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Research Article/Civil and Sanitary Engineering

Strapping Spiral Ties for Short Tie-Columns in Confined
Masonry Walls Using a Micro-Numerical Model

Estribos flejados en espiral para castillos cortos de paredes de mamposte-
ria confinada mediante el empleo de micro modelacién numérica

José Alvarez-Pérez!, Milena Mesa-Lavista?, Jorge Humberto Chavez-Gémez3, Bernardo T. Teran-Torres?,
Roman Hermosillo-Mendoza®, and Diego Cavazos-de-Lira®

ABSTRACT

Many dwellings in the world are built using confined masonry walls. Confinement is achieved by tie-columns and bond beams of
reinforced concretfe. These tie-columns are traditionally reinforced by using closed loop ties. In this paper, a new type of ties for tie-
columns is presented: strapping spiral ties. These strapping ties are compared against traditional ties by a three-dimensional micro-
numerical model and the experimental behavior of short tie-columns. This study resulted in an improvement in the compressive
strength, in the degree of confinement of the concrete, and in the efficiency of tie-columns with strapping spiral ties. In addition, an
increase in the stiffness at the unloading stage was also obtained.

Keywords: spiral ties, strapping ties, short tie-columns, compressive strength
RESUMEN

Algunas de las viviendas en el mundo se construyen con muros confinados de mamposteria. El confinamiento se logra mediante
castillos y dalas de concreto reforzado. Estos castillos se refuerzan tradicionalmente mediante el uso de estribos fradicionales cerrados.
En este frabajo se presenta un nuevo tipo de estribos para castillos: estribos flejados y en espiral. Estos estribos flejados se comparan
con los estribos tradicionales mediante un modelo micro numérico tridimensional y el comportamiento experimental de castillos cor-
tos. Este estudio resultd en una mejora en la resistencia a la compresién, en el grado de confinamiento del concreto y en la eficiencia
de los castillos con estribos en espiral. Ademds, también se obtuvo un aumento de la rigidez en la etapa de descarga.

Palabras clave: estribos en espiral, estribos flejados, castillos cortos, resistencia a la compresion
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. plane bending effects. Furthermore, unreinforced masonry is con-
Introduction i )
structed out of different masonry units, such as hollow clay/con-

Masonry walls are of widespread use due to the availability of the
materials needed to build them, along with their quick and cost-
effective construction. Particularly in Mexico, 87% of the dwellings
are built using masonry walls (INEGI, n.d.), wherein many cases
are confined masonry walls. These types of walls are built using
unreinforced masonry and reinforced concrete (RC), i.e., tie-col-
umns and bond-beams. Tie-columns and bond-beams provide con-

crete and solid clay/concrete units. In order to provide confine-
ment to the masonry units, the spacing of the tie-columns must be
less than 4 m or 1,5 times the wall height, and their thickness must
be more than 100 mm and not less than the width of the masonry
unit (Rodriguez, 2009).

Previous research has focused on the effect of ties and stirrups on
the behavior of columns and beams as isolated structural elements

finement on the plane of the wall panels and reduce the out-of-
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(Gribniak et al, 2017; Hong et al,, 2006; Salah-Eldin et al, 2019;
Tan et al, 2018). In this line of research, unconventional geome-
tries of ties and stirrups for these structural elements have been
studied mainly on beams (Lima de Resende et al, 2016; Pérez-
Caldentey et al, 2013). In the study conducted by de Corte and
Boel (2013), spiral shear reinforcement was used on the beams.
Colajanni et al., 2014 also employed stirrups with different inclina-
tions. Other authors have focused on the behavior of beams with-
out stirrups (Arslan, 2012; Azam et al, 2016; Ridha et al, 2018).
Other studies (Du et al, 2017; Grgi¢ et al,, 2017; Li et al, 2018; L.
Sun and Li, 2019) were conducted for ties in columns. Dong et al.
(2018) proposed an innovative winding glass fiber-reinforced pol-
ymer tie (closed loop type). However, none of these studies have
focused on the behavior of stirrups for tie-columns or bond-
beams.

In this article, a new type of tie, denoted as a strapping spiral tie
(SST), is studied. A company located in Monterrey, Mexico
(Aceros-Titan-Company, 2016), patented the manufacturing pro-
cess to produce this type of tie. The main advantages of using it
are the reduction of labor cost and the increase in the speed of
reinforcement placement (de Corte and Boel, 2013). SSTs can be
produced with different spacings (Figure |). The steel strips are
produced using a cold formed method, which changes their me-
chanical properties (Yun and Gardner, 2017).

The aim of this research was to evaluate the behavior of SSTs in
short tie-columns, along with their confinement capacity, and to
provide a comparison between SSTs and traditional ties. This was
achieved by means of experimental tests and a micro-numerical
model. In order to achieve these goals, the next section describes
the experimental design, materials, and tests along with the nu-
merical model employed. Later, results and discussions are pre-
sented with regard to (I) the validation procedure, (2) the com-
pressive strength comparison between traditional ties and SSTs,
and (3) the behavior of SSTs. Finally, conclusions are drawn.

From this point forward, the tie spacing will be identified through
the machine spacing M, i.e., the configuration on the machine that
makes the straps (Figure 1). That is to say, 3, 3,95, and 5 cm long
(Table 1).

Table I. Experimental design for specimens
Configuration of the

. Specimens N . Tie spacing
Tie . machine spacing (M)
for testing (cm) (S) (mm)
. 3 3,00 120
Strapping 3 3,95 158
spiral tie :
3 5,00 200
Tralelonal 3 3.95 158
tie

Figure 1. a) Strapping spiral ties (SST), b) traditional ties (pattern)
Source: Authors

Materials and methods
Experimental design for the specimens

For this study, 12 specimens of short tie-columns were fabricated.
These specimens have ties with different spacings, which are spec-
ified in Table |. According to the standards (ACI International,
2013; NTCM, 2017), tie spacing must be less than 200 mm or 1,5
times the thickness of the masonry unit. Three different values of
spacing were considered (Table [): (1) 200 mm, ie, the maximum
spacing allowed; (2) 120 mm as the minimum, considering a mini-
mum brick thickness of 80 mm; and (3) a spacing of 158 mm. The
latter is the most widely used spacing by bricklayers in the region.

Source: Authors

Table | presents the number of specimens for each spacing and
type of tie tested. Two types of ties were studied: traditional and
SST. To characterize the specimens and validate their numerical
models, three samples were tested for each type and spacing. Fig-
ure 6 shows their geometry.

Material tests

The characterization of the mechanical properties of the rein-
forcement steel were determined through uniaxial tensile tests, in
accordance with ASTM standards (ASTM International, 2019,
2019). In addition, compression tests were conducted on concrete
specimens (ASTM International, 2015, 2018). For the reinforcing
steel, eight samples of the traditional ties and longitudinal bars (Fig-
ure 2a) and seven samples of the steel strapping strips with a char-
acteristic length of 10 cm (Figure 2b) were tested in order to ob-
tain their stress-strain curves. The elastic modulus was obtained
by applying Equation (I), according to ASTM-A370 (ASTM
International, 2019). Table 2 shows the average values of the elas-
toplastic parameters obtained for the longitudinal bars, traditional
ties, and steel strapping strips. The stress-strain curves obtained
are presented in Figure 3.

a)

Instrumented length Reference

Figure 2. (a) Steel bars testing; (b) strapping strip test, using an
electric displacement transducer and SST after testing
Source: Authors
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Table 2. Material characteristics

700 T o
v Lf)ngitudh:l bars (@ = 6,0 mm) 600 + \
. axi- up- . 1
Pa- Yield mum ture Elongation at 100 Elastic modu- 500 1
rame- stress stress stress %) lus = 400 1
ters (MPa) (MPa) ay
(MPa) (MPa) E 300
Mean 528 656 473 10,36 145 938 = 200
Pa- Strain at ftraln. Rup- §
rame- the yield at maxi- ture Density (kg/m?3) Poi . & 100
ters point mum strain oisson ratio ;j 0 } } } }
stress L e LI B o o o o o o e e o B
Mean 0,0056 0,16 0,21 7 850 0,30 0,00 0,05 0,10 0115 020
Traditional ties (pattern) (@ = 4,11 mm) .
: Max- Rup- : Strain (mm/mm) a)
Pa- Yield . Elastic modu-
mum ture Elongation at 100 700
rame- stress stress stress %) lus
ters (MPa) (MPa) (MPa) (MPa) - 600
Mean 333 584 399 6 72 426 S 500
Pa- Strain at aftr':alzi- Rup- u % 400
rame- the ).'leld mum tur? Density (kg/m3) Poisson ratio » 300
ters point strain s
stress = 200
Mean 0.0066 0.073 0,073 7 850 0,30 ‘m‘ 100
Steel strapping strips (rectangular section of 19 mm x 0,7 mm)
Pa- Yield Maxi- Rup- Elongation atin-  Elastic modu- 0
rame- stress sr:::; s::::s strumented lus 0,000 0,015 0,030 0,045 0,060 0,075
ters  (MPa)  (MPa)  (MPa) length (%) (MPa) Strain (mm/mm) b)
Mean 489 652 598 13 257 583 700
Pa- Strain at aftr.:alzi- Rup- L4
rame- the yield ture Density (kg/m3) .k . 600 ® T
ters point mum strain Poisson ratio - 500 1 o*
stress 3
Mean 0,0039 0,13 0,13 7 850 0,30 g 400 +
Source: Authors L)
2 300 ¢
£ 200 ¢
E— % 0 @ 100 3
where E > Elastic modulus; o¢~> Yield stress; and &> Yield 0,00 003 006 009 012 015
strain. Strain (mm/mm) c)

Figure 3. Stress- strain averaged curves for: a) longitudinal bars,
b) traditional ties, ¢) strapping strips
Source: Authors

To characterize the mechanical properties of the concrete, axial
compression tests of 27 samples were carried out (Figure 4a) at
28 days. An average strength of ¢ = 15 MPa was attained, with a
coefficient of variation of 6 = 0,0845. The cement used was CPC
(Composite Portland Cement), with a maximum coarse aggregate
size of 1/2 in (12,7 mm). Strain gauges were used to obtain the
loading branch, while multiple linear variable differential trans-
formers (LVDTs) were used to capture the unloading branch. Fig-
ure 4b shows the experimental results that will be introduced in
the numerical model.
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Figure 4. (a) Axial compression test for concrete, (b) concrete
stress-strain relationships
Source: Authors

Specimen testing

The structural response of reinforced concrete specimens is con-
ditioned by the mechanical properties of their constituent compo-
nents: steel and concrete. To characterize their behavior, strain
gauges and LVDTs were used (Figure 5). The dimensions of the
short specimens were selected to avoid lateral instability problems
and were 500 x 150 x 150 mm (length x height x thickness). All
the SST specimens had ties with a cross-sectional area equal to
the traditional tie area (Figure 6).

d)

Figure 5. Instrumentation with strain gauges: a) longitudinal bars and traditional
tie instrumentation, b) SST instrumentation, ¢) data acquisition device, d) spec-
imen ready to be tested

Source: Authors

The specimens were tested using an electro-hydraulic press
(Tinius Olsen brand). These tests were performed with displace-
ment speed control (0,005 mm/s) in order to obtain their post-
peak behavior. In order to achieve a uniform load distribution on
the top and bottom faces, 25 mm thick steel plates were placed
(Figure 5d).

Sliding of concrete was the observed mode of failure (Figure 7a),
along with buckling of the longitudinal bars (Figure 7c). For struc-
tural columns (ACl International, 2014), this implies structural col-
lapse. However, for tie-columns, the wall would be able to stay
up. This mode of failure is attributed to the use of a minimum
transversal reinforcement area in the specimen. In addition, Figure
7b shows the averaged load-displacement’s experimental results
for the specimens. Furthermore, volumetric steel-concrete ratios
for all the tested specimens, along with the percentage of reduc-
tion of the steel ratio for each set of SSTs, are presented in Table
3. It is noteworthy that, for a SST spacing of 5 c¢m, a significant
reduction of 14,08% is observed.

@ 411 mm SST section of
@ 158 mm 19 mm x 0,7 mm
@ 6 mm @ 6 mm
B g g
i g
: ¥ 7
30 mm - 30 mm
Cover COVCI' ’L—J"
150 mm
[=3
g 2
mD? 5
A=T =13,27 mm* = D = 4,11 mm
—_—
Circular section
bxd =19 mm 0,7 mm = 13,27 mm?
Rectangular section

Figure 6. Specimen dimensions
Source: Authors
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600 -

500 +

400 |
5300
'g F « Experimental Results (Traditional)
'3 200 T = Experimental Results SST (Spaced to 3)

« Experimental Results SST (Spaced to 3,95)
100 ; + Experimental Results SST (Spaced to 5)
0 # —— L B b)
0,0 1,0 2.0 3,0 4.0 5,0

Displacement (mm)
‘ i

Figure 7. (a) Failure mode of the specimens, (b) averaged load-displacement experi-
mental results, (c) loss of stability of the longitudinal bars
Source: Authors

Numerical simulation

To obtain a higher level of computational precision, the three-di-
mensional micro-modeling technique was employed for the struc-
tural analysis of the four types of short tie-columns (Table | and
Figure 8). The geometry of the steel bars and strips was modeled
independently of the concrete matrix, with their corresponding
constitutive laws (stress-strain curves). The ABAQUS/Explicit en-
vironment (Abaqus, 2016) was employed to carry out the simula-
tions. The required integrations were performed by the well-
known central difference integration scheme. Details of the math-
ematical modeling are provided in the following sections.

Geometry, element types, and mesh

For the mathematical calibration, a finite element (FE) formulation,
appropriate mesh size, and shape were considered (Mesa and
Alvarez, 2011). Three-dimensional hexahedral elements C3D8R
(eight contact nodes, reduced integration, and Hourglass control)
were used for modeling the concrete matrix. For the longitudinal
bars and traditional ties (Figure 8a), three-dimensional tetrahedral
elements C3D10 (10 quadratic contact nodes) were employed.
The SSTs (Figure 8b) were modeled with three-dimensional hex-
ahedral elements C3D20R (20 quadratic nodes and reduced inte-
gration). The concrete and steel bonding zones were modeled us-
ing a contact surface. Table 4 shows the meshing used for the four
three-dimensional models.

Traditional Spaced to 3,95

=k

Figure 8. Geometric models of the four types of specimens and zoom of the
mesh for: a) traditional ties, b) SST
Source: Authors

Spaced to 3 Spaced to 5

a)

Table 3. Volumetric ratios between steel and concrete for the

specimens
Configuration Vol N | . Relati
of the machine olume et volume Ratio elative
spacing of ties of steel of concrete (ﬁ) %) differ-
Pae ) Valem®)  @Iem®) W ence (%)
Traditional 79 1171 0,71 Pattern
SST spacing of 3 77 11173 0,69 2,82
ST spacing of 7 1178 0,64 9,86
SST spacing of 5 68 11182 0,61 14,08
Source: Authors
Table 4. Mesh description in geometric models
Configuration Num- Number
ofthe machine  perof  ofele-  C3D8R C3DI0  C3D20R
P (c%n) nodes ments
Traditional 435 943 276 464 12800 263 664 -
SST spacingto 3 520 721 263 860 12800 231 860 19 200
SST s;";cs'"g 489235 259645 12800 23180 14985
SST spacing to 5 465 997 256 270 12 800 231 860 11610

Source: Authors

Boundary and loading conditions

The boundary conditions defined for the mathematical model are
consistent with the support conditions of the experimental physi-
cal model. In other words, a uniform displacement of the top face
is allowed only in the loading direction, and, at the bottom face,
the movement is restricted for all the degrees of freedom. In ad-
dition, the mathematical model was subjected to a quasi-static load
model by considering a displacement control of the top face, which
was implemented by means of an explicit step function with soft
amplitude. As a convergence criterion, a limit value of 5% was
adopted for the ratio of kinetic energy and total internal energy
(Fei et al, 2017).
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Constitutive laws

A concrete damaged plasticity model (CDPM) was used to define
the nonlinear behavior of the concrete. A CDPM can simulate a
quasi-brittle material behavior for both concrete and masonry, as
well as the two main failure mechanisms of concrete: tensile crack-
ing and compressive crushing. It is based on the basic models pro-
posed by Lubliner et al. (1989) and improved by Lee and Gregory
(1998) by considering the separation of damaged plasticity and the
behavior of concrete under uniaxial tensile and compressive
stresses.

The stress-strain relationship, under tensile stress, is linear-elastic
up to the point where the peak tensile stress is reached. After
that, the softening tensile behavior is modeled by stress-cracking
strain or by considering fracture strain energy. Table 5 shows the
cracking displacement when the complete loss of strength is at-
tained (C. T. Sun and Jin, 2012; Telford, 2010). In this table, Gf is
the fracture energy that represents the strain energy required to
open a unit area crack, and f, describes the tensile peak stress, as
expressed in Equation (2).

6 =6ro(2)
=Y \10MPa)
Nmm
Gro = 0,030—; 2
26

fc=10%f’C; Wu:f_C

Where: Gy - Fracture energy, f. > tensile peak stress, and
w, —> crack opening at which concrete cannot resist larger
stresses.

Table 5. Concrete model by the fracture energy criteria

Fracture energy of tensile

Crack opening at which con-

concrete GF (L) peak crete cannot resist a larger
mm. stress stress wu (mm)
fc (MPa)
0,039 1,47 0,053

Source: Authors, Telford (2010)

The following inelastic parameters were defined in order to de-
termine the yield surface shape and the flow potential surface
(Druker-Prager hyperbolic function): (1) a dilation angle; (2) flow
potential eccentricity; (3) (fyo/f:0), Which represents the equi-
biaxial/uniaxial compressive yield stress ratios; (4) K, the second
stress invariant on tensile meridian vs. compressive meridian ratio;
and (5) viscosity. The K, value has influence on the yield surface
shape (Siimer and Aktas, 2015).

Table 6 shows the values employed for these five parameters. The
viscosity provides a quick convergence, as it allows a way to over-
come the yielding zone as per the CDPM parameters. The viscos-
ity value is fitted by trial and error. The Hill elastic plastic model
(Caminero and Montans, 2010) was employed for a longitudinal
and transversal steel constitutive ratio, with nonlinearity and hard-

ening isotropy. The elastic parameters of concrete are defined in
Table 7 (Telford, 2010).

Table 6. Parameters adopted for nonlinear analysis
Dilation an- Ec.c.en- FbO/fcO0  k Viscosity parame-
gle tricity ter
31 0,1 1,16 0,66 0,005
Source: Authors

Table 7. Elastic parameters of concrete

M E Limit of Limit of elastic Densi
(Pois  (Elastic mod- elastic stress (0,4 f'c) ke;m;y
son) ulus) (MPa) strain (MPa) (kg/m3)
0,18 18130 0,000325 5,88 2 000

Source: Authors

Results and discussion
Validation procedure

The experimental results of each specimen were obtained from
the displacement-controlled test. Moreover, their corresponding
load-displacement curves (LDC) were obtained from the numeri-
cal simulations. To validate the numerical model, the experimental
results were compared to LDC. Figure 9 illustrates the averaged
experimental results obtained from the specimens, along with the
curves obtained from the numerical models (i.e., LDC). The four
models show a satisfactory fit. Table 8 shows a small relative dif-
ference (less than 5%) at maximum load.

Traditional
5 200 .
g - Experimental Results (Traditional)
100 4} - Numerical Model (Traditional)
ke
0

0,0 1,0 2,0 3,0 40 5
Displacement (mm)

600 Spaced to 3 cm
500
400
E 300
= {
E 200 /  =—Numerical Model SST (Spaced to 3)
100 ‘,"' + Expenmental Results SST (Spaced to 3)
0,0 1,0 2,0 3,0 4,0 5,0
Displacement (mm)
Z Concrete
s,
-4 200 ——Numerical Model SST (Spaced to 3.95)
-
100 4 * Experimental Results SST (Spaced to 3.95)
T R G L L
0,0 1,0 2,0 3,0 4,0 5,0
Displacement (mm) Spaced to 3,95 cm
600 -
500
g 400 £
<300
b
] E
S 200 +
= E —Numerical Model SST (Spaced to 5)
100 1 Experimental Results SST (Spaced to 5)
0 4£ ‘ ‘
0,0 1,0 2,0 3,0 10 5,0
Displacement (mm) SpﬂCEd to S cm

Figure 9. Load-displacement curves comparison between experimental results,
and numerical models with location points where the strain gauges were placed
in longitudinal steel, traditional ties, SST, and concrete

Source: Authors
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Table 8. Maximum load comparison between averaged-experi-
mental and FEM models

Table 10. Maximum load from load displacement curves in FE
model

Configutarion of the ma- FEM Experimental Relative
chine spacing of ties (cm) (kN) average (kN) difference
Traditional 507 492 3,1%
SST spacing to 3 535 528 1,4%
SST spacing to 3,95 529 517 2,3%
SST spacing to 5 522 516 1,1%

Source: Authors

During the validation process, strains measured by strain gauges
in longitudinal bars, traditional ties, SST, and concrete (Figure 9)
were compared to the strains from the numerical simulations (Ta-
ble 9). The relative differences between these values were less
than 13%. Thus, the numerical model is suitable to analyze SST,
taking the different spacings into account.

Load-displacement curves comparison

It is well known that the longitudinal steel ratio is more meaningful
than the transversal steel ratio on the compressive axial behavior
of reinforced concrete. When using SSTs, a slight increment is ob-
served in the compressive strength of the elements, in conjunction
with a reduction in steel volume regarding the experimental re-
sults and FE models. This, despite the lower steel ratio in speci-
mens with respect to traditional ties (Figure 10a and Table 10).
On the other hand, Tables 10 and | | imply that the rupture failure
of the steel did not take place in the longitudinal bars, nor in the
transversal steel. The variation of the von Mises stress in longitu-
dinal bars is not significant, while the stress distribution in ties
shows a relative difference of 88% when the maximum load is
reached (Table I1), and 40% when the maximum displacement is
reached (Table 12).

Table 9. Strain results comparison between numerical models

and experimental specimens
Configuration of ma-

::;:ﬁlg:e'z;'::l :gf Maximum load  Relative differ-  f0orce
of ties (cm) (kN) (FEM) ence (kN)
Traditional 507 Pattern Pattern
SST spacing to 3 535 5% 27,75
SST spacing to o
3.95 528 4% 21,35
SST spacing to 5 521 3% 14,37

Source: Authors

Table I 1. Von Mises criteria for longitudinal steel and ties when
maximum load is reached

Configuration of Maximum . Maximum Relative
N . value for lon- Relative . "
machine spacing I . value for tie differ-
of ties (cm) gitudinal difference steel (MPa) ence
steel (MPa)
Traditional 552 Pattern 322 Pattern
SST spacing to 3 552 0,15% 597 85,28%
SST spacing to 3,95 551 0,15% 597 85,31%
SST spacing to 5 564 2,34% 605 87,83%

. - . Closed tie Relative differ-
chine spacing of ties
(cm) Exp FEM ence
Traditional 0,0109 0,0119 9%
SST spacing to 3 0,010l 0,0108 7%
SST spacing to 3,95 0,0098 0,0105 7%
SST spacing to 5 0,0073 0,007 4%
Longitudinal steel Relative differ-
Exp FEM ence
Traditional 0,0144 0,0162 13%
SST spacing to 3 0,0152 0,0163 7%
SST spacing to 3,95 0,0172 0,0165 4%
SST spacing to 5 0,0138 0,0143 4%

Superficial concrete Relative differ-

Exp FEM ence
Traditional 0,016l 0,0158 2%
SST spacing to 3 0,0152 0,015 1%
SST spacing to 3,95 0,0128 0,0137 7%
SST spacing to 5 0,0148 0,0143 3%

Source: Authors

Source: Authors

600
500
400
3300
2 -=—Numerical Model SST (Spaced to 3)
g 200 ——Numerical Model SST (Spaced to 3.95)
= 100 ——Numerical Model SST (Spaced to 5)
F ——Traditional Tie (pattern)
0o+ttt
0.0 1,0 . 3,0 4,0 5.0 a)
Displacement (mm)
b)
600 T
i 1
500 § >
100 | e .
g i 7
2 300 T 5 7 ..'.
L-] E # -
8 o ~
= 200 1 ““ Numerical Model SST (Spaced to 3,95)
[ " —+Numerical Model $ST (Spaced to 3)
100 f e + Traditional Tie (pattern)
F - Numerical Model SST (Spaced to 5) c)
OH:“"“"1"“!""!""!
0 10 15 20 25
Compression stress (MPa)

Figure 10. (a) Load displacement curves for ties (FEM model), (b) detail of the
deformed union between ties and longitudinal steel, and (c) load branch vs. com-
pressive stress at the center of mass node

Source: Authors
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Table 12. Von Mises criteria for longitudinal steel and ties when
maximum displacement is reached

Configuration

£ hi Maximum value Relative Maximum Relative
s (;cri:‘lacoi!:fes for longitudinal differ- value for tie differ-
P g steel (MPa) ence steel (MPa) ence
(cm)
Traditional 624 Pattern 475 Pattern
SST spacing to 3 631 1,04% 64 35,44%
55T spacing to 630 0,83% 645 35,65%
SST spacing to 5 626 0,30% 666* 40,17%

*The stress recorded is 2,15% larger than the maximum stress of the experimental
results at Table 3

Source: Authors

SST behavior

SST provides a greater confinement to the concrete specimens
when compared to traditional ties, given the larger contact area
against concrete (Figure 10b). The degree of confinement was ob-
tained by measuring the compressive stress at the center of mass
of each model. Figure 10c shows that, at unloading, the compres-
sive stress decreases more rapidly with traditional ties than with
SST. This leads to better behavior and stability of the SST. This
means that the traditional tie has more softening than the other
ties in the center of mass of the concrete in the post-peak stage,
which in turn implies a decrease in its confinement capacity in
comparison with the other models. By comparing the last point in
the curve of Figure 10c, the next ordered pairs are obtained (load,
compressive stress): Traditional (277 kN, 13,2 MPa); SST spacing
3 (357 kN, 13,3 MPa); SST spacing 3,95 (344 kN, 12,2 MPa); and
SST spacing 5 (335 kN, 11,70 MPa). This indicates a relative differ-
ence of -29% for SST spacing set to 3 cm, -24% with SST spacing
set at 3,95 cm, and 21% when a SST spacing of 5 cm is employed.
These results imply a better confinement for concrete in all sce-
narios. In this computation, the control value corresponds to the
traditional ties. Additionally, the compressive stress levels in the
central mass of the concrete have the following relative differ-
ences: | 1,4,7,6, and -0,8% for 5, 3,95, and 3 SST spacings, respec-
tively.

When the maximum compressive strength is achieved, the yielding
of steel is in its initial stage in the longitudinal bars, as well as in
the SST (Table 2 and Figure | 1). However, in traditional ties, yield-
ing has not started yet (Table 2 and Figure 12). At this stage, con-
crete is in its softening zone (Table 13), ie, the post-peak stage.
Traditional ties have already attained yielding when the maximum
displacement is reached (Figure 13), and concrete has already ex-
ceeded the plastic strain (Table 14).

Table 13. Maximum plastic equivalent strain (PEEQ) when the
model reaches maximum load

Configuration of machine spacing of PEEQ Relative differ-

ties (cm) (MPa) ence

Traditional 0,00290 Pattern

SST spacing to 3 0,00319 10,0%
SST spacing to 3,95 0,00316 9,0%

SST spacing to 5 0,0057 96,6%

Concrete parameters
Inelastic strain corresponding to f'c 0,001727
fc (MPa) 14,71

Source: Authors

Figure 11. Yielding of the SST spacing of 5 when maximum load is attained.
Black represents the yielded zone.
Source: Authors

I\

AT
_—

Ay
Figure 12. Yielding of the traditional ties (pattern) when maximum load is
reached. Black represents the non-yielded zone. In this case, none of the ties

reaches yielding.
Source: Authors

Table 14. Maximum plastic equivalent strain (PEEQ) when the
model reaches maximum displacement

Configuration of machine spacing of ties PEEQ Relative differ-
(cm) (MPa) ence
Traditional 0,017 Pattern
SST spacing to 3 0,01787 5,12%
SST spacing to 3,95 0,01773 4,29%
SST spacing to 5 0,01791 5,35%
Concrete parameters
Maximum inelastic strain in compression 0,014675
Rupture stress in compression 0,7203

Source: Authors
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Figure 13. Yielding of traditional ties (pattern) when maximum displacement is
reached. Black represents non-yielded zones. In this case, the tie middle reaches
yielding, while ties at the end do not yield.

Source: Authors

Conclusions

In this paper, three-dimensional micro-numerical models were de-
veloped to analyze the behavior of RC short tie-columns. At the
same time, FE models were calibrated and validated. Quadratic
elements C3D20R and C3D10 were employed for steel modeling
with circular cross-sections and strapping steel, respectively.
Moreover, linear elements C3D8R were used to model concrete.
At this stage, the following conclusions can be drawn when com-
paring SSTs and traditional ties:

An increase of 21% in the concrete confinement was attained in
the unloading curve inside the elements (Figure 10c). This is due
to a larger exposed contact area between steel and concrete.
Once the maximum compressive strength of short tie-columns is
reached, the loss of stiffness is lower in comparison with tradi-
tional ties.

The volume of steel is reduced. Table 3 shows a 14% of relative
volume difference when the SST spacing is 5 cm, against traditional
ties. This provides a significant reduction in the cost of raw mate-
rials for manufacturing these ties. Furthermore, the manufacturing
time is also significantly reduced.

The SSTs with the spacings of 3, 3,95, and 5 cm offered a slight
increase in compressive strength for short tie-columns when com-
pared to traditional ties. However, due to large confinement and
the reduction of labor costs, along with the speed of the reinforce-
ment placing, this makes it a better option for reinforcement.

For future research, we recommend the inclusion of different steel
ratios in flexural elements and larger tie-columns, as well as ma-
sonry walls.
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