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Abstract:

High strength steel is used more often in a variety of civil engineering applications due to its high
strength-to-weight ratio and cost effectiveness. This paper presents the experimental investigation on
cold-formed high strength carbon steel tubular members subjected to combined compression and
bending. The nominal 0.2% proof stresses of the test specimens were 700 and 900 MPa. The test
specimens consisted of square hollow sections (SHS), rectangular hollow sections (RHS) and circular
hollow sections (CHS). The material properties, global geometric imperfections of the specimens were
measured. The behaviour of the beam-column members was investigated through testing 32 specimens
which had a nominal member length of 1480 mm. The second order effects were also considered by
measuring the mid-height deflections for all specimens. The compression and bending capacities, load-
deformation histories and failure modes of the test specimens were also reported. The test results were
compared with the values predicted from the American, Australian and European standards. Improved
design recommendation is provided for cold-formed high strength steel tubular beam-columns. Based

on the experimental results, finite element modelling methodology is also proposed.

Keywords: Cold-formed steel; Global geometric imperfection; High strength steel; Beam-column; Combined

loading test; Tubular section.

1 Introduction

High strength steel (HSS) structural sections have higher strength-to-weight ratios and lower material
costs when compared with mild steel sections. HSS tubes with nominal yield strengths of 700 and 900
MPa as well as other steel grades are now available in the market. The potential use of HSS can help

achieving more economic design in steel structures.
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Studies have been conducted to investigate the compression behaviour of fabricated HSS members in
the past decades [1-3]. The bending behaviour of fabricated HSS members have also been studied [4-
7]. Investigations on the compression behaviour and bending behaviour of cold-formed HSS circular
hollow section (CHS) members were conducted by Zhao [8] and Jiao and Zhao [9]. Recent studies on
the column and beam behavior of cold-formed HSS (g, , = 700MPa) square hollow sections (SHS),
rectangular hollow sections (RHS) and circular hollow sections (CHS) have been carried out by the
authors Ma et al. [10-12]. Structural members subjected to combined compression and bending (beam-
columns) are widely used in various constructions. Early investigation on high strength steel beam-
columns have been conducted for fabricated I- and box-sections in Yu and Tall [13] and Usami and
Fukumoto [14]. Conclusions given in previous literatures showed that, when compared on a non-
dimensional basis, the strength of built-up high strength steel columns exceed those of ordinary steel
columns. Recent research on press-braked S690 high strength steel angle and channel stub columns,

S960 press-braked channel columns, fabricated S690 I-section beams and stub columns have also been

conducted [15-18]. Research on cold-formed high strength ( 6, > 700MPa) carbon steel SHS,

rectangular hollow sections RHS and circular hollow sections SHS beam-columns are rarely found in
the literature. The authors investigated cold-formed high strength steel rectangular and square hollow

sections under combined compression and bending in Ma et al. [19].

This paper presents the experimental investigation on HSS tubular sections under combined
compression and bending. The beam-column specimens in this paper had 2 different grades: namely,
H-series and V-series having the nominal proof stresses of 700 and 900 MPa, respectively. The tubes
are in compliance with EN10219 hollow sections. The test results are compared with the predicted
values calculated from American, Australian and European codes to examine their applicability for

HSS tubular beam-columns.
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2 Experimental Investigation

2.1 Test Specimens

Cold-formed high strength steel (HSS) members in three cross-sections (H80x80x4, H100x50x4 and
V89x%3) were tested under combined compression and bending in this study. The square hollow
sections (SHS), rectangular hollow sections (RHS) are labelled as “Series, B, H, £’ and the circular
hollow sections (CHS) are labelled as “Series, D, t”, in which B, H, D and ¢ are the width, depth, outer
diameter and thickness of the sections, respectively. The specimens were cold-formed and welded

longitudinally using the high frequency welding technique.

High strength steel (HSS) gains strength through hot-rolling or cold-working process and it is different

from mild steel as there is no yield plateau. The 0.2% proof stress o, is usually taken as the yield

stress fy. To examine the material properties of those sections, standard tensile coupons were prepared
and tested on a 50 kN capacity MTS machine. The tensile test coupon specimens were cut
longitudinally along the tubes. Measured on a 25mm gauge length, the elongation of specimens ranged
from 10% to 17%. The measured basic material properties are obtained from the static stress-strain
curves and summarized in Table 1. The obtained full stress-strain curves are plotted in Fig. 1. A more
comprehensive study on the material properties, strength variations and the residual stress distributions

over the HSS sections has been reported in Ma et al. [12].

All the beam-column specimens were cut into length of 1480 mm and milled flat on both ends before
being welded to end plates. The dimensions of the specimens are reported in Table 2 — 5. Axial
compression and uniaxial bending were applied to the specimens. Thus for HI00x50%4, the tests were
conducted in two series for major axis bending as well as minor axis bending. The specimens were
labelled as “Series, B, H, t, BC, eccentricity” for SHS/RHS and “Series, D, t, BC, eccentricity” for
CHS so that the nominal cross-section geometry, loading eccentricities could be identified (e.g.

H50x100x%4-BC-¢e3 stands for a beam-column ‘BC’, which bends in its major axis and is loaded with
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a nominal eccentricity of 3 mm at both ends.). R and r are the outer and inner corner radii for the SHS
and RHS. The cross-section area A, elastic (Wel) and plastic (Wp1) section moduli are also calculated
and reported in the tables. Totally 32 beam-column specimens were tested in this study. The specimens
were grouped into 4 series according to the sections. In each series, one specimen was loaded
concentrically with the eccentricity smaller than 0.3 mm, whereas the other 7 beam-columns were
loaded with different eccentricities. Among the 7 beam-columns in each series, one of the eccentricities
was repeated and the repeated test was labelled with a ‘# at the end of the specimen label. The

measured eccentricity values (e + dp) that include the global imperfections &, are reported in the last

column of the tables.

2.2 Global Geometric Imperfection Measurements

Steel tubes are usually inherited with geometric imperfections which can affect the structural
performance. In this experimental investigation, global buckling was the dominant mode of failure and
the effect of local geometric imperfections is thus insignificant. Hence, only initial global geometric
imperfections of the beam-columns were measured and reported in this study. A Leica TCR405 total-
station was used to obtain readings at mid-height and near both ends of the specimens. The geometric
imperfections were measured at the flat width near the corner for SHS and RHS and at the extreme
fiber on the right hand side for CHS. The sign convention and the location of measurement are shown
in Fig. 2. The measured values are summarized in Table 6 and normalized to the specimen lengths. The
average absolute value of the global geometric imperfections at mid-height were L/3714, L/3479,
L/4107 and L/7117 for specimens in test series H80x80x4-BC, H100x50x4-BC, H50x100x4-BC and
V89x3-BC respectively. These measured values are relatively small when compared to widely-used

global geometric imperfection values of /1000 and L/1500.

2.3 Four Point Bending Tests

To evaluate the performances of beam-column specimens, it is important to know the bending

capacities of the sections in order to obtain the complete experimental interaction data. The pure
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bending moment capacities of the sections are obtained through four point bending tests and reported
in Ma et al. [10]. Owing to the section shapes and test setups, lateral torsional buckling of beams was
restricted. The cross-sectional bending moment capacities for the four series in this study are
summarized in Table 7. Letter ‘B’ as shown in the suffix of the specimen label indicates the beam

specimens.

2.4  Combined Compression and Bending Tests

Totally 32 long HSS beam-columns were tested in this study. The beam-column specimens were cold-
sawed from 3 m long tubes. The cut tubes were then manufactured into 1480mm long specimens. They
were milled flat on both ends before being welded onto 25 mm thick end plates. The test rig and setup
are shown in Fig. 3. A hydraulic testing machine with 1000kN capacity was used to apply compressive
force to the specimens. The specimens were compressed between two parallel knife edges, which were
formed by sets of pit plates and wedge plates. The knife edges allow the specimen to rotate in the
bending plane. Slot holes were machined on the wedge plates to allow adjustment of the loading
eccentricities onto the specimens at both ends. The upper pit plate was fixed, whereas the lower pit
plate was installed on a lockable special bearing. The specimen was first installed onto the wedge
plates using bolts and then put between the pit plates in the test rig. The lower special bearing is free
to rotate during preloading to eliminate any possible gaps between the specimen and the bearings. The

special bearing was locked throughout the tests after the preloading.

Three displacement transducers were used to measure both the axial shortening and end-rotation of the
specimens. In addition, two transducers were setup at the mid-height of the specimen on the two sides
in the bending plane to capture the horizontal deflection of the beam-columns during loading. To
determine the loading eccentricities, four strain gauges were attached on the two faces in the bending
plane for SHS and RHS, as shown in Fig. 4. Similarly, for CHS, two strain gauges were applied at the
extreme tensile and compression fibers at mid-height of the specimens. Displacement-control was used

to apply the axial compression load to the specimens. A fixed loading rate of 0.5 mm/min was used for

M-5/15



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

all the tests. The static responses of the beam-columns were captured through pausing the tests near
ultimate for 90 seconds. Loads, readings from transducers and strain gauges were recorded at a

regular interval by a data acquisition system.
2.5 Determination of the loading eccentricities

The loading eccentricities for beam-columns were carefully measured. Before testing, the specimen
was installed on the wedge plates with a designated eccentricity and then pre-loaded with 3 kN to
ensure everything were in full contact and the beam-column was in an up-straight position. The bottom
special bearing was then locked by bolts after pre-loading. Four strain gauges and two horizontal
transducers were connected to the data acquisition system to obtain the strain and deflection at mid-

height of the beam-column.

The centers of the specimens were carefully marked at mid-height on the front face before tests. The
applied eccentricity was first measured by the total station through comparing the space coordinates
of the center point on the front face of the specimen and the front center of the knife edge, which is
named the total station method hereafter. When the tests started, the bending moments of the specimens
at mid-height is known to be equal to Elx during elastic response of the members, in which EI is the
flexural rigidity of the cross-section in the bending plane, and « is the curvature calculated from the
strain gauge readings. Therefore, the loading eccentricity (e+ &, ) can be calculated from
(e+68y)=Elx/P—-6,, in which & is the initial global geometric imperfection and &, is the
horizontal deflection calculated from the absolute average readings of the two horizontal transducers.
This is hereafter called the strain gauge method. Similar approaches were used in Zhu and Young [16]
and Huang and Young [17]. The strain gauge method was used for eccentricities up to 50 mm. For
specimens with eccentricity greater than 50 mm, the total station method was used. The results for

eccentricity measurements are summarized in the last columns of Table 2 to Table 5.
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2.6 Test Results and Design Assessment

The axial load P versus the end moment Mend and mid-height moment Mmida curves for the beam-
columns are shown in Fig. 5-8, in which the ultimate points are marked with red circles. The beam-
columns all failed by flexural buckling, and most of them shown large second-order effects under axial
loads. The experimental ultimate loads Pexp, end moment Mendu = Pexpe, mid-height moment

Mmidu=Pexp(€ + &y + J,) and end rotation & corresponding to ultimate axial loads are given in Table

8. The ultimate values are also compared with the code predictions from AS 4100 [18] (Pas),
ANSI/AISC 360-10 [19] (Paisc) and EN 1993-1-1 [20] (Pec3). Corresponding design interaction

equations are given in Table 9.

According to previous investigation on cold-formed high strength steel tubular beams [10], the pure
bending capacities were underestimated by the specifications for square and rectangular sections. AS
4100 [22] and ANSI/AISC 360-10 [23] gave conservative predictions for circular hollow section
specimens under pure bending. Therefore, gaps between dots (moment capacities of the beam tests)
and interaction end points were observed on the horizontal axis for the interaction curves. For
concentric loadings, conservative predictions were observed for H50x100x4 which is compact when

bending about the major axis.

In EN 1993-1-1 [24] different buckling curves were adopted to describe the flexural buckling behavior
of steel members. The specimens were categorized to use buckling curve ‘c’ because of cold-forming.
In this paper, improvements were later to EN 1993-1-1 [24] and the comparison to EN 1993-1-1 [24]

using the buckling curve ‘a’ instead of curve ‘¢’ is given in the last column of Table 8 as Pexp /PEC3 .

The comparisons were made to the points on the interaction curves which have the same initial loading
eccentricities e as the tested specimens. Generally, these standards underestimate the loading capacities

of HSS tubular beam-columns by 3 to 14% on average. For specimens with measured eccentricities
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smaller than 0.3 mm, they were treated as concentrically loaded columns and the axial loading

capacities were compared to the column capacities calculated from the codes.

The experimental ultimate loads Pexp, end moment Mendu are normalized to the average section squash
load Py=Afy and plastic moment Mp=Wyify respectively, and are plotted against the normalized

interaction curves from the codes in Fig. 9 to Fig. 12.

In EN 1993-1-1 [24], the specimens of CHS V89x3 were grouped into class 4. However, previous
research for HSS stub columns and beams had proved that the slenderness limits were not applicable
for HSS CHS, and predictions for CHS stub columns and beams from EN 1993-1-6 [25] were
conservative by 17% and 47%, respectively [10-11]. Chan et al. [26] proposed a new yield slenderness
parameter D/[#(480/fy)] instead of D/[#(235/fy)] for high strength steel CHS. The tested beam V89x3-
B had the ultimate moment larger than the section plastic moment, hence they should be classified as
class 2 or above. As a result, specimens in series V89%3-BC in this study were all calculated as class
2 for EN 1993-1-1 [24]. The interaction curves in the graphs were calculated based on method 1 in
Annex A for the four series of specimens. Average geometries were used in evaluating the interaction
curves for each test series. Eurocode apply different column buckling curves for various types of
specimens. The cold-formed HSS columns are designated to use the buckling curve ‘c’ whereas clearly
the axial compression capacity for HSS columns were underestimated by more than 20% for the
concentrically loaded columns with eccentricity smaller than 0.3 mm. Thus, another set of evaluation
(Pexp/Pec3”) was made which adopted the column buckling curve ‘a’ and the comparison is shown in
the last column of Table 8. The interaction curves using column buckling curve ‘a’ were also plotted

in Fig. 9 to Fig. 12 as dotted lines. The predictions were improved by 10%.

Interactions curves obtained from AS 4100 [22] and ANSI/AISC 360-10 [24] are also shown in Fig. 9

to Fig. 12. Both standards apply the end moment amplification factor 1/(1-P/Per) to consider the second
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order effect for members with equal bending moments at the ends. Non-linear interaction curve can be
obtained if end-moments are used for comparison. However, ANSI/AISC 360-10 [23] uses a two-phase
relationship to describe the interaction of axial loads and bending moments for the beam-columns, and
the predictions from ANSI/AISC 360-10 [23] are the closest. Generally, the capacities of HSS
specimens against pure compression and pure bending are underestimated by the three standards,
which leads to the conservative predictions for beam-column results (10%, 3% and 14% on average).
Further research is needed to propose modifications on the existing standards to improve the

predictions.

3 Finite Element Modelling

In this section, the finite element modelling methodology on cold-formed high strength steel (HSS)
tubular beam-columns is presented. The obtained constitutive models from tests have been presented
in Ma et al. [12]. The stress-strain relationship for Abaqus should be defined in the format of true stress
versus log plastic strain, thus the measured engineering stress-strain curves were converted using the
definition in the Abaqus manual. The S4R shell element with 4 nodes and reduced integration was used
[27]. The mesh seed sizes (B+H)/30 and D/15 were adopted for RHS/SHS and CHS, respectively.
Similar models have been successfully adopted to replicate the behavior of cold-formed HSS tubular
stub columns and beams [10-11]. The lowest elastic eigenmode shape was chosen as the global
geometric imperfection profile. The bow shape profiles (Fig. 13) obtained from the buckle analysis

were scaled to the measured global imperfection values in Table 6 and later adopted for FE analysis.

The sections are compact enough thus no local buckling were observed throughout the tests. Trial
models were built and results showed that the influence of local geometric imperfections to member
ultimate loads was insignificant. In the longitudinal direction, large bending residual stresses and small
membrane residual stresses were found from a residual stress study on three cold-formed HSS sections

[12]. The nature of tensile coupon tests made it possible to include the large bending residual stresses
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in the tested constitutive relationships [28]. Meanwhile, the largest measured longitudinal membrane
residual stresses of HSS tubes were reported to be only about 20% of the 0.2% proof stresses and their
influence upon the finite element models was negligible [12]. Thus the inclusion of geometric local

imperfections and residual stress in the models were not necessary.

The corner strength enhancements in SHS and RHS should be considered because of the large amount
of cold-working during the process of cold-forming the high strength steel sections. The constitutive
relationships for corner portions of different sections have been obtained from corner tensile coupon
tests in Ma et al. [12]. Therefore, the cold-working effect was taken into consideration by assigning
the extended corner regions in the FE model. Corner extension with length of 2¢ was suggested in [11,
29-30]. The finite element HSS beam-column models in this study thus adopted this methodology for

SHS and RHS beam-column members, as shown in Fig. 14.

To simulate the boundary conditions of concentrically and eccentrically loaded beam-columns, two
reference points at the location of top and bottom pins were set. At each end of the specimen, the
endplate, wedge plate and the pin have a total height of 87.5 mm, thus the reference points were offset
by 87.5 mm longitudinally and then coupled to the nodes of top and bottom cross-section ends,
respectively, as shown in Fig. 15. Hence the effective lengths of the specimens were accurately
modeled. On the two reference points, the rotation in the bending plane is allowed and the translation
of the top reference point in the longitudinal direction is also possible. Compression forces were
applied to the specimens through the top reference point in a Static, Riks analysis step. The geometric
non-linearity was enabled throughout the analysis and the maximum step increase was limited in order

to obtain smooth load-deformation histories.

The test-to-finite element ultimate capacity ratios for the model are tabulated in Table 10. Results

showed that the model predict the test ultimate capacities of beam-columns closely within 3% on
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average. The comparisons of the load-deflection curves and failure modes are also given in Fig. 16-17
and Fig. 18. The general form of load-deflection response and failure modes were successfully
captured. The good replication of ultimate capacities and failure modes proved the validity of above-

mentioned assumptions and the effectiveness of the finite element modelling methodology.

4 Conclusions

This paper presents the experimental investigation on cold-formed high strength steel (HSS) with
nominal yield strengths of 700 and 900 MPa tubular members subjected to combined compression and
bending. Four series of tests (H100x50x4-BC, H50x100x4-BC, H80x80x4-BC and V89x3-BC) were
conducted for different sections, in which the RHS 100x50%4 was tested for both major and minor
axes bending. Design strengths calculated by ANSI/AISC 360-10 [23] matched well with the
experimental results but the evaluation from AS 4100 [22], and EN 1993-1-1 [24] were conservative
by around 10%. Illustrations were given to compare the normalized test results against normalized
interaction curves predicted from the standards. The current standards recently extended the use of
high strength steel with nominal yield stress less than 690 MPa, but the design rules have not yet been
verified comprehensively for high strength steel members. The current specifications are found to be
conservative, because the capacities of specimens are underestimated for either pure compression or
pure bending. It is shown that ANSI/AISC 360-10 [23] give the best predictions for this batch of HSS
beam-columns. For the European code EN 1993-1-1 [24], the slenderness limit for CHS should be
modified and the column buckling curve ‘a’ is more suitable than curve ‘c’ for high strength steel
members. Numerical investigation was also performed to validate the proposed finite element
modelling methodology for cold-formed high strength tubular beam-columns. The experimental
investigation provides a concrete base for future study regarding high strength steel tubular beam-

columns.
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6 Notation

The following symbols are used in this paper:

A = Gross cross section area;

B = Overall width of cross section;

D = Outer diameter of circular hollow section;
E = Young’s modulus of steel,;

e = Loading eccentricity;
fy = Yield stress of steel;

H = Overall depth of cross section;
I = Second moment of area;

kyy = Interaction factor from EN 1993-1-1

L = Length of beam column;

Menda = Experimental moment at specimen ends;

Mendn = Experimental ultimate moment at specimen ends;
Mmia = Experimental moment at mid-height;

Mmidn = Experimental ultimate moment at mid-height;

M, = Plastic moment of cross-section;

M» = Nominal flexural strength of cross-section
My = Ultimate moment of cross-section

P = Axial load;
Pasc = Nominal strength (unfactored design strength) from ANSI/AISC 360-10;

Pe: = Elastic critical buckling strength of the member;
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Pas = Nominal strength (unfactored design strength) from AS 4100;

Pecs = Nominal strength (unfactored design strength) from EN 1993;

Pcs = Nominal strength (unfactored design strength) from EN 1993 using buckling curve ‘a’;
Pexp = Experimental ultimate load;

Pn =Nominal compressive strength

Py = Squash load of cross-section;

Py = Ultimate strength of column

R = Outer corner radius of square and rectangular hollow sections;
I = Inner corner radius of square and rectangular hollow sections;
t = Plate or wall thickness;

We = Elastic section modulus;

Wp1 = Plastic section modulus;

00 = Measured global geometric imperfection;

0 = Horizontal deflection at mid-height of specimen;

x = Curvature of specimen at mid-height;

ou = Static ultimate tensile strength;

Co.2 = Static 0.2% tensile proof stress;

&25mm = Non-proportional elongation at fracture based on 25 mm gauge length.

6 = End rotation of specimens
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Fig. 13 . Global imperfection profile for H100x50%4 and V89x%3

F- 13/ 18



corner

region 7
2t %

extended‘
s corner ‘ %,
region
_ . N . _ _ _ + _ _ _ | 4 _
\
7 ‘ 7

AV%

|
Fig. 14 . Extension of corner material property to flat portions

F- 14/ 18



Reference
point

————

Fig. 15 . Location of reference point

F- 15/ 18



Load P (kN)

350

300

250

200

150

100

50

e0

FEA

20

40

60

Horizontal deflection 6 (mm)

80

Fig. 16 . Experimental and numercial load-delfection curves for H100x50x4

F- 16/ 18

100



Load P (kN)

700
600 _
500 A
400 -

300

200

FEA

100

0 ¥ . .

0 20 40

Horizontal deflection 6 (mm)

Fig. 17 . Experimental and numercial load-delfection curves for H50x100x4

F- 17/ 18

80



Fig. 18 . Comparison of failure modes between test and numerical results for H50%100%x4-BC-e0,

H100x50x4-BC-e5, H80x80%4-BC-e40, V89x3-BC-e150 (from left to right)
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Table 2. Specimen dimensions and measured eccentricities of series H80x80x4

Table 1. Tensile coupon test results

. E Oo.2 oy E25mm
Section

(GPa) (MPa) (MPa) (%)

H80x80x4 218 792 888 14

H100x50%4 | 208 724 831 17

V89x3 209 1054 1124 10

. B D t R r A Wel Wi e+
Specimen
(mm) (mm) (mm) (mm) (mm) (mm?) (x10°mm?®) (x10°mm?®) (mm)
H80x80x4-BC-e0 80.3 80.1 3.94 9.5 5.0 1145 27.0 32.2 0.20
H80x80x4-BC-e5 80.2 80.1 3.93 9.5 5.0 1142 26.9 32.1 4.26
H80x80x4-BC-e10  80.3 80.1 391 9.5 50 1138 26.8 32.0 12.49
H80x80%4-BC-e20 803 80.2 3091 9.5 5.0 1137 26.8 32.0 20.10
H80x80x4-BC-e20# 804 80.2 3.95 9.5 5.0 1151 27.1 324 22.13
H80x80x4-BC-e40  80.2 80.1 393 9.5 50 1143 26.9 32.1 39.51
H80x80x4-BC-e80 803 80.1 3.94 9.5 5.0 1146 27.0 32.2 80.38
H80x80x4-BC-e150 804 80.2 3.94 9.5 5.0 1147 27.0 32.2 152.21
Table 3. Specimen dimensions and measured eccentricities of series H100x50x4
. B D t R r A W Wi e+ d
Specimen
(mm) (mm) (mm) (mm) (mm) (mm?) (x10°mm®) (x10°mm®) (mm)
H100%50%4-BC-e0 100.2 50.6 3.97 8.5 3.5 1082 18.0 20.9 0.13
H100x50x4-BC-e5 100.3 50.5 398 8.5 3.5 1085 18.0 20.9 5.68
H100x50x4-BC-el5 100.2 50.6 3.96 8.5 3.5 1080 18.0 20.9 15.81
H100%x50x4-BC-e30 1003 50.6 4.00 8.5 3.5 1091 18.1 21.1 27.65
H100x50x4-BC-e50  100.3 50.6  3.97 8.5 3.5 1082 18.0 20.9 48.48
H100x50x4-BC-e50# 100.2 50.5 3.97 8.5 3.5 1083 17.9 20.9 47.18
H100x50x4-BC-e80  100.4 50.5 3.98 8.5 3.5 1086 18.0 20.9 80.23
H100x50x4-BC-e130 100.3 50.6 3.98 8.5 3.5 1085 18.0 21.0 129.49
Table 4. Specimen dimensions and measured eccentricities of series H50x100x4
) B D t R r A Wel W e+d
Specimen
(mm) (mm) (mm) (mm) (mm) (mm?) (x10°mm’) (x10°mm?) (mm)
H50%100%4-BC-e0 503 100.2 3.98 8.5 3.5 1083 26.5 33.7 0.14
H50%100x4-BC-e3 50.5 100.2 3.97 8.5 3.5 1081 26.4 33.6 2.25
H50%x100x4-BC-e10 50.6 100.1 3.98 8.5 3.5 1086 26.6 33.8 9.54
H50%x100x4-BC-e10# 50.5 100.3 3.95 8.5 3.5 1078 26.4 33.6 9.96
H50%x100x4-BC-e20 50.6 100.2 3.96 8.5 3.5 1080 26.4 33.6 18.63
H50%x100x4-BC-e40 50.6 100.1 3.97 8.5 3.5 1082 26.5 33.7 39.68
H50%100x4-BC-e80 50.5 100.2 3.98 8.5 3.5 1084 26.5 33.8 81.80
H50x100x4-BC-e150 50.4 1002 398 8.5 3.5 1085 26.5 33.7 150.05
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Table 5. Specimen dimensions and measured eccentricities of series V89x3

. D t A We Wi e+
Specimen
(mm) (mm) (mm?) (x10°mm®) (x10°mm®) (mm)
V89x3-BC-e0 89.0 293 792 16.5 21.7 0.28
V89x3-BC-e3 889 2.94 794 16.5 21.8 2.98
V89x3-BC-el0 889 2.92 790 16.4 21.6 10.39
V89x3-BC-¢20 889 2.94 795 16.5 21.7 21.68
V89x3-BC-e40 89.0 2.95 798 16.6 21.9 39.72
V89x3-BC-e40# 889 2.93 790 16.4 21.6 39.61
V89x3-BC-e80 89.0 2.94 794 16.5 21.8 79.85
V89x3-BC-e150 88.8 2.94 793 16.5 21.7 151.54

Table 6. Measured global geometric imperfections at mid-length

Specimen 0o (mm) oo/L
H80x80x4-BC-¢0 0.381 1/3885
H80x80x4-BC-e5 0.229 1/6474
H80x80x4-BC-¢10 0.254 1/5827
H80x80x4-BC-e20 0.292 1/5067
H80x80x4-BC-e20# 0.571 1/2590
H80x80x4-BC-¢40 0.317 1/4661
H80x80x4-BC-e80 0.508 1/2913
H80x80%4-BC-¢150 0.635 1/2331
H100x50x4-BC-¢e0 -0.229 -1/6474
H100%x50x4-BC-e5 0.381 1/3885
H100x50x4-BC-el5 0.889 1/1665
H100x50x4-BC-e30 0.571 1/2590
H100%x50x4-BC-e50 -0.254 -1/5827
H100x50x4-BC-e50# -0.127 -1/11654
H100x50x4-BC-e80 0.762 1/1942
H100x50x4-BC-e130 0.191 1/7769
H50x100x4-BC-¢e0 -0.025 -1/58268
H50%x100x4-BC-e3 -0.254 -1/5827
H50%x100x4-BC-e10 0.000 0
H50x100x4-BC-e10# -0.508 -1/2913
H50%x100x4-BC-e20 0.254 1/5827
H50x100x4-BC-e40 0.635 1/2331
H50x100x4-BC-e80 0.953 1/1554
H50%x100x4--BC-¢150 -0.254 -1/5827
V89x3-BC-e0 -0.152 -1/9711
V89x3-BC-e3 0.000 0
V89x3-BC-¢10 -0.114 -1/12948
V89x3-BC-¢20 -0.292 -1/5067
V89x3-BC-¢40 0.000 0
V89x3-BC-e40# -0.063 -1/23307
V89x3-BC-¢80 0.152 1/9711
V89x3-BC-¢150 0.889 1/1665
# Repeated test
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Table 7. Measured bending moment capacities

Ultimate moment capacity

Specimen Mgy (KNm)
H80x80x4-B 28.1
H100x50%4-B 16.9
H50x100%4-B 30.9
V89x3-B 23.8

Table 8. Beam-column test results

Specimen Pop  Menay  Mmidu 0 | Pexp/P  Pexp/Paisc  Pexp/Pecs  Pexp/Prcs
(kN)  (kNm) (kNm) (Rad) | as
H100x50x4-BC-e0 3069 0.1 20 0013 | 1.06 1.03 1.27 1.07
H100x50x4-BC-e5 241.6 1.3 10.1  0.061 | 1.10 1.06 1.14 1.00
H100x50x4-BC-e15  193.6 2.9 114  0.080 | 1.10 1.05 1.09 0.99
H100x50x4-BC-e30  159.4 423 13.0  0.091 | 1.09 1.02 1.07 0.99
H100x50x4-BC-e50  128.4 6.3 140 0.111 | 1.13 1.05 1.09 1.03
H100x50x4-BC-e50# 129.0 6.1 140 0.114 | 1.12 1.04 1.08 1.02
H100x50x4-BC-e80 98.7 7.8 151 0.136 | 1.11 1.02 1.06 1.02
H100x50x4-BC-e130  76.2 9.8 16.1 0.149 | 1.15 1.04 1.08 1.05
H50x100x4-BC-e0 6423 0.1 20 0007 | 1.10 1.14 1.35 1.10
H50x100x4-BC-e3 531.6 1.3 85  0.027 | 1.03 1.04 1.21 1.03
H50x100x4-BC-e10  432.7 4.1 145 0.041 | 1.03 1.03 1.16 1.03
H50x100x4-BC-e10# 4269 4.5 146  0.043 | 1.05 1.04 1.17 1.05
H50x100x4-BC-¢20  364.8 6.7 17.1  0.053 | 1.05 1.03 1.15 1.06
H50x100x4-BC-e40  273.6  10.7 216 0.072 | 1.06 1.02 1.14 1.07
H50x100x4-BC-e80  195.0  15.8 254 0.089 | 1.12 1.05 1.17 1.12
H50x100x4-BC-e150 132.7  19.9 277 0.115| 1.15 1.06 1.19 1.15
H80x80x4-BC-e0 581.9 0.1 4.1 0.016 | 1.02 1.00 1.23 1.00
H80x80x4-BC-¢e5 5123 2.1 92  0.027 | 1.08 1.06 1.23 1.06
H80x80x4-BC-¢10 4222 52 148  0.044 | 1.11 1.07 1.22 1.09
H80x80x4-BC-e20 3519 7.0 17.8  0.057 | 1.07 1.02 1.15 1.06
H80x80x4-BC-e20#  341.5 7.4 18.3  0.060 | 1.06 1.01 1.14 1.04
H80x80x4-BC-e40 269.6  10.6 20.5 0.071 | 1.06 1.01 1.13 1.06
H80x80x4-BC-e80 186.0 149 240 0.092 | 1.06 0.99 1.10 1.06
H80x80x4-BC-e150  127.0  19.2 270  0.123 | 1.09 1.01 1.12 1.09
V89x3-BC-e0 4444 0.2 22 0.010 | 1.11 1.04 1.27 1.04
V89x3-BC-e3 367.9 1.1 8.8  0.039 | 1.08 1.00 1.14 0.97
V89x3-BC-¢10 3003 3.2 13.0  0.062 | 1.12 1.01 1.11 0.99
V89x3-BC-e20 2493 5.5 157  0.076 | 1.15 1.02 1.10 1.01
V89x3-BC-e40 2009 8.0 18.1  0.092 | 1.17 1.02 1.07 1.01
V89x3-BC-e40# 200.1 7.9 182  0.098 | 1.18 1.02 1.08 1.01
V89x3-BC-e80 1443 115 207  0.123 | 1.22 1.03 1.06 1.01
V89x3-BC-¢150 98.4 14.8 224 0.149 | 1.27 1.04 1.05 1.02
mean 1.10 1.03 1.14 1.04
cov 0.051 0.027 0.062 0.039
# Repeated test
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Table 9. Design interaction equations

Design standards Interaction equation
ANSI/AISC 360-10 R 8My R
P oM, <1 forpn_O.Z
R M R
2P + M, <1 for P <0.2
M
M. = end,u
! (1_ P/ Pcr )
AS4100 R Mo
R, twm, =t
EN1993 Pu Mend u
_u <
P + Ky M, <1

Table 10. Comparison of beam-column test results with FE results

Specimen Pexp | Prea
H50%100x4-BC-e0 1.02
H50x100x4-BC-e3 0.96
H50%100x4-BC-e10 0.95
H50x100x4-BC-e10# 0.96
H50x%100x4-BC-e20 0.96
H50x100x4-BC-e40 0.95
H50x%100x4-BC-e80 0.98
H50x100x4-BC-e150 1.00
H100x50x4-BC-e0 1.02
H100x50x4-BC-eb 1.01
H100x50x4-BC-e15 1.00
H100x50x4-BC-e30 0.97
H100x50x4-BC-e50 0.99
H100x50x4-BC-e50# 0.99
H100x50x4-BC-e80 0.98
H100x50x4-BC-e130 0.99
H80x80x4-BC-e0 0.93
H80x80x4-BC-e3 0.99
H80x80x4-BC-e10 1.01
H80x%80x4-BC-e20 0.97
H80x80x4-BC-e20# 0.96
H80x80x4-BC-e40 0.96
H80x80x4-BC-e80 0.95
H80x%80x4-BC-e150 0.98
V89x3-BC-e0 0.91
V89x3-BC-e3 0.88
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V89x3-BC-e10 0.91

V89x3-BC-e20 0.92
V89x3-BC-e40 0.93
V89x3-BC-e40# 0.94
V89x3-BC-e80 0.96
V89x3-BC-e150 0.98

mean 0.97

cov 0.035

# Repeated test
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