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Abstract: Through axial compression tests, the influence of three stirrup indexes (space, form, and
strength) on the confining performance of multi-spiral composite stirrups in square reinforced
concrete (RC) columns were analyzed, and the square RC columns with traditional well-shaped
composite stirrups were used as the reference group. The results show that the multi-spiral composite
stirrups had a positive contribution to the important indexes (bearing capacity and ductility) of the
square RC columns due to its multiple restraint mechanism on core concrete. In terms of constraint
effect, the five-spiral composite stirrup is the best, followed by the four-spiral composite stirrup, and
the last is the traditional well-shaped composite stirrup. The section of the concrete square column is
divided into highly constrained, partially constrained and unconstrained regions and the constraint
mechanism of multi-spiral composite stirrups is discussed. The formulas for calculating the peak
stress, peak strain, and ultimate compressive strain of the constrained column are presented, and the
relative error between the theoretical values and the tested values is small. The constitutive model
of concrete constrained by multi-spiral composite stirrups is established and compared with other
constitutive models. The results show that the proposed model fits well with the experimental curves.

Keywords: multi-spiral stirrup; strength; ductility; constitutive model; confined concrete

1. Introduction

China is one of the countries most affected by earthquake disasters. The earthquake
damage shows that the reinforced concrete (RC) columns in the building have been dam-
aged to different degrees, especially the columns located at the bottom of the whole
structure are often the most seriously damaged at the column end [1,2]. The failure of the
column end may cause the rapid degradation of the bearing capacity or even the continuous
collapse of the column. The lateral constraint of the RC column can not only help it support
more vertical load, but also increase the deformation capacity of the column. General
constraint methods can be divided into active and passive constraints. In related research,
passive restraint methods such as square hoops, spiral stirrups [3], steel pipes [4], fiber
materials [5], or their combinations [6-11] are used to provide effective lateral restraint
for concrete. Studies have proved that using stirrup to constrain concrete can enhance
the mechanical properties of columns, thereby preventing or delaying serious damage
to columns [12]. Among them, the traditional spiral stirrup is widely used in a cylinder
because of its good constraint effect, and its confining effect on a cylinder is generally better
than that on rectangular stirrups columns (including square columns).

Scholars abroad and at home have conducted a series of investigations on the perfor-
mance of concrete confined with stirrups. For the purpose of obtaining the exact strength
of constrained concrete, Skeikh and Uzumeri [13] fully considered the influence of stir-
rup spacing and lengthways reinforcement arrangement, and analyzed the effectively
constrained area in the core concrete area. Based on that, they obtained the stress—strain
expression of constrained concrete. Mander et al. [14,15] provided a stress—strain model for
constrained concrete considering the effects of strain rate and cyclic loading. The model
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fully considered the arch function between rectangular stirrups and lengthways reinforce-
ment and defined the concept of effectively constrained area based on this model. It is
suitable for various restraint forms such as traditional rectangular hoops, spiral stirrups,
etc. Cusson et al. [16,17] believed that the axial compressive strength of restrained concrete
columns would arrive at its peak point before the stirrup stress, and proposed an innova-
tive method to calculate the actual stirrup stress under the peak stress of the constrained
concrete. Saatcioglu and Razvi [18] established a constitutive model curve composed of
ascending parabola segments and descending straight segments based on the concept of
equivalent constrained stress. Later, Bing et al. [19] combined the model of Mander and
Saatcioglu and proposed a fitting equation for the ultimate longitudinal strain of high-
strength concrete. This formula is suitable for the fracture of the first rectangular hoop
or spiral stirrup. Through the axial compression test of high-strength multi-spiral stirrup
columns, Rong et al. [20] proposed a new energy absorption method and established a
relationship between energy absorption and lateral confinement in concrete columns. Then,
the passive strain model, the boundary point model, and the constraint coefficient model of
the passive restrained concrete are proposed. Li et al. [21,22] proposed an analytical method
for the axial performance of high-strength multi-spiral reinforced concrete columns based
on strain compatibility and presented an iterative method for calculating the actual stress
of spiral stirrup when concrete is located at peak stress. Through the axial compression
experiment of restrained high-strength concrete, Shi and Yang et al. [23,24] believed that
the real stress of a high-strength stirrup should be used when considering the restrained
stress of a high-strength stirrup, so as to ensure accuracy in judging the effect of strength
improvement on concrete columns. Ouyang et al. [25] unified three strength levels of con-
crete into their calculation formula for a compressive stress—strain curve. According to the
experimental results of 42 concrete cylinders confined by a spiral stirrup, Zheng et al. [26]
investigated the relationship between stirrup tensile strain under peak compressive stress
and three stirrup factors (volume stirrup, yield strength, and spacing). In the end, the
constitutive model for this type of column was derived. In order to study the mechanical
properties and size-effect behavior of a large RC column confined by stirrups under axial
compression loads, Jin et al. [27] carried out corresponding tests and established a consti-
tutive model of an RC column confined by stirrups with size-effect. Li et al. [28] tested a
total of six RC columns confined by composite spiral stirrups under eccentric loading with
different stirrup spacing and force eccentricities. The experimental analyses explained that
the dual confinement of the concrete consisting of core confinement by spiral stirrups and
surrounding confinement by rectangular hoops had significant effects on failure modes.
Finally, a formula for calculating the eccentric loading capacity of composite spiral stirrups
confined concrete columns was proposed.

In practical engineering, a rectangular (or square) column is more applicable than
a circular column. In order to solve the problem that spiral stirrups do not adapt to
rectangular (or square) columns, Yin [29,30] developed a series of new restraint types
of rectangular RC columns and proved that spiral stirrups can also show good restraint
effects in those columns through a number of experimental researches. Subsequently, in
terms of the axial compression test of large-size SRC (steel reinforced concrete) columns
and RC (reinforced concrete) columns equipped with five-spiral stirrups, Yin et al. [31]
believed that the new five-spiral SRC column has excellent strength and ductility under
the premise of the same total longitudinal steel. In addition, the five-spiral stirrups can be
processed automatically, which can shorten the construction period in engineering practice
and bring economic benefits. Then, Yin et al. [32,33] carried out a large number of axial
compression and transverse cyclic load tests on concrete column specimens equipped with
four different stirrup forms (traditional well-shape, four-spiral, five-spiral, and spiral with
cross cable ties). The test results show that each spiral stirrup contributes to the overall
pressure, which makes the degradation of strength more slowly after the peak stress point.
In addition, the axial pressure of each constraint region in the section depends on the
geometric area of the spiral stirrup. Hung et al. [34] proposed a pier system with cross
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multi-spiral composite stirrups. It is proved that this pier system not only contributes to
the enhancement of strength and ductility but also has advantages in cost-effectiveness and
constructability. The experiment conducted by Chen et al. [35] indicated that the strength
and ductility of columns are increased by 33% and 145% under axial compression, and
by 7.14% and 21.4% under eccentric compression, respectively. When the overlap area of
the stirrup increases to 10%, the above two analysis indexes increase by 2.56% and 11.25%,
respectively. Weng et al. [36] used five-spiral stirrups in concrete rectangular columns
and proved the effectiveness of five-spiral stirrups in such applications. Shih et al. [37]
came up with a new type of interlocking spiral stirrup for a rectangular column, in which
a circular spiral stirrup is interlocked with a star-shaped spiral stirrup to improve its
restraint effect. Wu et al. [38] proposed the section constraint form of six-interlocking spiral
transverse RC columns and proved through tests that the ductility of such specimens was
significantly higher than the requirements of the design specifications. Tang et al. [39] used
the finite element method (FEM) to study the varying law of stress distribution in sections
of concrete columns with stirrup constraints. The analysis results show that the stress and
area of the core section of the column increase obviously. The small spiral stirrup located
at four corners can compensate for the stress reduction because of the existence of plain
concrete. Finally, a more accurate calculation formula for loading capacity for this type
of column is given. Using the simplified elastic finite element method and experiment
results, Wang et al. [40] found that the constrained area is closely related to the radius ratio
of different spiral stirrups and positively related to the bearing capacity of the column. At
present, the application of circular spiral stirrup in rectangular RC columns (or squares)
needs further study:.

In summary, based on the axial compression test of square RC columns confined by
multi-spiral composite stirrups, the constraint mechanism of this type of stirrup and its
corresponding constitutive model is studied in this paper.

2. Research Significance

A traditional spiral stirrup is only suitable for a circular column, but the research on
multi-spiral composite stirrups breaks through this limitation and applies spiral stirrup
to the square column. At present, the application of multi-spiral composite stirrups is
not common in many countries, and there is a lack of applied research for corresponding
standards. The design of carrying capacity for this type of column is not reflected in the
national standards. Therefore, based on the corresponding experimental and theoretical
analysis, this paper discusses the curve of stress—strain relationship and the calculation
formula of related parameters, so as to provide a reference for the study of mechanical
properties of this type of column and its engineering application.

3. Experiment
3.1. Test Program

In this test [41], 8 RC column specimens were designed and fabricated, including
7 specimens with multi-spiral composite stirrup and 1 specimen with traditional well-type
stirrup. The size of the square column was 260 x 260 x 750 (mm), and the thickness of the
concrete protective layer was 10mm. The design of the specimen mainly considered three
variables: stirrup strength, stirrup spacing, and stirrup form. The specific size, stirrup form,
and corresponding geometric model of the specimen are shown in Figure 1, and the design
parameters are shown in Table 1. In Table 1, stirrup types include A (quadruple spiral
composite stirrup), B (five-spiral composite stirrup), and C (traditional well composite
stirrup). The ratio of the volume hoop p, refers to the ratio of the stirrup volume to the
corresponding concrete volume within a stirrup spacing. f¢;, is the cube compressive
strength of concrete measured by using a 150 mm x 150 mm X 150 mm cube as the
sample of standard. f. is the axial compressive strength of concrete measured by using
150 mm x 150 mm x 300 mm prisms as the sample of standard. Longitudinal compression
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reinforcement is made of HPB235 steel with a diameter of 8 mm. The strength grades and

mechanical properties of the three stirrups are shown in Table 2.
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Figure 1. Specimen size and stirrup form. (a) four-spiral composite stirrups; (b) five-spiral composite
stirrups; (c) traditional well-shaped composite stirrups; (d) 3d diagram of four-spiral composite
stirrups; (e) 3d diagram of traditional well-shaped composite stirrups; (f) A geometric model of
confined concrete column.

Table 1. Design parameters of specimen.

Stirrup Yield

Stirrup

Ratio of

Specimen No. Stirrup Form St/rength Spacing VolumeoHoop /1(4“1”;1 /l\’{‘i’a
MPa /mm po %
A-1 A 685 30 6.31 37.3 24.9
A-2 A 685 50 3.96 30.8 20.6
A-3 A 685 70 2.79 30.8 20.6
A-4 A 412 50 3.96 37.3 249
A-5 A 919 50 3.96 37.3 24.9
B-1 B 412 50 4.53 37.3 24.9
B-2 B 919 50 4.53 30.8 20.6
C-1 C 919 50 3.96 30.8 20.6
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Table 2. Mechanical properties of reinforcement.

Type Diameter Yield Strength Elastic Modulus
/mm fyo/MPa E/10°
HRB400 8 412 2.0
HTRB630 8 685 2.0
1000 MPa 8 919 2.0

The production process of the specimens includes: binding the steel cage; sticking
the strain gauge on the steel bar; building formwork on the outside of the steel cage;
pouring concrete into the cage along the long side of the formwork; vibrating concrete
until it compacts; conserving for 28 days under natural conditions; removing the concrete
formwork; attaching strain gauge to the concrete surface. Figure 2 shows the main process
of specimen production.

(d)

Figure 2. The main production process of constrained concrete column specimen. (a) Binding the
steel cage; (b) Building formwork on the outside of the steel cage; (c) Vibrating concrete. (d) Attaching
strain gauge to concrete surface.

The test was carried out on the 2000 KN hydraulic test machine in the Laboratory.
The distribution of devices and measured points is shown in Figure 3. The height range
of 450 mm in the middle of the specimen was the test area, and two displacement meters
were arranged on the surface of the adjacent sides of the specimen to measure the axial
deformation of the specimen. The stirrup strain was measured by attaching a resistance
plate to the two rings of the stirrup in the middle of the specimen. This investigation chose
the loading way of displacement control, and the loading was stopped when the load value
drops to 75% of the peak load.
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Figure 3. Distribution of loading device and measuring point. (a) 2000 KN hydraulic test machine;
(b) Tested specimen; (c) Distribution of strain gauge.

3.2. Analysis of Strength and Ductility

Table 3 shows the specific data of the test results, where f.. and &, represent the peak
stress and peak strain of the constrained RC column specimen, respectively. f, and e, are
the peak stress and peak strain of the unconstrained RC column specimens, respectively. ¢,
is the strain of the specimen when the stress of the concrete column specimen decreases to
85% of the peak stress. The increasing multiple of peak stress Ky (K¢ = fcc/ feo), increasing
multiple of peak strain K (K¢ = €.c/€¢0) and ductility ratio p. (e = €4/ €cc) can be used
as evaluated indicators of the strength and ductility of confined concrete. Comparing
specimens A-1 (s = 30 mm), A-2 (s = 50 mm), and A-3 (s = 70 mm), it can be seen that
the greater the stirrup spacing, the lower the ascending of peak stress and strain, and the
lower the ductility ratio. The increased times of peak stress and strain of specimen A-5
(fyo = 919 MPa) are 1.15 and 1.66 times that of specimen A-4 (f, = 412 MPa), respectively,
which means that the higher the stirrups strength, the greater the peak stress and strain. By
comparing specimens A-4 and B-1, as well as specimens B-2 and C-1, it can be seen that the
strength and ductility of the five-spiral composite stirrup-restrained concrete specimens
are significantly better than those of the four-spiral composite stirrup-restrained concrete
specimens and slightly better than those of the traditional well-shaped stirrup restrained
concrete specimens. The ductility ratio of specimens B-1 and B-2 is the highest (1.98 and
1.97, respectively), which means that the ductility of concrete specimens constrained by a
five-spiral composite stirrup is the best in all specimens.
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Table 3. Test result.
Specimen No. f.c/MPa Ece &y Ue Ky K,
A-1 56.9 0.02803 0.05473 1.95 2.29 14.02
A-2 334 0.01921 0.03343 1.74 1.62 9.61
A-3 26.3 0.01686 0.02472 1.47 1.28 8.43
A-4 43.6 0.01408 0.02270 1.61 1.75 7.04
A-5 50.2 0.02340 0.03841 1.64 2.02 11.7
B-1 50.0 0.02471 0.04892 1.98 2.01 12.36
B-2 34.3 0.03508 0.06894 1.97 1.67 17.54
C-1 28.4 0.03521 0.06105 1.73 1.38 17.61

In summary, the strength and ductility of concrete columns confined by multi-spiral com-
posite stirrups are higher than those confined by traditional well-shaped composite stirrups.

3.3. Analysis of Influencing Factors
3.3.1. Stirrup Spacing

When the stirrup form and strength are the same, the influence of stirrup spacing on
the stress—strain curve of the specimen is shown in Figure 4. When the stirrup spacing is
30 mm, the strength of specimen A-1 is significantly increased, and the declining phase
of the stress-strain curve is gentle. When the stirrup spacing is 70 mm, the peak strength
of specimen A-3 increases slightly, and the declining phase of the stress—strain curve is
slightly steep. When the stirrup spacing is 50 mm, the strength and ductility of specimen
A-2 are between the former two. Therefore, with the diminution of stirrup spacing, that
is, the increase of the ratio of volume stirrup, the carrying capacity and ductility of the
specimens are significantly improved, and the deformation ability is also better.

—A-1 s=30mm
ol —A-2 siSOmm
— A-3 s=70mm
50+
s 40+
Z 30}
P
20+
10+

0.02 0.04 0.06 0.08
&

Figure 4. Influence of stirrup spacing.

3.3.2. Stirrup Form

Figure 5 shows the effect of different stirrup types on the stress-strain curves of
specimens when the yield strength of the stirrup is 919 MPa and 412 MPa, respectively.
According to Figure 5a, when the stirrup strength, spacing, and concrete strength are
the same, the restraint effect of the five-spiral composite stirrup form (specimen B-2) is
better than that of the well-shaped composite stirrup form (specimen C-1), and the peak
strength of the former is higher and the declining phase is more gentle. This is because
the small concrete cylinder constrained by the inner spiral hoop is in a state of three-way
compression itself, and at the same time is constrained by the outer rectangular hoop.
In addition, due to human factors during concrete pouring, the concrete strength of the
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four-spiral composite stirrup specimen A-5 (f, = 28.3 MPa) was higher than that of the
specimens B-2 and C-1 (f. = 23.4 MPa). Therefore, the peak strength of the specimen was
the highest, but the declining phase of the curve was slightly steeper and the ductility was
poor. Figure 5b indicated that the peak strength and strain of specimen B-1 constrained by a
five-spiral composite stirrup are significantly larger than those of specimen A-4 constrained
by a four-spiral composite stirrup, and the peak plateau of specimen B-1 is longer and the
declining phase of the curve is more gentle, that is, the constraint effect of the five-spiral
composite stirrup form is better than that of the four-spiral composite stirrup form. This is
because the five-spiral composite stirrup interlocks with each other and has a higher degree
of constraint.

—A-S —A-4
501 ——B-2 50} ——B-1
—cC-1
401 40t
<30 o 30}
S =
20} <200
101 f,»=919MPa 10 f,y=412MPa
1 1 1 1 0 L 1 L
002 004 006 008 0.02 0.04 0.06
£ £
(a) (b)

Figure 5. Influence of stirrup form. (a) Stress-strain curves of specimens with different stirrup forms
when the stirrup strength is 919 MPa; (b) Stress—strain curves of specimens with different stirrup
forms when the stirrup strength is 412 MPa.

3.3.3. Stirrup Strength

Figure 6 indicates the influence of stirrup strength on the stress—strain curve of the
specimen. The peak stress and strain of specimen A-5 (fy, = 919 MPa) are higher than
those of specimen A-4 (fy, = 412 MPa), and the declining phase of the stress-strain curve
of the former specimen is more gentle. So, the strength and ductility of concrete specimens
with high-strength stirrup constraints are better than those with ordinary-strength stirrup
constraints. In addition, due to the casting problem, the concrete strength of specimen
A-2 is relatively low, so the peak strength of its curve in Figure 6 is the lowest, but the
descending section is the most gentle.

—— A-4 [, ,~412MPa
£=28 3MPa
50l —— A5 £,,=919MPa
£-28.3MPa
40} A-2 £, ~685MPa
=23 4MPa
o 30}
E
o 20+
10}

001 002 003 004 005
&

Figure 6. Influence of stirrup strength (Specimen of four-spiral composite stirrup).
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In summary, the space, form, and strength of a stirrup are important factors affecting
the compression performance of concrete columns confined by stirrups. The smaller the
stirrup space and the higher the strength, the better the bearing capacity and ductility of
the column. And the restraint form of multi-spiral composite stirrups is better than that of
traditional well-shaped composite stirrups.

4. Calculation of Stress and Strain
4.1. Analysis of Constraint Mechanism

A square RC column confined by four-spiral composite stirrups is taken as an example
for analysis. The distribution of constraint stress in its cross-section under axial pressure is
shown in Figure 7. The rectangular hoop acts as a transverse constraint on the core concrete
surrounded by it, and the distribution of constraint stress is arched along the edge length
direction. The four concrete cylinders located inside the four spiral stirrups are confined
by both the outer rectangular hoop and the inner spiral stirrups. In addition, the outer
rectangular hoop connects the four concrete cylinders together, while allowing the RC
cylinders to also provide lateral constraints on the core concrete they enclose.

\ Transverse constraint
stress

Spiral stirrup
Rectangular stirrup

Longitudinal reinforcement

Figure 7. Distribution of transverse constraint stress of square column with four spiral stirrups.

According to the different degrees of constraint, the cross-section of the square column
is divided into three parts: highly constrained region, partially constrained region, and
unconstrained region, as shown in Figure 8. The highly constrained region is the area
surrounded by four inner spiral hoops. The concrete in this area is constrained by both
the outer rectangular hoop and inner spiral hoops. The partially constrained region is the
area outside the circular spiral stirrup and inside the rectangular stirrup. The concrete in
this area is constrained by the outer rectangular hoop and four concrete cylinders. The
unconstrained region is the concrete protective layer.

Concrete protective layer R l%
Spiral stirrup — K __:": R Highly constrained region
Rectangular stirrug /-/’_J ': ‘: V777] Partially constrained region
- s s | | ] Unconstrained region
Longitudinal reinforcement SR %
& "\~ 2

Figure 8. Division of constrained region of square column with four spiral stirrups.

4.2. Effective Lateral Restraint Stress

Mader et al. [15] proposed the effective constraint area A, of the circular stirrup and
rectangular stirrup (Equations (1) and (2)), and defined the ratio of effective constraint area
A, to net core area A as the effective constraint coefficient k.. The effective constraint co-
efficients of circular spiral and rectangular stirrup were calculated in Equations (3) and (4).

2
LYo
B 4ds (1 ZdS) M
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where s’ is the minimum distance between adjacent stirrup surfaces and surfaces. d; is
the diameter between the centers of spiral stirrups. b; and d. are the core dimensions of
the rectangular stirrup along the x and y orientations of the center line, respectively. w} is
the net distance between the ith adjacent lengthways bars. p. is the ratio of the area of
lengthways reinforcement to the area of core concrete. The meanings of the above symbols
are shown in Figure 9.
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Effectively confined =
ccively connned core W'
T T
5]
Al N
1/48 (P
ly Section Z-Z

Cover concrete | -]

Ineffectively confined core

M5

gl
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Ineffectively confined core

7

v

h.-872
o

b

Section Y-Y

Section A-A

Figure 9. Effectively restrained area of transverse reinforcement.

The effective lateral constraint stresses f;; and fj; imposed on concrete by inner spiral
hoops and outer rectangular hoops are calculated according to Equations (5) and (6), respectively.

1
fn = Skeapsfym 5)

1
fo= Eke2 (px + Py)fyhz (6)

k.1 and k., in the formula can be calculated according to Equations (3) and (4). ps is
the volume ratio of the circular spiral stirrup to the internally constrained concrete; px and
py are the volume ratios of the rectangular stirrup and its internally constrained concrete in
the x and y orientations, respectively. f,,1 and f,, are stirrup stresses when the confined
concrete column under axial load reaches its peak stress, respectively.
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For the concrete square column constrained with multi-spiral composite stirrup stud-
ied in this paper, its effective constraint stress f; is calculated according to Equation (7) [42],
where 7 is the ratio of the region of constrained concrete to the region of core concrete in
the circular spiral stirrup region.

fi=Un+f)r+ fz(l—7) 7)
4.3. Peak Stress

The William—Warnke five-parameter model [43] is used as the failure criterion model
of concrete under triaxial compression. Equation (8) represents the compression meridian,
and oot and T, represent the octahedral normal stress and tangential stress, respectively.

2
Toct Ooct Ooct
2 — b+ b2+ b ( > 8
fo 0 e T ®)

It is assumed that the transverse constraint stresses of concrete confined by multi-
spiral stirrups are equal, where both two principal stresses are transverse constraint stresses
and the third stress is compressive strength subjected to maximum load. Then the three
principal stresses of constrained concrete can be expressed by Equations (9) and (10).

01 =02=—f )

03 = _fcc (10)

The stress is transformed from a Cartesian coordinate system to an octahedral coordi-
nate system to modify the stress, as shown in Equations (11) and (12).

_(n+o+03)  —fee 2
Ooct = 3 T3 3fl (11)

\/(0% +02+0?)
TOCt - - A5

?(fcc — 1) (12)

By substituting Equations (11) and (12) into Equation (8), the formula for calculating
the peak stress of constrained concrete f.. can be obtained as follows:

2
3 ~ Ooct =

2
o [30vaen) (3(V2En) N e ovan g
Jee = feo| =g, T 257 T bafe fe

(13)

where f; is the effective constraint stress; f., is the peak stress of unconstrained concrete;
by, b1, and b; are the coefficients. By regression analysis of the experimental data in this
investigation, by = 0.111, by = —1.02, and b, = —0.304 are obtained, and their values are put
into Equation (13) to obtain the formula (Equation (14)) for calculating the peak stress of
constrained concrete suitable for this paper.

fee = feo (—1.944 + 2.663@2}1) (14)

Table 4 indicates the experimental value of the peak stress of the square RC column
with multi-spiral composite stirrups tested in this paper and the theoretical value calculated
according to the above equations. Through comparative analysis, it can be seen that the
calculated value is generally higher than the tested value. The error w is defined as the
ratio of the calculated value minus the tested value to the tested value. The maximum w is
6.844%, the minimum w is 0.797%, and the average w is 3.910%. Therefore, Formula (14)
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has a high accuracy when it is used to calculate the peak stress of concrete confined by
multi-spiral composite stirrups.

Table 4. Tested and calculated values of peak stress.

Specimen No. Tested Value/MPa Calculated Value/MPa ={Caleulated value — Tested value) o,

A-1 56.9 58.9 3.515
A-2 33.4 36.0 7.784
A-3 26.3 28.1 6.844
A-4 43.6 44.7 2.523
A-5 50.2 50.6 0.797
B-1 50.0 49.8 —4.000
B-2 34.3 35.9 4.665
C-1 28.4 31.0 9.155

Average value of w 3.910

4.4. Peak Strain

According to the formula presented by Bing et al. and combined with the regression
analysis of the experimental data in this investigation, the calculation formula of peak

strain ¢ is as follows:
£oc f 0.58
— =1+18.92( =— 15

€co (fco) ( )

Table 5 shows the experimental values of the peak strain of concrete square columns
with multi-spiral composite stirrup tested in this paper and the theoretical values calculated
according to the above equation. Through comparative analysis, it can be seen that the
maximum w is 9.510%, the minimum w is 0.260%, and the average w is 5.621%. Therefore,
Equation (15) can be used to calculate the peak strain of concrete with multi-spiral composite
stirrup constraints.

Table 5. Tested and calculated values of peak strain.

Specimen No. Tested Value/MPa Calculated Value/MPa ( = (Caleulated value ~ Tested value) oy,

A-1 0.02803 0.02760 —1.534
A-2 0.01921 0.01926 0.260
A-3 0.01686 0.01529 —9.312
A-4 0.01408 0.01503 6.747
A-5 0.02340 0.02280 —2.564
B-1 0.02471 0.02236 —9.510
B-2 0.03508 0.03185 —9.208
C-1 0.03521 0.03201 —9.088

Average value of w 5.621

4.5. Ultimate Compressive Strain

In this paper, the strain value corresponding to the axial load of the constrained
concrete square column falling to 85% of the peak value is taken as the ultimate compressive
strain £.,. Through regression analysis of the test data, the calculation formula of the
ultimate compressive strain €., can be obtained as follows:

0.76
Ecu fl )
— =2+4181( = 16
Eco (fco (16)

Table 6 shows the test values of the ultimate compressive strain of the square RC
column confined by multi-spiral composite stirrups tested in this paper and the theoretical
values calculated according to the above equation. Through comparative analysis, it can
be seen that the maximum w is 17.743%, the minimum w is 1.376%, and the average w is
8.484%. For specimen B-1, although the maximum error w between the test value and the
calculated value was more than 10%, the calculation was safe because the calculated value
was less than the test value, so the corresponding formula could be used.



Buildings 2022, 12, 2179 13 0f 18
Table 6. Tested and calculated values of ultimate compressive strain.
Specimen No. Tested Value/MPa Calculated Value/MPa w= (Calcula‘e‘;_‘e’:::; v’a;f‘ e:‘“d value) o,

A-1 0.05473 0.05410 -1.151
A-2 0.03343 0.03389 1.376
A-3 0.02472 0.02522 2.023
A-4 0.02270 0.02468 8.722
A-5 0.03841 0.04216 9.763
B-1 0.04892 0.04024 —17.743
B-2 0.06894 0.06530 —5.280
C-1 0.06105 0.06570 7.617

Average value of w 8.484

4.6. Stirrup Stress

The test in this paper shows that when the stress of the concrete column confined by
the multi-spiral composite stirrups reaches the peak stress, the high-strength stirrup does
not yield completely. If the yield strength of the stirrup is used to calculate the effective
lateral constraint stress, the calculation result will be too large. Therefore, the actual stress of
the transverse stirrup when the column reaches the peak stress should be used to calculate
the effective lateral constraint stress. Cusson gave a simplified formula to calculate the
actual stress f,, of high-strength stirrup under peak stress, as follows:

epe = 0.5ec¢ (1 . ]{:lc) (17)

At the same time, the iterative process of calculating the actual strain ¢, and stress f,,
of the high-strength stirrup is given:

1. Let fy, = fy and substitute them into Equations (5) and (6) to find the effective lateral
constraint stresses fj; and fj, imposed on concrete by inner spiral hoops and outer
rectangular hoops;

2. Substitute f;; and fj, into Equation (7) to calculate the effective transverse constraint
stress f; of high-strength stirrup on core concrete;

3. Substitute f; into Equations (14) and (15), respectively, to calculate the peak stress f,,
and peak strain e.;

4. By substituting f, fcc and & into Equation (17), the strain ¢y, of the high-strength
stirrup is obtained;

5. The stress fy;, of the high-strength stirrup is gained by the stress-strain relation of
high-strength stirrup;

6.  Only when the f,;, < fy, the calculated value of f,, is re-substituted into step1 to
recalculate the relevant parameters;

7. Repeat steps 2 to 6 until convergence.

In summary, based on the analysis of the constraint mechanism, the effective lateral
constraint coefficient f; is introduced to establish the formulas for calculating the peak stress
fee, peak strain e, and ultimate compressive strain €, of concrete confined by multi-spiral
composite stirrups. In addition to this, the iterative formulas for calculating the actual
stress and strain of stirrups are given.

5. Constitutive Model
5.1. Establishment of Constitutive Model

At the beginning of loading, the passive constraint of stirrups and compressive strain
of concrete are small, and the existing constitutive models of constrained concrete at home
and abroad have little difference in the rising section. However, after the peak stress,
due to the great difference in the effect of different constraints, different constraints of
concrete constitutive models will differ greatly in the vicinity of the peak stress and its
declining section. In this paper, the corresponding constitutive model is proposed for
concrete confined by multi-spiral composite stirrups, as shown in Equations (18)—(20).
The stress-strain relation curve is shown in Figure 10. The curve equation of the Bing
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constitutive model is adopted in the ascending section. The declining section is a straight
line whose slope is determined by the peak point and the point where the stress drops to
0.85 fcc. The stress is assumed to remain constant after decreasing to 0.4 fe..

—E
0<e<eg: fe=Ecec+ (fmgzicsc)s% (18)
co
2
Ec— &
€eo < € < Egc 3fc:fcc_<C7CC)2(fcc_fcu) (19)
Ecc _€c0>
0.15(e. — ¢
€cc < € fc:fcc(l(cw)) (20)
(585 _Scc)

Confined concrete

ﬁ:o -

Figure 10. Stress—strain curve of confined concrete.

In the formula, €. and f are calculated by Equations (14) and (15), respectively. egs
represents the strain when it drops to 85% of the peak stress, and can be calculated by
Equation (16).

5.2. Comparative Analysis of Constitutive Models

For the specimens tested in this paper, the Mander model [15], the Saatcioglu model [18],
and the constitutive model presented by this paper were respectively used to calculate the
corresponding stress—strain curves and compared with the test curves in Figure 11. The
differences between the rising section of the stress—strain curve calculated by each model
and the test curve are small. However, the peak stress, strain, and declining section of the
curves are quite different, and the calculation results of the Mander model and Saatcioglu
model are higher. The main reason is that the yield strength of the high-strength stirrup
is used in the calculation of the peak point, while the actual stress of the stirrup does not
reach the yield. The calculation curve of the presented model fits well with the test curve,
so the model can be used to predict the stress—strain relation curve of concrete confined by
multi-spiral composite stirrups.
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Figure 11. Comparison of stress-strain curves of specimens. (a) Specimen A-1; (b) Specimen
A-2; (c) Specimen A-3; (d) Specimen A-4; (e) Specimen A-5; (f) Specimen B-1; (g) Specimen B-2;

(h) Specimen C-1.
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In summary, based on the theoretical analysis and experimental data, the stress-strain
curves and corresponding piecewise equations of concrete confined by multi-spiral stirrups
are established. The results can be used as a reference for the numerical simulation and
engineering design of such components.

6. Conclusions

Based on the axial compression test of seven multi-spiral composite stirrups square RC
columns and 1 traditional well-shaped composite stirrups square RC column, the following
conclusions are obtained:

1. With the decrease of stirrup spacing or the increase of stirrup strength, the carrying ca-
pacity and ductility of the specimens are significantly improved, and the deformation
ability is also better. The strength and ductility of the square RC column specimen
confined by five-spiral composite stirrups are obviously better than those of the cor-
responding specimens with four-spiral composite stirrups, and slightly better than
those of the corresponding specimen with traditional well-shaped composite stirrups.

2. The restraint mechanism of multi-spiral composite stirrups was analyzed. According
to the different degrees of constraint, the cross-section of the square RC column is
divided into three areas: the highly constrained region (the area surrounded by the
circular spiral stirrups), the partially constrained region (the area outside the circular
spiral stirrups and the area within the rectangular hoop) and the unconstrained region
(the protective layer).

3. Combined with theoretical analysis and experimental data regression, the formulas of
effective confinement stress, peak stress, peak strain, and ultimate strain of concrete
confined by multi-spiral composite stirrups are proposed and compared with the
experimental results. The results show that the error between the calculated and
experimental values is less than 5%, which means the calculation formula presented
in this paper has high accuracy.

4. A constitutive model of concrete confined by multi-spiral composite stirrups is pro-
posed and compared with several typical constitutive models of constrained concrete.
The results indicate that the presented constitutive model fits well with the exper-
imental curve and can predict the axial compression performance of this type of
constrained concrete well.

7. Discussion

According to the test results of this paper, the strength and ductility of concrete
columns can be significantly improved by considering the form of cross-section reinforce-
ment restrained by four or five spiral stirrups in practical engineering. In particular, the
formulas of effective confining stress, peak stress, peak strain, and ultimate strain proposed
in this paper can be used in the design of multi-spiral composite stirrup-constrained con-
crete columns. Due to the influence of the number of specimens and production errors, it
is not possible to fully analyze the influence of each parameter on the constraint effect of
specimens. Therefore, the finite element method will be used to simulate the mechanical
properties of such components, and the rationality of the constitutive model proposed in
this paper will be compared and analyzed.

8. Recommendations

In this paper, experimental research and theoretical analysis are carried out on the
axial compression performance and constitutive model of confined concrete short columns
confined by multi-spiral composite stirrups, but the analysis of the influencing factors is
not comprehensive, such as the size effect, concrete strength, stirrup form optimization,
and so on. In addition, further experimental studies are needed on the optimal design of
axial compression, the partial compression performance, and the seismic performance of
the concrete columns confined by multi-spiral composite stirrups, which can provide a
theoretical basis for the practical engineering application of this type of column.
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