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Mechanical properties of high strength steels and high strength welded connections

This project aims to provide fundamental test data on full-range stress-strain relationship in
welded sections of high strength Q690 steel materials. These data will be employed to
facilitate development of a proposed Constitutive Model for welded sections of high strength
Q690 steel materials, including the parent metal, weld metal, and heat affected zone (HAZ).
Material models for numerical simulations and analyses will also be developed after careful
calibration against these test data according to the proposed Constitutive Model .
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Experimental and numerical investigations into residual stress distributions of welded
sections made of high strength Q690 steel materials

Over the past few decades, many researchers investigated residual stress patterns in welded
sections made of S235 to S355 steel plates. A simplified residual stress pattern for welded
sections was recommended in the ECCS, and it has been widely adopted in a number of
design codes. In general, welding-induced residual stresses are important material initial
imperfections in welded H-sections, and allowance to the presence of these residual stresses
should be made in assessing resistances of these sections as columns or beams. In the recent
years, a number of experimental and numerical studies on structural behaviour of high
strength S460 to S690 steel members were reported in the literature, and many of them
examined residual stresses in welded H- and box-sections as well as their effects on structural
behviour of these sections. However, the simplified residual stress pattern given in the ECCS
are generally considered to be not suitable for welded H-sections of S690 steel as the amount
of the steel materials yielded due to welding is substantially smaller than those in welded Hsections of S355 steel.
In reporting period 2016/17, “Experimental and minor investigations into residual stress
distributions of welded sections made of high strength Q690 steel materials” is a major
research project of the Hong Kong Branch with significant project progress. This project
aims to provide fundamental test data on residual stresses in welded sections of high strength
Q690 steel materials.

Both experimental and numerical investigations into residual stresses in welded H-sections
using high strength steel materials have been carried out. In this test programme, test
specimens were butt-welded using exquisite automatic welding machines to control the
fabrication process. Temperatures of steel plates were measured continuously during welding
to establish temperature distribution histories of welded sections. Surface residual stresses
were measured with the use of a hole-drilling method according to ASTM E837, and changes
of surface strains measured with pre-installed rosettes were obtained after strain release
during hole-drilling. This method provided a benchmark of residual stress patterns in welded
H-sections with a rational data analysis.

Automatic welding process of high strength
steel connection

Well-prepared specimen for
welding using GMAW

Installation of thermocouples for temperature measuremnt

Measured temperature field during
pre-heating

Measured temperature field
during welding

Quality control of welding through real-time welding pool formation control

Moreover, a follow-up comprehensive numerical investigation through the use of thermomechanical coupled analyses in 2 D finite element models have been carried out to simulate
the energy input and model the resultant residual stress patterns. The maximum tensile stress

was found very close to the yielding strength level which is much higher than the
counterparts in normal strength steel sections.
After a thorough calibration against numerical results obtained from 3 D models, the 2 D
model is validated to be able to predict both thermal and mechanical responses of welded Hsections satisfactorily. The calibrated 2 D models were then employed to investigate residual
stresses in welded H-sections of S355 and S690 steel systematically. Comparison on residual
stress patterns of these welded H-sections were carried out to provide key technical
information for structural design.
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Comparison between experimental and numerical results（Section C4）

Study of the welding zone from micro perspective can help researchers understand the
mechanism of residual stress through metallic analysis. In this test programme, SEM was
utilized to enlarge the view in 1000 times and observed crystal forms in the heat affacted
zone (HAZ). It was revealed that metallic forms of weld metal, HAZ and parent metal
presented remarkable differentiation. Hence, mechanical properties in the welding zone must
be profoundly affected.
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Hysteretic behaviour of Q690 steel materials

For high strength Q690 steel materials to be used in seismic resistant structures, a series of
seismic requirements on various mechanical properties should be satisfied, and hysteretic
ductility is one of the most important properties. This project aims to examine hysteretic
ductility of both Q690 steel materials and their welded sections through low-cycle high-strain
cyclic tests. These tests will provide supplementary results to those of static tests, and
examine fundamental mechanical properties of Q690 welded structures under seismic
actions.

In this project, the MTS-810 Material Testing System was employed to establish four
different loading protocols according to Standard FEMA-461, with the targeted strains
ranging from ±2.5%、±5.0%、±7.5% to ±10.0%. The test set-up of the MTS system and
typical results are presented as follows. It is found that both Q690 steel materials and their
welded sections achieve a high hysteretic ductility up to ±10.0% after completing all 20
cycles in the test.
Load protocol of Low cycle and high strain cycling test

Typical test set-up of low cycle high strain cyclic test using MTS-810 dynamic testing machine
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Structural performance of stocky columns of Q690 welded H-sections

Axial compression, P(kN)

In order to investigate member resistances of welded H-sections of high strength Q690 steel
materials, a series of compression tests on stocky columns of welded H-sections carried out.
These H-sections were made up with Q690 steel plates with three different thicknesses,
namely, 6, 10 and 16 mm. A total of four different cross-sections were made, namely,
Sections C1S, C2S, C3S and C4S, and there were three number of test specimens for each
cross-section. Hence, a total of 12 number of tests were conducted.

Axial shortening, u (mm)
(a) Local buckling failure mode

(b) Load shortening curves
Figure: Test results

The measured load-axial deformation curves of these test specimens were plotted in the
figure above, and it was shown that these test specimens exhibited different degrees of
ductility after attaining their maximum. As these test specimens were designed according to
the design rules on section classification given in EN 1993-1-1, the test data was then
employed to verify structural accuracy of these design rules in applying to welded H-sections
of Q690 steel materials.
In order to perform a whole process simulation on effects of welding into structural behaviour
of S690 welded H-sections, weld-induced residual stresses were obtained from coupled
thermo-mechanical modelling, and structural models with direct incorporation of these
predicted residual stresses were successfully calibrated with test results of both stocky and
slender columns. In addition, numerical models were also established to enhance
understandings on local buckling behavior of these welded H-sections of Q690 steel materials
under i) concentric loading, and ii) eccentric loadings.

Test results of stocky columns under combined compression and bending

Typical failure modes in stocky columns under compression – local plate buckling

It is evident that:
i) The commonly adopted residual stress patterns for S355 welded H-sections are very
conservative to be adopted for S690 welded H-sections of similar shapes and sizes. The
maximum residual tensile stresses at the web/flange junctions of S690 welded H-sections
are only about 60% of those of the S355 welded H-sections. More importantly, the
maximum residual compressive stresses at the flange outstands of S690 welded H-sections
are only about 45% of those of the S355 welded H-sections.
ii) By incorporating directly these residual stresses into the structural models of stocky
columns, the entire load-deformation curves of all these stocky columns are able to be
predicted, and they compare highly satisfactory with test results not only in the linear
elastic range, but also in the nonlinear plastic range, even after occurrence of large local
plate buckling in the webs and the flanges of the welded H-sections. The design rules given
in EN 1993-1-1 are shown to be applicable to evaluate cross-section resistances of these
stocky columns of S690 welded H-sections.
iii) Similarly, by incorporating directly these residual stresses into the structural models of
slender columns, the entire load-deformation curves of these slender columns are able to

be predicted successfully, and they compare highly satisfactory with test results in terms
of axial shortenings and lateral displacements at both pre-buckled and post-buckling stages.
The design rules given in EN 1993-1-1 and -12 are shown to be applicable to evaluate
member resistances of these slender columns of S690 welded H-sections. Owing to the
significantly reduced compressive residual stresses across the widths of the flanges, curve
a0 should be used, instead of curve c, in order to reduce conservatism embedded in the
design rules.
Through the numerical study, improvement to existing design rules would be proposed as
appropriate.

Table: Measured and predicted section

Load shortening curves of stocky columns

•

Experimental investigations on the structural performance of welded H-section using
high strength steel materials
An engineering research programme has been conducted for the
experimental investigation on the structural performance on the on-scale
concentric and eccentric loaded high strength H-sections. It was found
that current design rules were too conservative for these H-sections and
premium loading efficiency was observed for high stre ngth sections.
The research findings are being contributed to the design development
of high strength structural steels, by comparison between the current
column design curve and design data provided by Structual Eurocodes.
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