relatively large and spiral spacing is
relatively close, strong restraint of spiral could limit the
occurrence of oblique cracks (Zhang & Wang, 2004). With
the increase of vertical load, vertical cracks appear and
develop, then cover concrete plump up and spall. Finally,
the failure pattern of the specimen is bulging, as shown in
Figure 7(a). Since the ratio of concrete tensile strength to
compressive strength and Poisson ratio decrease with the
increase of unconfined concrete compressive strength, the
higher the unconfined concrete compressive strength is,
the more prone to shear sliding.
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2.2. Test results

When unconfined concrete compressive strength was less
than 60 MPa, the spiral did not yield at maximum axial
load with the volumetric ratio of 1.2~2.0% but yielded at
maximum axial load with the volumetric ratio of 0.9%
(specimens ACS-Y-4, ACS-Y-8, ACS-Y-12, and ACS-
Y-16). The spirals of all columns with unconfined concrete
compressive strength ranging from 69 MPa to 76 MPa did
not yield at maximum axial load, except for ACS-Y-20. In
ACS-Y-20, the spiral strength at maximum axial load was
754 MPa, i.e., 0.3% lower than its yield strength, 756 MPa.
Therefore, it can be assumed that the spiral in ACS-Y-20
yielded at maximum axial load.

From the values in Table 1, it is apparent that given the
same amount of spiral, the spiral strain at maximum axial
load decreased with increase in concrete strength, as seen
in ACS-Y-1, ACS-Y-9, ACS-Y-17, and ACS-Y-25. Spiral
strain at maximum axial load decreased with increase in
volumetric ratio, as seen in ACS-Y-1, ACS-Y-2, ACS-Y-3,
and ACS-Y-4. The main reason for the above phenomenon
is that with increase in concrete strength, the concrete
Poisson ratio decreases, resulting in a decrease in concrete
lateral expansion. With small spiral spacing and large
volumetric ratio, the strong restraint of the spiral can
effectively limit concrete expansion. Therefore, spiral
strain at maximum axial load decreased with increase in
concrete strength and volumetric ratio. For specimens in
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Figure 7. Measured stress-strain curves of test specimens
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which the spirals yielded at maximum axial load, such
as ACS-Y-12 and ACS-Y-16, spiral strain at maximum
axial load increased with spiral yield strength. However,
for specimens in which spiral stress was lower than yield
strength at maximum axial load, such as ACS-Y-17,
ACS-Y-21, ACS-Y-26, and ACS-Y-30, the effect of spiral
yield strength on spiral strain at maximum axial load can
be ignored.

Experimental results indicated that the cover spalling
occurred prior to the peak load of column. Therefore, the
maximum axial load was resisted by the core concrete and
the longitudinal reinforcement. The stress of the concrete
core was calculated by subtracting the contributions of
the longitudinal reinforcement steel and concrete cover,
as presented in Eqn (1):

f= Prax _fyAs
cc A :

cor

(1)

In above equation, P, ,, is the maximum axial load
carried by column, f,. is confined concrete compressive
strength, A, is the core area of circular section, f, is the
yield strength of longitudinal reinforcement, A is the total
cross-sectional area of longitudinal reinforcement.

The stress-strain curves of confined concrete were
applied to analyse the behaviour of the specimens. The
stress-strain curves of confined concrete are shown in
Figure 7. The test results of confined concrete compressive
stress f.., strain &, and corresponding spiral strain &g, are
shown in Table 1.

3. Effect of test variables on stress-strain
curve of confined concrete

3.1. Unconfined concrete compressive strength

Unconfined concrete compressive strength is an impor-
tant variable influencing the behaviour of confined con-
crete. Specimens with identical diameters, spacings, and
arrangement of spirals but different unconfined concrete
compressive strength values were tested to quantify the
influence of unconfined concrete compressive strength.

a) py =2.0%
120
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w00r /N - = - ACS-Y-9, f=59.44 MPa
T,
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L of .
& ]
w0
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0 001 002 003 004 005 006

Strain

The experimental results were compared on the stress-
strain curves of confined concrete. Sample comparisons
are shown in Figure 8 involving columns with uncon-
fined concrete compressive strength values of 47.09 MPa,
59.44 MPa, 68.59 MPa, and 75.64 MPa. The results indi-
cated a consistent decrease in peak strain €. and ultimate
strain. Besides, confined concrete compressive strength f_.
increased with unconfined concrete compressive strength
f.. The descending parts of the stress-strain curves became
steep and short at higher values of f..

3.2. Volumetric ratio

The passive confinement pressure developed in columns
is a function of the amount of confinement reinforcement
provided. The increasing in amount of specific grade of
spiral expressed in terms of volumetric ratio. The influence
of volumetric ratio was investigated by testing specimens
with different volumetric ratios, all other properties being
identical. The experimental results are compared on the
stress-strain curves of confined concrete. Sample compari-
sons are shown in Figure 9 involving columns with volu-
metric ratios of 2.0%, 1.6%, 1.2% and 0.9%. The experi-
mental results indicate that confined concrete compressive
strength f_., peak strain &.. and ultimate strain increased
with volumetric ratio. Furthermore, when the volumet-
ric ratio was low, as for ACS-Y-8, ACS-Y-16, ACS-Y-24,
and ACS-Y-32, the specimens were observed to exhibit
in brittle behaviour, showing high rate of strength decay
immediately after the confined concrete compressive
strength. The descending parts of the stress-strain curves
became steep and short at low volumetric ratios. The test
results indicated that it is necessary to limit the minimum
spiral volumetric ratio to ensure ductile behavior of high-
strength confined concrete, as was evident by behaviour of
specimens ACS-Y-24, ACS-Y-32, and so on.

3.3. Spiral yield strength

Passive confinement pressure is generated from the ten-
sile forces that develop in the spiral as the consequence
of lateral expansion, which depends on the mechanical
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100
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Figure 8. Influence of unconfined concrete compressive strength on stress-strain curve
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properties of concrete. Thus, the effectiveness of high-
strength spiral depends on the lateral expansion ability
of concrete. The higher strength concrete exhibits less
lateral expansion ability than lower strength concrete due
to its higher elasticity modulus and lower internal micro
cracking. The higher strength concrete is, the lower spiral
stress is.

The effect of spiral yield strength was investigated by
testing specimens with the identical unconfined concrete
compressive strength, volumetric ratio, and diameter
and spacing of spiral, but with different yield strength
values, as shown in Figure 10. The comparison shown in
Figure 10 indicates that both confined concrete compres-
sive strength f.. and peak strain g . increased with spiral
yield strength if the spiral could yield at confined con-
crete compressive strength, such as for ACS-Y-4 and ACS-
Y-8. However, for those specimens in which spiral stress
at confined concrete compressive strength was less than
yield strength, spiral yield strength had slight influence
on confined concrete compressive strength f.. and peak
strain &.. Therefore, increasing the spiral yield strength
can be effective only if the yield strength of spiral is fully
developed prior to confined concrete compressive strength
(Sharma et al., 2005), and the full yield strength of high-
strength spiral cannot be used in calculating the confining
stress.

a) f. = 59.44 MPa

— ACS-Y-9, £,=2.0%

4. Confinement model of confined concrete

Spiral yield strength has been used as a substitute for spiral
stress at confined concrete compressive strength in most
confinement models to compute lateral pressure. This as-
sumption may be suitable for normal-strength concrete
columns confined by normal-strength spirals, but may
cause errors in HSC columns confined by high-strength
spirals (Razvi & Saatcioglu, 1999a). Therefore, based on
previous confinement models, a modified confinement
model is proposed to predict spiral stress in the computa-
tion of lateral pressure.

4.1. Spiral stress at confined concrete
compressive strength

To compute spiral stress o, at confined concrete compres-
sive strength f_., the corresponding spiral strain g, must
be estimated. From the above analysis, when the spiral
did not yield at confined concrete compressive strength,
spiral strain at confined concrete compressive strength de-
creased with increase in concrete strength and volumetric
ratio, as shown in Figure 11. Therefore, an equation was
proposed to calculate spiral strain €, at confined concrete
compressive strength of confined concrete, as presented
in Eqn (2):

b) f. = 75.64 MPa
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Figure 9. Influence of volumetric ratio on stress-strain curve
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Figure 10. Influence of spiral yield strength on stress-strain curve
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gy, =7.18x1078 Ee +1.11x1073, (2)
Pyfe
In above equation, E_ is the modulus of elasticity for
concrete which can be calculated as Eqn (3) (China Archi-
tecture & Building Press, 2011), p, is volumetric ratio, and
f. is unconfined concrete compressive strength:

10°

cT T a4
224 %7 ®)

f ck,cube

In the above equation, f p. is the characteristic value
of cube compressive strength of concrete.

The spiral stress o, at confined concrete compressive
strength f__ can be calculated according to the stress-strain
curve of steel bars. If the spiral stress G, at confined con-
crete compressive strength f.. exceeds yield strength, the
former adopts the latter.

4.2. Effective confinement pressure
and effective confinement index

Based on the equilibrium of lateral pressure applied on
the concrete core and the confining reinforcement forces,
the nominal lateral pressure can be calculated as follows:

2A,0,
= —_— 4
h==5" )

cor

In the above equation, A, is the cross-sectional area
of a single spiral, o, is the spiral stress at confined con-
crete compressive strength, D, is the core diameter of
the circular section, and s is the centre-to-centre spiral
spacing.

The nominal lateral pressure f; from spiral can be fully
applied only to the part of the concrete core where the
confining stress has completely developed due to the arch-
ing action (Mander et al., 1988). The Figure 12 shows the
arching action that is assumed to occur between the levels
of spiral. The ineffectively confined concrete area will be
largest and the effectively confined concrete core area will
be smallest (A,) in the midway between the levels of the
spiral.

When using lateral pressure to compute the strength
and ductility of confined concrete columns, it is assumed
for convenience that the area of the concrete with the
center lines of the perimeter spiral (A_,,) is the area of the
confined concrete. In order to allow for the fact that the
effectively confined concrete core area is smaller than the
area of the concrete with the center liner of the perim-
eter spiral (A.< A,,), the effective confinement pressure
which is the product of the nominal lateral pressure by the
confinement effectiveness coefficient is used in computing
the strength and ductility of confined concrete columns.
Mode Code 2010 gives the effective confinement pressure
calculation method applied to the nominal concrete core,
as seen in the following equation:

s 2A_ .0 1
fle:kefl =(1- D )$:Epvcw 1-

cor cor S cor

). (5)
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Figure 11. Fitting curve of spiral strain at confined concrete
compressive strength

1+— Cover concrete

| — Effectively confined core
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Figure 12. Effectively confined core for circular columns
confined by spiral

In the above equation, k, is the confinement effective-
ness coeflicient, for circular cross-section confined by
. s
spiral, k, =1— .

cor

4.3. Regression analysis of strength,
strain, and ductility

A regression analysis was performed on all the test results
of the specimens listed in Table 1, those of Razvi (1995),
Razvi and Saatcioglu (1999a) in Table 3 and those of Wang
et al. (2017) in Table 4 to formulate the confined concrete
compressive strength f.., corresponding peak strain ¢,
and strain g; g5. The effective confinement pressure f,, is
calculated from Eqn (5) with . Based on the method of
least absolute deviations method, the results of the regres-
sion analysis are as follows:

fcc fle

Jee _1453x( ey, (6)
. e

See —1450x (&)“4; @)

085 _ 14195 (Jleyos7, (8)
8co C
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Table 3. Specimen properties and test results of Razvi (1995), Razvi and Saatcioglu (1999a)

Specimen number fJ/MPa Jyv IMPa d/mm s/mm py/% fe/MPa €. /% €9.85/%
CC-1 60 660 6 135 0.41 59.67 0.41 0.66
CC-3 60 660 6.3 70 0.80 68.34 0.54 0.90
CC-4 60 660 6.3 70 0.80 67.32 0.45 0.73
CC-5 60 660 6.3 70 0.80 61.71 0.41 -
CC-6 60 660 6.3 135 0.41 56.61 0.39 -
CC-8 124 660 6.3 70 0.80 123.32 0.31 0.5
CC-11 124 660 6.3 60 0.93 124.37 0.33 0.53
CC-12 124 1000 7.5 60 1.32 127.53 0.33 1.00
CC-14 92 1000 7.5 60 1.32 102.44 0.35 0.88
CC-16 92 1000 7.5 100 0.79 95.40 0.37 0.58
CC-17 92 1000 7.5 60 1.32 89.15 0.30 0.63
CC-18 92 1000 7.5 100 0.79 82.89 0.30 0.64
CC-20 92 660 6.3 100 0.56 88.37 0.28 0.42
CC-21 92 660 6.3 70 0.80 93.06 0.33 0.67

Table 4. Specimen properties and test results of Wang et al. (2017)

Specimen number fJ/MPa Jyv IMPa d/mm s/mm py/% fe/MPa £./% €0.85/%
Al 79.45 515 8 55 1.41 79.94 0.459 1.014
A2 79.45 515 8 80 0.97 85.31 0.401 0.570
A3 79.45 515 8 110 0.70 75.20 0.342 0.777
A4 79.45 515 8 160 0.48 74.50 0.383 0.514
A5 79.45 515 8 55 1.41 76.88 - -
A6 79.45 515 8 55 1.41 85.34 0.400 0.673
B1 92.61 515 8 55 141 100.23 0.450 1.255
B2 92.61 515 8 80 0.97 97.20 0.382 —
B3 92.61 515 8 110 0.70 96.18 — —
B4 92.61 515 8 160 0.48 95.85 0.343 —
B5 92.61 515 8 55 1.41 90.74 0.371 0.749
B6 92.61 515 8 55 1.41 103.29 0.421 1.115
C1 109.78 515 8 55 1.41 114.09 0.614 0.902
C2 109.78 515 8 80 0.97 109.71 0.323 —
C3 109.78 515 8 110 0.70 114.46 0.400 0.544
C4 109.78 515 8 160 0.48 112.09 — —
C5 109.78 515 8 55 141 109.02 0.411 0.864
C6 109.78 515 8 55 1.41 118.84 0.450 0.991

Figure 13 shows the relationship between f__/f, and the
effective confinement index f;./f.. Figure 14 shows the rela-
tionship between € /€, and fi./f.. Figure 15 illustrates the
relationship between g g5/¢., and fi./f..

4.4. Modified stress-strain curve

The ascending part of the stress-strain curve exhibits a
relationship originally proposed by Popovics (1973) for
concrete and written as:

k(e./e.)
k—1+(s /e, )k
E

- ¢ (10)
Ec _fcc /gcc

fczfcc|: :I (SCSSCC); (9)

In the above equation, k controls the initial slope and
curvature of the ascending branch, and E_ is the tangent
modulus of concrete. For HSCs, the coefficient k is large,
and the ascending branch is nearly linear (Popovics, 1973).

The descending part of the stress-strain curve exhibits
a relationship proposed by Fafitis and Shah (1985), and
described as follows:

fc =fcc 'eXp|:k1(8C _Scc)kz] (Sc 28 ); (11)

In0.85

:—k 5
(80,85 —€cc)"™

k, (12)

k, :0.35+1.o4x(ﬁ)0-31. (13)

C
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Figure 15. Effect of confinement on ductility
of confined concrete

In the above equation, k; controls the general slope
of the descending branch, which ensures that the stress-
strain curve passes through the point (g 45, 0.85 f..). The
coeflicient k, controls the curvature of the descending
branch. For well-confined concrete, the values of k; and k,
are relatively large, and the descending branch is smooth
and convex (Fafitis & Shah, 1985). For lightly confined
concrete, the values of k; and k, are relatively small, and
the descending branch is steep and concave (Fafitis &
Shah, 1985).

Figure 16 illustrates the effect of confinement on the
coeflicient k,, which can be computed using Eqn (13). The
experimental values of k, that minimized the difference
between the areas under the experimental and analytical
stress-strain curves were selected.

4.5. Comparison with experimental results

Table 5 compares the experimental results of the 14 con-
fined concrete columns tested by Razvi (1995), Razvi and
Saatcioglu (1999a), 18 confined concrete columns tested
by Wang et al. (2017), and 32 confined concrete columns
tested in this study with predictions obtained from the
proposed confinement model. The average values of the
ratios fo. /fect Ecc/€ccp AN €0 g5, /€ g5 are respectively
1.00, 0.99, and 1.00. The standard deviations of the ratios
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Figure 14. Effect of confinement on peak strain
of confined concrete
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Figure 16. Effect of confinement on coefficient k,

Jeefeer €cecl€ccr and € g5 /€0 g5 are respectively 0.08,
0.18, and 0.18.

Figure 17 compares the experimental and analyti-
cal stress-strain curves of 16 confined concrete column
samples. As the spiral stress at confined concrete com-
pressive strength o, is computed in the confinement
model, the results indicated good agreement between the
experimental and analytical curves.

Conclusions

The results of tests on 32 HSC columns confined by
high-strength spiral subjected to compressive loads were
presented in this paper. In this study, we proposed a
confinement model suitable for HSC columns confined by
high-strength spirals. Based on the above investigations,
the following concluding remarks are made:

1. There are two types of failure pattern: bulging and
shear sliding. The bulging failure pattern was mostly
observed in specimens with closely spaced spirals while
the shear sliding failure pattern was usually observed in
specimens with widely spaced spirals. The higher the
unconfined concrete compressive strength, the lower
are the ratio of concrete tensile strength to compres-
sive strength and Poisson ratio, and the more prone the
column is to shear sliding.
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Table 5. Comparison of experimental results with prediction of confinement model
Specimen number | f../MPa | f../MPa | fi/fecr | EcctdB | Ecccd B | EccclEeck | Eogsid/% | €og5/% | Eogsc/€ossi
ACS-Y-1 83.51 75.35 0.90 1.21 1.03 0.85 1.40 1.24 0.89
ACS-Y-2 74.88 68.39 0.91 0.95 0.80 0.85 1.27 1.09 0.86
ACS-Y-3 69.42 65.68 0.95 0.71 0.72 1.01 1.04 1.02 0.98
ACS-Y-4 61.76 59.69 0.97 0.54 0.53 0.99 0.94 0.86 0.91
ACS-Y-5 82.98 81.72 0.98 1.15 1.25 1.09 1.41 1.37 0.97
ACS-Y-6 75.37 73.66 0.98 1.00 0.98 0.98 1.29 1.20 0.94
ACS-Y-7 70.94 70.31 0.99 0.73 0.87 1.18 1.18 1.13 0.96
ACS-Y-8 64.23 63.48 0.99 0.67 0.65 0.97 1.13 0.96 0.85
ACS-Y-9 95.14 87.33 0.92 1.02 0.85 0.83 1.24 1.13 0.91
ACS-Y-10 88.61 80.43 0.91 0.94 0.67 0.72 1.23 0.99 0.81
ACS-Y-11 82.59 77.72 0.94 0.70 0.60 0.87 0.96 0.93 0.97
ACS-Y-12 73.26 72.02 0.98 0.52 0.47 0.90 0.73 0.79 1.09
ACS-Y-13 97.26 93.53 0.96 0.99 1.02 1.03 1.33 1.24 0.94
ACS-Y-14 88.72 85.34 0.96 0.93 0.80 0.86 1.20 1.09 0.91
ACS-Y-15 83.14 82.16 0.99 0.70 0.72 1.02 1.01 1.03 1.01
ACS-Y-16 76.69 75.81 0.99 0.58 0.56 0.96 0.98 0.89 0.91
ACS-Y-17 100.76 97.78 0.97 0.83 0.77 0.93 1.04 1.08 1.04
ACS-Y-18 94.45 89.38 0.95 0.72 0.61 0.85 1.02 0.95 0.93
ACS-Y-19 90.54 86.60 0.96 0.63 0.55 0.88 0.90 0.89 0.99
ACS-Y-20 84.11 81.12 0.96 0.47 0.44 0.93 0.70 0.76 1.10
ACS-Y-21 101.45 102.02 1.01 0.81 0.90 1.12 1.01 1.18 1.17
ACS-Y-22 95.05 93.88 0.99 0.73 0.71 0.98 1.00 1.04 1.04
ACS-Y-23 89.24 90.94 1.02 0.64 0.65 1.02 0.99 0.98 1.00
ACS-Y-24 87.18 84.48 0.97 0.50 0.51 1.00 0.71 0.84 1.18
ACS-Y-25 106.14 102.66 0.97 0.59 0.71 1.21 0.81 1.02 1.27
ACS-Y-26 100.49 105.02 1.05 0.47 0.60 1.28 0.75 0.97 1.30
ACS-Y-27 95.71 93.13 0.97 0.36 0.44 1.22 0.64 0.80 1.25
ACS-Y-28 90.49 87.74 0.97 0.31 0.37 1.20 0.52 0.67 1.29
ACS-Y-29 108.62 108.24 1.00 0.60 0.74 1.23 0.89 1.07 1.20
ACS-Y-30 101.27 100.24 0.99 0.46 0.59 1.26 0.80 0.94 1.17
ACS-Y-31 91.65 97.19 1.06 0.39 0.51 1.30 0.67 0.86 1.28
ACS-Y-32 91.53 90.60 0.99 0.33 0.40 1.24 0.53 0.69 1.29
CC-1 59.67 62.87 1.05 0.41 0.29 0.70 0.66 0.51 0.78
CC-3 68.34 69.60 1.02 0.54 0.38 0.71 0.90 0.69 0.77
CC-4 67.32 69.60 1.03 0.45 0.38 0.86 0.73 0.69 0.94
CC-5 61.71 69.60 1.13 0.41 0.38 0.94 - - -
CC-6 56.61 62.87 1.11 0.39 0.27 0.70 - - -
CC-8 123.32 133.60 1.08 0.31 0.35 1.13 0.50 0.64 1.28
CC-11 124.37 135.89 1.09 0.33 0.38 1.15 0.53 0.69 1.30
CC-12 127.53 140.13 1.10 0.33 0.36 1.10 1.00 0.70 0.70
CC-14 102.44 111.33 1.09 0.35 0.46 1.31 0.88 0.81 0.92
CC-16 95.40 102.55 1.07 0.37 0.38 1.01 0.58 0.70 1.20
CC-17 89.15 111.33 1.25 0.30 0.39 1.29 0.63 0.69 1.10
CC-18 82.89 102.55 1.24 0.30 0.38 1.25 0.64 0.70 1.09
CC-20 88.37 97.40 1.10 0.28 0.30 1.06 0.42 0.55 1.30
CC-21 93.06 101.60 1.09 0.33 0.36 1.09 0.67 0.67 1.00
Al 79.94 94.57 1.18 0.459 0.46 1.00 1.014 0.80 0.79
A2 85.31 88.58 1.04 0.401 0.35 0.88 0.570 0.65 1.14
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End of Table 5
Specimen number | f./MPa | f.. /MPa | fo. [feer | €% | el | Eccclct | €oss/% | €0g5/% | €og5./€0854

A3 75.20 84.98 1.13 0.342 0.29 0.85 0.777 0.54 0.70

A4 74.50 81.99 1.10 0.383 0.27 0.69 0.514 0.42 0.83

A5 76.88 94.57 1.23 - - 0 - - -

A6 85.34 94.57 1.11 0.400 0.46 1.14 0.673 0.80 1.18

Bl 100.23 107.73 1.07 0.450 0.43 0.95 1.255 0.85 0.67

B2 97.20 101.74 1.05 0.382 0.34 0.88 - - -

B3 96.18 98.14 1.02 - - 0 - - -

B4 95.85 95.15 0.99 0.343 0.25 0.72 - - -

B5 90.74 107.73 1.19 0.371 0.43 1.15 0.749 0.76 1.02

B6 103.29 107.73 1.04 0.421 0.43 1.02 1.115 0.76 0.69

C1 114.09 124.90 1.09 0.614 0.41 0.66 0.902 0.73 0.81

C2 109.71 118.91 1.08 0.323 0.32 1.00 - - -

C3 114.46 115.31 1.01 0.400 0.28 0.70 0.544 0.51 0.94

C4 112.09 112.32 1.00 - - 0 - - -

C5 109.02 124.90 1.15 0.411 0.40 0.97 0.864 0.73 0.85

C6 118.84 124.90 1.05 0.450 0.40 0.89 0.991 0.73 0.74
Average - - 1.00 - - 1.00 - - 1.01
Standard deviation - - 0.07 - - 0.17 - - 0.18

Note: f,. . is the test value of confined concrete compressive strength; f.. . is the calculated value of confined concrete compressive
strength; € is the test value of strain at maximum strength of confined concrete; € is the calculated value of strain at maximum
strength of confined concrete; & g5, is the test value of strain corresponding to 85% of confined concrete compressive strength on the
descending branch; and g g5  is the calculated value of strain corresponding to 85% of confined concrete compressive strength on
the descending branch.
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2. The experiment indicated that when unconfined
concrete compressive strength was less than 60 MPa,
the spiral did not yield at confined concrete compressive
strength with volumetric ratio of 1.2~2.0% but yielded
at confined concrete compressive strength with the
volumetric ratio of 0.9% (ACS-Y-4, ACS-Y-8, ACS-Y-12,
and ACS-Y-16). The spirals of all columns with
unconfined concrete compressive strength ranging from
69MPa to 76MPa did not yield at confined concrete
compressive strength, except for ACS-Y-20. From the
experimental results, it was indicated that when the
spiral did not yield at confined concrete compressive
strength, the spiral strain at confined concrete com-
pressive strength decreased with increases in concrete
strength and volumetric ratio, and the yield strength of
the spiral had little influence on spiral strain at confined
concrete compressive strength.

3. A consistent decrease in peak strain €. and an in-
crease in confined concrete compressive strength f.
were observed with increase in unconfined concrete
strength f.. Increasing the volumetric ratio led to in-
creases in both f.. and ¢ .. Additionally, both f.. and €_.
increased with spiral yield strength if the spiral could
yield at confined concrete compressive strength, but
spiral yield strength had slight influence on f.. and ¢,
if spiral stress was less than yield strength at confined
concrete compressive strength.

4. An equation of predicting spiral strain at confined
concrete compressive strength and an analytical
confinement model for HSC columns confined by high-
strength spirals were proposed. The confinement mod-
el used the predicted value of spiral stress at confined
concrete compressive strength to replace spiral yield
strength in calculating the feature points of the stress-
strain curve of confined concrete. The proposed model
showed good correlations with available experimental
results of 64 columns.
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