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Abstract- In this experimental study, three cross-sections of mild steel were studied to
locate their shear center concerning the rotation of the load. Z-cross section was
symmetrical, whereas L-section and semicircular section were symmetrical on one axis
and unsymmetrical on another. The shear center's location is vital to designers in
structural analysis. For the symmetrical section, the shear center was found to be zero in
experimental as well as in Response Surface Methodology (RSM). The location of the
shear center for the L-section was 43 mm, and for semicircular, the shear center was 28.5
mm. At the same time, the difference in error for L-section and semicircular section was
found to be 45% and 0.77%. This study shows that an excellent theoretical and
experimental relation has been established through RSM.
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1 Introduction

Thin-walled sections are produced through fabrication or extrusion method, are getting popularity, and become
increasingly important due to the cost and manufacturing techniques of the materials. Although the level of shear stresses
is small and sometimes negligible, however, the location of the shear center is of vital importance among the designers
due to the twisting of the section [1]. Moreover, in structural analysis, the determination of the geometrical properties of
cross-sections is necessary for the true depiction of the material. The shear center is defined as the point where the resultant
of the shear stresses acts on it or the torsional rise due to axial force on a point in a flexural-torsional problem [2]. In the
beam theory, several assumptions are made such as the beam is a thin structure, long as well as the cross-sectional
dimension is very small compared to the rest of the dimensions. Hedgehog is a technique that could be effectively used in
thin-walled sections to counter the horizontal effects on structure [3]. In recent research, optimization and algorithms has
been successfully implemented to locate the shear point of complex thin-walled section [4]. There are several beam sections
for which the shear center is determined. For instance, [5] studied the shear center and centroid of composite beam box
cross-section. In the parallel study, [6] determine the properties of laminated composite tubes, and [7] studies the shear
center of arbitrary sections through mathematical analysis by developing matrices for finding shearing and torsional
rigidity. Response Surface Methodology is an optimization tool that could be efficiently implemented in many research
studies to determine the best relation of experimental with theoretical study [8], [9].

In this research, various cross-sections of mild steel including semi-circular, Z-section, and L-sections are studied to find
the shear center location. Moreover, the results were compared with statistical and mathematical modeling through
Response Surface Methodology (RSM). This research will be helpful in assessing thin-walled sections position of load
and point of rotation. When thin walled are subjected to lateral forces such as seismic or wind, torsional effect may
encounter and twist the section. Moreover, RSM is an optimization tool which could be used to locate the point of zero
shear which will benefit designers with economic and time constraints.
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2 Research Methodology

In this study, 3 cross-sections of mild steel are studied for the location of the shear center. The cross-section section includes
the Z-cross-section which is unsymmetrical, and L-section as well as semi-circular cross-sections are symmetrical on one
axis and unsymmetrical on another axis. The materials, thickness, and length of all the cross-sections are constant so that
only the shear location is focused. The dimensions of all cross-sections were carefully examined including the diameter
and cross-section. Each beam was also visually observed for any dents or flaws. The sections were fixed in shear center
apparatus and made sure no other movements/motions is influencing. The load was applied at an equal angle at various
positions marked on sections. The front and back dial gauge reading was noted for every load position. The dial gauge
reading was later converted to displacements by applying the least count. The rotations were calculated for every marked
position on the section. The results were plotted for the position of load against the rotation. The experimental results were
analyzed and modeled in Design-Expert software for Response Surface Methodology (RSM).

2.1 Materials.

The properties of sections are given in table 1. All sections were created with the same material (mild steel) having the
same modulus of elasticity 210 (GPA) and the thickness of the flange is approximately 2.52 (mm). All the cross-sections
were made through the fabrication method from M/S Smart Tech Multan through proper machining and tools after
providing them dimensions. The cross-sections of different sections are shown in figure 1.

Table 1 Material properties of cross-sections

Material Modulus of Flange Material coh::t)z(alr::lljg;\d
elasticity (GPa) thickness (mm) thickness (mm) (N)
Mild steel 210 252+2 1.7+2 6.86

Figure 1: cross sections used in experiment, a. L-cross section, b. semi-circular cross section, and c. Z-cross section

3 Results

31 Experimental calculations

The plots between the position of load at the x-axis and rotation on the Y-axis were plotted after the necessary correction
of dial gauges. The point where the graph crosses the zero notation is the exact point of the shear center. For instance, for
all the load positions, the shear center for the Z-cross section was found to be zero as shown in figure 2.
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The cumulative interpretation of the shear center for all three sections is shown in figure 4. It shows that the z-section is
symmetric on all axis as the shear center lies at zero however, the L-section and semicircular section is symmetrical on
one axis and unsymmetrical on another axis. The response surface methodology was carried out for all three sections. The
experimental data load of position and rotation were input parameters in RSM. The output parameters rotation in mm were
fixed for all three cross-sections. The ANOVA analysis and contours graphs are shown in figure 5.
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Figure 2: Z-cross section (left) and semi-cross section (right)
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Figure 4: Cumulative representation of shear center for all sections

The position of load is mapped against various cross-sections. The means and standard deviations are also shown in the
table. The value of rotation is plotted against the position of load. For instance, at zero position of load, the value of rotation
noted for Z-section, Semi-circular and L-section were 0, 0.965 and 0.905 respectively.

Paper ID. 22-201

Page 3 of 6



4™ Conference on Sustainability in Civil Engineering (CSCE*22)
Department of Civil Engineering
Capital University of Science and Technology, Islamabad Pakistan

1.500

1.000

——
i

0.500

0.000
-60 -40 -20 0 40 60

-0.500

Rotation in mm

-1.000

-1.500
Positioin of load

Figure 5: Mean and standard deviation of combined shear center.

3.2 Theoretical calculations

3.2.1 Z-section

Compared to the experimental value of the Z-section, which was zero rotation at zero position of load, the RSM predicted
the values of 0.01 mm rotation at zero position of load. The ANOVA analysis predicted that there is a 3.18% chance that
a value greater than this could occur. The ANOVA result of the Z-section is shown in figure 6.

X1 = A position of load =0.00 ANOVA for Response Surface Linear Model

X2 = B: roration = 0.01 Analysis of variance table [Partial sum of squares - Type lll]

rotaiton

Sum of Mean F p-value
Source Squares df Square Value Prob >F
Model 877 2 288 496 0.0318 significant
A-position of 577 1 577 9.93 0.0103
- B-roration 5.828E-006 1 5.828E-006 1.003E-005 0.9975
é 1) Residual 5.81 10 058
fl-i Lack of Fit 1.84 6 0.31 0.31 0.9028 not significant
Pure Error 397 4 0.99
Cor Total 11.58 12

The Model F-value of 4.96 implies the model is significant. There is only

a 3.18% chance that a "Medel F-Value” this large could occur due to noise

A: position of load

Figure 6: ANOVA results and 3D graphs of Z-section

3.2.2  Semi Circular

For the Semi-circular section, the results from the ANOVA analysis were found to be “no significant” due to error
variation. Out of the 13 runs, the error probability was found to be 43% which is above the recommended value. Hence,
the experimental results could not be compared with theoretical results in this case. The contour and ANOVA results of
semi-circular are shown in figure 7.

3.2.3 Standard error of rotation

The standard error for the position of load against the rotation of the section is shown in figure 9. The std error of design
showed good agreement between theoretical and experimental values. For instance, at load position -50, the rotation is
0.94 mm, showing an error of 0.472. In the same way, at position load 0,0, the rotation of the section is 0.73 showing an
error of 0.361.
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Analysis of variance table [Partial sum of squares - Type Ill]
Sum of Mean F p-value
Source Squares af Square Value Prob>F
Model 374 S 075 1.06 0.4550 not significant
A-positionof 8 393E-005 1 8393E-005 1.189E-004 09916
£ B8-rotation 4.553E-004 1 4.553E.004 6450E-003 0.9804
s AB 3.063E-004 1 3.063E-004 4338E-004 0.9840
é A2 1.88 1 1.88 266 01468
bl 8 1.37 1 137 1.95 0.2055
e Residual 494 7 071
Lack of Fit 1.89 3 063 083 0.5443 not significant
Pure Error 305 - 076
Cor Total 868 12

The “Model F-value™ of 1.06 imphes the model is not significant relative to the noise. There is a

B: rotation

A: position of 0ad 45 50 % chance that & “Model F-value® this large could occur due to noise

Figure 7: ANOVA results and 3D graphs of semicircular section

3.2.4 L-section

The optimization and ANOVA analysis of RSM of the L-section is shown in figures 8 and 9. In this analysis, as shown,
the predicted value for the analysis is 0.89, which establishes a good relationship between the actual experimentation and
the predicted value. The predicted value for the rotation is 0.82 mm when the positioning load is 0.0, whereas the actual
value observed was 0.86 when the positioning load is 0.0. the difference in error between the actual and predicted value is
4.6%. This difference shows that optimized and actual results have established a good relationship. This also suggests that
the experiment was conducted in a controlled way following the codes. However, the difference could be attributed to
laboratory conditions and human error.

X1 = A posttion of load = 0.00
X2 = B: rotaton =082

rotation in mm | | | | | |

— Factor Name Level Lowlevel Highlevel  Std.Dev.

[ postion of loat 475 -50.00 50.00 0,000

B: rotation

o Response

A: position of load

StdDev  SEMean 95% Cllow 95% Clhigh

0605930 04373 0100623  1.306%

Figure 8: ANOVA results and 3D graphs of L-section

4 Practical implementation

The shear center is the point of a cross-section, where loads can be applied without causing torsion over the longitudinal
axis (normal to the cross-sectional plane). Theoretical and experimental procedures may enhance calculations and save
time by improving analytic methodologies to obtain correct results for various specimens. The point of no torsion can be
determined without lengthy and hectic calculations; however, Shear Centre is particularly useful in designing thin-walled
open steel sections as they are weak in resisting torsion and can be implemented in the construction sector to enhance the
performance capabilities and utilize the resources effectively. However, if a seismic force acts on a structure. In non-
scientific words, it is a collection of horizontal forces operating at each level's center of mass (gravity). However,
depending on the stiffness of the lateral resisting system, the Centre of mass may differ from the Centre of rigidity
(comparable to the shear Centre of a cross-section). If this occurs, twisting will occur and must be accommodated in the
design.
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Figure 9: Std error of rotation of L-section against the position of load

5 Conclusion

Following conclusions are drawn from this experimental as well as theoretical study:

e Experimental calculations show that the Z-Section is symmetrical along both axes. At the same time, L-section
and semi-circular section are symmetrical on one axis and unsymmetrical on the other.

e In comparison to the experimental Z-section value of zero rotation at zero position of load, the RSM predicted
0.01 mm rotation at zero position of load.

e The experimental and theoretical values for the semi-circular section were 0.965 and 0.455, respectively,
indicating a 45.5 percent error.

e At load position -50, the rotation is 0.94 mm, indicating an error of 0.472. Similarly, at position load 0,0), the
rotation of the section is 0.73, with a 0.361 error.

e  The experimental rotational value of the L-section has been 0.905, and the RSM value has been 0.898, with a
0.77 percent error.
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