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Abstract

This research focused on the experimental study on the residual stress magnitude and distribution resulted from the welding
process in and around the k area, stiffener joint, web and flange plates of link element. The measurement was done with the
Neutron Diffraction Method using the Neutron Diffractometer DN1-M PSTBM BATAN. A number of 15 points with 45
measurement directions were conducted on the k area in normal, transversal and longitudinal directions. The result of the
experiment showed 185 Mpa and 160 Mpa residual stress magnitude in longitudinal and transversal directions in the same
directions with the weld toe welding between the web and flange with the extent of the stress region 8 times of the flange
thickness. The perpendicular welding of the weld toe resulted in 162 Mpa and 145 Mpa residual stress in longitudinal and
transversal directions with 4 times of the extent of stress region from the flange thickness. The residual stress magnitude and the
width of stress region indicated the k area as a vulnerable area to the initial crack occurrence which may decrease the link
performance. Creating a welding gap 4 to 5 times of the flange between the stiffener and the flange may increase the link
performance because it may minimize the residual stress magnitude and distribution.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

The link performance of EBFS is determined by the parameters of strength, stiffness, ductility and dissipation
energy as the earthquake occurs. The link performance was measured by the achieved capacity of inelastic rotation

1877-7058 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of SCESCM 2016.
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as set forth by the regulation of AISC 341-10 [3]. The research on increasing link performances have been
intensively studied such as the addition of web stiffener to avoid buckling [15], the type of joint between the link
and column [13,14], replaceable link [11] and the distance of web stiffener and the loading pattern [10,15,17] the
addition of diagonal stiffener [10] and built up link [12].

Based on the previous research results, the performance of a link is determined by several significant parameters,
such as: section parameters, which include the thinness value of the flange and web, the web stiffener parameters,
which include the thickness of stiffener and the distance of stiffener. AISC 341-10 [3] has regulated the use of web
stiffener on the link, such regulations include: regulations on the distance of stiffener, the thickness of stiffener, “k”
area and its relation to the length of link. These regulations were adopted from research results conducted in the
University of California Berkeley [6,4, 7, 10] that are still valid until now.

The crack phenomenon on the link element occurred on the web or flange area. The crack occurred on the “k”
area which is a joint between the vertical stiffener, web and flange, or failures that occurred on the web near the
stiffener or also known as the Heat Affected Zone (HAZ) that was not only experienced by the intermediate and
long link (flexure) but also on the short link (shear link). This phenomenon can be seen in Figure 1.

Fig. 1 The failure of the “k area” of link [12]

Early indication of numerical or experimental showed that this phenomenon was caused by the residual stress of
the welding that posed the hydrostatic stress effect on the HAZ area which caused the failure (fracture). This
phenomena resulted in the inelastic rotation capacity of the link element cannot be achieved as required in AISC
341-10 for as much as 0.08 rad for the shear link. The residual stress magnitude and distribution of the link element
on EBFS has not been studied in depth by previous researchers, the research were focused more on the T-joint [
5,16], the joint between plates [15] or the tube joint [1]. Therefore this research is focused to study the magnitude
and distribution of the residual stress caused by the welding process on the k area that caused the initial crack
occurrence.

Several existing techniques to evaluate the residual stress such as sectioning, layer removal, hole-drilling, X-ray
etc. have limitations on the depth of measurements and or most of the methods are destructive methods. This
research used non-destructive method with the neutron diffraction technique. Since it has no electric charge, neutron
easily interacts with the atomic nucleus of the materials and easily passes through it until several centimeters; these
unique properties allow the directions of residual stress measurement to be set as desired. Several researchers also
have used this method to measure the residual stresses [1,8,9,15,18,20].

2. Literature review

All The neutron diffraction method can be used directly to calculate the strain by measuring the distance of
crystal lattices. The neutron ray of constant wavelengths produced by a monochromator was directed in such a way
to hit the sample. The neutron ray then will be diffracted with a certain angle following the crystal plane of the
observed sample. The distance difference of the crystal plane caused by residual stress of the material will ultimately
cause the difference in angle diffraction. The strain that occurred in the sample is measured by comparing the
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difference of diffraction angles between the stressed and stress-free samples. By deriving the Bragg equation, the
equation below will be obtained:

£ = % = —Af cot O Q)

The neutron diffraction is resulted from the neutron ray with constant wavelengths. The lattice distances were
measured by observing the position of the diffracted neutron using the Bragg equation A=2d sin . The strain can be
calculated by comparing the lattice distance with the measured stressed and stress-free materials.

The Bragg Peak will be produced out of neutron diffraction as the neutrons with a certain wavelength hit the gap
between the crystal materials. If wavelength and diffraction angles have been obtained then the gap between the
crystal planes with respect to Miller index can be measured according to the Bragg law using the equation as
depicted in Figure 3:

: )

dhkl = 2sin Oppy
Where 4 is the used wavelength, dy,; is the distance between planes with Miller index, h, k, I, dan 8, is half of the
neutron diffraction angle

The determination of the position of neutron diffraction angle was done with great accuracy considering the
minute difference of the diffraction positions. The peak was determined with the Gauss distribution calculated using
the Origin 9 software. One of the fitting results from the measurements is shown in Figure 4.
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Fig. 3. The Bragg law Fig. 4. The Gauss fitting curve
Meanwhile the equation of the Gauss distribution is as follows:
—(X-Xo)
Y = Y0+Aexp[ szo] 3
Where:
Y = intensity
Y, = background number
A =amplitude

w = width of the curve centre that indicated the accuracy of the background number
X, = peak angle position 26

Furthermore the stress value can be calculated in 3 directions using the following equation:

0;

Ep11 { EitVa1y } Where (i = X,Y,Z)

T (1+v211) (1-2v211)(Ez+Ey+Ex)
3. Experimental Study of Sample Specifications

In order to uniformize the terms, each of the measurement points of the neutron diffraction method in this
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research was calculated in 3 directions that were named normal, transversal and longitudinal directions. Meanwhile
the point locations were named X, y, and z directions. The measurement was done in normal, transversal and
longitudinal directions parallel with the welding between the stiffener and web 5 mm from the weld toe and
perpendicular on the welding between the stiffener and flange as far as 10 mm.

A number of 15 points with 45 measurement directions in transversal, longitudinal or normal directions were
conducted measurements where 5 points were measured in x direction with each directions of 5 mm, 15 mm, 20 mm
and 10 mm from point 1 that was the end of k area from the web. Furthermore 5 points were measured in y direction
with each distance of 5, 2, 10 and 20 mm an in z direction as many as 3 points with distances of 6, 5 and 12 mm.
The measurement was done on the centre of the web or flange thickness. Each of the points was measured in
normal, transversal or longitudinal with the measurement directions as shown in Figure 5.

¢. The strain measurement in normal direction

4. Experiment Results and Discussion

Using the equation 4 and the taken E 211 value was 2.10 Mpa and v 211 of 0.3 then the residual stress obtained is
shown in Table 1.

4.1 The measurement in the direction of X Axis
4.1.1 Magnitude and distribution residual stress in transversal direction

According to Table 1, the relation graph was further made between the residual stress and the position of the web
ends welding as shown in Figure 6. The residual stress in transversal direction was very high around the k area and
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converted into the residual stress as it moved away from the k area or perpendicular from the weld toe welding
between the stiffener and flange.

Table 1. The residual stress value in normal, transversal and longitudinal direction

Measurement Position qumal Direction Tran§versal Direction Long!tudinal Direction
Point (mm) St_raln Stress Straln Stress Straln Stress
(micro) (Mpa) (micro) (Mpa) (micro) (Mpa)
X Axis Position
X1 5 (555.92) (15.64) 652.60 170.28 508.97 148.19
X2 10 (638.37) (102.54) 490.04 71.06 110.83 12.72
X3 25 (404.48) (45.24) 421.85 81.89 129.87 36.97
X4 45 (420.04) (96.51) 87.96 (18.35) 55.74 (23.31)
X5 55 (430.69) (117.01) (65.99) (60.90) 56.87 (42.00)
Y Axis Position
Y1 5 (555.92) (15.64) 652.60 170.28 508.97 148.19
Y2 10 (478.41) (116.83) 434.34 23.59 (330.61) (94.10)
Y3 12 (345.42) (125.26) 338.91 (19.97) (618.48) (167.26)
Y4 22 (99.12) (61.82) 142.06 (24.71) (446.52) (115.26)
Y5 42 157.98 (5.26) (145.35) (51.93) (268.88) (70.93)
Y6 53 0 0 0 0 0 0

The value of the highest residual stress was obtained on point 1 as in the Figure 8 as much as 170.28 Mpa or 53.55%
from the yield stress (fy). The smaller value of 71.06 Mpa was obtained on the position of 20 mm parallel with the
welding between the stiffener and the web (point 2). It increased until 10 Mpa on the point 3 or as much as 81.89
Mpa on the position of 40 mm from the weld toe of flange (point 3). On the distance of 35 mm from the point 2 or
the position of 40 mm parallel with the y axis (longitudinal), the value of residual stress were 18.35 Mpa and 20.46
Mpa for each of the points 4 and 5.

The results of residual stress magnitude in the k area was likely caused by three factors, first, the influence of
geometry which is not only the influence of the welding thickness between the stiffener (10 mm) and the flange (7
mm) but also the influence of the welding thickness between the stiffener and the web (5 mm). The second cause
was the influence of the extent of k area particularly the length of k area on the web that is parallel with the welding
between the stiffener and the web.

Figure 6 also showed a quite wide stress region of 35 mm or 0.46 times of the flange width value (bs), in other
words, the width was equal to 7 times of the web thickness (t,). The width of the stress region caused the k area to
be vulnerable to the crack initiation occurrence. The wide stress region in the k area was caused by uneven heat due
to uneven cooling process in the stages of welding between the stiffener and the web and between the stiffener and
the flange. This explained the failure of the link around the k area that has a high residual stress and a large extent of
region as shown in the measurement done by Moestopo et al [12] in the Figure 1.
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Fig. 6. The curve of residual stress in X axis

The widening of the k area is amongst the ways to minimize the velocity of the occurring crack around the k area.
The widening of the k area will decrease the magnitude of the residual stress and restrict the width of the stress
region. The given value of AISC 341-10 [3] has to be re-adjusted considering that the ratio of the welding between
the stiffener and the web and flange, and also the ratio of profile width and height that influenced the magnitude and
distribution of the residual stress on the k area. In this research it was suggested that the width of the k area is 4 to 5
times of the width of the web for small flange width from 0,5 times of the profile height (b; = 0.5d) and the ratio
smaller than 3 between the stiffener with the web thickness.

4.1.2 The magnitude and distribution of the residual stress in longitudinal direction

According to Figure 7 and Table 1 a similar pattern was observed from the magnitude and the distribution of the
residual stress between the measurements in transversal or longitudinal directions. The resulted value of residual
stress was quite high on point 1 which was 148.19 Mpa. This value was 13% less than the value of the residual
stress in transversal direction. The residual stress value was decreasing along with the greater distance from the weld
toe of flange. In the position of 20 mm the residual stress value was 12 Mpa and increase a little as in the pattern of
the measurement in transversal direction as much as 36 Mpa. Next, the tensile residual stress becomes compressive
residual stress with the value of 23.31 Mpa on the point 3 and became stress on the point 4 with the value of 52.35
Mpa on the point 5.

The magnitude and distribution in the k area from the measurement in transversal or longitudinal directions showed
that the crack occurred on the link element may decrease the link performance as the link cannot broadly deform
because of the crack that quickly developed to other area, so that the standard link performance cannot be achieved
particularly the condition of the inelastic capacity of AISC 341-10 [3] was not fulfilled.

4.1.3 The magnitude and distribution of the residual stress in normal direction

The pattern of the magnitude and distribution of the residual stress in normal direction showed similar trend with the
transversal or longitudinal directions. A contrast difference was observed where the resulted stress value was the
compressive residual stress value for five measurement points. This differs from the transversal or longitudinal
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directions that produced the residual stress or compressive residual stress. The value of compressive residual stress
were 15.64; 102.54; 45.24; 96.51 and 76.57 Mpa for each of the measurements on the points 1, 2, 3, 4 and 5. Due to
the compressive residual stress value as the results, so that it was not considered as a loss, but was rather beneficial
to decrease the crack influence in the k area.

4.2 The measurement in the y axis

The magnitude and distribution of the residual stress in y direction has the stress or compressive region, except for
the residual stress in normal direction in which all of them were compressive. The distribution pattern of residual
stresses between the transversal and longitudinal direction were similar to the residual stress value reaching 170 and
148 Mpa for each of the directions.

Transversal —#-Longitudinal —+—Normal

Reddual Stress (MP2)

Y Axis {mm)

Figure 7. The curve of residual stress in Y axis direction

The width of the resulted stress region was almost half of the stress region in x direction both for the residual stress
on transversal and longitudinal directions. Next, the width of longitudinal stress region was half of the width of the
transversal stress region. This was caused by the influence from the welding process between the stiffener and the
web that overlapped with the welding of the stiffener and the flange. Considering the width of the stress region as in
the point 3, this area is not vulnerable to the crack occurrence compared to the x axis measurement direction. The
highest value of residual stress was obtained on point 1 as far as 5 mm from the weld toe welding flange with the
value of 170 Mpa and 148 Mpa for longitudinal direction.

The cause of the magnitude and distribution of the residual stress was the same as in the x direction measurement,
the real difference was the heat value and the cooling process that was different depended on the welding length.
The value of the longitudinal residual stress was smaller along with greater distance of the welding from the weld.

Conclusion

The results of measurement conducted using the neutron diffraction method produced several conclusions as

follows:

1. The magnitude and distribution of the residual stress on the link element may be measured accurately using the
neutron diffraction method without destructing the sample.
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The measurement was resulted in similar magnitude and distribution of residual stress between the transversal
and longitudinal directions. A high residual stress was obtained around the k area near the weld toe welding
between the stiffener—web-flange with the value of 170 Mpa for transversal direction and 140 Mpa in
longitudinal direction. The high value of residual stress and the resulted width of the stress region reached seven
times of the web thickness indicated that the k area is vulnerable to the failure of crack that may decrease the
link performance.

The widening of the k area is amongst the way to minimize the quick process of crack that occurred around the
k area. Widening the k area will cause a decrease in the magnitude of stress and restrict the width of stress
region.
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