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Abstract. This study presented the geometrical effect of the SPCC bar by twisting the test using a graded load. For the first
time, the geometrical effect of the SPCC bar was simulated and studied. The SPCC bar with the same mass and various
cross-section were simulated, studied, and compared. The study also simulated the SPCC bar with the same cross-sectional
width, but with various cross-sectional geometry. The ASTM F1264-16 guidelines were referred to and applied for the
basic dimension of the specimens for the twisting test. Simulation analysis was conducted for various cross-sectional
geometry of the SPCC bar. The Von-Mises stress, displacement, and safety factor of various cross-sectional geometry were
presented in this study. We analyzed the location of the maximum stress and minimum safety factors. Differences in the
cross-sectional geometry of the SPCC bar showed various behavior that tends to show different analysis. From this study,
it appears that rounder bars had lower von mises stress value and displacement and had higher safety factors compared to
other cross-sectional geometry.

INTRODUCTION

In various industry, steel was and is still one of the most essential material, especially in an automotive and
structural application. Recently, concrete-filled steel, tubular steel, and circular tube steel are used in many structural
applications, automotive applications, and even the spaceship application. These massive steel applications are due to
the high elongation and high initial stiffness compared to metal-based material. In a recent study, the steel material
showed high compatibility with composites, such as CFRP, and had huge potential applications in various industries
[1-5].

Multitude of studies has been reported about torsion or twisting test related to the mechanical properties and
material behaviour under given torsional load. A study conducted by Ju et al. [6] develops analytical approaches to
estimate the torsional behaviour of steel fibre reinforced concrete. This study considered two approaches that
eventually confirmed by a series of experiment and simulations. This research showed both approaches (composite
material model) and (Direct tension transfer models) were working together to provide a well-explained behaviour of
the SFRC. Another study by Rao et. al. [7] also built an analytical model of SFRC when subjected to pure tension. In
this study, the model to predict torque-twist of SFRC member subjected to torsional load is proposed by considering
the softening effect of the concrete. The resulting model proved to reasonably estimates the torsional behaviour of the
SFRC bar under torsional loading.

In simulation and optimization of the structural application, the torsional or twisting test was also reasonably
considered. Study form Han et. al. [8] study the performance of concrete-filled thin-walled steel tubes (CFST)
subjected to pure torsional load. The study conducted using FES simulation tool ABAQUS to determine the ultimate
torsional strength of the concrete-filled thin-walled steel tubes and comparing it to the actual test result. The resulting
simulation proved to give a reasonable estimation of the performance and behaviour of CFST. Another study from
Wang et al. [9] aiming to optimize the honeycomb sandwich beam-bar subjected to torsion test. The paper aims to



maximize torsional capacities of such structure. The resulting optimization showed that the sandwiched honeycomb
structure had a relatively good impact on the overall bending capacities.

Cao et al. [10] investigated the complex torsional analysis with higher complexities and multiple loads. This study
presented proven computational modelling for studying the performance of steel-concrete columns under combined
compression-bending-shear-torsion. Considering torsion provided by ABAQUS. Cao et al. verified the computational
model experimentally by using many considerations, such as the effect on the torsional action of steel-concrete pillars
of the axial load ratio, torsion-bending concrete strength, steel ratio, longitudinal reinforcement ratio, stirrup ratio, and
shear-span ratio. With increasing concrete strength and declining shear-span ratio, the column's initial torsion stiffness
and ultimate torsion strength are seen to increase. Moreover, the most influential parameter for determining the steel-
concrete column's ultimate torsion was the steel ratio.

Another research considering complex torsional analysis conducted by Cui et al. [11]. Here the molecular
dynamics of twist grain boundaries of copper under uniaxial tension are analyzed. The research included calculating
and observing grain boundary, especially for its role in shaping the materials' mechanical properties. This research
concluded that the materials' mechanical properties could be enhanced with increasing the twist angle for the <001>
and <101> twist GD structure. Research by Hu et al. [12] also considers the complex torsional analysis of mechanical
strengthening of CNT ribbon by considering interface and boundary conditions. The research observed the
microstructural evolution, and the accompanying strengthening effect of the carbon CNT assembles. This research
concludes that strengthening mechanism of CNT ribbon was applicable.

The above explanation gives a reasonable consideration of the torsional test for a particular material, especially
material used in the automotive and structural application. The research from Meram et al. [13] viewed the screwed
joint capabilities of CFRP laminates through quasi-static torsion and compression test. This research has further shown
geometry, Helicoil reinforced ones, have higher torsional and compressional capabilities than other materials.

In the structural application, plentiful research about the torsional test was conducted to determine the torsional
capabilities of the structural element. The research from Pi et al. [14] observed the seismic behaviour of concrete-
filled steel tubular columns with internal H-section under pure torsion and compression test. This research studied the
torsional properties and seismic behaviour of widely used material concrete-filled steel tube columns. The research
provided understanding from the torsional properties of steel tubular columns with H-section under the pure torsion
and compression employing multitude calculations and analysis of previous studies. Another study from Yogo et al.
15 studied the stress-strain curve using high-pressure torsion test. This study proved the importance of torsional test
for determining mechanical properties of materials. This test was conducted to observed mechanical behaviour of
aluminium alloy and carbon steel under high strain. The result showed that mechanical properties obtained by this
method have lower uncertainties than traditional method under the large strains condition.

Research from Alabdulhady et al. [16], Hadhood et al. [17], Siddiqui et al. [ 18] all considers the torsional properties
of different materials. Alabdulhady et al. studied the torsional behaviour of RC beams strengthened with PBO-FCRM.
This research concluded that the strengthened of PBO-FCRM could promote additional resistance to torsional loading.
Research from Hadhood et al. [17] considers torsional condition in concrete beams with GFRP spirals. The research
showed that the spiral reinforced concrete beams perform relatively well under the tensional test. Other research
conducted by Shiddiqui et al. studied the torsional properties off Carbon fibre reinforced epoxy composites containing
carbon nanotubes. This research conducted using CFRE with the addition of 0,5%wt CNTs. The research showed a
significantly positive correlation between CNTs and shear strength at 0,5%wt. However further increases on CNTs
concentrations would lead to agglomeration of CNT content, thus expressed negative effect on torsional properties

Moreover, there was research for obtaining and studying SPCC and steel-related material. Muflikun et al. [1, 19-
12] studied SPCC material combined with CFRP under various loading in various applications. The research was
conducted using SPCC variously combined with CFRP to study its failure mode under axial and flexural loading. This
research proved that SPCC-CFRP composite laminates have better axial and flexural loading properties. Research
from McClaflin et al. [21] investigated torsional deformation and fatigue behaviour of solid and thin-walled tube
specimens made of a high strength quenched and tempered spring steel. The research used prediction from the von
Mises and Tresca criteria and actual data to compare the result. The experiment has shown that von Misses and Tresca
criteria were valid to some extent. The failure of von Mises and Tresca prediction was proposed because of the
homogeneity assumption of the material used.

However, the research studying the geometrical effect of tensile loading in SPCC is limited to some extend
Research from Hassani et al. consider the analysis of saint-venant torsion in a rectangular bar 22 and cracked-bar with
coating layer 23. Although considered the geometrical properties, these two research did not consider the general
effect of various geometry in shaping steel behaviour, especially the SPCC bar, under torsional loading. The research



concerned about the analysis of saint-venant torsion and cracked-bar with coating in response to the torsional stress.
The result presented the behaviour and predicted behaviour of rectangular steel bar under torsional loading.

Eventually, it can be seen despite the multitude of tests on torsional properties. None of them studied the
geometrical effect of the Steel Plate Col Commercial JIS G3141 (SPCC) bar using a graded load. This research aims
to develop and studied the effect of cross-sectional geometries of the SPCC bar on the maximum stress or von misses
stress, maximum deformations, and the safety factor across the SPCC bar. The research also aimed to search for
optimal cross-sectional geometry for the structural application. This research will be conducted using Finite Element
Analysis Software ANSYS. The SPCC bar will be modelled and correctly constrained with respect to ASTM F1264-
16 standard for static torsional testing. This research also presents and compares the theoretical calculation and result
of the simulations.

METHODS AND MATERIALS

Material

The material used in the present study is Steel Plate Col Commercial JIS G3141 (SPCC). The properties of the
materials are obtained from the previous study[20, 24-25]. The properties of the SPCC are presented in table 1.

TABLE 1. Mechanical Properties of SPCC

Mechanical Properties Value Unit
Thermal Conductivity 5.60 E+01 W/(m.°C)
Specific Heat 4.80 E+02 J/(kg .°C)
Thermal Expansion Coefficient 1.10 E-05 inv/°C
Behaviour Isotropic
Young's Modulus 2.17 E+11 Pa
Poisson's Ratio 0.35
Shear Modulus 8.00 E+10 Pa
Density 7.85 E+03 kg/m3
Yield Strength 2.30 E+08 Pa
Tensile Strength 3.45 E+08 Pa
Method

The study is conducted using Finite Element Analysis Software ANSYS R2 2020 Student Edition. The SPCC bar
with specific geometry was modelled and simulated. There is four cross-sectional geometry that was tested and
simulated. The corresponding geometry was triangular, square, hexagonal, and circular. Each cross-sectional
geometry had two specimens, one with the same mass value and another with the same cross-sectional width or
diameter length. The length of all specimens was 230 mm. Other geometrical factors of each shape are shown in Fig.1
and Fig. 2
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Each of the cross-sectional geometry was simulated twice. The first simulation is done in each geometry with
identical mass value. The second simulation was done in each geometry with identical width and diameter length.
Both simulations referred to the ASTM F1264-16 standard for static torsional testing [26]. Before the finite element
analysis simulation, all of the specimens were constrained on the longitudinal edge surface, we set the other surface
with a set value of torsion. The torsion was varied from 1, 3, 5, 10, 15, 20, 23, 25, and 30 Nm. We applied all value
of torsion to each sample. After the simulation finished, the value of von mises stress, safety factor, and displacement
of each specimen was captured. The highest stress, longest displacement, and lowest safety were obtained and
recorded.

The value of the maximum torsional stress of each specimen was also calculated. The value was calculated using
Microsoft Office Excel 365. The formula for calculating the maximum torsional stress is presented below [27-28].

Tc
Tmax = T O
Here, T correspond to the value of torque applied, ¢ represents the distance from the bar's axis to the outermost point
in the bar's cross-section, and J represent the value of polar moment inertia of the bar. The formula for calculating
polar moment inertia are presented below[27-28],

= [pran g

Here, p represents the distance of the small element from the bar's axis and dA represents an incremental area.
Table 2. Showed the calculated polar moment of inertia of each cross-sectional geometry [27-28]. With s refer to the
length of the side of each geometry and d referred to the diameter of the circle. Combining the formula for the polar
moment inertia in table 2 and the first equation, the formula for calculating the maximum stress achieved in the SPCC
bar is presented in table 2. Calculation for safety factor and maximum twist displacement is shown in table 2 [27-28].

TABLE 2. Polar moment inertia, maximum stress, safety factor, and maximum twist displacement of SPCC bar of each
geometry [27-28]

Cross-Sectional Polar Mor{lent of Maximum Stress Safety Factor Ma.ximum Twist
Geometry Inertia Displacement
Circular md* 5 09 T 16T 8TL
32 T d3 nd3oy nd3G
Tri 1 T T TL
rangur V3 20— 20—, 46 V3 ——
48 s oyS 3Gs
4 T T TL
Square 5 481 — 481 7.10 —
6 s3 oySs3 Gs3
T
Hexagonal 5V3 . 092 0.92 — 0.92—
8 s oyS Gs

Here, oy represents the yield stress of the SPCC.
RESULTS

Various Cross-Sectional Geometry with Equal Mass

The simulation data with the equal-mass condition is presented in Figure 3(a)-(c). Figure 3 (a) shows that the
triangular bar showed the highest stress than other geometry bars. The results showed that square bar, hexagonal bar,
and circular bar show no significant difference. In small torque, i.e., 5 Nm, there are similar results between these
three bars. However, for the triangular bar, the results are more than 200 MPa compared to other bars with less than
100 MPa. Figure 3 (b) illustrated the safety factor of different bars. It is shown that the safety factor on small loads
(i.e., 5 Nm) of the square, hexagonal, and circular bar has a small difference. Still, the triangular bar has a substantial
difference in safety factor compared to all other geometries. Figure 3 (¢) illustrated the displacement or deformation
of the bars. It is shown that the square, hexagonal, and circular rod has a small difference in displacement, with a
circular shape having the lowest deformation among all other geometries. In contrast, the triangular shape has the
highest deformation and has a significant difference between other three-bar shapes.
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FIGURE 3. The simulation data for equal-mass cross-sectional SPCC bar (a) Maximum Stress graph, (b) Safety factor graph,
and (c¢) Maximum deformation graph with respect to the applied torque.

The calculation for the theoretical value of maximum stress, maximum deformation, and safety factor was
conducted using Microsoft Office Excel, Figures 4 (a) — (c) present the resulting calculation. Figure 4 (a) illustrated
the stress of the bars, Figure 4 (b) illustrated the safety factor of different bars, and Figure 4 (c) illustrated the
displacement or deformation of the bars. Unlike the actual results, the theoretical results show that there is a
considerable difference of performance on all of the bars, shown on Figure 4 (b) (safety factor), especially on smaller
loads (i.e. 5 Nm).

Cross-sectional figures of the simulation with equal-mass variation are presented in figure 5. Figure 5 (a) shows
the total deformation or displacement of the bars. It is shown that the triangular bar is having the highest deformation,
followed by square, hexagonal, and circular bar. Figure 5 (b) shows the stress of different bars. It is shown that most
of the stresses concentrate on the midsection of the cross-section's sides. As the cross-section geometry gets closer to
a circular shape (increasing in the number of sides), the stress gets distributed more evenly, increasing the bar's
torsional strength. Figure 5 (c) shows the safety factor of different bars. This figure shows the same results and
descriptions as figure 5 (b). As shown, the triangular bar has the highest deformation, followed by square, hexagonal,
and circular bar
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FIGURE 4. Simulation data for equal-mass cross-sectional SPCC bar. (a) Maximum Stress graph, (b) Safety factor graph,
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Various Cross-Sectional Geometry with Equal Cross-Sectional Width

The simulation data with the equal-width condition is presented in Figure 6(a)-(c). Figure 6 (a) shows that the
triangular bar also shows the highest stress than other geometry bars. The results also show that the square bar and the
circular bar shows the negligible difference in performance. There is no significant difference between the square bar,
circular bar, and hexagonal bar is lighter loads, i.e., 5 Nm. However, there is a significant difference between the
triangular bar and other bars, as shown below. Figure 6 (b) illustrated the safety factor of different bars. It is shown
that the safety factor on small loads (i.e., 5 Nm) of the square, hexagonal, and circular bar has a small difference. Still,
the triangular bar has a substantial difference in safety factor compared to all other geometries. It also shows that the
safety factor of the square and circular rod is identical on all loads. Figure 6 (c) illustrated the displacement or
deformation of the bars. It is shown that the square, hexagonal, and circular rod has a small difference in displacement,
with a circular shape having the lowest deformation among all other geometries. The triangular shape has the highest
deformation and has a significant difference between the other three-bar shapes.

The calculation for the theoretical value of maximum stress, maximum deformation, and safety factor, Figures 7
(a) — (c) present the resulting calculation. Figure 7 (a) illustrated the stress of the bars, Figure 7 (b) illustrated the
safety factor of different bars, and Figure 7 (c) illustrated the displacement or deformation of the bars. Unlike the
actual results, the theoretical results show a considerable difference in performance on all of the bars, shown in Figure
4 (a) (stress), especially on larger loads, i.e., 30 Nm.

Cross-sectional figures of the simulation with equal-width variation are presented in figure 8. Figure § (a) shows
the total deformation or displacement of the bars. It is shown that the triangular bar is having the highest deformation,
followed by square, hexagonal, and circular bar. Figure 8 (b) shows the stress of different bars. It is shown that most
of the stresses concentrate on the midsection of the cross-section's sides. As the cross-sectional geometry gets closer
to a circular shape (increasing in the number of sides), the stress gets distributed more evenly, increasing the bar's
torsional strength. Figure 8 (c) shows the safety factor of different bars. This figure shows the same results and
descriptions as figure 8 (b).
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DISCUSSION

Simulations and theoretical calculations data showed an interesting effect of the SPCC bar's cross-sectional
geometry on the maximum stress (von-misses stress), maximum deformation, and the SPCC bar's safety factor.
Despite different methods of simulation, the result showed a very consistent trend. Figure 9 showed the maximum von
misses stress obtained from simulation with equal-mass SPCC bar and equal-cross sectional width of SPCC bar. The
triangular bar, in either simulation, express the largest maximum von misses stress. The result also showed that circular
cross-section, despite simulation methods, consistently performed very well by showing a meagre value of maximum
von-misses stress. This simulation proved that the circular geometry performed consistently well in all simulations
across different torsional loading condition. This condition is observed due to the absence of the sharp edge in the
circular-cross section. However, surprising behaviour is observed from square cross-sectional geometry under equal
width condition. The value of von misses stress of the square approached the value of that of the circular cross-section.

This condition is due to the greater polar moment of inertia of the square compared to the circular cross-section under
the equal cross-sectional width condition.
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Comparison between the theoretical result and the simulation result is presented in the table below. Since both
simulation procedures show similar trends, the equal-mass SPCC bar with various cross-sections is used to compare.
Figure 8 showed a comparison between the theoretical and simulation result. The following graph shows that the value
theoretical maximum stress is lower than the real maximum stress value. This condition is due to the unsymmetrical
effect of the cross-sectional geometry.

Obtaining the safety factor value from the cross-sectional geometry, all of the simulation data from the equal mass
and equal-width simulation. Figure 9 This figure showed that the circular geometry still presented the highest safety
factors from all geometries. However, the equal-width square cross-section presented the second-highest safety factors
from various cross-sectional geometry. This condition is due to the low polar moment of inertia of the square cross-
sections.

Reflecting from the result, figure 10 showed a comprehensive graph of the lowest safety factors and highest
displacement. In figure 10, the horizontal axis represents geometrical cross-section. From figure 10, it is shown that
rounder geometries. It is shown that rounder and edgeless geometries have higher safety factors and lower maximum
displacement. By using this data, engineers and designers will consider the geometrical effect on torsion application.
Also, this graph shows that sharper geometry will reduce the torsional strength of the SPCC bar.
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CONCLUSION

This research aims to develop and studied the effect of cross-sectional geometries of the SPCC bar on the maximum
stress or von misses stress, maximum deformations, and the safety factor across the SPCC bar. The research also
aimed to search for optimal cross-sectional geometry for the structural application. From this research, it can be
concluded as follow:

1. Circular shape considered to be the best performer and the most optimal shape for torsional application over

all other shapes on both groups on simulations.

2. The triangular shape is considered the worst performer over all other shapes on both groups, both from

calculations and simulations.

3.  While the square and hexagonal rods performed better than circular rods on calculations, both performed

worse than circular rods. This condition is most likely due to stress concentration occurring on each side.

4. On simulations, rods with the increasing number of sides showed better performance, as the stresses were

distributed on more sides.

5. On simulations, stress concentration occurred along each side on the midsection. Corners did not contribute

as much on bearing the load.

6. On the equal width group, the square rod did not perform better the circular rod, even though the square rod

had more mass and volume.
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