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Numerical Simulation of High Strength Cold-Formed SupaCee® Sections in Combined Bending and Shear

ABSTRACT

The report describes numerical non-linear simulation, based on the finite element method (FEM) using the
software package ABAQUS/Standard, of high strength cold-formed SupaCee sections in shear, combined
bending and shear, and bending only. These high strength (450 MPa) C-profile steel sections called
SupaCee® contain additional return lips and web stiffeners which enhance the bending and shear capacity of
the sections (Lysaght, 2003). They are used widely in Australia as purlins in roof and wall systems.

The results of nonlinear analyses by using the finite element method (FEM) depend heavily on the
imperfection assumption for the analysis of the thin-walled members. Geometric imperfections are often taken
as a scaled multiple of the eigenvalue modes. Different buckling modes (Mode 1 Anti-Symmetric and Mode 2
Symmetric) are assumed with different magnitude levels of imperfection as proposed by Camotim in Portugal
and Schafer in the USA. Studies of the effects of boundary condition, element types as well as mesh size are
also included.

This report summarises the results of the finite element nonlinear simulations of the tests on SupaCee®
sections performed at the University of Sydney on a variety of section sizes and thicknesses. The test series
include predominantly shear (V), combined bending and shear (MV), and bending only (M) test series. The
FEM results are compared with the tests to calibrate the imperfection magnitudes and modes against the
tests. Conclusions regarding the size and type of imperfection are made in the report. It is demonstrated that
the finite element analysis can therefore be used to design and optimize thin-walled sections of high strength
steel.

KEYWORDS

Cold-formed; High strength steel; Direct strength method; Effective width method; Finite element method;
Combined bending and shear; shear test.
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INTRODUCTION

Numerical simulation using the Finite Element Method (FEM) of thin-walled cold-formed steel sections
undergoing buckling depends substantially on assumptions regarding boundary conditions, initial geometric
imperfections, element mesh and type. For high strength sections in compression (Yang and Hancock, 2006),
accurate simulations have been achieved by using ABAQUS (HKS 1997). For sections in bending, Yu (2005)
provided complete details of the finite element models consisting of shell elements to investigate the influence
of the test setup on the buckling modes of cold-formed steel members in bending and additional nonlinear
analysis is also included.

For sections in shear, and combined bending and shear, an accurate simulation (Pham and Hancock, 2010a)
has been recently reported to calibrate against tests of an experimental investigation on normal plain lipped C-
section steel purlins performed at the University of Sydney (Pham and Hancock, 2009). The main objectives
of this testing program are to summarise proposals for extension of the Direct Strength Method (DSM)
(Schafer and Pekdz, 1998) to shear and combined bending and shear. The DSM was formally adopted in the
North American Design Specification in 2004 and in AS/NZS 4600:2005 as an alternative to the traditional
Effective Width Method (EWM) in 2005. It uses elastic buckling solutions for the entire member cross section
to give the direct strength rather than for elements in isolation.

As sections become more complex with additional multiple longitudinal web stiffeners and return lips as
included in SupaCee® sections, the computation of the effective widths becomes more complex. For the
EWM, the calculation of effective widths of the numerous sub-elements leads to severe complications with
decreased accuracy. In some special cases, no design approach is even available for such a section using
the EWM. The DSM appears to be more beneficial and simpler by using the elastic buckling stresses of the
whole complex channel sections such as the SupaCee® section.

In order to further understand the DSM in shear, another experimental program (Pham and Hancock, 2010b)
has been recently performed at the University of Sydney for SupaCee® sections. The test series included
predominantly shear (V-series), combined bending and shear (MV-series), and bending only (M-series). Two
different commercrally available depths (150, 200 mm) and three different thicknesses (1.2, 1.5, 2.4 mm) of
SupaCee® channel sections. Tests with and without torsion/distortion restraint straps screwed on the top
flanges adjacent to the loading points were also considered.

This report presents the modeling and analysis of the experimental SupaCee® specimens of V, MV, and M
test series by using the Finite Element Method (FEM) program ABAQUS. The effects of such input
parameters as initial geometric imperfection, element type and the size of element mesh on the convergence
of the solution have been investigated. Experimental data from (Pham and Hancock, 2010b) was utilized to
evaluate the performance of the FE model. The accurate results of the numerical simulation show that the
finite element analysis can be utilized to predict the ultimate loads which include the post-buckling behavior of
cold-formed purlins in shear and under combined bending and shear.

FINITE-ELEMENT SIMULATION
GENERAL

A deta|Ied FE model has been developed to study the structural behavior of high strength cold-formed
SupaCee® purlins in shear, and combined bending and shear, and bending only. In order to obtain realistic
models, for the finite element non-linear analysis, plastic strains are included. Tensile coupons were tested to
determine the stress-strain curves and the plastic strain data of the sections tested by Pham and Hancock
(2010b).

The commercially available software package ABAQUS/Standard (2008) version 6.8-2 was used to develop
the FE models. The simulation consists of two steps. In the first step, an elastic buckling analysis, called a
Linear Perturbation analysis, was performed on a perfect purlin to obtain its buckling modes (eigenmodes).
This shows the possible buckling modes of the structure. The second step was a non-linear analysis using the
modified Riks method. Material plasticity strains and geometric imperfection based on the eigenmodes are
included in the analysis to obtain the ultimate failure loads and failure modes of purlins in shear, under
combined bending and shear, and bending only. Although, the channel section members were symmetrically
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tested in pairs with flanges facing inwards and with a gap between them to ensure inside assembly was
possible, only one channel beam was modelled in order to save computational time.

MATERIAL PROPERTIES AND MATERIAL ORIENTATION

In the non-linear analysis, ABAQUS requires the input of the material stress-strain curves in the form of true
stress oye Versus true plastic strain €. The true stress (Gyue) and true plastic strain (gyue) were converted from
the engineering stresses () and engineering strains () as follows:

O.II"ME = 0.(1 + 8) (1 )
o
g =In(l+e)-—== (2)
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Figure 1. Longitudinal tension (engineering) stress-strain curves

where E is the Young’s modulus, o and € are engineering stress and strain respectively (ABAQUS, 2008).
The measured stress and strain curves were based on tensile coupon tests conducted by Pham and Hancock
(2010b) and are shown in Fig. 1 for each of the section sizes tested. The yield stress f, was obtained by using
the 0.2 % nominal proof stress.

In order to determine the longitudinal stress distributions in the postbuckling range, the material has to be
oriented into the longitudinal direction. This is implemented by assigning the material with a local coordinate
system by using the *ORIENTATION option in ABAQUS. During the orientation, each element is assigned to
have the member 2-axis of the coordinate system in the longitudinal direction.

TEST RIG CONFIGURATION AND SPECIMEN BOUNDARY CONDITIONS

The basic design of the test rig was that developed by LaBoube and Yu (1978). A diagram of the test set-up is
shown in Fig 2 for both the V and MV series. The only difference between the V and MV tests is the ratio of
shear span to depth where the shear span is the distance between the lines of bolts at the loading and
support points. With the V series, the ratio of span to depth is 1:1 whereas that of MV series is 2:1. For the M
series, the four point bending arrangement provided a central region of uniform bending moment and zero
shear force as shown in Fig. 3. Tests with and without straps screwed adjacent to the loading points are
shown in Fig. 4. All tests were performed in the 2000 kN capacity DARTEC testing machine, using a servo-
controlled hydraulic ram.

The channel section members were tested in pairs with flanges facing inwards and with a gap between them
to ensure inside assembly was possible. At the supports, the test two beam specimens were bolted through
the webs by vertical rows of M12 high tensile bolts. These rows of bolts were connected to two channel
sections 250x90x6CC with stiffeners. Steel plates of 20 mm thickness were used as load transfer plates which
were also bolted through the flanges of the channel sections 250x90x6CC with stiffeners. These load bearing
plates rested on the half rounds of the DARTEC supports to simulate a set of simple supports as shown in

Fig. 5(a).
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This test rig is modelled explicitly by using 3D deformable solid members which were made using normal steel
properties. All M12 high tensile bolts of 830 MPa for Grade 8.8 were pretensioned up to 90 kNm torque to
prevent slip under initial loading. In order to model these contacts, the “tie” constraints were used to model
contacts between the specimens and rigs where the the channels were the slave surfaces and the rigs were
the master surfaces. The simply supported boundary conditions of the loading bearing plates resting on the
half rounds of DARTEC supports were simulated in the ABAQUS model as shown in Fig. 5(b). “CONN3D2”
connector elements were used to connect the bearing plates to the centre of the half round. Both ends of
connector elements are hinges and the length of the shortest connector member is the radius of half round.

PU
B Loading Ram
) 250x90x6 CC 25x25x5 EA
Spherical Head
/Vw MI2 Bolt
NN Stiffener Grade 8.8
Load Transfer
Plate Half Round
Load Transfer
Plate
L T
o O — ,
Two Channel wore £ | [ > vor:
Section Members
Al—> LVDT 7 o O
o oo 7
(-] (-X-
Load Transfer o Lille o A
Plate 8 8 3 - Section A-A
Half Round =
BL, LVDT P,
LVDTs 2.5 Spherical Head \I\M
AL> LVDTs 1,4 LVDTs 3,6 [\ \ | Loading Ram
Load Transfer
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|—| £ ' -
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Figure 2. Vand MV Test Series Configuration (200 mm Deep Sections)
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R
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Figure 3. M Test Series Configuration (200 mm Deep Sections)

(a) With Straps (b) Without Straps

Figure 4. Tests with and without Straps Configuration
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Half round
center |
 ~— "CONN3D2'

\/ connector

(b) FE Model

Figure 5. Specimen and ABAQUS Boundary Conditions

At the loading point at mid-span, the DARTEC loading ram has a spherical head to ensure that the load is
applied uniformly on the bearing plate. The load was transferred to two channel sections 250x90x6CC with
stiffeners which were connected to the test beam specimens by two vertical rows of M12 high tensile bolts. In
the ABAQUS model, loads were directly applied at the bolt positions to simulate the load transferring from the
loading ram to the channel section via the 250x90x6CC channel sections.

INITIAL GEOMETRICAL IMPERFECTION

In the non-linear analysis, imperfections are usually introduced by perturbations in the geometry. Initial
geometrical imperfections are added onto the “perfect” model to create out-of-plane deformations of the plate
elements. In the ABAQUS model, there are three methods to define the geometric imperfecitons. Firstly, the
geometric imperfections can be defined by the linear superposition of buckling eigenmodes. Secondly,
specifying the node number and imperfection values directly on the data lines gives a method of direct entry.
The final method is defined by the displacements from an initial *STATIC analysis, which may consist of the
application of a “dead” load.

In this report, the first method employing the linear superposition of buckling modes is used. An initial analysis
is carried out on a perfect mesh using the elastic buckling analysis to generate the possible buckling modes
and nodal displacements of these modes. The imperfections are introduced to the perfect mesh by means of
linearly superimposing the elastic buckling modes onto the mesh. The lowest buckling modes are usually the
critical modes and these are, therefore, used to generate the imperfections. The coordinates of the
eigenmodes obtained from this analysis are by default stored in a file with extension *.fil and can subsequently
be used as input for the IMPERFECTION command in the actual simulation with different scaling factors with
respect to the thickness of the channel. The imperfection magnitudes were based on two scaling factors of
0.15t and 0.64t with both positive and negative signs where t is the thickness of channel section. These two
factors were proposed by Silvestre and Camotim (2004) and Schafer and Pekoz (1998) respectively.

EIGENVALUE BUCKLING ANALYSIS PREDICTION AND POST-BUCKLING ANALYSIS

Eigenvalue buckling analysis is generally used to estimate the critical buckling loads of a stiff structure.
ABAQUS uses the subspace iteration eigensolver when the *BUCKLE analysis is carried out. Eigenvalues,
also known as load multipliers, are extracted in this analysis and the lowest values are important. The
buckling mode shapes are the most useful outcome in the eigenvalue analysis, since they predict the likely
failure mode of the structure. In the analysis in this report, two buckling mode shapes were chosen. The first
mode is normally an antisymmetric buckling shape whereas the second is normally symmetric. Buckling
modes with both positive and negative signs are also considered in this study. Tables 1a, 1b and 1c¢ show the
buckling modes shapes of three test series: V-predominantly shear; MV-combined bending and shear; and M-
bending only, respectively. Modes 1 are generally anti-symmetric about the centerline of the member, and
Modes 2 are generally symmetric.
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Table 1a. Buckling Modes of V —Shear Test Series

V-Series With Straps Without Straps

Mode 1

Mode 2

Table 1b. Buckling Modes of MV — Combined Bending and Shear Test Series

MV-Series With Straps Without Straps
Mode 1
Mode 2
School of Civil Engineering Research Report R913 Page 10
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Table 1c. Buckling Modes of M —Bending Only Test Series

MV-Series With Straps Without Straps

Mode 1

Mode 2

A structure which has material and geometrically nonlinearity or unstable postbuckling response requires a
load-displacement analysis to be performed. This analysis is known as the “Modified Riks Method” and
generally used to predict unstable, geometrically nonlinear collapse of a structure. The Riks method uses the
load magnitude as an additional unknown; it solves simultaneously for loads and displacements. ABAQUS
uses the “arc length” along the static equilibrium path in load-displacement space to measure the progress of
solution. This method provides solutions regardless of whether the response is stable or unstable. Riks (1972,
1979) proposed an incremental approach to deal with the buckling and snapping problems. The Riks method
works well in snap-through problems in which the equilibrium path in load-displacement space is smooth and
does not branch. The Riks method can also be used to solve post-buckling problems both with stable and
unstable post-buckling behaviour. However, the exact post-buckling problem cannot be analysed directly due
to the discontinuous response at the point of buckling. To analyse this problem, the model has to have a
continuous response instead of bifurcation. This effect can be accomplished by adding initial imperfections to
create a perturbed mesh. There is therefore some response in the buckling mode before the critical load is
reached. Herein, the *STATIC, RIKS procedure was used to perform the collapse or post-buckling analysis.

SOLUTION CONTROL PARAMETERS

The convergence and integration accuracy are very important factors in the finite element analysis, especially
for simulation of thin sections with large displacement. In ABAQUS, there are many control parameters which
are normally assigned by default values. However, in the analysis of very thin sections with large vertical
displacements such as the M test series for bending only, a big problem with convergence has occurred. To
solve this problem, the control parameters have to be adjusted in the *"CONTROL option within a step
definition. The main parameters which are adjusted in ABAQUS model are the |, for specifying the equilibrium
iteration for a residual check and the Ig for specifying the equilibrium iteration for a logarithmic rate of
convergence check. Both |y and Ir are adjusted to 10 and 12 respectively in this analysis. With these changes,
convergent solutions can be obtained. In some cases, the adjustment of the parameters in the *STATIC, RIKS
option can avoid divergence.

ELEMENT MESH AND TYPES
Element Mesh

Four differents mesh sizes were considered. The element sizes were 30 mm, 15 mm, 8 mm and 4 mm. The
MV-combined bending and shear test of the SC20024 section was chosen to investigate the effect of mesh
sizes on the accuracy and time-consumption of the analysis. The total numbers of elements including those of
test rig are 2398, 4022, 8592 and 25842 elements respectively. Table 2 shows the results of the FE runs,
number of elements, peak loads and CPU time of three different mesh sizes of the MV- combined bending
and shear test of the SC20024 section.

School of Civil Engineering Research Report R913 Page 11
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Table 2. Influence of the Mesh Size

Mosh Flement | Number of | Peak Load | CPU Time
(mm) Elements (kN) (s)
1 30x30 2398 335.538 218.4
2 15x15 4022 328.284 367.5
3 8x8 8592 325.43 804.2
4 4x4 25842 319.194 2892.6

All FE runs were performed on a Dell Optiplex GX520 workstation with Pentium (R) D CPU 3.40 GHz and
0.99 GB of internal memory. The CPU time needed to complete the run was chosen as a representative
proportional indication of the total amount of time needed for completion. It should be noted that the total time
is however an order of magnitude larger than the CPU time due to comparatively time-consuming input/output
operation to disk.

340 3500
336 - - 3000
= Peak Load
£ 332 - (Lefthand Scale) swg
g - 2000 £
S 328 - =
I - 1500 2
8 324 - 5
« - 1000
320 - .
316 ‘ | | | | 0
0 5000 10000 15000 20000 25000 30000

Number of Elements

Figure 6. Effect of the Mesh Size on Peak Load and CPU Time

As can be seen in Fig. 6, as the mesh size decreases from 30 mm to 15 mm, the peak load drops dramatically
from 335.538 kN to 328.284 kN. When the mesh is further refined to 8mm and 4 mm, the peak load
converges asymptotically and has a little gain in accuracy to 325.43 kN and 319.194 kN respectively.
Regarding the CPU time, when mesh size reduces from 8 mm to 4 mm, the CPU time increases significantly
nearly 3.6 times from 804.2 s to 2892.6 s.

Fig. 7 displays the load-vertical displacement behaviour obtained for the different meshes. There is no
noticeable difference in the results of the 8 mm and 4 mm element meshes well into the post-peak range and
then there is slight difference after peak loads between these two meshes. This difference becomes irrelevant
in practice. By comparison, the load-vertical displacement curves of the 15 mm and 30 mm element meshes
lie significantly above the other two curves. So that, the results of such a coarse mesh size are then not
accurate. Therefore, the 8 mm element mesh was selected for the numerical simulation. The peak load
difference is about approximately 2 %, while it is subtantially more computationally efficient. It also guarantees
that the load-vertical displacement curve is accurately modeled.

School of Civil Engineering
The University of Sydney

Research Report R913 Page 12



Numerical Simulation of High Strength Cold-Formed SupaCee® Sections in Combined Bending and Shear

—— 30 mm-Mesh

150 +------% LS —— 15mm-Mesh | - - - - -~
—=— 8 mm-Mesh
100 - 4mm-Mesh | |
ol — ]
0 A ‘ ‘ | : ‘
0 2 4 6 8 10 12

Vertical Displacement (mm)

Figure 7. Load-Vertical displacement behaviours
Element Type

The 4-node shell element with reduced integration, type S4R, was selected from the ABAQUS element library.
This element uses three translation and three rotational degrees of freedom at each node. The element
accounts for finite membrane strains and arbitrarily large rotations. Therefore, it is suitable for large-strain
analyses and geometrically nonlinear problems. The other elements with five degrees of freedom such as
S4R5 can be more computationally economical. However, they cannot be used in finite-strain applications.
According to the Simpson rule, reduced integration was carried out by using five integration points through the
shell thickness. Since S4R is a linear element, the hourglass control settings needed to be activated.

The element type S4 is also modelled in comparison with the element type S4R. Element type S4 is a fully
integrated, general-purpose, finite-membrane-strain shell element. The element’s membrane response is
treated with an assumed strain formulation that gives accurate solutions to in-plane bending problems, is not
sensitive to element distortion, and avoids parasitic locking. Element type S4 does not have hourglass modes
in either the membrane or bending response of the element; hence, the element does not require hourglass
control.

350 ;
300 - T B
250 T---mmmmmmmmm e dmmmmmmee o TS
é 200 ~ ;
§ 150 +----—-—-f---—-—---—-——+ —o— S4R | -]
- —=—S4
100 A !
50 -
0 T T } T T
0 2 4 6 8 10 12
Vertical Displacement (mm)
Figure 8. Effect of Reduced Integration
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Fig. 8 shows load-vertical displacement behaviours of MV- combined bending and shear test of SC20024
sections with both S4R and S4 element types. Two curves are well-matched up to peak load. The difference
at peak loads is not significant. After peak, the S4 curve lies slightly above the S4R. This is not significantly
important in practice. The S4 element has four integration locations per element compared with one
integration location for S4R, which makes the element computationally more expensive. Therefore, the
element type S4R was selected for modeling all analyses in this report.

COMPARISONS OF TEST LOADS WITH FINITE-ELEMENT MODELLING

The results of the test and ABAQUS ultimate loads are given in Appendices 1-3. The ratios of mean test
(P1)/ABAQUS load are reproduced in Table 3a, 3b and 3c for the V — shear test series; MV — combined
bending and shear test series ; and M — bending only test series respectively. The comparisons of the test
and ABAQUS ultimate loads are also plotted against the buckling modes and geometric imperfections in Figs.
9-10, 16-17, and 23-24.

Table 3a. V — Shear Test Series and ABAQUS Results

Section Test P;/ABAQUS Load
(Py) Mode1 Mode1 Mode1 Mode1 Mode2 Mode2 Mode2 Mode2
V-Series (kN) Imp=0 0.15t 0.64t -0.15t -0.64t 0.15t 0.64t -0.15t -0.64t
V-SC15015 168.539 | 0.908 0.920 0.938 0.919 0938 0.925 0.943 0.892 0.941
V-SC15015w 157.307 | 0.928 0.963 1.000 0.968 1.061 0.941 0.958 0.961 1.012
V-SC15019 222317 | 0.966 0.985 1.017 0.980 1.018 1.006 1.032 0.943 1.008
V-SC15019w 207.484 | 0.973 1.001 1.075 0999 1.054 1.054 1.024 1.017 1.069
V-SC15024 391955 | 0.984 0.992 1.079 0.993 1.040 0.999 1.052 1.004 1.048
V-SC15024w 371.688 | 1.012 1.019 1.054 1.020 1.054 1.006 1.006 1.025 1.072
V-SC20015 185.936 | 0.946 0.950 0.956 0.945 0.958 0.947 0.942 0.952 0.962
V-SC20015w 182.212 | 1.011 1.042 1.056 1.041 1.064 0.964 0.973 1.057 1.074
V-SC20019 248.260 | 0.980 0.989 0.993 0.987 0.996 0.984 0.987 0.979 0.980
V-SC20019w 246.612 | 1.017  1.061 1.082 1.069 1.084 1.016 1.018 1.057 1.085
V-SC20024 496.826 | 1.039 1.068 1.101 1.068 1.101 1.058 1.093 1.013  1.053

V-SC20024w 469.235 | 1.037 1.076 1117 1.069 1.142 1.045 1.081 1.068 1.126

Table 3b. MV — Combined Bending and Shear Test Series and ABAQUS Results

Section Test P:/ABAQUS Load
(Pr) Mode1 Mode1 Mode1 Mode1 Mode2 Mode2 Mode2 Mode 2
MV-Series (kN) Imp=0 0.15t 0.64t -0.15t -0.64t 0.15t 0.64t -0.15t -0.64t

MV-SC15015 117.873 | 1.014 1.069 1.102 1.074 1.094 1.010 1.018 1.051 1.065
MV-SC15015w | 79.355 | 0.981 0.979 0.961 0979 0.958 0.978 0.959 0.986 0.963
MV-SC15019 154.499 | 1.043 1.065 1.064 1.063 1.062 1.047 1.044 1.042 1.062
MV-SC15019w | 118.178 | 1.083 1.055 1.049 1.032 1.046 1.031 1.029 1.036 1.035
MV-SC15024 256.196 | 0.996 0.997 1.002 0997 1.002 0.992 0.999 0.997 1.001
MV-SC15024w | 214.809 | 0.994 0.998 1.005 0.983 1.010 0983 0976 0.990 1.022

MV-SC20015 108.595 | 0.909 0.944 0.956 0.945 0.958 0.903 0.908 0.971  0.981
MV-SC20015w | 83.262 | 0.979 0.988 0.977 0983 0.982 0.985 0.963 0.980 0.980
MV-SC20019 166.707 | 0.952 0.978 0.994 0.979 0.99%6 0.957 0.960 1.003 1.065
MV-SC20019w | 126.480 | 1.069 1.070 1.075 1.083 1.058 1.078 1.062 1.085 1.071
MV-SC20024 320.107 | 0.993 0.990 1.012 0988 1.007 0.985 1.003 0.989 1.016
MV-SC20024w | 244.781 | 0.994 0997 1.040 0996 1.016 0983 0.960 1.010 1.027
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Table 3c. M —Bending Only Test Series and ABAQUS Results

Section Test P:/ABAQUS Load
(Py) Mode1 Mode1 Mode1 Mode1 Mode2 Mode2 Mode2 Mode 2
M-Series (kN) Imp=0 0.15t 0.64t -0.15t -0.64t 0.15t 0.64t -0.15t -0.64t
M-SC15015 40.960 | 0987 1.050 1.134 1.049 1.135 1.041 1.119  1.044 1121
M-SC15015w 32.780 | 0.892 0.899 0.968 0.901 0.967 0.886 0.948 0.900 0.966
M-SC15019 57.014 | 1.028 1.077 1.195 1.076 1.204 1.075 1.075 1.083 1.188

M-SC15019w 50.482 | 1.057 1.061 1.120  1.061 1.121 1.054 1.094 1.064 1.119
M-SC15024 105.970 | 1.133 1.155  1.261 1.156 1.262 1.161 1.251 1.164  1.257
M-SC15024w 94189 | 1.104 1.096 1.179 1.093 1.180 1.088 1.163 1.058 1.166

M-SC20015 53.534 | 1.003 0.993 1.022 0.991 1.022  0.891 1.048 1.011 1.043
M-SC20015w 46.331 0.933 0928 0.985 0968 0.987 0.949 0.971 0.922 0.986
M-SC20019 82.408 | 1.014 1.083 1.159 1.083 1.161 1.094 1179 1.101 1.183

M-SC20019w 68.490 | 0.965 0964 0.992 0.967 1.015 0.961 1.013  0.961 1.012
M-SC20024 169.088 | 1.097 1.150 1.268 1.152 1.268 1.157 1272 1.162 1.286
M-SC20024w 145.770 | 1.067 1.076 1130 1.072 1122 1.065 1.120 1.077 1.143

For V —shear test series, as can be seen in Fig. 9, the test loads with straps are comparable with ABAQUS
results over both geometric imperfections of amplitude 0.15t and 0.64t. The differences in the results between
ABAQUS and the tests are less than 10%. In the case of the antisymmetric Mode 1 with magnitude 0.15t, the
ABAQUS results are in the best agreement with the test results. Although the zero imperfection results are
also very good for this case, it is not however recommended to use zero imperfections as the nonlinear
deformations may not be triggered. Fig. 10 shows similar comparisons to Fig. 9 except that it applies to the
tests without the straps. The results are generally less accurate and more variable than the tests with the
straps especially with imperfection magnitude of 0.64t. It appears that the imperfection of the top flange
adjacent to the loading points obtained by buckling analysis causes the reduction of the ABAQUS results
especially with a large imperfection magnitude of 0.64t. As can be seen in Fig. 10, the ABAQUS results with
symmetric Mode 2 and imperfection magnitude of 0.15t give the best predictions on average in comparison
with the tests.
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Figure 9. Comparison of Test and ABAQUS Loads — V Series — With Straps
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Figure 10. Comparison of Test and ABAQUS Loads — V Series — Without Straps
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Figure 11. Load and Vertical Displacement Relations of V-SC20015 — With Straps

The load-vertical displacement curves for the V — shear test series with straps of the SC20015 section and
ABAQUS results are illustrated in Fig. 11. When the load increases up to about 100 kN, the load increases
linearly and matches with that of the ABAQUS model. The explanation is due to the contacts between the
channel members and the test rig. In the test, two beam specimens were bolted through the webs by vertical
rows of M12 high tensile bolts. These rows of bolts were then connected to two channel sections 250x90x6CC
with stiffeners. All M12 high tensile bolts of 830 MPa for Grade 8.8 were pretensioned up to 90 kNm torque to
prevent slip under initial loading. In the ABAQUS model, the “tie” constraints were used to model contacts
between the specimens and rig at the locations of the bolts as shown in Fig. 5(b). However, when the same
loads increase from 100 kN to their peak, the test curve deflections are associated with higher displacements
in comparison with the ABAQUS models. The loads are greater than the friction caused by pretension of the
high strength bolts. Further displacement is due to the slip between the beam specimens and the test rig
which is difficult to model in ABAQUS. At the peak load, the vertical displacement of ABAQUS model is about
4 mm, whereas it is roughly about 5 mm in the test. Apart from the slip, the bearing capacity of the beam
channel at the holes where the high strength bolts acted also causes additional deflection. Especially, for V —
shear test series, the structural members are quite “stiff” so that the high loads which are needed to obtain
ultimate failure will cause local bearing failure. Fig. 12 shows the bolt slip and local bearing failure at holes
which cause additional deflection as explained above.
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Figure 12. Bolts Slip and Local Bearing Failure at Holes

After the peak load in the ABAQUS model, the curves with Mode 1 imperfection where the buckling mode is
antisymmetric drop more sharply than those with Mode 2 symmetric imperfection. It can be explained by the
stress redistribution at only one span of the V — shear test which causes failure mode in 1 span only. Fig. 13
shows the corresponding failure mode shapes of V — shear test with straps of the SC20015 section for the test
and ABAQUS model. The failure modes are identical and symmetrical for both test and ABAQUS. As can also
be seen in Fig. 11, soon after the peak load, the load-vertical displacement curve of the test is of the same
shape as the ABAQUS curves with Mode 2 symmetric imperfection.

Figure 13. Failure Mode Shapes of Test and ABAQUS Model of V-SC20015-With Straps

Fig. 14 shows the load-vertical displacement curves for the V — shear test series without the straps for the
SC20015 section and the ABAQUS results. For the test, there are additional deflections up to about 5 kN
compared with ABAQUS. The reason is due to the test assembly. The two load transfer plates did not rest
evenly on the half rounds because of slight twist after assembly. The load is then fairly matched with ABAQUS
up to 100 kN. After this point up to peak load, the bolts start to slip and lead to the further increase in the
displacements of test in comparison with that of ABAQUS. The explanation is the same as above due to slip
and local bearing failure.
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Figure 15. Failure Mode Shapes of Test and ABAQUS Model of V-C20019-Without Straps

As can also be seen in Fig. 15 which shows the corresponding failure mode shapes of the V — shear test
without the straps of the SC20015 section for the test (left hand specimen) and ABAQUS model. The failure
occurs in both spans which is matched with the ABAQUS model where Mode 2 symmetric imperfection was
used. The load-vertical displacement curve of the test after peak load is similar to the ABAQUS model with
Mode 2 symmetric buckling mode.

For the MV - combined bending and shear test series, Figs. 16-17 show the comparisons between the tests
and ABAQUS results in cases with and without straps respectively. The ABAQUS results are generally in
good agreement with the test results. The difference of results between ABAQUS and tests are less than 10%
for both cases. It is interesting to note that the ABAQUS results for large imperfection magnitude of 0.64t are
not significantly lower than those of 0.15t. This shows that the results of ABAQUS are not significantly
sensitive to the initial imperfections for the MV - combined bending and shear test series.
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Figure 17. Comparison of Test and ABAQUS Loads — MV Series — Without Straps

Fig. 18 shows the load-vertical displacement curves for the MV - combined bending and shear test series with
straps for the SC20015 test sections and the ABAQUS results. The ABAQUS results show a similar trend to
the test results when loads increase up to 100 kN. The reason for this is due to the fact that the pretension of
high strength bolts avoids slip between channel members and test rig. As the load keeps increasing to the
peak load, the vertical displacements of the tests are greater than those of the ABAQUS model. The
explanation is mainly a result of slip and elongation of holes caused by local bearing capacity of channel ply.
After the peak, as can be seen in Fig. 19 which shows the corresponding failure mode shapes of MV -
combined bending and shear test with the straps for the SC20015 section for test and ABAQUS models, the
failure occurs in the left hand span only which is matched with the ABAQUS model where Mode 1
antisymmetric imperfection was used. The load-vertical displacement curves for the tests after the peak loads
are similar to the ABAQUS model with the Mode 1 antisymmetric buckling mode.
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Figure 18. Load and Vertical Displacement Relations of MV-SC20015 — With Straps

Figure 19. Failure Mode Shapes of Test and ABAQUS Model of MV-SC20015-With Straps

To further understand the stress development in the ABAQUS model for SC20015 channel section member
under MV - combined bending and shear test with straps, Fig. 20 shows the FE deformations of SC20015 MV
- combined bending and shear test with straps under progressive loading through six images which
correspond to the points in the accompanied load vs vertical displacement graph. The contours represent Von
Mises surface stress. From different views, it can be seen at point (3) that the highest membrane stresses are
developed at mid span between two rows of bolts in pure bending region. There is little drop at point (3) as
shown in the load vs vertical displacement graph. This shows that the channel has buckled at midspan.
However, the load does not drop significantly but keeps almost the same whereas the stresses are developed
at the diagonal on left hand span due to combined bending and shear as shown at point (4). The channel then
fails at the web and then the flange. This shows the dramatic drop at point (5) as shown in load vs vertical
displacement graph. After this point, the load-vertical displacement curve of the ABAQUS model, using Mode
1 antisymmetric buckling mode imperfection, is similar to the test. Failure only occurs in one span as shown in
Fig. 19.
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Figure 20. Deformations under Progressive Loading of SC20015 Section, MV - Combined Bending and Shear
Test Series-with Straps

Fig. 21 shows the load-vertical displacement curves for the MV - combined bending and shear test series
without the straps for the C20019 section and the ABAQUS results. Peak loads are well predicted by the
ABAQUS modeling. It can be seen that before the peak load, the test curves increase further than the
ABAQUS model because of the same explanation of slip and elongation of the holes as before. After the
peak, it can be seen in Fig. 22 which shows the corresponding failure mode shapes of MV - combined
bending and shear test without straps of C20019 section for test and ABAQUS model, the buckling shape is
the same as that of test where failure occurs in one span.
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Figure 21. Load and Vertical Displacement Relations of MV-SC20015 — Without Straps

Figure 22. Failure Mode Shapes of Test and ABAQUS Model of MV-C20019-Without Straps

For the M - bending only test series, Figs. 23-24 show the comparisons between the tests and ABAQUS
results in the cases with and without the straps respectively. When the geometric imperfection magnitude is
0.15t, the ABAQUS results are generally in good agreement with the test results and the differences of the
results are about 10% for both with and without. However, the ABAQUS results are significantly sensitive to
greater imperfections of 0.64t for the M - bending only test series. Especially, for tests with straps, the results
are more variable and scattered. The differences of the results between ABAQUS and the tests are up to 30
%. For the tests without the straps, the differences are less severe but still up to 20%.
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Figure 24. Comparison of Test and ABAQUS Loads — M Series — Without Straps

As can be seen in Figs. 25-26 which show load-vertical displacement curves for the M — bending test series
both with and without straps for the SC20015 section and ABAQUS results, the test loads match well with the
ABAQUS results up to the peak load. The ultimate loads are not as large as those of V —shear test series and
MV — combined bending and shear test series. This shows that the structure in M — bending test is not as
“stiff” as that of V —shear test series and MV —combined bending and shear test series. There is a small slip
or elongation of the hole. This explains the good match between the tests and ABAQUS results up to the peak
load. It is interesting to note that the test load drops twice in the load-vertical displacement curve graphs. The
reason is due to the fact that the channel section members were tested in pairs and one channel failed before
the other. As can also be seen in Figs. 25-26 after the two channels fail, the load-vertical displacement curves
are of the same shape as those of the ABAQUS model with Mode 1 antisymmetric buckling mode. Figs. 27-28
show the corresponding failure mode shapes for the M - bending tests both with and without straps for the
SC20015 section for the tests and ABAQUS models. All the buckling shapes are the same as those of tests.
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Figure 25. Load and Vertical Displacement Relations of M-SC20015 — With Straps
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Figure 26. Load and Vertical Displacement Relations of M-SC20015 — Without Straps
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Figure 28. Failure Mode Shapes of Test and ABAQUS Model of M-SC20015-Without Straps

CONCLUSION

A series of ABAQUS simulations was carried out on high strength SupaCee® section cold-formed steel
purlins. The simulations are compared with and calibrated against three different test series on high strength
cold-formed C-section purlins which include predominantly shear (V), combined bending and shear (MV) and
bending only (M) test series of two different section depths and three different thicknesses of lipped channel
section. The FE study was conducted for different effects of such input parameters as initial geometric
imperfection, element type and the size of element mesh. Two scaling factors of 0.15t and 0.64t with both
positive and negative signs where t is the thickness of channel section were used for initial geometric
imperfection input. The use of the FE program ABAQUS for simulating the behavior of high strength
SupaCee® section cold-formed purlins is successful since the ABAQUS results were generally in good
agreement with experimental values. FE results show that the effect of initial geometric imperfection is not
significantly sensitive for V-predominantly shear and MV-combined bending and shear test series. For M-
bending only test series, the FE results are in good agreement with small imperfection of 0.15t but are more
variable and scattered with larger imperfection of 0.64t because of the sensitization in the initial geometric
imperfection. ABAQUS can therefore be used for further investigation to design and optimize thin-walled
sections of high strength steel.
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APPENDIX 1: FIGURES-TEST VERSUS FEM DISPLACEMENTS (FOR ALL TESTS)
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Figure 29. Load and Vertical Displacement Relations of V-SC15012 — With Straps
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Figure 30. Load and Vertical Displacement Relations of V-SC15012 — Without Straps
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Figure 31. Load and Vertical Displacement Relations of V-SC15015 — With Straps
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Figure 32. Load and Vertical Displacement Relations of V-SC15015 — Without Straps
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Figure 33. Load and Vertical Displacement Relations of V-SC15024 — With Straps
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Figure 34. Load and Vertical Displacement Relations of V-SC15024 — Without Straps
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Figure 35. Load and Vertical Displacement Relations of V-SC20012 — With Straps
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Figure 36. Load and Vertical Displacement Relations of V-SC20012 — Without Straps
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Figure 37. Load and Vertical Displacement Relations of V-SC20015 — With Straps
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Figure 38. Load and Vertical Displacement Relations of V-SC20015 — Without Straps
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Figure 39. Load and Vertical Displacement Relations of V-SC20024 — With Straps
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Figure 40. Load and Vertical Displacement Relations of V-SC20024 — Without Straps
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Figure 41. Load and Vertical Displacement Relations of MV-SC15012 — With Straps
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Figure 42. Load and Vertical Displacement Relations of MV-SC15012 — Without Straps
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Figure 43. Load and Vertical Displacement Relations of MV-SC215015 — With Straps
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Figure 44. Load and Vertical Displacement Relations of MV-SC15015 — Without Straps
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Figure 45. Load and Vertical Displacement Relations of MV-SC15024 — With Straps
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Figure 46. Load and Vertical Displacement Relations of MV-SC15024 — Without Straps
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Figure 47. Load and Vertical Displacement Relations of MV-SC20012 — With Straps
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Figure 48. Load and Vertical Displacement Relations of MV-SC20012 — Without Straps
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Figure 49. Load and Vertical Displacement Relations of MV-SC20015 — With Straps
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Figure 50. Load and Vertical Displacement Relations of MV-SC20015 — Without Straps
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Figure 51. Load and Vertical Displacement Relations of MV-SC20024 — With Straps
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Figure 52. Load and Vertical Displacement Relations of MV-SC20024 — Without Straps
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Figure 53. Load and Vertical Displacement Relations of M-SC15012 — With Straps
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Figure 54. Load and Vertical Displacement Relations of M-SC15012 — Without Straps
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Figure 55. Load and Vertical Displacement Relations of M-SC15015 — With Straps
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Figure 56. Load and Vertical Displacement Relations of M-SC15015 — Without Straps
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Figure 57. Load and Vertical Displacement Relations of M-SC15024 — With Straps
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Figure 59. Load and Vertical Displacement Relations of M-SC20012 — With Straps
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Figure 60. Load and Vertical Displacement Relations of M-SC20012 — Without Straps
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Figure 61. Load and Vertical Displacement Relations of M-SC20015 — With Straps
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Figure 62. Load and Vertical Displacement Relations of M-SC20015 — Without Straps
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Figure 63. Load and Vertical Displacement Relations of M-SC20024 — With Straps

160
140
120
100 T
z
< ]
g 80 = M-SC20024w-Test Ko
(o] —%— M-SC20024w-Imp=0 ===
— 60 -3 {/,/i —————— +M-SCZ()()24W-Mf—lmp:(),lSl ———————————————————
/A/ M-SC20024w-M1-Imp=0.64t
y g —a— M-SC20024w-MI-Imp=-0.15t
40 1" siininie Tl i —a— M-SC20024w-MI-Imp=-0.64t |~~~ " """ """ """ -7~
e M-SC20024w-M2-Imp=0.15t
1 e M-SC20024w-M2-Imp=0.64t | |
20 2 —o— M-SC20024w-M2-Imp=-0.15t
M-SC20024w-M2-Imp=-0.64t
0 - T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Vertical Displacement (mm)
Figure 64. Load and Vertical Displacement Relations of M-SC20024 — Without Straps
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