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1. INTRODUCTION

In parallel with the experimental investigations, comprehensive numerical analyses were
performed to investigate the structural performance and design of high strength steel (HSS)
beams and frames using the general purpose finite element (FE) software ABAQUS (2018)
[1]. The generated FE models were validated against experimental results from the present
project, after which parametric studies were carried out to generate further results covering a
broad range of parameters. The numerically derived results, together with the test results, are
used to assess the accuracy of current design methods as well as to underpin new design
proposals for HSS structures in Deliverable 2.5. Numerical investigations on HSS beams and
frames are described in Sections 2 and 3, respectively.
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2. NUMERICAL MODELLING OF HSS BEAMS

2.1. General

Numerical simulations of the in-plane bending response of welded HSS I-sections have been
performed using the nonlinear finite element analysis package ABAQUS 2018 [1]. Basic
assumptions for the developed numerical models are addressed in Subsection 2.2, focusing
on cross-section geometry, mesh generation, geometric imperfections, residual stresses,
boundary conditions and material modelling. The developed FE models are validated against
the results from the three-point bending tests carried out in the present project and the four-
point bending tests from [2]. Two series of parametric studies, covering a wide range of cross-
section aspect ratios, cross-section slenderness, material grades and loading configurations,
were conducted and are presented in Subsection 2.4.

2.2. Basic modelling assumptions

Geometrically and materially nonlinear analysis with imperfections (GMNIA) was conducted
using the modified Riks method to accurately capture the entire in-plane structural response,
including the post-ultimate response, of the modelled beams. The four-noded shell element
accounting for finite membrane strains with reduced integration, namely S4R, was selected to
establish the FE models. The element S4R has been shown in previous studies [3,4] to be
suitable and accurate for the simulation of I-sections experiencing local buckling failure. In the
following subsections, details of the implemented modelling approach are described.

2.2.1. Cross-sectional geometry and mesh generation

The measured average cross-sectional dimensions of the welded I-sections of each beam
specimen (as listed in Table 5 in Subsection 3.4.2 of the Deliverable D2.2) were carefully
modelled using the following techniques: (1) the nodes at each end of the web, offset from
their corresponding web-to-flange junctions by half the flange thickness, were coupled to their
corresponding nodes at the mid-thickness of the flanges using *MPC BEAM constraints, as
shown in Fig. 1, thereby avoiding the overlap between the web and the two flange plates, and
(2) each web-to-flange fillet weld zone, with the shape of each fillet weld assumed to be a
right-angled triangle, was represented by five equal-height web elements which were assigned
different thicknesses (see Fig. 1) according to the measured dimensions. The measured weld
leg lengths were used in the validation of the FE models, while a constant weld leg length of
5.6 mm was utilized in the parametric studies.
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Fig. 1. lllustration of modelling technique for accurately representing the geometry of the welded I-
sections, where t: is the flange thickness.

The modelled welded I-sections were then subdivided according to the residual stress pattern
(as described later), with a mesh size of approximately (B+H)/40, where B is the flange width
and H is the overall section height, adopted within the clear width of the web and flange plates
while a finer mesh of 6 elements was adopted in the flange plate and 5 elements in the web
plate of each fillet zone of the welded I-sections. The mesh size of approximately (B+H)/40
was also assigned uniformly along the longitudinal direction of the beams, such that the
element aspect ratio of the beam FE models was close to unity. The adopted mesh pattern
was shown to be sufficiently refined to accurately capture the local buckling behaviour of the
I-sections with acceptable computational efficiency.

2.2.2. Geometric imperfections and residual stresses

Initial geometric imperfections were introduced into the developed shell FE models by
modifying the nodal coordinates of the perfect geometry. Local geometric imperfections were
assigned to the shell FE models in a sinusoidal wave shape with a half-wavelength Ly s, as
shown in Fig. 2. The half-wavelength Ly s defined in the local imperfection shape was close to
the local buckling half-wavelength of the welded I-section in compression, which was
determined using the finite strip software CUFSM [5], ensuing that an integer number of half-
wavelengths were fitted within the individual member length. The magnitudes of the local
geometric imperfections were taken as the values recommended in Annex C of EN 1993-1-5
[6]. Specifically, the magnitude of the local web imperfection &, was taken equal to 1/200 of
the clear height of the web hy, (i.e. hy = H - 2t; - 2tweid) When the elastic local buckling stress of
the web plate in pure compression o.w Was equal to or lower than that of the flange plates
ou (i.e. the web plate was more susceptible to local buckling as compared to the flange plates),
while the magnitude of the local flange imperfection &; was taken as 1/50 of the clear width of
each flange outstand by (i.e. bs = (B - tw)/2 - tweid) When O < Oerw, Which indicates that the web
plate was less susceptible to local buckling as compared to the flange plates. By assuming
the web-to-flange junctions of the welded I-sections remain at 90 degrees), the local
imperfection amplitude of the non-critical plate (i.e. the plate with the higher elastic local
buckling stress) can be defined, as illustrated in Fig. 2. Note that the elastic local buckling
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stresses of the web and flange plates were determined using the classical plate buckling
expression given in EN 1993-1-5 [6], which is based on the assumption that the web and two
flange plates making up the welded I-sections are simply supported along their adjoined edges
and thus the influence of the flange-web interaction is neglected. Global geometric
imperfections about the major axes were assigned to the shell FE models in the shape of a
half-sine wave along the longitudinal direction of the beam, with its magnitude scaled to 1/1000
of the member length. Since the possibility of lateral torsional buckling and out-of-plane
deflections were eliminated by the lateral restraint system, global geometric imperfections
about minor axes were not included.
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Fig. 2. Definition of the shape and amplitudes of assumed local geometric imperfections (not to scale)
employed in shell FE models.

The investigated beam specimens were fabricated by welding the web plate to both flange
plates, resulting in residual stresses within the welded I-sections which may cause premature
yielding, leading to a loss of stiffness and a reduction in the bending capacity. The residual
stresses in HSS welded I-sections have been recently investigated in a number of studies [7-
10], resulting in different residual stress patterns being proposed with different levels of
complexity. To facilitate the inclusion of the residual stresses in the FE models, a simplified
residual stress model has been put forward, as given in Table 1, based on the residual stress
measurements on HSS welded I-sections reported in [9,10]. Note that the positive and
negative values in Table 1 represent tensile and compressive residual stresses respectively.
As shown in Table 1, the maximum tensile residual stresses at the web-to-flange junctions of
HSS welded I-sections (i.e. fix and fw) are taken as 60% of the vyield stress f, of the
corresponding plate, while the maximum compressive residual stresses (i.e. fric and frwc) are
taken equal to 19% of the yield stress fy of the corresponding plate. The proposed residual
stress magnitudes and distributions satisfy axial force equilibrium, and are seen to give good
representations of the experimental residual stress measurements, as shown in Fig. 3, where
the measured residual stresses from [9] (black lines with black dots) are plotted together with
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the proposed model (red lines for flange plates and blue lines for the web) for comparison
purposes. The proposed residual stress pattern, as summarised in Table 1, was thus
employed into the shell FE models and the residual stresses were considered as an initial

stress condition using the ABAQUS command *INITIAL CONDITIONS.

Table 1: Residual stress pattern applied to shell FE models.

Normalised
Residual stress pattern Position Width Residual stress label amplitude
(f/fy)
a b a i
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| T b 0.24B : +0.60
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Fig. 3. Comparisons between experimental residual stress data with the proposed model for different

S690 welded I-sections (a) 1-200x100x5 and (b) 1-150x150x%5.
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2.2.3. Boundary conditions

For the FE model validation, the loading configuration and boundary conditions of the six
tested beam specimens were replicated. Fig. 4 shows the assemblies, geometry, loading
configuration and boundary conditions of the shell FE model. Stiffeners were employed, as in
the tests, in order to prevent local failure where the concentrated forces were applied. The
stiffeners were attached to the beam assembly using *TIE constraints. Bearing plates were
also replicated at the stiffened positions, simulated using *RIGID BODY constraints over the
area of the bearing plates used in the physical tests, as illustrated in Fig. 4.

Since all the tested beam specimens were supported on two steel rollers, the vertical degree
of freedom Uy at reference points RP1 and RP3 was restrained (i.e. Uy=0). The out-of-plane
degree of freedom U, was restrained at the top and bottom of the web at six locations,
corresponding to the positions of the lateral restraints in the tests. Longitudinal movement Uy
was restrained at reference point RP2 where the load was applied.

RP2: U=0 | RP2 |
(bearing plate) | Vertical; load RP3: Ug=0

(bearing plate)

.................

' RP1: U0
i (bearing plate)

U,=0 b ‘
(lateral restraints)

Fig. 4. Schematic illustration of loading configuration and boundary conditions employed in shell FE
models of the tested beam specimens.

2.2.4. Material modelling

Averaged measured material properties of the S690 and S355 steels, as listed in Section 2 of
the Deliverable D2.2, were employed in the FE models of the six tested beam specimens.
Before introducing the material properties into the ABAQUS shell FE models, the measured
engineering stress-strain (i.e. Oeng-€eng) CUrves were converted into the true stress-plastic strain

9
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(i.e. owe-&l, ) relationships. The equations for the determination of the true stress giue and the

true plastic strain ", (based on the measured values of engineering stress deng and strain eng)

true
are given in Egs. (1) and (2), respectively. A damage curve for the S690 steel, as described
in Deliverable D2.3, was also included in the shell FE models to mimic possible tensile fracture
during bending.

Otrue = O-eng (1 + geng) (l)

true

o
el =In(l+ 8eng)_% ()

2.3. Validation of shell FE models

The developed shell FE models were validated with reference to the results of the six three-
point bending beam tests presented in Subsection 3.4 of Deliverable D2.2. The bending
capacities derived from the numerical models were compared to those obtained from the tests.
The comparisons of maximum bending moments between the tests (My,est) and FE simulations
(My,ee) are reported in Table 2, together with the mean and coefficient of variation (COV) of
the shell FE-to-test ultimate load ratios (Mure / Mutest). Additionally, comparisons of mid-span
moment-rotation histories between the tests and FE models are shown in Fig. 5, indicating
that the developed FE models can reproduce accurately the full load-deformation histories,
including the initial stiffness and the ultimate bending moment capacity, of the respective
three-point bending tests. Typical comparisons of deformed shapes at approximately peak
loads between tests and FE models are depicted in Fig. 6, revealing good predictions of failure
modes and deflections.

Table 2: Comparisons of maximum bending moments between tests and FE simulations.

Mu,test Mu,FE
Beam label Mu,re / Mu,test

kNm kNm
HSS-1-65%x116x8%x8-3PB 70.9 70.2 0.99
HSS-1-65x116x8%8-3PB-R 68.9 68.2 0.99
HSS-1-80x136x8%x8-3PB 102.0 104.2 1.02
HSS-1-80x136x8%8-3PB-R 102.1 104.4 1.02
HYB-1-80x136x8%x8-3PB 92.3 91.1 0.99
HYB-1-80x136x8%8-3PB-R 92.6 91.0 0.98
Mean 1.00
cov 0.02

10
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models.
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(©)

Fig. 6. Typical comparisons of deformed shapes at peak loads between tests and FE models of (a)
beam specimen HSS-I-80%x136x8x8-3PB, (b) beam specimen HSS-I-80x136x8x8-3PB-R, (c) beam
specimen HYB-I-80x136x8x8-3PB.

12
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The shell FE models were also validated against six in-plane major axis four-point bending
tests on S690 welded I-section beams reported in [2]. The measured geometries, imperfection
amplitudes, boundary conditions and stress-strain curves were employed to establish the
corresponding FE models. The numerical to experimental ultimate moment ratios (My,re/Mu,test)
for the tested S690 beam specimens are listed in Table 3, together with the mean and
coefficient of variation (COV) of the shell FE-to-test ultimate load ratios. The results indicate
that the adopted FE models were accurate and suitable for use in subsequent parametric
studies.

Table 3: Comparisons of maximum bending moments between tests and FE simulations.
Mu,test Mu,FE

Beam label Mu,re / Mu,test
kNm kNm

I-50x50x5-MA 10.0 9.9 0.99
I-70x70x5-MA 19.4 18.8 0.97
1-80x60x5-MA 21.0 21.3 1.02
1-90x70x5-MA 27.7 27.8 1.00
[-100%100x5-MA 39.8 40.0 1.01
[-140x70x5-MA 49.5 49.4 1.00

Mean 1.00

Ccov 0.02

2.4. Parametric studies

Based on the shell FE models developed in Subsection 2.2 and validated in Subsection 2.3,
two series of bending parametric studies were conducted to generate a numerical database
covering a wide range of cross-section aspect ratios, cross-section slenderness, material
grades and loading configurations. Four aspect ratios, H/B = 1.0, 1.5, 2.0 and 3.0, were
considered. The flange widths B was kept constant at 100 mm in all models, while the section
height H was varied to achieve the different aspect ratios. A total of 20 flange thicknesses t;,
varying from 3.45 to 17 mm, was considered for each aspect ratio to achieve a broad spectrum
of cross-section geometries and flange slenderness c/tig;, ranging from 3.04 to 16.39, where

&= /235/fy,f, f, s being the yield strength of the flange. The web thickness t. of each section

was always 0.6 of its flange thickness t; (i.e. t = 0.6xt;), which results in a typical web-to-flange
thickness ratio for hot-rolled UB (similar to IPE) cross-sections [11]. Three steel grades, S690,
S460 and S355, were employed to allow the following five combinations of cross-section
materials: (1) both flanges and web in S690 steel, (2) both flanges and web in S460 steel, (3)
both flanges and web in S355 steel, (4) flanges in S690 steel and web in S355 steel, (5)
flanges in S690 steel and web in S460 steel. The span of each beam model was 15 times its
section height H, and each beam model was loaded in two configurations: three-point bending

13
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and four-point bending. Therefore, a total of 800 parametric FE simulations were conducted,
and the obtained results are discussed in detail in Deliverable D2.5. The ranges of variation
of parameters considered in the parametric studies are listed in Table 4.

Table 4: Ranges of variation of parameters considered in FE parametric studies.

Material Aspect Flange Web Beam
Load configuration combination ratio thickness thickness span
Flange / Web H/B tt tw L
W S690/ S690 1.0
S460 / S460 '
g IR L N S355/S355 ;g 3'4;_’];] 17 0.6xts 15H
2 2 S690 / S355 3'0
Three-point bending 5690 /5355
S690 / S690
F F
— S460 / S460 T 245 17
L L L S355/S355 2'0 ' mm 0.6xts 15H
3 3 3 S690/ S355 3'0
S690 / S355 '

Four-point bending

For computational efficiency a coarser mesh in the two outer thirds and a finer mesh in the
central third of the beams were used in the parametric studies, as illustrated in Figs. 7(a) and
7(b) for the models of three-point bending and four-point bending beams, respectively. The
finer mesh size of (B+H)/40 was the same as that employed in the validation models, while
the coarser mesh size of approximately (B+H)/15 was adopted along the longitudinal direction
of the two outer thirds of the beams. The adopted mesh sizes were found to be sufficiently
refined to accurately capture the local buckling behaviour of the studied I-sections with
acceptable computational efficiency. The beam specimens were loaded at mid-span and at
third-points for the three-point bending and four-point bending configurations, respectively.
The loading and boundary conditions employed in the shell FE models for the three-point
bending and four-point bending parametric studies are also shown in Figs. 7(a) and 7(b)
respectively. Note that for the four-point bending models, the loads were applied symmetrically
via two reference points, which were positioned at the top web-to-flange junction and coupled
to the corresponding top flange nodes at the two thirds sections, as depicted in Fig. 7(b).
Stiffeners at sections corresponding to the loading points and supports were also modelled to
prevent localised failure due to concentrated loads.

14
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In order to prevent lateral torsional buckling and out-of-plane deflection, uniform and
symmetrical lateral restraints were provided along the length of the beam specimens at
intervals approximately equal to the length that gives a non-dimensional lateral torsional
slenderness value of 0.2 for the unrestrained segments under pure bending. The lateral
restraints were applied at the top and bottom web-to-flange junctions of the determined
sections, as shown in Fig. 7, in order to avoid any influence on the local buckling behaviour of
the beam specimens.

l Vertical load

(@)
lVerticaI load

Vertical load

(b)

Fig. 7. Mesh size and loading/boundary conditions employed for shell FE models in (a) three-point
bending parametric studies and (b) four-point bending parametric studies.
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A bilinear plus nonlinear hardening material model, proposed by Yun and Gardner in [14], was
utilized to represent the stress-strain properties of the S355, S460 and S690 steels. The basic
material properties (i.e. E, fy and f,) for S355, S460 and S690 steels used in the parametric
studies were taken as the nominal values given in prEN 1993-1-1:2018 [13] while the full
stress-strain curves, as well as the other key material properties such as the strain at the
ultimate strength &, and the strain hardening strain &sh, were derived using the predictive model
proposed by Yun and Gardner [14]. The key material properties for the S355, S460 and S690
steels are summarised in Table 5 and the full stress-strain curves employed in the parametric
studies are shown in Fig. 8. As can be seen from Table 5 and Fig. 8, the HSS S690 exhibits
the highest yield and ultimate strengths but the lowest ductility compared to those of the S355
and S460 steels. The generated engineering stress-strain relationships were converted into
the true stress-plastic strain relationships before introduction into the FE models. The
generated FE results are presented and analysed in Deliverable D2.5, and employed to
underpin the development of rules for the plastic design of HSS structures.

Table 5: Summary of key material properties for S355, S460 and S690 steels used in parametric studies.

Young's Yield strength  Ultimate strength ) Strain
St%el modulus f, f, Ultimate hardening
grade N/mm? N/mm? N/mm? strain & strain &sn

S355 210000 355 490 0.17 0.017
S460 210000 460 540 0.09 0.030
S690 210000 690 770 0.06 0.035

-
-
-

= L
[ [
o o
[ Y S S
\
\

Stress (N/mm?)

0 1 1 1
0 0.05 0.1 0.15 02

Strain g

Fig. 8. Full stress-strain curves for S355, S460 and S690 steels employed in parametric studies [14].
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3. Numerical modelling of HSS frames

3.1. Development of shell FE models

Geometrically and materially nonlinear analyses using shell FE models with imperfections
were developed to simulate the response of HSS frames. The FE models were first validated
against the frame test results described in Section 5 of Deliverable 2.2, and were then
employed for parametric studies. The same shell element type S4R as employed for the beam
models was used for the frame models. In the following subsections, the details of the
modelling approach implemented in the frame FE models are described.

3.1.1. Cross-sectional geometry, initial geometric imperfections, residual
stresses and material modelling

The measured average cross-sectional dimensions of the welded I-sections of each frame
specimen (as reported in Table 7 of Deliverable 2.2) were modelled using the same techniques
described in Subsection 2.2.1. The method to generate the mesh for the frame FE models
was similar with that used in developing the beam FE models. A mesh size of approximately
(B+H)/40 was adopted within the clear width of the web and flange plates as well as in the
longitudinal direction of the individual members of the frame specimens, resulting in the
element aspect ratio of the frame FE models close to unity. The adopted mesh pattern was
shown to be sufficiently refined to accurately capture the local buckling behaviour of I-sections
with acceptable computational efficiency.

Geometric imperfections were introduced into the developed shell FE models by modifying
the nodal coordinates of the perfect geometry. The same residual stress pattern as
incorporated in the beam models (described in Subsection 2.2.2) was used for the frame FE
models. The average local geometric imperfections measured from the column specimens, as
reported in Table 5 of Deliverable 2.2, were incorporated into the shell FE models of the frame
specimens composed of the corresponding cross-section profile. In addition, the geometric
member in-plane out-of-straightness imperfections were assigned to the shell FE models in
the shape of a half-sine wave along the longitudinal direction of the individual members, with
its magnitude scaled to 1/1000 of the member length. The geometric frame in-plane out-of-
plumbness was also accounted for by modelling the frame with an initial sway imperfection,
which was scaled to 1/200 of the frame height as recommended in EN 1993-1-5 [6]. Note that
the adopted geometric member in-plane out-of-straightness and frame in-plane out-of-
plumbness were greater than the measured values as described in Subsection 3.3 and
Subsection 4.6 of Deliverable 2.2, respectively.

17



STROBE

The measured engineering stress-strain curves (i.e. Oeng-€eng) from the S355 and S690 steel
coupon tests, as summarised in Section 2 of Deliverable D2.2, were incorporated into the
frame FE models for the validation study. For the parametric studies, the stress-strain model
of Yun and Gardner [14] was employed. To account for the change in cross-sectional
geometries under load using the shell elements, the measured engineering stress-strain

curves (i.e. Oeng-Eeng) Were converted to the true stress-plastic strain (i.e. Ouue- &5, ) relationships
before inputting into the developed shell FE models.

3.1.2. Loading and boundary conditions

Fig. 9 shows the generated geometry, applied loads and employed boundary conditions of the
shell FE model of the frames. The different types of stiffeners employed in the test frames
were also modelled using the same shell element S4R as that employed for the frame
structural members, as illustrated in Fig. 9. The stiffeners were assumed to be rigidly
connected to their corresponding plates using *TIE constraints, and the true stress-true plastic
strain data derived from the measured engineering stress-strain curves of the S690 steel were
employed to define the material properties of all stiffeners. To simulate the boundary
conditions employed in the frame tests, each end section of the column members of the frame
model was coupled to a reference point (RP) located at the centroid of the corresponding
cross-section through kinematic coupling constraints, with suitable boundary conditions in
accordance with the test setup applied to these reference points, as summarised in Fig. 9.
The out-of-plane displacement degree of freedom (i.e. Uz) was restrained at the top section of
each column, since lateral restraints were provided at these locations in the frame test setup,
as detailed in Subsection 4.3.3 of Deliverable 2.2. All degrees of freedom apart from the
rotation about the cross-section major axis (i.e. Z-axis as shown in Fig. 9) were restrained at
the bottom section of each column during the application of the vertical load (if any), while the
degree of freedom corresponding to the horizontal in-plane displacement (i.e. Uy) was
released (or set to zero) when the horizontal load (if any) started to be applied at the bottom
reference points (i.e. RP1 and RP2 as shown in Fig. 9). The semi-rigid nature of the column
base connections was modelled by positioning an ABAQUS SPRING1 element between the
reference point at each column end section (i.e. RP1 and RP2) and the ground, with its
rotational stiffness about the cross-section major axis (i.e. the Z-axis as shown in Fig. 9) taken
as the value measured from the corresponding frame experiment, as summarised in the test
report. Similarly, each semi-rigid beam-to-column connection of the frame specimens was
modelled by a linear rotational spring (using the ABAQUS SPRING2 element) connecting two
reference points, which were coupled to the nodes at the corresponding end section of the
beam and at the relevant area of the flange of the corresponding column, as illustrated in Fig.
9; the SPRING2 element employed in the frame FE model acted in the rotational direction
about the cross-section major axis (i.e. the Z-axis as shown in Fig. 9) with a stiffness equal to
the corresponding experimentally measured value, as given in Deliverable 2.2. The out-of-
plane displacement degree of freedom (i.e. Uz) of the nodes located at the web of the beam
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and columns of the frame FE models, in positions corresponding to the location of the lateral
restraints in the frame test setup, was constrained, as shown in Fig. 9.

-

RP10:
Uy = Uz = 0 (for horizontal load step only)
Ry = Ry = 0 (for horizontal load step only)

""""" Pok %RPD 7
RPB/RPT: R, Rotational spring ~ (RP8¥ - #RPY
RP8/RP9: R, Rotational spring

RP1:Uy=U;=0 : ; . / b
Uy = 0 (for vertical load step only)*, ! :_Horizontal load / /RP2UG=U =0
Ry=Ry=0 N i Uy, =0 (for vertical load step only)
R, Rotational spring / Ry =Ry :.0 .

R,: Rotational spring

7 Horizontal load

Fig. 9. Schematic illustration of loading and boundary conditions employed in shell FE models of frames.

With regard to the load application, the vertical load was applied to a reference point (RF5)
which was positioned at the centroid of the vertical actuator and coupled to nodes at the mid-
span top flange of the frame beam as shown in Fig. 9. Note that, as seen in Fig. 9, the web
stiffeners were also included in the shell FE models at the mid-span of the beam, where the
vertical load was applied, to prevent localised web crippling failure. The same value of in-plane
horizontal displacement (i.e. Uy as shown in Fig. 9) was applied at the two reference points at
the bottom end section of the two columns (i.e. RP1 and RP2) to mimic the displacement-
controlled horizontal loading scheme adopted in the frame experiments. The horizontal
restraint at the top of the right-hand column for frame specimens subjected to horizontal
loading, as described in Subsection 4.3.1 of Deliverable 2.2, was modelled by assigning
suitable boundary conditions to a reference point RP10, which was located at the centroid of
the larger roller bearing of the horizontal restraint system (see Fig. 37 of Deliverable 2.2) and
coupled to nodes within the strengthening plate region of the right hand beam-to-column
connection, as illustrated in Fig. 9.

For the frames subjected to either vertical load only or horizontal load only, only one
corresponding analysis step was established and the geometrically and materially nonlinear
analyses with imperfections (GMNIA) were solved using the modified Riks arc-length method
in order to trace the full load-displacement response of the frames. For the frames subjected
to the combined loading, two steps — the first corresponding to the vertical load and the second
to the horizontal load — were included and the GMNIA were solved using the General Static
method and the modified Riks arc-length method for the first and second steps, respectively.
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3.2. Validation of shell FE models

The developed shell FE models were validated with reference to the results of the twelve
experiments on HSS frames presented in the test report. Table 6 summarises the comparisons
between the maximum recorded loads obtained from the frame tests (Viestmax aNd Hiest,max) @and
the ultimate loads derived from the shell FE models (Vshelire,u and Hshelire,ur), together with the
mean and coefficient of variation (COV) of the shell FE-to-test ultimate load ratios. Note that
some frame tests were terminated before reaching their corresponding ultimate load due to
the limited stroke lengths of the hydraulic actuators; however, these maximum recorded loads
were deemed to be close to their corresponding ultimate loads since the tangent stiffnesses
of the load-displacement curves, as summarised in Deliverable D2.2, at the corresponding
maximum recorded load were approaching zero. Also note that the mean and COV values
shown in Table 6 were based on the ratios of Vsnelre,ulfViestmax fOr frame specimens subjected
to vertical load only and the ratios of Hsheireu/Htestmax fOr specimens subjected to horizontal
load only and to the combined loading. It can be seen from Table 6 that the developed shell
FE models for frames are able to provide accurate predictions of the maximum recorded load
(i.e. regarded as the ultimate load) from the physical frame experiments, with an average FE-
to-test ultimate load ratio of 1.009 with a corresponding COV of 0.027.

Table 6: Comparison between maximum recorded loads obtained from experiments and ultimate loads
derived from shell FE models for HSS frames.

Vertical loading Horizontal loading
. step step VshellFg,ulf Viest,max
Series Frame label Viestmax ~ VshelFeul  Htest,max HshellFe,ul HShe”FEE/rHtest'max
kN kN kN kN
HSS-1-65%116-V 161.9 171.2 - - 1.06
Series HSS-I-65%116-H - - 154.5 156.7 1.01
1 HSS-I1-65x116-V&H-1  101.3 101.3" 128.2 125.0 0.98
HSS-I1-65x116-V&H-2  130.3 130.3" 94.6 95.8 1.01
HSS-1-80%136-V 264.6 260.2 - - 0.98
Series HSS-1-80x136-H - - 236.6 235.5 1.00
2 HSS-1-80%x136-V&H-1 152.7 152.7 173.9 181.0 1.05
HSS-I1-80x136-V&H-2  210.6 210.6" 125.2 123.9 0.99
HYB-1-80x136-V 227.0 227.7 - - 1.00
Series HYB-I-80%136-H - - 191.9 201.9 1.05
3 HYB-I-80x136-V&H-1  131.1 131.1° 165.3 165.8 1.00
HYB-I-80x136-V&H-2  170.1 170.1" 138.0 135.5 0.98
Mean 1.009
Ccov 0.027

* For frame specimens subjected to the combined loading, the ultimate vertical load Vsheire,u employed
in the FE model was taken the same as the corresponding maximum recorded vertical load Viestmax from
the frame test.
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The load-deformation curves obtained from the frame tests and shell FE models are compared
in Figs. 10-12. Note that the experimental and numerical vertical load versus mid-span
displacement curves for frame specimens subjected to combined loading terminate at the
points when the corresponding horizontal load reaches its maximum prescribed value, as
shown in Fig. 12. As can be observed from Figs. 10-12, the load-deformation paths derived
from the developed shell FE models generally closely follow the corresponding experimentally
obtained load-deformation paths. The slightly lower FE predictions of the horizontal initial
stiffness, as seen in Figs. 11 and 12 for the frame specimens subjected to horizontal load only
and to combined loading, respectively, may relate to the effects of friction in the test setup,
inaccuracies in the experimental measurements of the rotational stiffnesses of the connections
and other modelling assumptions such as the residual stresses, frame out-of-plumbness
imperfections and boundary conditions.

300
250 | T
€ 200 |
k] s
< A e T
S 150 | ==
QL
§ —HSS-1-65%116-V_test
— 100 r , ---HSS-1-65%116-V_FE
= —HSS-1-80%136-V_test
S 5l // ---HSS-1-80%136-V_FE
/ —HYB-1-80x136-V_test
---HYB-1-80x136-V_FE
O 1 1 1 1 1
0 40 80 120 160 200 240

Vertical displacement at mid-span of beam (mm)

Fig. 10. Comparison between the vertical load versus mid-span displacement curves obtained from
experiments and FE models for the frame specimens subjected to vertical load only.
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Fig. 11. Comparison between the horizontal load versus horizontal displacement curves obtained from
experiments and FE models for the frame specimens subjected to horizontal load only.
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Fig. 12. Comparison between load-displacement curves obtained from experiments and FE models for
the frame specimens subjected to combined vertical and horizontal loads (a) HSS-I1-65x116-V&H-1 and
HSS-1-65x116-V&H-2; (b) HSS-I-80x136-V&H-1 and HSS-1-80x136-V&H-2; and (c) HYB-I-80x136-

V&H-1 and HYB-1-80x136-V&H-2.

The failure modes of the HSS frames under different loading conditions obtained from the
shell FE models are also in good agreement with those obtained from the frame tests, as
illustrated in Fig. 13. Overall, it can be concluded that the established shell FE models are
able to accurately replicate the observed structural responses of the tested HSS frames.
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Fig. 13. Typical comparisons of experimental and numerical failure modes of HSS frame specimens (a)
HSS-1-80x136-V; (b) HSS-1-80x136-H and (c) HSS-1-80x136-V&H-2.

3.3. Parametric studies

Following validation of the FE models for the simulation of frame behaviour, parametric studies
were performed to generate benchmark data to examine the susceptibility of HSS structures
to second order effects, as well as to evaluate the applicability of the conventional global
plastic design rules to HSS frames. The parametric studies were carried out on a series of
single bay, single storey, unbraced rectangular frames with varying configurations and load
cases. The ranges of variation of the different parameters considered in the parametric studies
are summarised in Table 7. The shell FE models used in the parametric studies were
essentially the same as those adopted in the validation study, except that the local
imperfection amplitudes were taken as the values recommended in Annex C of EN 1993-1-5
[6], as described in Subsection 2.2.2 of Deliverable D2.2, and the stiffeners at the end sections
of the beams and the bottom of the columns used in the test specimens were not modelled.
The modelled frame specimens (see Fig. 14) were also fixed at the base of the columns with
rigid beam-to-column connections, which were achieved by tying the nodes at the end section
of the beam (defined as the slave surface) to the contact surface on the column flange within
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the corresponding beam-to-column connection region (defined as the master surface) through
ABAQUS *TIE constraints. The rigid connections in the modelled frame specimens ensure
that the bending moment can be fully transferred from the beam end to its adjacent column.
For modelling convenience, the stiffeners in the frame panel zones were modelled using
ABAQUS *MPC beam elements to prevent shear failure, as shown in Fig. 14. The vertical
loads were applied equally at the top end sections of the frame columns (i.e. V/2 at the top
end section of each column) through two reference points, RP2 and RP3, shown in Fig. 14,
which were coupled to the nodes at the top end section of the corresponding column. The
horizontal load H was applied at the left-hand beam-to-column connection through reference
point RP1, shown in Fig. 14, which was coupled to the nodes located on the outer side flange
of the left-hand column and aligned with the mid-height of the beam, as shown by the pink
dots in View 1-1 of Fig. 14. The horizontal load was increased simultaneously and maintained
proportionally with the vertical loads, and a broad range of the H/V ratio, from 0.1t0 1.0, in 0.1
intervals, as listed in Table 7, was considered in the parametric studies. Note that the column
section at which the horizontal load was applied was also stiffened using *MPC beam
constraints, as shown in Fig. 14, in order to prevent any local failure due to the concentrated
loading. Since the present study focuses only on the in-plane behaviour of HSS frames, out-
of-plane instability was prevented by restraining the out-of-plane displacements (i.e. U, = 0)
at the web-to-flange junctions of the frame members along their lengths at intervals
approximately equal to the length that gives a non-dimensional lateral torsional slenderness
value of 0.2 for the unrestrained segments under uniform bending. The selected restraint
spacing was found to provide sufficient out-of-plane restraint, while having minimum influence
on the local buckling behaviour (if any) of the frame members.

Table 7: Ranges of variation of parameters considered in parametric studies.

Frame
bay width
Lirame (M)

Horizontal  Frame height
Ioading H Hframe (m)

0.1V,

0.2V,

|vi2 VI 0.3V,
1-100x150%7.5%4.5, 0.4V,

S355, 1-100%x200x7.5%4.5, 0.5v,
S690 1-100x150%10x6, 0.6V,
L i 1-100x200x14x8.4 0.7V,

o fome 0.8V,
0.9V,

1.0V

Frame configuration Material Cross-section

253141516 5
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Fig. 14. Shell FE model used in parametric studies.

Each of the frame specimens included in the parametric studies employed the same welded
I-section for its columns and beam. Four different welded I-section profiles were chosen in the
parametric studies; their cross-sectional dimensions, as well as their corresponding cross-
section class under either pure compression or major axis bending determined with reference
to the classification limits set out in EN 1993-1-1 [11] and EN 1993-1-12 [12], are summarised
in Table 8. Note that the weld fillets were not considered in the parametric FE models for frame
specimens. All selected I-sections are classified as compact sections (Class 1 or Class 2)
under the major axis bending reflecting the focus of the present study being on the plastic
design of HSS frame structures.

Table 8: Summary of cross-sectional dimensions and their corresponding cross-section class used in
parametric studies.

B H tr tw S355 S690
No. mm mm mm  mm Class (un_der Class_ (under_ major Class (un_der Class_ (under_ major
compression) axis bending) compression) axis bending)
1 100 150 7.5 45 2 1 4 2
2 100 200 7.5 45 4 1 4 2
3 100 150 10 6 1 1 2 1
4 100 200 14 8.4 1 1 2 1

Frame specimens made of S690 steel were investigated while their counterpart specimens
made of S355 steel were also included in the parametric studies for comparison purposes.
For all the modelled frame specimens, the frame bay width Liame (i.€. the distance between
the column centrelines) was fixed at 5 m, while the frame height Hiame varied from2 mto 6 m
in 1 m intervals to generate a wide spectrum of beam-to-column stiffness ratios from 0.4 to
1.2, which covers most frames in practice. The bilinear plus nonlinear hardening material
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model, proposed by Yun and Gardner in [14], was utilized to represent the stress-strain
relationship of the S355 and S690 steels in the frame parametric studies. The key material
properties for the S355 and S690 steels are listed in Table 5 and the full engineering stress-
strain curves are shown in Fig. 8. It worth noting that the generated engineering stress-strain
relationships must be converted into the true stress-plastic strain relationships before
introduction into the FE models.

Overall, a total of 400 frame specimens, including 200 frame specimens made of S690 steel
and 200 counterparts made of S355 steel, was simulated in the parametric studies. The results
are analysed, discussed and used to underpin design proposals for HSS structures in
Deliverable D2.5.
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4. CONCLUSIONS

In the present deliverable, shell FE models for beams and frames have been developed and
validated against the test results reported in Deliverable 2.2. Based on the validated FE
models, parametric studies were performed to generate additional benchmark results on HSS
beams and frames; the numerically derived data, together with the test data, are used to
assess the accuracy of the current design proposals and to underpin newly proposed design
rules for HSS structures, as discussed in Deliverable 2.5.
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