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INTRODUCTION

ratio. Such members fall into the category of large welded components. After welding, residual welding stress will

generate inside the components, producing welding deformation or cracks. When members ate subjected to external
loads, the local regional stress will grow exponentially under the combined effect of welding stress and external stress,
leading to plastic deformation, cracking, and even overall fracturing [1-3].
The residual stress distribution and the size of I-shaped members vary significantly as a result of the effect of the residual
stress on structural rigidity, stability, strength and stress corrosion cracking. It is therefore necessary to study the relationship
between residual stress distribution and width-thickness ratio of such members. Many Chinese scholars have probed into
the effect of width-thickness ratio and residual stress on member behavior. Through the analysis of I-section members,
Shang Fan et al. [4] discovered that the residual stress around the weak axis is greatly influenced by the bearing capacity of
the component. Huan Xinyuan et al. [5] adopted segmentation method to cut an I-section member into strips, measured
the release of residual strain, and constructed a simplified model that can accurately describe the size of stainless steel I-
section member and the distribution of residual stress. Qu Lihua [6] simulated the vibration mode and frequency variation

I n many large steel structures, the flexural members are often I-shaped members with excessively high width-thickness
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under the influence of residual stress, pointing out that the effect of residual stress on structural mode is too big to be
ignored. Taking the Chunyi Bridge on Haihe River as an example, Ding Daiwei et al. [7] expounded the test principle of
blind hole method, examined the impact of welding residual stress on the steel box girder bridge, and obtained the
distribution and features of the welding residual stress. Mo Mingchao [8] contoured the internal residual stress in welds by
cutting open the vertical welding seam, and conducted contour precision testing and fitting.

In the principle of blind hole drilling, this paper aims to measure residual stress, draw residual stress distribution maps, and
analyze the influencing factors of welding residual stress, thereby providing a basis for the design of similar components.

TEST OVERVIEW

Test materials

T here are 8 specimens in this research, numbered from CH-1 to CH-8. Specimens CH-1~CH-5 are made of the
material Q235B, while specimens CH-6~CH-8 are made of the material (Q345B. See Tabs. 1 and 2 below for the
chemical compositions and mechanical properties of the two types of materials.

Chemical composition (%)
C Si Mn P S Alt
Q345B  0.069 0.472 0.86 0.014  0.002  0.021
Q235B 0.18 0.029 0.42 0.018  0.003  0.025

Material

Table 1: The chemical compositions of test materials

Mechanical properties

Material o Impact
oy/MPa os/MPa 8/% e
Q345B 460 530 29.5 104
Q235B 335 450 33 115

Table 2: The mechanical properties of test materials

Test equipment
The HK21B type residual stress detector (Fig. 1) and 3-element rosette strain gauge BX120-3CA
are adopted for the test.

Figure 1: HK21B residual stress detector

Specimen design

Eight welded I-shaped members (CH-1 ~ CH-8) are prepared for the test. The thickness of the specimens varies: CH-1 ~
CH-3 and CH-6 ~ CH-8 are 6mm thick; CH-4 and CH-5 are 10mm thick. Fig. 2 illustrates the specimen sizes and Fig. 3
displays the sizes and width-thickness ratios of the specimens.
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Figure 2: Specimens sizes

Specimen b/t hy/ty b/mm hy/mm h/mm

CH-1 14.5 75 180 450 462
CH-2 14.5 125 180 750 762
CH-3 245 100 300 600 612
CH-4 24.5 75 300 750 770
CH-5 41.2 100 500 1000 1020
CH-6 14.5 75 180 450 462
CH-7 14.5 125 180 750 762
CH-8 245 100 300 600 612

Table 3: Specimen sizes and width-thickness ratios.

Fundamentals

The principle of blind hole residual stress measurement is shown in Fig. 3. If a structural member is subjected to a residual
stress field and an elastic strain field, the residual stress at any point inside the small blind hole will be released. As the
original stress field falls out of balance, there will be a certain amount of strain release around the blind hole so that the
original stress field reaches a new equilibrium. The formation of new stress and strain fields at the residual stress measuring
points can be measured by the following formulas [9-11].

& +é&E 1
O = ! 3"'_\/ 232 51—53)2 ©)

o, = %1 _;0-2 + |O'1 _O-2| cos(2¢) 2
& +&)—2¢
4g(2¢)=M 3)
& — &3
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The symbols are explained as below [12]:
&, & and &;: the relieved strain measured by each of the rosettes in the strain (1€ );

A, B: the strain release coefficients obtained based on tensile experimental calibration or theoretical calculation formulas
based on aperture, hole depth, geometry size of strain rosette and elastic modulus;

0 : the clockwise angle between the maximum principal stress and the stress reference axis of 1# rosette;

Oy, 0, the principle stresses (MPa).

E: the elasticity modulus; p: the Poisson’s ratio;

d, 7, ry: the aperture of the blind hole, the distance from the blind hole center to the near end of the strain gauge, and the
distance from the blind hole center to the far end of the strain gauge (mm).

Figure 3: Principle of blind hole drilling method

Residnal stress test

Test Methods

Targeted at measuring the distribution of longitudinal residual stress in the I-section members, the rosettes are arranged
along the centerline of the cross-section of each specimen [13-21]. For the sake of simplicity, only the rosettes at the upper
flange and web are taken into consideration because the cross-section is symmetrical. The rosette arrangement is shown in
Figure 3. The spacing between the rosette and the flange is 1/4b; the spacing between the rosette and the web is: 1/6hw
(CH-3, CH-4), 1/8hw (CH-5), and 1/4hw (others). The distance from the flange to the edge of the member is 10m, and the
distance from the web to the edge of the member is 20mm.

(b) Weld the wires (c) Drill the holes

Figure 4: Strain rosettes cementing, wire welding and drilling
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Test Procedure

Following the blind hole drilling method, the test procedure goes as: prepare the surface, paste strain rosettes, weld the
wires, install the tool, drill the holes, record the drilling, remove the tool and sort out the tool.

Fig. 4 presents the most important steps in the procedure.

TEST RESULTS AND ANALYSIS

Test results
I | igs. 5-12 show the distribution of the longitudinal stresses in the specimens.
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Figure 5: Longitudinal residual stress distribution of CH-1. (a) Flage; (b) Web.
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Figure 6: Longitudinal residual stress distribution of CH-2. (a) Flage; (b) Web.
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Figure 7: Longitudinal residual stress distribution of CH-3. (a) Flage; (b) Web.
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Figure 9: Longitudinal residual stress distribution of CH-5. (a) Flage; (b) Web.
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Figure 10: Longitudinal residual stress distribution of CH-6. (a) Flage; (b) Web.
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Figure 11: Longitudinal residual stress distribution of CH-7. (a) Flage; (b) Web.
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Figure 12: Longitudinal residual stress distribution of CH-8. (a) Flage; (b) Web.

Analysis of test results

As shown in Figs. 5~12, the residual stress along the centerline in the cross-section obeys symmetric parabolic distribution.
In all the specimens, the residual tensile stress descends from the near-weld region to the middle of the member, but the
trend is not linear.

The residual tensile stress peaks at the centetline of the member. Except for specimen CH-5, each of the specimens boasts
a peak value of residual tensile stress so large as to exceed the yield strength of the material. The peaks of residual tensile
stress at the web occur near the edge of weld instead of the flange. With only a few specimens surpassing the yield strength
of the material, the web has a small residual tensile stress that essentially follows symmetric parabolic distribution similar to
that of the cross-section of I-section members beyond the limits of width-thickness ratio. The stress distribution is basically
linear in the middle of the web.

Figs. 13, 14 and 15 make pair-wise comparison of residual stress distributions between CH-1 and CH-6, CH-2 and CH-7,
as well as CH-3 and CH-8. Each pair includes two specimens of the same cross-sectional size but different materials. CH-
1, CH-2 and CH-3 are made of Q345B, while CH-6, CH-7 and CH-8 are made of Q235B.
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Figure 13: Comparison of residual stress distribution between CH-1 and CH-6.

Influence of yield strength

The material parameters stand for the important influencing factors of welding residual stress. This research mainly
emphasizes on the yield strength of Q235B and Q345B in each pair of specimens. As mentioned above, out of the eight
specimens CH-1~CH-8, CH-1~CH-5 are made of Q345B, and CH-6~CH-8 are made of Q235B.

Fig. 13 compares the residual stress distributions between CH-1 and CH-6. The two specimens share same cross-sectional
size.: 180x450x6x6mm. The materials of CH-1 and CH-6 are (Q345B and Q235B, respectively.

According to Fig. 13, the residual stress distribution of the two specimens are largely the same. The only difference lies in
the peak residual stress, which is mainly attributable to the difference in materials. Moreover, the peak residual tensile stress
at the flange increases from 253.38 MPa in CH-6 to 373.15 MPa in CH-1, up by 47%; the peak residual tensile stress at the
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web rises from 147.10 MPa in CH-6 to 405.53 MPa in CH-1, up by 175%. Fig. 14 (comparing CH-2 with CH-7) and Fig.
15 (comparing CH-3 with CH-8) show the same trend. Therefore, the peak residual stress will increase with the yield strength
of the material if the cross-section remains the same.

In short, the effect of material grade on residual stress is: for a given width-thickness ratio, the higher the yield strength, the
larger the peak value of the residual stress.
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Figure 14: Comparison of residual stress distribution between CH-2 and CH-7.

= 600.00
% |
b oo 5 o
: '
g L4 :
E 20000 — 1 7
g —4&— CH-3 Flange
: 3 %] —8— CH-$ Web
s 000 )
E Tk ) ==+« ("H-3 Flange
& & S0 | 4@+ CH-§ Web
g 20000 QL. el
§

-400.00

~400.00 <200.00 0.00 200.00 400.00

Distance from the centerline of flange (mm)

Figure 15: Comparison of residual stress distributions between CH-3 and CH-8.

Influence of material size

Fig. 16 compares the peak residual stresses of three groups of specimens. In each group, the specimens share the same
material grade but differ in width-thickness ratio. Specifically, the first and second groups have different width-thickness
ratios at the web; the third group have different width-thickness ratios at the flange.

The first group of specimens are CH-1 and CH-2, both of which are made of the same material Q345; however, the two
specimens differ in width-thickness ratio at the web (75 vs. 125). The second group of specimens are CH-7 and CH-8, both
of which are made of the same material Q235; however, the two specimens differ in width-thickness ratio at the flange (125
vs. 100).

The difference between the two groups of specimens is clearly illustrated in the above figure. For specimens of the same
material grade, the peak value of residual stress at the web decreases significantly as the width-thickness ratio increases. For
instance, the peak residual stress at the web drops from 405.53MPa in CH-1 to 274.52MPa in CH-2, down by 32%; the
peak residual stress at the web falls from 275.23MPa in CH-8 to 251.48MPa in CH-7, down by 9%.
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The first group of specimens are CH-2, CH-4 and CH-5, all of which are made of the same material Q345; however, the
three specimens differ in width-thickness ratio at the flange, respectively 14.5, 24.5 and 41.2.
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Figure 16: The relationship between the peak residual tensile stress and width-thickness ratio

The difference between the third of specimens is also presented in the above figure. For specimens of the same material
grade, the peak value of residual stress at the flange plunges with the increase of the width-thickness ratio. In particular, the
peak residual stress falls all the way from 564.06MPa in CH-2, 388.09MPa in CH-4 to 31.16MPa in CH-5.

The increase in width-thickness ratio means the member is getting thinner and the sectional size (width) is getting larger.
The test results reveal the weakening of the effect of residual welding stress on member behavior and the shrinkage of peak
residual stress in the cross-section. In other words, the width-thickness ratio has an insignificant effect on the distribution
of residual stress in welded I-section members. Therefore, it is safe to use large I-section members beyond the limits on
width-thickness ratio.

CONCLUSION

section members. The conclusion are as follows:
(1) It is safe to use large I-section members beyond the limits on width-thickness ratio.
(2) For a given width-thickness ratio, the higher the yield strength, the larger the peak value of the residual stress.
(3) For structural members of the same grade, the larger the width-thickness ratio, the smaller the peak residual stress.

I 1 ollowing the blind-hole drilling method, this paper explores the effect of width-thickness ratio on the behavior of I-
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