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Abstract: Spiral ties with rectangular cross sections have been developed as a new technology in construction, reducing
the workforce in the reinforcement production series, because the worker does not have to place the tie reinforcement for
the columns on the construction site. In this paper, a new type of tie was evaluated in short tie-columns subjected to axial
compression to be applied in confined masonry. A comparison was made in this paper among spiral ties, with circular and
rectangular cross sections, and traditional closed ties. The main aim of this research is to prove that these rectangular cross
section spiral ties can be used in tie-columns for confined masonry structures. Twenty-one specimens were tested to inves-
tigate their structural behavior. As a part of the results, maximum loads, strains, load-displacement curves, and stress-strain
relationships, were obtained based on testing standards, for both specimens and component materials. In addition, the
fracture energy in compression and the ductility index were assessed. These results demonstrate that spiral ties with rec-
tangular cross section have an efficient structural response compared to traditional and circular spiral ties.

Keywords: Spiral ties; strapping ties; tie-columns, experimental test, fracture energy.

1. Introduction

In the last few years, interest in the structural efficiency of confined masonry walls, used in seismic zones, has increased.
Tie-columns and bond-beams are used in masonry walls to confine the masonry units and to reduce the out of plane flexural
effect. This configuration adds both more ductility and more dissipation energy capacity under seismic lateral loads (Cai, Su,
Tsavdaridis, & Degée, 2018). Recent investigations have focused on the influence of the ties in the structural behavior of
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isolated structural elements (Du, Jin, Du, & Li, 2017; Grgi¢, Radni¢, Mate$an, & Banovi¢, 2017; Gribniak, Rimkus, Torres,
& Jakstaite, 2017; Hong, Han, & Yi, 2006; Li, Sun, Zhao, Lu, & Yang, 2018; Salah-Eldin, Mohamed, & Benmokrane, 2019;
Sun & Li, 2019; Tan et al., 2018) of reinforced concrete (RC), but not in ties for tie-columns and bond beams.

The steel used to reinforce tie-columns and bond-beams in confined masonry walls differs from the steel used in RC. The
rebar used in tie-columns and bond-beams is of high strength due to its cold-formed manufacture process and is of smaller
diameter than the used for RC elements. The strapping forming process for the steel is usually based on thermal treatments to
give more ductility to these ties.

A Mexican company (Aceros-Titdn-Company, 2016) has a new technology to produce prefabricated steel cages for these
structural elements, including ties with circular and rectangular cross section (Figure 1). Ties with a circular cross-section
(traditional closed ties and spiral ties) are commonly used in the industry and are studied in many works (Chai & Draxler,
2014; Zhao & Wang, 2015). However, the ties with rectangular cross section are rarely used in construction. This new type
of steel cage can be folded for transportation purposes making it more manageable and allowing more cages to be fitted in a
tighter space, resulting in lower transportation costs.

In this paper, a new tie is studied for tie-columns and bond-beams to be applied in confined masonry. The behavior of these
elements was researched from axial compressive tests in short tie-columns. A comparison was made from the load-displace-
ment relationships by using circular and rectangular cross sections. These systems were referred to as S for strapping spiral
ties (Figure 1.a), C for circular spiral ties (Figure 1.b) and, T for traditional closed ties (Figure 1.c).

The general aim is to experimentally evaluate the axial load-bearing capacity of spiral ties with rectangular cross-section
against traditional closed ties, and spiral ties with circular cross-section in short tie-columns. The axial compressive phase
establishes the first target for this investigation. This new tie with rectangular cross-section is cold-formed and has a thermal
treatment that changes its mechanical properties (Gardner & Yun, 2018), arising the next question: will the new strapping ties
satisfy the requirements for tie-column under axial compression?

Figure 1. Ties in steel cages with: (a) Spiral with rectangular cross-section (S), (b) Spiral with circular cross-section (C)
and (c) Traditional closed tie (T). (Own elaboration).

2. Materials and methods

2.1. Material test

In this paper three different steel were employed: (1) steel for traditional and spiral tie, with a circular cross-section; (2)
steel for strapping tie, with rectangular cross-section (thermally treated steel) and, (3) steel for longitudinal rebar. The char-

acterization of the physical mechanical properties of reinforcement steel (ASTM-A370; ASTM-E8/E8M-09) was carried out
by uniaxial tensile tests (Table 1, Figure 2).
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After the three types of steel were tested (ASTM-A370), a comparison of the stress-strain relationships for ties with circular
cross-section and with strapping section was made. Figure 2 c, illustrates the experimental mean curves from seven specimens
of both types. An increase in the elastic modulus from the strapping steel was observed. A change in its mechanical properties,
due to its cold formed and thermal treatment was obtained, achieving more ductility (Table 1). The stress-strain relationship
for the S steel shows a similar behavior as that proposed by X. Yun and L. Gardner (Yun & Gardner, 2017).

Table 1. Mechanical properties of steel.
Longitudinal rein-

. Steel for T and C ties Steel for S ties
Description (gfo:rcggir]l;]) (9 =4.11 mm) (19 mm x 0.7 mm)
Yield stress (MPa) 527.79 332.58 489.35
Maximum stress (MPa) 656.13 583.86 652.53
Rupture stress (MPa) 472.80 399.1 597.76
Elongation at 10 @ (%) 10.36 6 13
Elastic modulus (MPa) 145938 72426 257583
Yield Strain 0.0056 0.0066 0.0039
Strain at maximum Stress 0.16 0.073 0.13
Rupture strain 0.21 0.073 0.13
Density (kg/m?) 7850 7850 7850

Instrumented length  Reference

700

600

500

Stress (MPa)
("5 ]
[=]
(=]

200 m— Steel for strapping ties (0.7x19 mm)

—e— Steel for circular ties (@ 4)

100

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01 0.11 0.12 0.13 0.14 C)
Strain (mm/mm)

Figure 2. a) Instrumented circular tie, b) tested strapping ties, ¢) mean stress-strain curves of circular and strapping ties.

For the concrete, the Mexican standard (NTCM, 2017), which is renowned in many parts of Latin America (Marques &
Lourenco, 2019), establish a mean compressive strength for tie-columns and tie-beams of 15 MPa, for interior and exterior
walls in non-aggressive environments. In this case, the axial compressive test was carried out (Table 2, Figure 3) (ASTM-
C39/C39M-18; ASTM-C617/C617M-15) in twenty-seven concrete cylinders to determine the characteristic maximum com-
pressive strength. These cylinders were taken from a simple random sampling during the pouring of concrete and were tested
at 28 days. The size of the cylinders was of 15 cm diameter and 30 cm height. The cylinders were capped as standards establish
(ASTM-C39/C39M-18). The average value of the compressive strength of the concrete was 15 MPa and the coefficient of
variation was 6 = 0.0845.

Table 2. Mechanical properties of concrete. (Own elaboration)

Compressive strength (MPa) 15
Poisson ratio 0.18
Elastic modulus (MPa) 18130
Yield strain 0.000325
Yield stress (0.4 f°c) (MPa) 6
Density (kg/m?) 2000
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Figure 3. Mean stress-strain curves of concrete.

2.2. Experimental test procedure

Twenty-one specimens were tested to investigate their structural behavior and were distributed as follows: nine short tie-
columns with strapping spiral ties (S), nine specimens with circular spiral ties (C) and three specimens with traditional ties
(T). For S and C specimens, different spacings were defined (ACI-530, 2013; ASTM-A370; ASTM-C39/C39M-18; ASTM-
C617/C617M-15; ASTM-E8/E8M-09; NTCM, 2017): 120 mm for the minimum, 200 mm for the maximum allowable and
158 mm for the mean. The spacing of the T specimens was of 158 mm. Table 3 summarizes the tested specimens.

The dimensions for short tie-columns were chosen to avoid lateral instability effects (JSCE, 2007): 150 mm x 150 mm X
500 mm (width x height x length). The minimum allowable longitudinal steel reinforcement was used for all the specimens
(ACI-318, 2019; ACI-530, 2013), since they are used for confined masonry (ACI-318, 2019; ACI-530, 2013; JSCE, 2007).
The slenderness ratio was 13—0 The longitudinal reinforcement consisted of 4 @ 6 mm for the specimens, the T and C ties were

@ 4 mm, a section of 19 mm x 0.7 mm was used for the S ties (Figure 4) All the ties had same cross-sectional area of 13.3
mm2. In addition, the cover depth was of 3 cm for all the specimens (Figure 4).

Table 3. Properties for the specimens.

Ties Tie spacing (A)  Specimens for test Nomenclature

120 mm 3 S-12

Strapping Spiral Tie 158 mm 3 S-15
200 mm 3 S-20

120 mm 3 C-12

Circular Spiral Tie 158 mm 3 C-15
200 mm 3 C-20

Traditional Tie 158 mm 3 T-15

Total 21
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Figure 4. Geometry of the specimens: a) type T, b) type S, c) type C.

2.3. Test setup

The constitutive materials (steel and concrete) and the short tie-column specimens were characterized by the following
measuring system: (1) Strain gauge transducers to measure strains in the concrete, (2) Strain gauge transducers to measure
strains in the longitudinal steel rebar and transversal steel reinforcement and, (3) Linear variable differential transformers
(LVDT) to measure the displacements of the whole specimen. A 2000 kN machine was used to test all the specimens. The
post-peak behavior was determined by using a displacement-controlled test at a rate of 0.005 mm/s. Two 25 mm thick steel
plates were placed at the external faces of the specimens to achieve a uniform load distribution (Figure 5). Strains were
measured along the longitudinal axis of bars, ties, and the concrete surface. Figure 5 shows the schematic location of these
strain transducers. These measurements were the first experimental level to determine the behavior of the new ties in the

specimens.
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Figure 5. Instrumented specimens and schematic location of the strain gauges.

3. Results and discussions

Figure 6 a, shows the failure pattern of the sliding of the concrete in the tested specimens. This failure would be critical for
isolated elements (ACI-530, 2013). This is due to the use of a minimum area of reinforcement in the tested specimens. Fur-
thermore, Figure 6 b and c, show the loss of stability in the longitudinal bars, where a lower loss of stability was observed in

S specimen.

The load-displacement curves were obtained, and are shown in Figure 7 a and b, for the tested specimens. Furthermore,
the mean stiffness (E;) evaluated at the 40% of the maximum stress from experimental relationships is shown in Figure 7 c.

It can be observed that the S ties bring more stiffness to the specimens than the C ties.
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Figure 6. a) Modes of failure in the tested specimens: b) Tested specimens with strapping section, zoom in and schematic detail, c)
Tested specimen with circular cross section and schematic detail.
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Figure 7. a) Average of the load-displacement curve for C-specimens, b) Average of the load-displacement curve for S-specimens, c)
Stiffness from tested specimens.

Revista de la Construccién 2022, 21(3) 657-668; https://doi.org/10.7764/RDLC.21.3.657 www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catélica de Chile



https://doi.org/10.7764/RDLC.21.3.657
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2022, 21(3) 657-668
664 of 668

The post-peak behavior was evaluated in each specimen in the stress-displacement relationships to obtain the fracture
energy in compression (ch) (Figure 8) (Lizarraga & Pérez-Gavilan, 2017; Oller, 2001). The specimen with the S-12 tie

confers 12% more ductility than the T tie specimen, as shown by Table 4.

23

25 n7
T 1T -
29 oy = -1.0642X + 25275 H— a5 f y=-45678x+20532— [¥= ‘1?8_63"9;0218'167
a7 y \! R=1 H—  aw S | me-oom = 1 >=0.
& e . 212
s 05 N =
& = - A
Sus = %znn = 07
Ea11 £ 105 B f02 ¥ =-4.8205x2 + 15.789x + 8.9254
kg @ < =
209 N B 02 R2=0.9808
~ 150 — 197 L E
207 cma ‘ ~y 185 = 192 12 |
205 - ereee = 180 C15 Average | R T 1 .
- ~ 187 —{ Gl Avere | Py
16 17 18 16 20 21 23 23 24 1k T2 mo 22| 21 28 182 £ T T S 02 i
5 1S

213

228 1=

23
ns
g3

&

3

Displacement (mm)

R2=0.9985

‘y=-5,7103x+32759
1

Displacement (mm) 11

19 21
Displacement (mm)

< g 197

¥=-3.6852x° + 18.571x? - 32.113x + 41.711
~ R*= 09856

2 T ]
i .= -9.2474x° +50.841x? - 95.813x + E4.46§| #1902
~ R*=0.

833 187

bas La i

182
177

E L[ —1 average|

Ls

20
Displacement (mm)

25

2203

108

183

1838 4 5-20 Average |
183
17

19

Displacement (mm)

Q
=

<

_‘ +§-15 Average ]

1
5-12 Average

16

18 20 22

Displacement (mm)

17

19 21 23
Displacement (mm)

25

Stress (MPa) o

Displacemeﬁt (mm)

5,

|

p

d

(oF

_ Gre
Op

D
o(6)dods

bu j
Ou

&8, — Peak displacement

&, — Ultimate displacement

o, — Peak Stress

o, — Ultimate stress

Gy — Fracture energy in compression
d — Ductility index

Figure 8. Curve fitting in the post-peak behavior to compute the fracture energy. Formulation to obtain the fracture energy in compres-
sion and the ductility index.

Table 4. Fracture energy in compression and ductility index (Own elaboration)

Tie 2 Gre d (mm) Relative difference from d
(N/mm)
T 0.9808 89.11 4.07 Control pattern

S-12  0.9833  107.00 4.56 12% (+)

S-15 0.9856 75.93 3.31 19% (-)

S-20 0.9985  74.23 3.24 20% (-)

C-12  0.9901 68.42 3.10 24% (-)

C-15 09940  88.77 4.01 1% (-)

C-20 1.0000 29.56 1.34 67% (-)

The mean of the maximum experimental load was also assessed from every tested system (T, S, and C); the relative differ-
ence was calculated by taking as a control pattern the T tie specimen (Figure 9). The use of C ties increased the maximum
load up to 1.2%, although there was a reduction in the stiffness (Figure 7 ) and the ductility index (Table 4) when comparing
against the T ties. For S ties, the maximum load increased between 5% to 7.3%. Arguably, this increment is due to a larger
contact surface of S tie and the concrete (Figure 6 b). Moreover, the strapping steel had higher strength and ductility from the
cold-formed process and the thermal treatment. In addition, it can be observed in Figure 6 b and c, that the longitudinal bars
had better lateral confinement with the S tie than with the C tie. Due to the reduced buckling span provided by S ties, the axial

load capacity of bars also improved.
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Figure 9. Average of the maximum loads from experimental results.

Furthermore, the axial design strength (¢ P, ;n4,) Was evaluated in accordance to ACI-318 19 (Cai et al., 2018) for tradi-
tional (Eq. 1), and spiral ties (Eq. 2). When the formulas from ACI were applied, the T tie took a value of 179.5 kN (Eq. 1),
and for spiral ties the value was of 220 kN (Eg. 2). Due to the ACI code does not establish any recommendations for strapping
ties, the same value was used to compare the two specimens with spiral ties (S and C). Table 5 shows the relative difference
between the nominal and design ACl-code strengths and the experimental results. P, is the nominal strength of the RC.

The relative difference between both design strengths from ACI-code was 18.4% higher for spiral ties. Experimental results
gave a maximum load of 528 kN for the S-12 specimen, and 492 kN for the T specimen (Figure 9), with a relative difference
of 7.3%. Comparing these values with those obtained from ACI-code ¢P, ., (ACI-318, 2019) (Egs. 1 and 2), the experi-
mental values were more than twice the values from ACI formulas (Table 5). The relative difference over 54% between ACI
formulas and the experimental results is due to the safety factors and underestimation of the standards. The comparison with
respect to the nominal strength P, resulted in a relative difference over 28%. Equations 1 and 2, correspond to the eq.
22.4.2.1.a, and 22.4.2.1.b from the ACI-code, respectively.

Py max = 0.8%0.65 * P, (1)
®Ppmax = 0.85%0.75 % B, )
where: P, = 0.85f"c(A, — Age) + fy(Age)

A, : Gross area of the concrete section

Ay, Total area of the longitudinal reinforcement
f’c: Compressive strength of the concrete

fy: Yield stress of the steel

In addition, volumetric ratios of steel and concrete were obtained (Table 6). A maximum relative difference among 3%
and 14% was obtained, without considering the bending of the steel in the T ties. That implies a reduction of at least 3% in
the steel weight, and an increase up to a 7% in the maximum load capacity, and an improvement in the ductility index when
S-12 is used
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Table 5. Relative difference between code provisions and experimental results.

Ties Ma:érl;;aei:r((l)(r;)Ex- Ac(:ll’\?)l ?Pi c;de Relative difference (%) ACI-(?:;E;:S;(kN) Relative difference (%)
T 492 345.12 29.8% 1795 63.5%

S-12 528 34.6% 58.3%

S-15 517 33.2% 57.4%

S-20 516 33.1% 57.4%

C-12 486 34512 29.0% 220 54.7%

C-15 489 29.4% 55.0%

C-20 485 28.8% 54.6%

Table 6. Volumetric ratios between steel and concrete.
Gross volume Ratio

Ties Volume of gteel of concrete . Kg of I_?elative
(Va) (cm®) Vo) () V. (%) steel difference
Traditional 79.02 0.70 0.62 Control pattern
S-12 and C-12 76.82 11250 0.68 0.60 3%
S-15and C-15 71.75 0.64 0.56 9%
S-20 and C-20 67.95 0.60 0.53 14 %

4. Conclusions

An experimental program was carried out in the present study to answer the question: Will the new strapping ties satisfy
the requirements for short tie-columns under axial compression?
At the end of the research, the following conclusions were obtained

1. Specimens with strapping spiral tie reduce the loss of stability in the longitudinal bars due to a larger area of contact
among the steel and the concrete, compared against traditional and circular spiral ties (Figure 6).

2. Short tie-columns were stiffer (EK) with S ties than with C ties.

3. Specimen S-12 had an index of ductility 12% bigger than traditional specimens. Due to its ductility, this type of ties
would be better used for confined masonry in seismic zones.

4.  The strength increased from 5% up to 7.3% with the S ties with respect to the specimens with traditional ties.

The use of this ties decreases the needed volume of steel from 3 to 14%.

6. Itis possible to use this new system of strapping spiral ties in confined masonry to increase the velocity of manufac-
ture, while maintaining the load-capacity in axial compression unaffected.

o

For further investigations, longer tie-columns will be researched, including geometric nonlinearity effects and bond-beams.
In addition, a micro-numerical analysis will be realized to study other zones of the element
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