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ABSTRACT

Quenching and tempering is a highly developed heat treatment method to produce high strength steels
with certain quantities of expensive alloy elements. This process has been highly industrialized and
widely adopted in modern steel mills to produce high strength S690 steels. However, a heating /
cooling cycle induced during welding may initiate phase transformation, re-crystallization and grain
growth in microstructures of these steels. This will cause significant reduction in their mechanical
properties if both the maximum temperatures during welding and the cooling rates after welding are
not properly controlled. Over the past twenty years, conflicting research findings have been reported
on mechanical properties of these S690 welded sections due to different welding procedures and
parameters adopted during welding.

In order to quantify adverse effects on mechanical properties of the S690 steel welded joints, a series
of pilot tests on a total of 18 coupons of S690 steel plates, welded joints and weld metals with different
heat input energy during welding have been conducted to examine their deformation characteristics
under tension. Moreover, 12 reference and 12 spliced S690 welded H-sections with different heat
input energy adopted in the welding processes have been conducted to examine their deformation
characteristics under compression, in particular, their section resistances under compression. It is
demonstrated that by a proper control on the heat input energy during welding, it is possible to control
or even eliminate any reduction in the mechanical properties of these S690 welded joints under either
tension or compression. Consequently, experimental evidence on structural adequacy of these high
strength S690 steel welded joints with different heat input energy adopted in the welding processes
is provided scientifically to confirm applications of these high strength S690 steel in construction.

Keywords: High strength steels; welding; microstructure change; reduction in mechanical
properties; heat input energy.
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1. Introduction

High strength S690 steels are efficient steel products which possess mechanical strengths two
to three times to those of normal strength steels, such as S235 and S355 steels. Owing to their
excellent strength-to-self weight ratios, they are highly desirable to be used in heavily loaded
structures, leading to a potential saving in both materials and costs in the order of 30 to 50 %.
Since 2000, high strength steels have been successfully used in large lifting equipment,
machinery and offshore structures. However, they have not been widely adopted in construction
owing to potential adverse effects of welding on their microstructures which lead to significant
reductions in their mechanical properties [1]. Hence, it is necessary to examine structural
adequacy of these S690 welded joints with different heat input enegry in order to ensure

satisfcatory structural performance of S690 welded members in construction.

1.1 Adverse effects of welding onto high strength steels

In general, welding in normal strength S355 steels does not cause any significant strength
reduction as they are primarily ferritic or ferritic-pearlitic steels which microstructures do not
undergo phase transformation during welding. However, high strength steels are primarily
manufactured with heat treatments during steel-making [5], such as Quenching and Tempering
for QT steels, so that they can attain specific martensitic-ferritic microstructures. These high
strength steels possess highly favourable properties of strength, ductility and toughness.
However, large heating/cooling cycles induced during a practical welding process will trigger
phase transformation, recrystallization and grain growth in heat-affected-zones (HAZ) of their
welded joints as shown in Figure 1. Depending on chemical compositions of the steels, the
maximum temperatures reached during welding, Tmax , and the time for cooling after welding
from 800 to 500 'C, tss , as shown in Figure 2, various phases of the QT steels will be formed.
Hence, significant adverse effects on mechanical properties of these welded joints at locations
within the HAZ, in particular, hardness (i.e. softening), will be resulted, if the heat input energy,

q (kJ/mm), adopted during welding is not properly controlled [6].

1.2 Materials research into high strength steels

Over the past three decades, materials scientists and researchers on metallurgy developed
various methods to conduct microstructure characterization in different types of steels, or more
precisely, different phases of steels with different volumetric fractions based on different
combinations of chemicals and heat treatments. These methods include dilatometry tests,
Vickers hardness measurements, and three dimensional micro-polycrystal structural analyses
using scan electronic microscopes (SEM) and electron backscattering diffraction color coding
(EBSD) to estimate volume fractions of various phases of recrystallized steels [7, 8]. It should
be noted that both the composition and the variety of different phases of the recrystallized steels
within the HAZ of a S690 welded joint depend heavily on evolution of microstructures of the
steel plates during the heating / cooling process of welding. Through both SEM and EBSD

analyses, the grain sizes and the orientations of various phases of the recrystallized steels can



be readily identified respectively. According to the curves obtained by dilatometry tests, which
are widely employed to measure critical transformation temperatures, different phases of the

recrystallized steels are classified using a lever rule [9,10].

In order to determine mechanical properties of the HAZ in the S690 welded joints, it is
important to understand the phase transformation mechanism of these steels due to typical
heating / cooling process under practical welding. Reduction in mechanical properties of S690
welded joints due to changes in microstructures [11] have also been examined and reported
extensively. Moreover, such changes in microstructures in these welded joints had been
investigated systematically by Mayr, Ding et al., and Azhari et al. [12~14]. These materials
researchers had carried out systematic experimental and numerical investigations to correlate
mechanical properties of these HAZ using high-fidelity micro-mechanical models and meso-
scale mechanical analyses [15, 16]. It should be noted that the primary interests of these material
researchers are to understand, and then, to characterize microstructures and their re-
crystallization conditions so that they are able to develop a variety of high performance steels
with different and probable less expensive chemicals. Hence, their interests are different from
those of the international communities of structural engineering and steel construction, i.e. how

to apply these high strength steels efficiently and reliably in construction.

1.3 Related investigations on high strength S690 steel plates and their welded sections

In order to promote effective use of the high strength S690 steels in construction, it is essential
to examine mechanical properties and structural behaviour of the S690 steel members and their
joints. A comprehensive research programme on experimental and numerical investigations
was conducted by the authors on 1) mechanical properties of the S90 steels and their welded
sections under monotonic and cyclic actions [17~19], ii) cross-sectional resistances of welded
S690 H-sections as stocky columns [20], ii1) member resistances of welded S690 H-sections as
slender columns [21~23], and iv) cross-sectional and member resistances of welded S690 I-

sections as restrained and unrestrained beams respectively [24].

However, it becomes obvious in many cases that reductions in various mechanical properties of
these high strength S690 steel welded joints are found to be significantly less severe than
anticipated [14~16]. In general, there is a lack of systematic experimental evidence on such
reduction on the mechanical properties of these S690 steel welded joints as well as on the

structural behaviour of these S690 steel members.

1.4  Objectives and scope of work

In order to promote effective use of high strength S690 steel members in construction, a
comprehensive experimental investigation is undertaken to examine mechanical properties of welded
joints and structural behaviour of high strength S690 steel welded H-sections. It aims to quantify
mechanical properties of both steel plates and their welded joints manufactured with different heat



input energy during welding (but with no control during cooling), and hence, to establish whether
there are significant reductions in the mechanical properties of the S690 welded joints and sections.
More importantly, it is necessary to demonstrate that these high strength S690 steels can be used
efficiently and reliably in construction with properly controlled welding.

The project takes the following forms of experimental investigation:

* Pilot tests: Tensile tests on coupons of S690 steel welded joints
A total of 18 standard tensile tests are carried out on coupons of S690 steel plates and their welded
joints as well as weld metals with various heat input energy, g. After data analyses, deformation
characteristics of these coupons under tension are obtained.

e Compression tests on stocky columns of S690 reference welded H-sections
A total of 12 compression tests are carried out on stocky columns of S690 steel welded H-sections,
i.e. a total of four section sizes, namely, Sections C1, C2, C3 and C4 with a practical range of
plate thicknesses and section sizes. Deformation characteristics of these S690 steel welded H-
sections under compression are obtained as reference data for subsequent comparisons.

* Compression tests on stocky columns of S690 spliced welded H-sections
A total of 12 compression tests are also carried out on stocky columns of S690 steel welded H-
sections, also of four different section sizes, with butt welded joints, i.e. column splices, at mid-
height with various heat input energy, g. Deformation characteristics of these S690 spliced welded
H-sections under compression are obtained for direct comparison with those reference data
obtained above.

Key areas of interest of the investigation are:

a) deformation characteristics of S690 steel welded joints with different heat input energy q during
welding under i) tension, and ii) compression; and

b) any reduction on the mechanical properties of S690 steel welded joints due to welding.

It should be noted that these experimental investigations have been conducted over a period of 3
years, and mechanical properties of different batches of 6, 10 and 16 mm thick S690 steel plates are
provided. In order to ensure high as well as consistent welding quality, both a robotic welding
system (for GMAW) and an automated welding machine (for SAW) are employed during
manufacturing of test specimens of the pilot tests. Based on established welding procedures and
parameters developed in the pilot tests, all the reference and the spliced welded H-sections are
fabricated by highly skilled welders. In general, even- or over-match welding is adopted during
welding of all these sections in order to avoid unexpected failure, and Table 1 summarizes material
specifications of both the S690 steel plates and the welding materials adopted in the investigation.



Table 2 provides details of the welding procedures and parameters for both fillet and butt welds
adopted in these test specimens.

2 Pilot Tests

In order to investigate and quantify effects of various heat input energy onto the mechanical properties
of the S690-QT steel welded joints under tension, a series of carefully planned and executed standard
tensile tests on cylindrical coupons of the welded joints were conducted [15,16]. Table 3 summarizes
the test programme in which a total of 18 standard cylindrical coupons, i.e. 3 coupons of the steel
plates, 12 coupons of the welded joints, and 3 coupons of weld metal, were tested. It should be
noted that four different heat input energy, q, are specified, namely, g = 1.0, 1.5, 2.0 and 5.0 kJ/mm,
during welding. Figure 3 illustrates the process of robotic welding for preparation of butt welded
joints between the S690 steel plates, the arrangements of various coupon types in the welded steel
plates, and detailed dimensions of the coupons. Both the welding procedures and parameters are
shown in Table 4. It should be noted that the heat input energy for GMAW at 2.0 kJ/mm is commonly
considered to be a practical maximum, and hence, the heat input energy at 5.0 kJ/mm is achieved
through the use of SAW.

It should be noted that all the coupons were machined and tested under monotonic tension forces
according to BS EN ISO 6892-1 [26]. Strain gauges were attached to these coupons to measure
strains accurately at small deformations while a digital photo imaging method was employed to

determine strains at large deformations accurately through pixel measurement.

2.1 Test results
All the tests have been conducted successfully. It was shown that in almost all coupons of the
welded joints tested, fracture occurred within the heat affected zones of the welded joints
without any failure in neither the weld metal nor the base plates, as shown in Figure 4. Table
5a) summarizes various mechanical properties of these cylindrical coupons of the S690 steel
plates and welded joints, and it is shown that the mechanical properties of these welded joints
vary significantly according to the heat input energy q during welding. The engineering stress-
strain curves of these welded joints are plotted onto the same graph in Figure 5 for direct
comparison while reduction factors for various mechanical properties of these S690 welded
joints are presented in Table 5b). It should be noted that
e the reduced yield strengths at 0.2 % proof strains of the welded coupons with q = 1.0, 1.5,
2.0 and 5.0 kJ/mm are found to be 0.98, 0.90, 0.86 and 0.70 of those of the steel plates
respectively;
e similarly, the reduced tensile strengths of the welded coupons with q = 1.0, 1.5, 2.0 and 5.0
kJ/mm are found to be 1.00, 0.97, 0.92 and 0.83 of those of the steel plates respectively; and
e it is evident that reductions to various mechanical properties of the base plates due to the
effect of welding are significant when q = 5.0 kJ/mm. However, when the values of q are

small, there are relatively small reductions to the mechanical properties of the steel plates,
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in particular, when q = 1.0 kJ/mm.

Consequently, it is successfully demonstrated that S690 steels are sensitive to the heating /
cooling cycles during welding, and the heat input energy should be controlled carefully in order
to produce welded joints with no or small reduction to their mechanical properties under tension
when compared with those of the steel plates. Moreover, reduction factors to both the yield
and the tensile strengths of these welded joints with different heat input energy under tension
have been successfully quantified. Refer to Liu et al. [27] for further details.

3 Compression Tests on Stocky Columns of S690 Reference Welded H-sections

In order to obtain basic deformation characteristics of the S690 welded H-sections as reference, a
total of 12 compression tests were carried out, and Table 6 summarizes the test programme. Figure 6
illustrates four welded H-sections with different cross-sectional dimensions, namely Sections C1 to
C4, and steel plates with three different thicknesses, i.e. 6, 10 and 16 mm, are used in these sections.
Table 1b) presents their mechanical properties obtained in standard coupon tests. It should be noted
that three nominal identical welded H-sections were tested for each section size. The nominal
heights of these stocky columns are assigned to be 3 times of their section depths so that i) local
buckling is readily developed in both the flange and the web plates without significant end restraints,
and ii) overall buckling does not take place because of their small overall slenderness.

Table 2a) presents various welding procedures and parameters adopted during fabrication of these
Sections, and the heat input energy for single-pass fillet welding in the flange/web junctions is kept
to be about 1.8 ki/mm for Sections C1 and C2, and about 2.7 kJ/mm for Sections C3 and C4. It
should be noted that a pre-heat temperature at 100 to 120 °C is adopted before welding while the
inter-pass temperatures are rigorously controlled not to exceed 200 °C according to temperature
measurements of an infrared camera.

According to the existing section classification rules given in EN 1993-1-1 [3], Sections C1 and C3
are classified as Class 1 and 2 sections respectively while both Sections C2 and C4 are classified as
Class 3 sections. Hence, full cross-section resistances of these four Sections are expected to be readily
mobilized though local plate buckling in their flange and web plates may take place after yielding
within the sections.  In general, these high strength S690 welded H-sections are expected to behave
in many ways similar to those of S355 welded H-sections.

3.1 Test set-up, instrumentation and procedures

Two different testing systems are employed to conduct compression tests on various sections
according to expected failure loads of these stocky columns. The testing systems are shown in Figure
7, 1.e. Sections C1 and C2 are tested with a MTS Testing System with a loading capacity of 4,000 kN
while Sections C3 and C4 are tested with a Hydraulic Servo Control Testing System with a loading



capacity of 10,000 kN. Both ends of the H-sections are properly welded onto thick end plates to
ensure consistent deformations of the sections under compression.

Instrumentation of the compression tests is illustrated in Figure 8. Four strain gauges are attached to

the flange tips of each test specimen at its mid-height to measure their axial strains. Four LVDTs are

also installed to record relative shortenings between the two end plates. Moreover, the rate of force

or displacement application in the tests are controlled to be very small in order to prevent any dynamic

effect as follows:

* to increase an applied force equal to 30% of the predicted section resistance, Nc¢rd , and then,
reduce the applied force back to zero at a rate of 300 KN/min;

* to increase the applied force up to 80% of N¢rq at a rate of 200 kN/min;

* to continue the test through a displacement control at a rate of 0.5 mm/min; and

* to terminate the test when the applied force is reduced more than 20% of its maximum value
after failure of the specimen.

3.2 Test results

All the tests have been conducted successfully. Typical deformed shapes of these reference welded
H-sections after tests are shown in Figure 9. It should be noted that, in all cases, symmetrical local
buckling appears in both flanges of these welded H-sections while complementary local buckling is
also found in their web plates. Hence, the failure mode of these stocky columns is shown to be plastic
local buckling in both the flange and the web plates of these H-sections. Figure 10 plots the measured
applied load vs axial shortening curves of all these reference sections onto the same graph for easy
comparison. It is evident that all these curves extend above the respective design section resistances
Ncra Of these Sections. All Sections C1S and C3S exhibit significant deformation ductility under
compression, but there is little ductility in all Sections C2S and C4S. This agrees with the section
classification obtained in accordance with the current classification rules for welded cross-sections
given in EN 1993-1-1.

Table 7 presents the measured section resistances of all these S690 reference welded H-sections, N¢rt,
together with their design resistances, Ncrd.  The design resistances of the welded H-sections are
given by:
Nera = 2fpexbxte+ 1 x (h-2xte)xty (Eq. 1)
where
fysand fyw are the measured yield strengths of the flange and the web plates of the welded H-
section respectively;
b and t are the measured width and the measured thickness of the flange plate of the welded
H-section respectively; and
h and tw are the measured overall depth and the measured thickness of the web plate of the
welded H-section respectively.



It is shown that all the measured section resistances, Ncrt, are larger than the design section
resistances, N¢rd , and the ratios of N¢rt to Ncra range from 1.01 to 1.08
with an average value of 1.05. Hence, the current design rules given in EN 1993-1-1 [3] are
able to predict the section resistances of these stocky columns of S690 welded H-sections under

compression.

4 Compression tests on stocky columns of S690 spliced welded H-sections

In order to assess any adverse effect of welding onto structural behavior of the S690 welded H-
sections, a total of 12 compression tests on Sections C1 to C4 with butt welded joints at mid-height,
i.e. S690 spliced welded H-sections, were carried out. Table 8 summarizes the test programme.
Figure 6 illustrates these four welded H-sections with different cross-sectional dimensions, and steel
plates with three different thicknesses, i.e. 6, 10 and 16 mm, are used in these sections. Table 1b)
presents their mechanical properties obtained in standard coupon tests. It should be noted that in this
test series, only three different values of the heat input energy q are adopted during welding of the
butt welded joints, i.e. g = 1.0, 1.5 and 2.0 kJ/mm, and the value of 5.0 kJ/mm is not adopted due to
practical consideration. Refer to Table 2 for various welding procedures and parameters adopted
during both fillet and butt welding of these sections.

It should be noted that all the test set-up, instrumentation and procedures are similar to those adopted
in the compression tests on the reference welded H-sections described in Sections 3.1.

4.1 Test results

All the tests have been conducted successfully. Typical deformed shapes of these spliced welded H-
sections after tests are shown in Figure 11. It should be noted that, in all cases, symmetrical local
buckling appears in both flanges of these spliced welded H-sections while complementary local
buckling is also found in their web plates. Hence, the failure mode of these stocky columns is shown
to be plastic local buckling in both the flange and the web plates of these H-sections, i.e. similar to
those of the reference welded H-sections.

The measured applied load vs axial shortening curves of all these spliced sections are plotted onto the
same graph in Figure 12 for easy comparison. It is evident that all these curves extend above the
respective design section resistances Nc¢rd Of these Sections. All Sections C1S and C3S exhibit
significant deformation ductility under compression, but there is little ductility in all Sections C2S
and C4S. This agrees with the section classification obtained in accordance with the current
classification rules for welded cross-sections given in EN 1993-1-1.

Table 9 presents the measured section resistances of all these S690 spliced welded H-sections, Ncrt,
together with their design section resistances, N¢ra determined with Eq.(1) shown above. It is shown
that all the measured section resistances, Ncrt, are larger than the design section resistances, N¢rd ,
and the ratios of N¢rt to Ncra range from 1.02 to 1.11 with an average value of 1.06. Hence, there



is no reduction in the section resistances of these spliced welded H-sections when the heat input
energy g adopted during welding ranges from 1.0 to 2.0 kJ/mm. Consequently, Eq.(1) is shown to
be equally applicable to predict the section resistances of these stocky columns of S690 spliced
welded H-sections under compression as no reduction to their section resistances is needed.

5 Comparison on deformation characteristics of S690 steels after welding
An overall comparison on the deformation characteristics of these S690 welded joints with different
heat input energy under i) tension, and ii) compression is presented in the following sections.

5.1 S690 welded joints under tension

The test results of the welded coupons under tension obtained from the pilot tests described in Section
3 is considered as the deformation characteristics of these S690 welded joints with different heat input
energy under tension. It should be noted that:

e Asshown in the engineering stress-strain curves of these tensile tests with different levels of
non-linearity, the reduction factors to the yield strengths of these welded joints under tension
are shown to be 0.98, 0.90, 0.86 and 0.70 for g = 1.0, 1.5, 2.0 and 5.0 kJ/mm respectively.
The corresponding reduction factors to the tensile strengths, and hence, the section resistances
of these welded joints are shown to be 1.00, 0.97, 0.92 and 0.83 for g = 1.0, 1.5, 2.0 and 5.0
kJ/mm respectively.

e Such reductions may be explained with a significant change in microstructure within the heat
affected zones (HAZ) of the welded joints with different heat input energy, and hence, the
deformation characteristics of these coupons of welded joints under tension are very different
among themselves.

5.2 S690 welded joints under compression
The test results of both the S690 reference and the S690 spliced welded H-sections under compression
described in Sections 3 and 4 are considered together. It should be noted that:

e Inorder to allow for effective comparison, all the measured deformation characteristics curves
of both the reference and the spliced welded H-sections are normalized with respective to their
section resistances, Nc¢rda , and their corresponding axial shortenings Ao, , and both the
normalized resistance parameter, n and the normalized deformation parameter, 11, are defined
as shown in Figure 13. The normalized deformation characteristics (or the n-n curves) of each
set of Sections C1 to C4 with as well as without butt welds at mid-heights are plotted onto
various graphs in Figure 14 for easy comparison.

e Itisevident from the n-n curves of the reference welded H-sections (without butt welds) that
full section resistances are readily mobilized in all these 12 reference sections.

e According to the n-n curves of the spliced welded H-sections (with butt welds), full section
resistances are also readily mobilized in all these 12 spliced sections despite the presence of
butt welded joints at mid-height of the sections.



e Although these butt welded joints are made with different heat input energy, and hence, they
have different combinations of microstructures in the vicinity of the heat-affected zones, there
is no significant difference among the normalized deformation characteristics of these spliced
sections under compression.

This may be explained by the fact that the section resistances of these welded H-sections
correspond to excessive plastic deformations, rather than elastic deformations, and hence, full
section resistances are readily mobilized in these welded joints under compression, despite
the presence of different microstructures in the HAZ of the welded joints.

As shown in Figure 13, Ar denotes the measured axial shortening of the stocky column at which its

resistance under compression, after certain deformation, is equal to N¢rd . Hence, this parameter may

be readily considered as an indication to ductility of the section under compression. The averaged

values of At/ Ao or s of all the sections are summarized in Table 10, and it is shown that

e those S690 welded H-sections with large n¢, i.e. from 4.4 to 5.2, exhibit large ductility, and they
are considered as Class 1 or 2 sections according to the current section classification rules of EN
1993-1-1; and

e those S690 welded H-sections with small 1, i.e. from 1.9 to 2.4, exhibit limited ductility, and
they are considered as Class 3 sections according to the current section classification rules.

In both cases, the presence of butt welds at mid-height of the sections is shown to have negligible
effects on the ductility of these S690 welded H-sections.

6 Conclusions

In order to quantify adverse effects on mechanical properties of the S690 steel welded joints, a series
of pilot tests on a total of 18 coupons of S690 steel plates, welded joints and weld metals with different
heat input energy during welding have been conducted to examine their deformation characteristics
under tension. Moreover, 12 reference and 12 spliced S690 welded H-sections with different heat
input energy adopted in the welding processes have been conducted to examine their deformation
characteristics, in particular, their section resistances, under compression. Details of all the test
programmes, and the corresponding test set-up, instrumentation and procedures are fully described.

It should be noted that all the test results, including the failure modes, the measured deformation
characteristics, and the measured section resistances of the test specimens are presented in this paper.
Moreover, these results are compared systematically to quantify any significant reduction in the
mechanical properties of these S690 welded joints due to the effects of welding. It is demonstrated
that by a proper control on the heat input energy during welding, it is possible to control or even
eliminate any reduction in the mechanical properties of these S690 welded joints under either tension
or compression.  Consequently, experimental evidence on structural adequacy of these high strength
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S690 steel welded joints with different heat input energy adopted in the welding processes is provided
scientifically to confirm applications of these high strength S690 steel in construction.
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Table 1 Materials specifications of S690 steels and welding materials

a) Chemical compositions (%)

Material C Mn Si S P Cr Ni Mo Cu
S690
steel - 0.132 1.38 0.25 0.001 0.010 0.28 0.04 0.24 0.47
plate
. Lincoln
Welding - 1o1k3c. 0070 188 029 0012 0011 007 250 065 -
material
H Plus
OO 0076 186 052 0006 0007 032 215 060 021
nggv_ 0.084 1.70 0.18 0.007  0.006 0.45 2.67 0.51 0.05
b) Mechanical properties
Pilot tests — coupons under tension
Plate thickness Yield Tensile Young’s tensile J
strength strength modulus strength at fracture
(mm)
f, (N/mm?) fu (N/mm?) E (KN/mm?) 0 (%) &L (%)
10 761 810 210 6.85 18.3
S690 reference welded H-sections — stocky columns under compression
Yield Tensile Young’s Strain at Elongation
Plate thickness strength strength modulus tensile at fracture
(mm) strength
fy, (N/mm?) fu (N/mm?) E (kN/mm?) &u (%) eL (%)
6 780 833 215 5.06 19.7
10 754 807 208 5.85 16.2
16 799 855 208 7.53 15.2
S690 spliced welded H-sections — stocky columns under compression
Yield Tensile Young’s Strain at Elongation
Plate thickness strength strength modulus tensile at fracture
(mm) strength
fy (N/mm?) fu (N/mm?) E (KN/mm?) eu (%) eL (%)
6 722 847 209 6.36 18.8
10 784 874 206 7.42 19.8
16 745 832 216 6.62 19.6
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Table 2 Welding parameters for both fillet and butt welds of S690 steels

a) Welding parameters for fillet welds of both S690 reference and spliced welded H-sections

Welding parameters

Plate

. . Welding Welding  Heat i
Sections thickness Electrode  \/oltage Current eat Input
(mm) method . \/g . Sp39d energy
M T® e g Gamm)
Cland C2 6/10 GMAW" CHW-80C1 30 240 4.0 1.8
C3and C4 10/16 SAW* CHW-S80 36 430 5.8 2.7

* By skilled welders.

b) Welding parameters for butt welds of S690 spliced welded H-sections

Welding parameters

Plate Welding i
thickness ethod Electrode Voltage ~ Current ~ Welding ~ Heatinput
(mm) speed energy
uiv) VA v(mmis) g kaymm)
20 175 2.9 1.03
6 24 220 3.0 1.50
22 215 2.0 2.01
20 170 2.9 1.00
10 GMAW" CHW-80C1 24 220 3.0 1.50
24 245 2.5 2.00
20 180 3.0 1.02
16 21 235 2.8 1.50
25 280 3.0 1.98

* By skilled welders.
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Table 3 Test programme of tensile tests of pilot tests

_ Heat energy input, | o of coupons Welding
Steel materials Coupon type q methods
(kJ/mm)
Steel plate BP 3
WS10 1.0 3 GMAW
WS15 15 3 GMAW
Welded joints
WS20 2.0 3 GMAW
WS50 5.0 3 SAW
Weld metal WM 1.0 3 GMAW

Table 4 Welding procedures and parameters for butt welded joints of pilot tests

. Expgcted Welding . Heat input
Welding heat input  Voltage, U  Current, | speed, v Efficiency, No. of energy. q
type ener \Y A y asses ’

P () /mgn{) V) *) (mmis) " P (kJ/mm)
1.0 28.0 195 4.8 4 0.97
GMAW 15 25.9 228 3.3 0.85 3 1.52
2.0 25.9 230 2.5 2 2.03
SAW 5.0 33.0 630 4.0 0.95 1 494
|
3 pass Ei‘qm pass 3 pass a
% 15t pass 204 pass '% % 15t pass 2 pass
\
(a) four passes, gap =1 mm — q = 1.0 kJ/mm (b) three passes, gap =3 mm — q = 1.5 kJ/mm
GMAW GMAW
\
% 15t pass Vzm pass ~ =~ lstpassA\ / <
\
(c) two passes, gap =1 mm — q = 2.0 kJ/mm (d) one pass, gap =3 mm — q = 5.0 kJ/mm
GMAW SAW
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Table 5 Summary of tensile test results of pilot tests

a) Mechanical properties
Heat energy
Specimen (IQJp/LrJr:n?) (kN/IrEnmz) (N/ng) (N/rfrl]lmz) bl (;:)
BP series - 210.0 760.9 809.5 1.06 18.3
WS10 series 1.0 208.9 747.8 808.3 1.08 14.2
WS15 series 1.5 210.8 685.9 783.5 1.14 10.0
WS20 series 2.0 207.4 657.2 745.5 1.13 94
WS50 series 5.0 203.2 533.2 670.2 1.25 12.5
WM series 1.0 203.7 725.3 815.0 1.12 20.2
b) Reduction factors for mechanical properties
. Hgat energy Reduction factors, o
Specimen (IEJp/l:]: n?) £ f, f, o
WS10 series 1.0 0.99 0.98 1.00 0.78
WS15 series 1.5 1.00 0.90 0.97 0.55
W20 series 2.0 0.98 0.86 0.92 0.51
WS20 series 5.0 0.97 0.70 0.83 0.68

Notes:
Reduction factor, o for Young modulus = E/ E gp
Reduction factor, a for yield strength = f, / f, gp
Reduction factor, o for tensile strength = f, / f,_gp
Reduction factor, a for elongation = &/ & gp
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Table 6: Test programme and measured dimensions of S690 reference welded H-sections

Specimen clafgei(;it::?olrt]ion h by b2 o e f” H A

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm?)
C1S-A 137.3 119.6 119.6 9.95 9.95 3084
C1S-B Class 1 137.1 119.1 119.1 9.97 9.97 6.0 460 3078
C1Ss-C 138.3 119.2 119.2 9.96 9.96 3085
C2S-A 166.7 149.3 149.3 9.95 9.95 3852
C2S-B Class 3 166.2 149.4 149.4 10.00 10.00 6.0 460 3865
C2s-C 167.1 149.3 149.3 9.93 9.93 3849
C3S-A 228.3 199.5 199.5 16.02 16.02 8349
C3S-B Class 2 230.9 200.2 200.2 16.03 16.03 10.0 610 8401
C3s-C 229.8 200.4 200.4 16.03 16.03 8396
C4S-A 283.2 249.9 249.9 16.03 16.03 10516
C4S-B Class 3 282.8 250.1 250.1 15.95 15.95 10.0 760 10480
C4S-C 282.9 250.0 250.0 15.95 15.95 10478

Note: * denotes a nominal value.
lN Bearing plate

End plate

Ne—— 77777
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Table 7: Section resistances of S690 reference welded H-sections under compression

Design Measured
Specimen Se_c_tion_ resistance resistance Ne gt/ Nera Ae At M
classification Nc Rrd Nc Rt (mm (mm)
(KN) (KN)
C1S-A 2330 2515 1.08 1.60 9.73 6.1
Cls-B Class 1 2324 2495 1.07 1.60 7.53 4.7
Cl1s-C 2330 2504 1.07 1.60 7.70 4.8
C2S-A 2912 2998 1.03 1.60 4.16 2.6
C2s-B Class 3 2920 3029 1.04 1.60 4.16 2.6
C2s-C 2910 2994 1.03 1.74 3.58 2.1
C3S-A 6585 7055 1.07 2.95 10.50 3.7
C3s-B Class 2 6622 7084 1.07 2.51 11.90 4.7
C3s-C 6620 7066 1.07 2.40 11.56 4.8
C4S-A 8297 8384 1.01 2.80 5.17 1.9
C4S-B Class 3 8268 8351 1.01 2.95 5.58 1.9
C4S-C 8266 8392 1.02 3.10 5.78 19
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Table 8: Test programme and measured dimensions of S690 spliced welded H-sections

Specimen claisi?it::(;?ion h by b ta te t” H A gﬁi:glj;?:t
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm?) (kJ/mm)
C1S-1-bw 140.5 1215 120.8 10.46 10.75 3285 1.0
C1S-2-bw Class 1 140.4 121.3 121.6 10.35 10.55 6.0 460 3255 15
C1S-3-bw 140.5 120.5 120.4 10.56 10.51 3254 2.0
C2S-1-bw 171.2 151.4 150.7 10.58 10.67 4109 1.0
C2S-2-bw Class 3 171.0 149.8 150.1 10.60 10.39 6.0 460 4047 15
C2S-3-bw 1715 150.5 150.3 10.57 10.48 4069 2.0
C3S-1-bw 231.4 2015 200.5 16.28 16.36 8548 1.0
C3S-2-bw Class 2 228.2 197.0 198.3 16.25 16.47 10.0 550 8422 15
C3S-3-bw 229.3 201.0 201.4 16.15 16.13 8465 2.0
C4S-1-bw 283.8 248.6 248.9 16.30 16.52 10674 1.0
C4S-2-bw Class 3 285.1 250.0 250.0 16.01 16.05 10.0 760 10545 15
C4S-3-bw 281.9 250.7 251.9 16.42 16.53 10770 2.0

Note: * denotes a nominal value.

Bearing plate

S

Butt-weld

fnd plate

777777




PMayA19

Table 9: Section resistances of S690 spliced welded H-sections under compression

Heat input Section relziesst;?]r(]:e rl\e/lsizf;r:gg A A
Specimen  energy ). <sification N R Nert Nee / Nerd (mren) (mr;) N

q (kd/mm) (kN) (kN)
C1S-1-bw 1.0 2531 2707 1.07 1.60 8.75 5.5
C1S-2-bw 15 Class 1 2508 2663 1.06 1.80 8.09 5.1
C1S-3-bw 2.0 2507 2660 1.06 1.80 8.46 4.7
C2S-1-bw 1.0 3166 3232 1.02 1.80 4.20 2.3
C2S-2-bw 15 Class 3 3117 3206 1.03 1.72 4.18 2.4
C2S-3-bw 2.0 3134 3240 1.03 1.70 474 2.8
C3S-1-bw 1.0 6446 7047 1.09 2.35 10.75 4.6
C3S-2-bw 15 Class 2 6351 7022 1.11 2.47 14.40 5.8
C3S-3-bw 2.0 6383 7027 1.10 2.42 12.42 5.1
CA4S-1-bw 1.0 8050 8453 1.05 3.21 7.60 2.4
CA4S-2-bw 15 Class 3 7955 8472 1.06 3.21 7.95 2.5
C4S-3-bw 2.0 8121 8548 1.05 3.25 7.64 2.4

Table 10: Comparison of normalized ductility of welded H-sections under compression

i ns uli
Section without butt weld with butt welds at mid-height
Section C1
Class 1 5.2 51
Section C2
Class 3 2.4 2.5
Section C3
Class 2 4.4 52
Section C4 19 24

Class 3






