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In this study, the effects of welding on the tensile performance of the Reheated, Quenched and Tempered (RQT)
S690 high strength steel T-stub joints are investigated by both experimental and numerical methods. Firstly, six
RQT-S690 T-stub joints as well as two Thermal-Mechanical Controlled Processed (TMCP) S385 T-stub joints are
fabricated and tested. The results are validated against the design plastic resistance equations provided by EC3. It
is found out that EC3 predicts the plastic resistance of the TMCP joints conservatively, but tends to overestimate
that of the RQT-S690 joints although the latter is much superior. It is deducted that the problemmay come from
the compromised properties of the heat affected zone (HAZ) at the weld toe. Further, finite element analysis is
carried out to investigate the effects of property alteration in the HAZ on the tensile performance of the RQT-
S690 T-stub joints. It is shown that the models with welding simulation agree well with the test results, while
the models without considering the welding effects predict the load carrying capacity unconservatively when
the displacement increases.

© 2016 Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Structural steel is one of the most popular materials employed in
civil engineering construction due to its high strength, stiffness, tough-
ness and ductile properties [1].With thedevelopment of design, fabrica-
tion and technology, the evolution of steels for construction never stops.
In the 1900s, most primary structural steel only had nominal yield
strengths of about 220 MPa, which is equivalent to today's “mild steel”
[2]. The once so called “high strength” steel S355 is now a widely used
structural material. In fact, steels with yield strength up to 460 MPa
have been commonly specified for applications in many structural de-
sign codes [3,4]. What is more, the interest for using high strength
(HSS) with minimum yield strength N460 MPa in application have
been increasing in the last decade.

Strength of steel is usually enhanced by either adding alloying ele-
ments or going through heat treatments/work hardening. Different
from high alloy steels, heat treated steels offer better performance in
yield and tensile strength without sacrificing much weldability, e.g.,
low alloy quenched and tempered HSS in grade S690. For many types
of HSS such as the quenched and tempered S690 steel, the actual yield
strength can be easily double that of grade S355 normal strength steel
(NSS). However, HSS differs from NSS in much more aspects than just
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strength. One major issue against the popularization of HSS is that the
quenching and tempering process improves the strength at the expense
of ductility through complicated heat treatments. Massive researches
have demonstrated that it is not possible for QT steels to achieve good
deformation capacity [2,5,6] and they are more susceptible to heat [7,
8] than mild steels, as inherited from the heat-treatment hardened mi-
crostructures [9]. Accordingly, it is not surprising that concerns are
raised about theperformance ofwelded high performance steel connec-
tions, especially when large heat input welding is applied [10]. For con-
ventional steels, it is suggested that if thewidth of the soft zone does not
exceed 25% of the plate thickness, the local softening would not neces-
sarily impair the global strength due to the constraints of the stronger
weld metal and unaffected base metal [11,12]. However, this criterion
may not apply on high performance steels, because their main consti-
tutes in themicrostructures, such asmartensite and bainite, are not sta-
ble at high temperatures [13]. There is a possibility that the enhanced
mechanical properties acquired bymeans of hardeningmay deteriorate
significantly after exposure to heat, due to microstructural changes at
certain critical temperatures [9,14].

The objective of this paper is to investigate the effect of welding on
the tensile performance of high strength steel, i.e. Reheated, Quenched
and Tempered (RQT) Steel in grade S690 by both experimental and nu-
merical methods. As control material, the Thermal-Mechanical Con-
trolled Processed (TMCP) steel in grade S385 is employed in the
experimental program. Eight T-stub joints in the same configuration
but different materials and thicknesses are fabricated and tested.
Based on the test results in terms of load-displacement curves, the
rved.
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Table 1
Mechanical properties of the TMCP-S385 and RQT-S690 plates tested.

fy(MPa) fu(MPa) E
(GPa)

Elongation
(%)

RQT-S690 (16 mm) 745.2.0 837.8 208.9 14.5
EN 10025-6 S690Q/QL (3 mm ≤ t ≤ 50
mm)

690 770–940 – 14

TMCP-S385 (16 mm) 443.3 568.0 208.4 37.8
EN 10025-4 S420M/ML(t ≤ 16 mm) 420 520–680 – 19
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first yield resistance is obtained and compared with predictions by de-
sign equations provided by EN 1993-1-8 [15]. Further, finite element
simulation is carried out to investigate the influence of welding induced
HAZ on the tensile performance of the RQT-S690 joints. By comparing
the load-displacement curves and the first yield resistance, the effects
of welding on the high strength steel T-stub joints are evaluated.

2. Experimental study

2.1. Materials

The RQT is essentially a refined quenching and tempering technolo-
gy. Compared with traditional directly quenched and tempered steel
plates, RQT steel plates exhibit better homogeneity in through-thick-
ness mechanical properties. The RQT grade S690 steel (RQT-S690,
8 mm, 12 mm and 16 mm thick) studied in this paper have a nominal
yield strength of 690 MPa, a tensile strength from 790 MPa to
930 MPa and an elongation capacity about 15%. Besides the RQT-S690
as the main research target, another NSS in grade S385 (16 mm thick)
is also tested with the same test program as the control material. This
NSS is a type of advanced low alloy structural steel plate product
manufactured by the Thermal-Mechanical Controlled Process (TMCP).
The concept of TMCP combines controlled hot rolling with accelerated
cooling to control the microstructure [16]. The goal of TMCP is to pro-
duce cost-efficient steel strips and plates with properties required for
a specific application. In addition to strength, hardness and toughness,
weldability and corrosion resistance are usually made features of
TMCP. The TMCP-S385 tested in this study has minimum yield strength
of 385 MPa and tensile strength between 550 MPa and 670 MPa.

The stress-strain curves and the summarized mechanical properties
of the steel plates obtained by standard coupon tensile test are shown in
Fig. 1 and Table 1, respectively. Table 1also compares the materials
properties of the TMCP and RQT plates with the corresponding stan-
dards of EN 10025-4 [17] and EN 10025-6 [18], respectively. From
Table 1, two distinct features of RQT-S690 steel can be seen. First, this
material has superior strengths compared to traditional steels. The actu-
al yield strength of RQT-S690 is twice the nominal yield strength of
S355, which is widely used in construction. Second, RQT-S690 steel is
relatively brittle compared to traditional NSS and the TMCP-S385 tested
in this study. It can also be seen from Table 1 that the TMCP-S385 steel
literally fulfilled the mechanical property specifications of S420 M/ML
steel.

2.2. T-stub joint specimen fabrication

Four types of T-stub joints were fabricated. They were of the same
configuration but fabricated by using different materials and plate
thickness: RQT-S690 (8 mm, 12 mm and 16 mm) and TMCP-S385
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Fig. 1. Stress-strain curves of RQT-S690 and TMCP-S385.
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(16mm). For each type of T-stub joint, two same specimenswere fabri-
cated and tested so a total of eight tests were conducted. Each specimen
is fabricated by joining two identical steel plates with dimensions of
440 × 150 × t mm, where t is the thickness of the plates. The joints
are designed as complete penetration butt weld joint according to the
AWS structural steel welding code [19]. Three bolt holes were drilled
at each side of the chord plate in order to fix the specimens to the test
rig. The distance between two rows of bolt holes (center to center) is
290 mm. The configuration of the joints is shown in Fig. 2 and Shielded
Metal Arc Welding (SMAW) was employed to finish the welding con-
nection. Compared to the other common welding methods, SMAW is
more “friendly” to martensite-based HSS like RQT S690 steel due to its
low heat input [20] which produce less effect on the heat affected
zone (HAZ).

2.3. Test set-up and testing procedure

Tensile tests for the T-stub joints were carried out in a servo-hydrau-
lic universal test machine that has a maximum loading capacity of
2000 kN. To fix the specimen into the test machine, “inverted” support
joints made of S355 steel plates with thickness of 50 mmwere fabricat-
ed. The configurations of the support joints are the same as those of the
test joints (Fig. 2). The specimens are fixed into the support joints by six
M24 high strength hexagon bolts of grade 10.9HR. The full testing set-
up is shown in Fig. 3. It should be noted that in certain situations, the re-
sponse of T-stub joints is influenced by the type of bolt assembly. The ra-
tional selection of the most suitable bolt type according to the specific
structural usage may avoid premature reduction of joint strength for
higher levels of joint rotation and provide further rotational capacity
[21]. In this study, the consideration in the selection of bolt is to guaran-
tee the bolts work elastically and cause little influence to the load-dis-
placement relationship. This assumption was verified during testing
since no obvious plastic deformation was caused to the bolts after
unloading.

To capture the load-displacement relationship of the specimens pre-
cisely, LVDT was employed to record the real-time displacement at the
brace end. Since it would be easier to control the testing time, displace-
ment control instead of force control was used during the testing. The
loading rate was set as 1 mm/min for all time so that quasi-static re-
sponse could be obtained.

2.4. Test results

2.4.1. General descriptions
Fig. 4 presents the test results in terms of the load-displacement

curves of the RQT-S690 (8 mm, 12 mm and 16 mm) T-stub joints,
while the test results of the TMCP-S385 (16 mm) joint are shown in
Fig. 5 in comparison with those of the RQT-S690 (16 mm). Despite
that the specimens may fail in different modes at different loadings,
these curves are of the same pattern. In general, three stages in the
load-displacement curves can be distinguished: (1) the elastic stage,
(2) plastic hinge stage and (3) the failure stage, as shown in Fig. 6. In
the elastic stage, the stiffness and the elasticmodulus govern the behav-
iors of the joints until yielding takes place.Within this stage, the load in-
creases rapidly with a high load/displacement ratio, which depends on
Performance of High Strength Steel T-stub Joints, Structures (2016),
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Fig. 2. Configuration of the T-stub joints.
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the stiffness of the joint that in turn depends on thematerial and config-
uration. When the specimens are further loaded, plastic deformation
appears and four obvious plastic hinges could be seen, as shown in
Fig. 7. Two of the plastic hinges would appear near the weld toe, and
the other two would be near the bolted area. In this stage, the deforma-
tion grows more rapidly but the resistance of the joint increases slowly.
In general, it is found that the load-displacement curves (Figs. 4 or 5) are
generally parallel to each other in this stage. If the loads are further in-
creased, the behavior enters the large deformation stage (failure
stage). In this stage, the original configuration of the joint is changed
from T to Y shape and the catenary action shows strong existence. The
performance of this stage is governed by both the plastic hinge and cat-
enarymechanisms. These twomechanisms further change the stress re-
gime from flexural forces only to combined flexural and axial forces.
Compared to the increased plastic hinge moment resistance due to
strain hardening, the catenary forces contribute more to the total load
carrying capacity. As a result, the strain concentration in the plastic
zone and welds is also affected. Due to the lack of sufficient ductility
that is required to support the development of plastic hinge and cate-
nary mechanisms, the final failure modes usually happen in the form
of weld toe through thickness fracture or bolt hole necking failure (net
section failure under tension).

2.4.2. Stiffness and first yield resistance
For design purpose, the behavior of the joints under the elastic stage

and the first yield resistance (design plastic resistance) is of the most
importance. From Figs. 4 and 5, it can be seen that not only the stiffness
Displacement load 

Fig. 3. The T-stub joint test setup.
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but also the deformation limit of the elastic stage varied according to the
thickness and steel grade of the specimens. To quantitatively evaluate
the effects of these two parameters, the elastic stage and plastic hinge
stage of the curves are taken out and simplified into a straight line
model (Fig. 8). The intersection of the two straight lines or the turning
point of the model is defined as the first yield resistance of the joint,
which is widely accepted as the design plastic resistance of the joint be-
fore large deformation appears [5,15]. Based on this simplified load-dis-
placement model, the global stiffness of the studied T-stub joints under
the elastic stages is defined as:

EG ¼ FL
d

ð1Þ

where EG is the global stiffness and FL is the applied load (or resistance)
at a certain level of elastic displacement d.

The stiffness based on the test results for all the tested joints are
listed in Table 2. It can be seen from Table 2 that the difference between
the 2 tests of the same type are negligible, implying that the test results
are consistent and repeatable. Themaximumdifferences between spec-
imens occurred for the 8 mm and 16mm RQT-S690 specimens are only
3.2% (row4, Table 2). Table 2 also shows that the stiffness in termsof ap-
plied load (kN) per displacement (mm) increased rapidly with the
thickness of the specimens. The stiffness of the 16 mm RQT specimens
Fig. 4. Load-displacement curves of the RQT-S690 T-stub joints.
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Plastic hinges

Fig. 7. Plastic hinges formation.

Fig. 8. Simplified elastic-plastic load-displacement curve and designplastic resistance of T-
stub joint.

Fig. 5. Load-displacement curves of the TMCP-S385 T-stub joints in comparisonwith RQT-
S690 (16 mm).
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(column 4, Table 2) is about 5.3 times of that of the 8 mm RQT speci-
mens (column 2, Table 2) and 1.66 times of that of the 12mmRQT spec-
imens. In addition, despite that the 16mmRQT-S690 specimens and the
16mmTMCP-S385 specimens had the same thickness, the 16mmRQT-
S690 specimens showed slightly higher stiffness (columns 4 and 5,
Table 2).

In EC3, to estimate the design resistance of T-stub joints, three failure
modes, namely (1) complete yielding of the flange, (2) bolt failure with
yielding of the flange and (3) bolt failure [15] are identified. In this
study, all the specimens were failed by complete yielding of flange. To
predict the design resistance of a T-stub joint when it is failed in com-
plete yielding of theflange, twomethods based on the yield line analysis
are adopted, as specified by EC3 [15].

Method 1 : F ¼ 4Mpl;1;Rd

m
ð2Þ

Method 2 : F ¼ 8n−2ewð ÞMpl;1;Rd

2mn−ew mþ nð Þ ð3Þ

In Eqs. (2) and (3), Mpl;1;Rd ¼ leff ðt2Þ
2 f y is the design moment resis-

tance of the section. leff is the effective width of the T-stub flange of
the joint (Fig. 6.2 of [10], 150mm in this study), m, n are geometrical pa-
rameters of the T-stub joints (Fig. 10). ew is either equal to 1/4 of the
washer diameter or the width across points of the bolt head of nut, as
relevant [10]. Note that inMethod 2, instead of concentrated at the cen-
ter line of the bolt, it is assumed that the force applied to the T-stub
flange by a bolt is distributed uniformly under the washer (or the bolt
Fig. 6. Typical load-displacement curve of T-stub joints.
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head/nut). Since the distance between the center lines of the weld toe
plastic hinge and the bolt area plastic hinge is smaller thanm (especially
at the beginning of the plastic hinge development stage), this assump-
tion leads to higher but more realistic resistance.

The design resistance of the studied T-stub joints obtained by Eqs.
(2) and (3) and the actual resistance obtained from tests are shown in
Table 3 and plotted in Fig. 10. Table 3 and Fig. 10 show that the design
resistances of the RQT specimens are superior when compared with
the TMCP specimens. The average design resistance of 16 mm RQT-
S690 specimens is about 91.3% more than that of 16 mm TMCP-S385
specimens. However, the test results of the RQT-S690 specimens are
all lower than that predicted by the EC3 equations. The actual first
yield resistances of 8 mm RQT-S690 specimen when yielding occurred
are lower than Eqs. (2) and (3) by 19.4% and 24.6%, respectively;
those of the 12 mm and 16 RQT-S690 specimens are generally lower
than Eqs. (2) and (3) by 4% and 10%, respectively. On the other hand,
Table 2
Stiffness of the joint at the elastic stage.

RQT-S690 TMCP-S385

Thickness (mm) 8 12 16 16
Stiffness (kN/mm) Test1 11.5 37.7 61.0 59.3
Stiffness (kN/mm) Test2 11.8 37.2 63.0 58.1
Diff 1(%) 3.2 −1.5 3.2 −2.0
Average 11.6 37.4 62.0 58.7

Diff 1(%) = (Test2 − Test1) / (Test1) × 100%.

Performance of High Strength Steel T-stub Joints, Structures (2016),
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Table 3
Design plastic resistance of the studied T-stub joints.

Thickness (mm) Test Results (kN) EC3 Eqs. (kN) Diff 1(%) Diff 2 (%)

Test1 Test2 Average Eq. (2) Eq. (3)

RQT-S690 8 44.2 41.9 43.1 53.4 57.1 −19.4 −24.6
12 126.3 118.4 122.4 123.8 132.7 −2.4 −8.9
16 217.8 219.5 218.7 227.1 243.6 −3.7 −10.2

TMCP-S385 16 146.5 142.0 144.3 135.1 144.9 6.8 −0.4

For Eqs. (2) and (3), the actual yield strengths are used. That is, fy =745.2 and 443.3 MPa
for RQT-S690 and TMCP-S385, respectively.
Diff 1 = ((Average− Eq. (2)) / Eq. (2)) × 100%.
Diff 2 = ((Average− Eq. (3)) / Eq. (3)) × 100%.
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the test results of the TMCP specimens are well predicted by Eqs. (2)
and (3): only 6.8% higher than Eq. (2) and 0.4% lower than Eq. (3).
Based on these test results, it appears that the EC3 equations are conser-
vative when predicting the design resistance for the TMCP-S385 joints
but not for the RQT-S690 joints.

Despite that the RQT-S690 steel has shown superior behaviors dur-
ing the elastic and the plastic hinge stages when compared with the
TMCP-S385 steel, the deformation capacities and the ultimate loading
capacities of the RQT-S690 specimens are worse than the TMCP speci-
mens. As shown in Fig. 5, the load-displacement curves of these two se-
ries of specimens are very similar. They showed almost the same
stiffness, similar plastic hinge and failure stages. The major differences
are that both the ductility (in terms of ultimate displacement) and the
ultimate load carrying capacities of the 16 mm RQT-S690 joints are
worse than the 16 mm TMCP-S385 joints. Due to the higher ductility
of the materials and the deformation capacity of TMCP plates, the
16 mm TMCP-S385 specimens absorbed more strain energy and
sustained larger deformation (which helped to increase the ultimate
load carrying capacity by changing the shape of the joint fromT to Y) be-
fore failure than the 16 mm RQT-S690 joints. This also indicated that T-
stub joints fabricated by using RQT-S690 steel may not be good for ap-
plications such as earthquake resistance structures which demand
high ductility and energy dissipation/absorption capacity.

3. Finite element analysis

3.1. Finite element model

According to the recent material property study of HSS RQT-S690
conducted by Chiew et al. [22], the mechanical properties of the RQS-
S690 HSS will be affected and deteriorated after exposure to high tem-
peratures. Since welding always induces localized, large and transient
heat input into the fusion zone and HAZ, the mechanical properties of
HSS will be affected and changed there. Thus, the moment resistance
of the plastic hinge at the weld toe may be altered by welding and dif-
ferent from (less than) that at the bolt area. As a result, the moment
(a) before deformation

Fig. 9. Force diagram for design p
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resistance at the weld toe can no longer be predicted accurately by the
yield line method. However, as both the heat inputs and the size of
the HAZ will be decreased when the thickness of the plate is decreased,
the impact of such welding effects on the accuracy of the yield line
method will also be decreased. This explains why the differences be-
tween the plastic resistances predicted by the yield line method and
the test results for the RQT-S690 8 mm joints were much smaller than
that for the 16 mm joints. In order to verity this deduction, finite ele-
ment analysis is carried out by using commercial software ABAQUS to
investigate the effect of welding heat input on the performance of HSS
T-stub joints at elastic and plastic hinge stages.

Twomodels are built for each of the 8mm, 12mm and 16mm RQT-
S690 T-stub joint with exact the same geometrical dimensions as the
test set-up (T-stub specimen, the reverse T support and the bolts, as
shown in Fig. 3). One model include the mechanical property alteration
caused bywelding heat input, while the other is an idealmodel without
simulating the welding process. The experimental study shows that al-
though the tested T-stub specimensweremade of differentmaterials or
had different thicknesses, the four plastic hinges (Fig. 7) are always crit-
ical in determining both the load carrying capacity and final failure
mode. Therefore, efforts are made to increase the mesh density at the
welded joint zone (zone J) and the bolt-hole zone (zone B), as shown
in Fig. 11. As can been seen from Fig. 11, themesh in zone J is further di-
vided into 5 sub-zones from J-1 to J-5: J-1 is the base metal of the brace;
J-3 is the fusion zone during welding and the molten base metal is not
considered in this model; J-2 and J-4 is the welding affected zones adja-
cent to J-3; and J-5 is the base metal of the chord. The concept of this
mesh dividing topology is to decompose the whole problem domain
into simpler and less problem-affected zones, and therefore improve
the modelling efficiency and flexibility in generating meshes for differ-
ent specimens.

3.2. Solution strategy

The modelling is based on a sequentially coupled thermal-stress
analysis, assuming that the changes in stress/displacement depend on
the temperature field variation but there is no inverse dependency be-
tween the two. Firstly, the pure heat transfer in welding is solved in a
transient thermal analysis to obtain the time-dependent temperature
distribution fields. Secondly, the time-dependent temperature distribu-
tion data is output as thermal loading to themechanical analysis to sim-
ulate the alteration in themechanical properties and subsequent tensile
test.

“Hard” contact is defined for normal behavior of contacts among T-
stub, bolts and supporter. In view of the complexity of tangential behav-
ior in contacts (e.g., rough surfaces and pre-tension force in bolts), a
simplified contact is adopted. Penalty friction is defined as the tangen-
tial behavior of contacts with a friction coefficient 0.3, and the pre-ten-
sion forces in bolts are ignored. Thermal and physical boundary
(b) after deformation

lastic resistance calculation.
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Fig. 12. Double-ellipsoid heat source.
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conditions are defined in thermal and stress analysis models separately.
The room temperature is assigned as 25 °C. Convection and radiation
boundary assigned on the surfaces of T-stub with the coefficients
25 W/(m2·°C) and 0.3, respectively.

3.2.1. Heat source
There are two common methods used to simulate the moving heat

source in welding: the surface heat and body heat models. Both
methods can work with or without element birth and death techniques
to simulate the adding of weld fillers. The surface heat model inject heat
only on the surface that is close to the interested area, while the body
heat model simulated the full impact of welding on the adjacent mate-
rials. Jin et al. [23] studied the accuracy and efficiency of both methods
on the RQT-S690 plate-to-plate T/Y joints and found out that the body
heat source model base on Goldak's double ellipsoid heat source
model theory [24] produced the best results.

In this study, the double-ellipsoid heat source is also adopted in the
thermal analysis by using the subroutine DFLUX [25], as shown in Fig.
12. Each welding profile is finished by 6 welding passes.

The heat flux q is represented by the following equations:
(a) Global mesh

Fig. 11. Mesh of th
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For the front part of heat source

q x; y; z; tð Þ ¼ 6
ffiffiffi

3
p

Q f 1
abc1π

ffiffiffi

π
p e

−3x2

a2
−3y2

b2
−3z2

c2
1 ð4Þ

For the rear part of heat source

q x; y; z; tð Þ ¼ 6
ffiffiffi

3
p

Q f 2
abc2π

ffiffiffi

π
p e

−3x2

a2
−3y2

b2
−3z2

c2
2 ð5Þ

In Eqs. (4) and (5), f1 and f2 are heat distribution coefficients. It is as-
sumed that f1 is the same as f2, and equals to 1.0. The parameters a, b, c1
and c2 represent the dimensions of molten pool, which are 8.0 mm,
17.0 mm, 8.0 mm and 16.0 mm, respectively. The heat input power Q
(Q=UI) is equal to 2.56 kJ/mm. In viewof the energy dissipation during
welding, the energy efficiency coefficient is assumed to be 0.8. Addition-
ally, welding speed is 4 mm/s, and there is no interruption between the
two pass welding.

3.2.2. Thermal properties
In this modelling, the involved material-related characteristics in-

clude thermal conductivity, specific heat, thermal expansivity, elastic
(

(b) Mesh of zone J

(c) Mesh of zone B

e T-stub joint.
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Fig. 13. Stress-strain curves of S690 HSS at elevated temperatures by [21].

Fig. 15. Temperature distribution during welding of the T-stub joint.
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modulus and Poisson's ratio and plasticity [26]. For most steels, many of
these physical properties are almost the same, except for the plasticity.
Design standards for steel structures under high temperatures such as
EN 1993-1-2 [4] provide well defined reduction curves or equations
for these properties under elevated temperatures, while the stress-
strain relationship of the RQT-S690 HSS under elevated temperatures
and after heated and cooled down are obtained from papers written
by Chiew et al. [22]. The simplified “heating” and “cooled down”
stress-strain curves based on [22] are shown in Figs. 13 and 14,
respectively.

3.3. Results and discussion

Fig. 15 shows an example of the temperature distribution during
welding the T-stub joint. It can be seen from Fig. 15 that this welding
heat input is highly localized around the welding pool and the adjacent
materials are fully affected by this heat input.

Fig. 16 shows the T-stub joint at small deformation stage by finite el-
ement simulation. It can be seen from Fig. 16 that the deformed shape is
the same as the experimental record (Fig. 7). Highly concentrated
stresses can be observed at the weld toe and bolt area where the plastic
hinges are formed, while the stress level at elsewhere is much lower.
Similar to the stress distribution, large deformation can only be found
at the plastic hinge areas. As a result, the final failure mode is either
weld toe failure or the bolt hole area net cross section failure. It should
be noted that the stress level at the bolt hole net cross section is obvi-
ously higher than that at the weld toe cross section (Fig. 16) because
of the smaller net cross section. However, the weld toe failure mode is
Fig. 14. Stress-strain curves of S690 HSS after exposure of certain high temperatures by
[21].
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more likely to take place because the load carrying capacity of the
HAZ is much lower, as one of the most significantly effect of welding.

Further, the load-displacement (see definition in Figs. 3 and 9)
curves of the 8mm, 12mm and 16mmRQT-S690 T-stub joints are out-
put and shown in Figs. 17–19, respectively. It can be seen from Figs. 17–
19 that the models with HAZ simulation (FE-w/ HAZ) agree well with
the test results. Although these FE-w/ HAZ curves tend to be slightly
higher than the test results, the elastic stage is well predicted until plas-
tic hinges are formed. On the other hand, the models without HAZ (FE-
w/o HAZ) simulation overestimate the load resistance. Only the elastic
stiffnesswhen themodels are initially loaded agreewith the test curves,
while both the elastic stiffness at relatively large deformation and the
load resistance is much higher than the test results.

According to the simplified approach for determining the first yield
resistance (Fig. 8), the first yield resistance of the FE models is obtained
and compared with the test results, as shown in Table 4. It can be seen
from Table 4 that the resistance of the FEM-w/o HAZ series is at least
18% higher than that of the Test-Ave, while difference between the
FEM-w/ HAZ series and the Test-Ave is generally within 10%. Therefore,
it can be concluded that welding has significant impact on the strength
of high strength steel RQT-S690 T-stub joints. Without considering this
impact would lead to overestimation on the load carrying capacity and
may be unsafe in practice.
Fig. 16. Stress distribution of the T-stub (16 mm) at small deformation stage.
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Fig. 19. Load-displacement curves of the 16 mm RQT-S690 T-stub joints.

Table 4
First yield resistance of the FE simulation compared with the test results.

Specimen Test-Ave FEM-w/o
HAZ

Diff 1 (%) FEM-w/ HAZ Diff 2 (%)

RQT-S690 8 mm 43.1 53.7 24.6 47.3 9.7
12 mm 122.4 146.3 19.5 132 7.8
16 mm 218.7 258.2 18.1 230 5.2

Note: Diff 1 = ((FEM-w/o HAZ − Test-Ave) / Test-Ave) × 100%.
Diff 2 = ((FEM-w/ HAZ− Test-Ave) / Test-Ave) × 100%.
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4. Conclusions

This study investigated the effects of welding on the tensile perfor-
mance of the Reheated, Quenched and Tempered (RQT) S690 high
strength steel T-stub joints in two phases. The first phase experimental-
ly investigates the tensile behavior of six RQT-S690 T-stub joints, and
the Thermal-Mechanical Controlled Processed (TMCP) steel in grade
S385 is also tested with same program as control material. By compar-
ing the load-displacement curves, it is found that the behavior of these
two material is of the same pattern. The EC3 design resistance predic-
tion equations predict the first yield resistance of the TMCP-S385 spec-
imens conservatively, but seem to overestimate that of the RQT-S690
joints. Further discussion deducts that the problem may come from
the compromised properties of the plastic hinges at the weld toe,
which is highly possible to be affected by welding heat input. Phase II
of this study verifies this deduction by finite element analysis. It is
shown thatmodels withwelding simulation agreewell with the test re-
sults, while the models without considering the welding effects predict
the load carrying capacity unconservatively when the displacement in-
creases. Finally, it is concluded that welding has significant impact on
the strength of high strength steel RQT-S690 T-stub joints.Without con-
sidering this impact would lead to overestimation on the load carrying
capacity and may be unsafe.
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