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Abstract

In current design standards, cold-formed steel (CFS) beam-column elements are generally
designed by considering fully warping free behaviour in their supports, which means the
benefit of warping-restrained boundary conditions is neglected. In addition, while a non-linear
relationship governs the interaction of axial compression and bending, simplified linear
expressions are prescribed in design standards, which may lead to unreliable designs. This
paper aims to investigate the efficiency of the well-known Direct Strength Method (DSM) as
well as the methods proposed by previous researchers for CFS warping-restrained beam-
column members. The results of experimentally validated warping-restraint Finite Element
(FE) models, considering material nonlinearity and geometric imperfections, are used as a
benchmark. A total of 270 CFS elements with various lengths, thicknesses and cross-sectional
dimensions are considered under ten different load eccentricity levels. The results are then
employed to investigate the effects of warping-restrained boundary conditions as well as code
recommended interaction curves on the efficiency of the existing methods to estimate the
strength of CFS beam-columns with warping restraint. The results indicate that the estimated
capacity of CFS beam-columns is significantly affected (up to 55%) by the warping restraint

effects and the errors associated with using the simple linear interaction curve, depending on
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the element length and thickness. While the influence of warping restraint is generally less than
6%, it is demonstrated that, on average, all existing design methods underestimate the capacity
of CFS beam-columns by at least 20%, which highlights the need to develop more accurate

design methods for practical design purposes.

Keywords: Cold-formed steel, Beam-columns, Warping-restrained boundary conditions,

Direct Strength Method (DSM), Finite element (FE) model

1 Introduction

Cold-formed steel (CFS) members have been traditionally employed as secondary
elements, such as roof purlins, wall girts and cladding or as wall studs in non-structural internal
walls in multi-storey buildings. However, CFS members are increasingly being used in the
structural systems of low to mid-rise buildings, including shear-wall panels and moment-
resisting portal frames [1, 2] due to their structural and environmental advantages, such as their
high strength-to-weight ratio, flexibility in cross-sectional shapes, ease of assembly,

transportation and recyclability [3].

In most structural system applications, CFS structural members are subjected to
combined axial compression and bending (see Fig. 1(a)) both in moment resisting frames [4,
5] and stud wall systems [6, 7]. CFS compression members are also highly susceptible to
eccentric loads due to their thin-walled open cross-sections, an example as shown in Fig. 1(b).
This can generate combined axial compression and bending moments and consequently alter

the behaviour and failure mechanism of CFS members [8-10].

The behaviour of CFS beam-column members under various load combinations has been

experimentally and numerically investigated in the literature. Torabian et al. [9, 10] conducted
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55 experimental tests on warping restrained lipped channel-sections and 43 tests on Z-sections
under axial compression and bi-axial moments; using the results of these tests the reliability of
the American Iron and Steel Institute (AISI S100 (2012)) [11] was assessed. They showed that
the use of linear interaction expressions for the beam-columns is excessively conservative. In
another study, Cheng et al. [12] analytically investigated lateral-torsional buckling of CFS
lipped channel sections subjected to combined axial compression and bending about their
major and minor axes. It was demonstrated that the bending moment decreases the critical
compression load for a section subject to combined compression and the major-axis bending,
while the effect of minor-axis bending moment on the critical compression load depends on
the direction of applied bending. The critical value of the compression load will be reduced
when the direction of minor axis bending moment puts the lips into compression, whereas the
direction of bending moment creating the compression in the web has almost no effect on the
critical value of the compression load, unless the magnitude of the applied moment is very
close to the design member moment capacity. A comprehensive experimental program was
conducted by Ma et al. [13] on 51 high-strength CFS beam-column elements with square and
rectangular hollow sections and the results were used to compare the accuracy of the
predictions obtained from American [14], European [15], and Australian design provisions
[16]. More recently, Li and Young [17] experimentally investigated the behaviour of 33 CFS
built-up open section beam-columns under different eccentric loads. They reported that the
AISI S100 (2016) [21], AS/NZS 4600 (2018) [22], EN 1993-1-1 (2005) [15] and ANSI/AISC
360 (2010) [14] generally underestimate the strengths of the CFS built-up beam-column
members. With regards to the optimisation of CFS beam-column elements, a number of
research studies were also devoted to identify optimum cross-sectional shapes and dimensions
of single and built-up beam-columns to maximise their load-bearing capacity under various

load combinations [18-20].
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The majority of these experimental studies focused on CFS beam-column members with
restrained warping at their supports, which is consistent with the way these elements are
generally used in the construction practice (e.g., studs in shear wall panels). However, the AISI
S100 (2016) [21] and AS/NZS 4600 (2018) [22] only prescribe simple linear interaction
equations for beam-column elements. To address this issue, Moen [23] and Rajkannu and
Jayachandran [24] proposed different methods to take into account the effects of warping
restraint in CFS compressive members. However, these methods were developed based on
limited number of cases; and therefore, there is a need to assess their efficiency for a wider

range of elements and load conditions.

This paper aims to provide a better understanding about the effects of warping-restrained
boundary conditions on the behaviour and failure mechanism of CFS beam-column elements
and evaluate the reliability of the Direct Strength Method (DSM) as specified in AISI S100
(2016) [21] and AS/NZS 4600 (2018) [22] as well as design proposals found in the literature.
To this end, detailed nonlinear Finite Element (FE) models of CFS beam-column members
under different load combinations are developed by taking into account material nonlinearity
and geometric imperfections and validated based on the results of existing experimental tests.
The validated models are then used for the parametric studies on the key design parameters of
beam-column members, including length (i.e., 0.5, 1.5, 3 m), thickness (i.e., 1, 2, 4 mm) and
cross-sectional dimensions subjected to ten different load eccentricities (in total 270
specimens). The results are then employed to investigate the effects of warping-restrained
boundary conditions on the strength of CFS beam-columns and subsequently assess the

interactions curves and accuracy of the existing methods for estimation of their capacity.
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2 Current design methods for CFS members

The two main methodologies which are generally available in the current design
guidelines for CFS members are the Effective Width Method (EWM) (AISI 1996) [25] and the
Direct Strength Method (DSM) (AISI 2004) [26]. While the DSM is mainly adopted in AISI
S100 (2016) [21] and AS/NZS 4600 (2018) [22], the EWM is prescribed in the majority of
CFS design standards including EN 1993-1-3 (2006) [27], AISI S100 (2016) [21] and AS/NZS
4600 (2018) [22]. The EWM uses reduced cross-section properties along with the yield stress;
however, the DSM employs the gross cross-section properties in conjunction with a direct
reduced strength based on the stability of the gross cross-section [28]. The comparison between
the strength predictions of EWM and DSM against the experimental results of lipped channel
columns revealed that the test-to-predicted ratio can vary from 0.6 to 1.3 [28, 29]. In a recent
study, a framework was developed to predict the axial capacity of CFS channel sections using
Deep Belief Network (DBN) [30]. Comparison of the results with the EWM and DSM

estimations confirmed that these methods are generally conservative by around 15%.
2.1 DSM

The Direct Strength Method was first presented by Schafer and Pekoz [29] as an
alternative to the traditional effective width method to predict the load-carrying capacities of
CFS members. In this method, the capacity of a CFS member is determined by utilizing the
yield strength of the member and the elastic stability of the cross-section (i.e., local,
distortional, and global buckling) using empirical relationships. To predict elastic critical
buckling strength, finite strip analysis is performed by using CUFSM [32] or Thin-Wall [33]
software. In this section, the prediction of buckling resistance for different warping-free CFS

structural elements (i.e., column, beam and beam-column) are briefly described.
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2.1.1 Buckling resistance of column elements

According to AISI S100 (2016) [21], axial compressive resistance for global buckling is
expressed in terms of compressive yield load, P, = A, f,,, and slenderness ratio A = /P, /Fre
(where Ay is the gross cross-sectional properties, f, is the yield stress, and F., denotes the

elastic global buckling strength):

P, = (0.658%)P, forA, <15
0.877 (1)
Pne = <ﬂ,_g.> Py fOT' Ac > 15

where Py 1s the nominal member compression capacity for flexural, torsional, and flexural-

torsional buckling.

AISI S100 (2016) [21] takes into account the local-global interaction mode through the

local-global slenderness ratio A; = /P, /P, and therefore, the nominal axial resistance for

local buckling is defined by [21]:

P, =Py for A, <0.776
0.4

P.\** (P 2
Pu=[1-015(22) 1(F2) Re  fori>0776 @
Pne Pne

The nominal axial resistance for distortional buckling is expressed in terms of distortional

buckling slenderness ratio Ay = /P, /Pcrq:

Pna =P, for 14 < 0.561
0.6 0.6
P P 3
Pog=[1-025(-2%) 1(-Z2) p, for Aq > 0.561 ®
P, P,

The nominal axial resistance of the compression member (P,) is then predicted by using

the minimum value of the resistances determined in Egs. (1) to (3).
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2.1.2 Buckling resistance of beam elements

Based on AISI S100 (2016) [21] regulations, the nominal flexural resistance is

determined through the flexural yield moment M, = W, f, and the elastic critical lateral-

torsional moment M., (where W, is the elastic section modulus, termed Zy in AS/NZS 4600

[22]):
M,, =M., for Mgy, < 0.56M,
M, =y (1 10/, ) for 2.78M, > M., > 0.56M )
= — - or 4. = = U.
ne 9 y 36Mcre y cre y
\ Mne =M, for M. > 2.78M,

The nominal flexural resistance for local buckling considering local-global interaction is

also expressed as a function of the local-global slenderness ratio A; = \/ M,,./M_,;:

My = My, for A, < 0.776

1‘/1(:rl)0'4 <1\/Icrl>0'4 (5)
M A, > 0.776
Mne ] Mne ne for l

M, =[1- o.15<

The nominal flexural resistance for distortional buckling is determined using distortional

buckling slenderness ratio Ay = /M, /My4:

Mg = M, for A4 < 0.673
0.5 0.5
M, M 6
Mpg = [1-022(=22) 1(=Z2) M, for Ay > 0.673 ©
My My

The nominal flexural resistance of the CFS member (M,,) is then obtained from the

minimum value of the resistances determined in Egs. (4) to (6).

2.1.3 Buckling resistance of beam-column elements

AISIS100 (2016) [21] recommends two linear interaction equations for the warping-free

CFS members under combined axial compression and bending moments:
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<1.0 (7)

29| @
5
=<

ny

In the above equation P, M, and M,, are defined as the applied axial compression load
and bending moments about the x and y-axes, respectively. P, is denoted as available axial
compressive capacity, while My, and M,,, are available flexural strength about the x and y-

axes, respectively.
2.2 DSM with warping-restrained elastic Buckling resistances

To take into account the effects of warping restrained boundary conditions, the elastic
critical buckling loads and bending moments of the DSM equations can be replaced with those
obtained for warping restrained boundary conditions [19]. Based on this method, the warping
restrained CFS element can be modelled in Finite Element (FE) software (e.g., ABAQUS [34])
under pure axial load and pure bending moments in major and minor axes. The eigenvalues
obtained from the FE analyses are then employed to predict the capacities through the DSM

equations.
2.3 Proposed design method by Moen

Moen [23] investigated the effects of warping deformation on the column cross-sections
through experimental and analytical studies and reported that the warping-fixed boundary
conditions can lead to shortening the distortional buckling half-wavelength. This results in an
amplification of the elastic critical distortional buckling load (P.,4) of the column members. It
was also demonstrated that the magnitude of the boost in P,,; decreases by increasing the
column length, since the wavelength shortening required to accommodate distortional buckling
in the column can be distributed over multiple half-waves in which the flange can rotate in plan

going from one half wavelength into the adjacent half wavelength.
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Based on the results of their study, Moen [23] updated DSM equations for warping
restrained CFS columns by proposing a boosting factor that enhances the elastic critical
distortional buckling load (P.,4), while the critical elastic local buckling load (P,,;) remains
unchanged. The boosting factor, which is applied on the distortional critical buckling load
(P.rq), 1s given by Eq. (8), where L4 is the distortional half-wavelength and L is unbraced

length of the member.
1 (Lerg\?
Digose = 1+5(=%) ®)

2.4 Proposed design method by Rajkannu & Jayachandran

In a more recent study, Rajkannu and Jayachandran [24] studied the effects of warping
on the flexural-torsional buckling behaviour of the CFS lipped-channel sections under pure
axial compression experimentally and numerically. It was concluded that the compressive
strength and failure modes may significantly change by restraining warping, and consequently,
the current DSM predictions for flexural-torsional buckling strength can be very conservative.
In this study, warping restraint factors w; and w, for inelastic and elastic region, respectively,
were proposed as given in Eq. (9) to modify the strength predicted by DSM for global buckling
of the axial compressive element (P,.).

(w; X 0.658%)P, for A, <15

P, =4 /w, X 0.877 9
ne <3T> y fOT ﬂ.c > 1.5 ( )
c

In the above equation, w; = w,= 1 for the members failing in flexure buckling, and w;

=1.27, w,= 1.9 for the members failing in flexural-torsional buckling.

To predict the dominant buckling mode, a threshold was proposed using the ratio x, /b,
where x,, is the distance between the centroid and shear centre of the cross-section and b is the

cross-sectional flange width. If x,/b > 0.75 + 0.7(d/b), the member fails in flexural-

9
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torsional buckling (d is the dimension of cross-sectional lips), while the member fails in
flexural buckling if x,/b < 0.75 + 0.7(d/b). It was demonstrated that the strength of
members failing in flexural buckling is independent of the warping restraint conditions. It
should be mentioned that this method failed to consider the effects of the warping-fixed
boundary condition on the capacity of the members studied herein as none of the failure modes

of these cross-sections was flexural-torsional buckling in compression loading conditions.
2.5 Proposed design method by Torabian and Schafer

While the design of CFS beam-column members is on the basis of a linear interaction of
axial compression and bending moments, Torabian & Schafer [8] and Torabian et al. [9]
extended the DSM in order to take into account the actual stresses generated by combined
actions. In fact, the actual stress distributions resulted from both compression and bending are
used in a buckling analysis to determine the critical buckling parameters [8]. In this method,
the applied axial compression and bending moments are first normalised to the cross-sectional
yield strength (My,, M,,, B,), and then the normalized points are shifted from x, y and z
coordinates to an azimuth angle (8,,), an elevation angle (@py) and a radial length (B),

respectively:
Oum = tan"1(V/x), Bpy = COS_l(Z/Ig)uB = VX% +y? + 27 (10)
For any required action (B. — M;,, — M,,), the following parameters are defined:

_ My, May

Xy

(11)

B
- Mly’yr T My, TR,
QMM = tan_l(yr/xr)' (Z)PM = COS_l(Zr/ﬁr), ,Br =+ x% + yrz + Z? (12)

Therefore, the state of the stress on the cross-section can be determined as follows:

10
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P M M
L 1ry(:2+ 2rYec1

o= I; I,

(13)

where o, is the required axial stress under combined required actions (P., My, and M5,.), Y-
and y, are the distance to the centroidal principal axes 1 and 2, respectively, and A4, I;, and I,
are the cross-sectional area, and the moment of inertia about axes 1 and 2, respectively.

By obtaining the maximum required axial stress 0,_,q, from Eq. (13), the yielding actions

(By, Omm, Dpp) can be determined as follows:

|UT(YC1'YC2)|max X a, = Fy (14)
E,
@y =—2 15)
Or—max
lgy = aylgr (16)

where F, is the yield stress, §,, represent the first yield of the members. Cross-section stability
analysis performed on o, provides elastic buckling load factors for local ( @, ), distortional (
a.p ) and global ( a.-¢) buckling. Using the elastic buckling load factor, elastic buckling

strength under the combined actions (S, Oy, Oppy) are as follows:

Bere = AcrLPr (17)
Berp = AcrpBr (18)
Bere = AcraBr (19)

where B.r¢, ferp and B, show the elastic buckling values for global, distortional and local
elastic buckling, respectively. Nominal strength (8, ) is, therefore, the minimum of the member

strength in local, distortional and global buckling.

3 Description of Finite Element (FE) models

FE analysis has been frequently proved to be an efficient tool in predicting the behaviour

and strength of CFS elements and structural components [35-37]. In this study, detailed
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nonlinear FE models of CFS elements under various loading conditions have been developed
using ABAQUS software [34] by considering the material nonlinearity and geometric
imperfections. The models have then been validated based on the results of two experimental
programs: (i) CFS elements under pure axial compression (i.e. columns) tested by Ye et al. [38]
at the University of Sheffield and (ii) CFS elements under combined axial compression and
bending moments (i.e., beam-columns) conducted by Torabian et al. [39] at Johns Hopkins
University. It should be mentioned that while Torabian et al. [39] also conducted pure axial
compression tests, they did not obtain good agreements between the results of their experiments
and the corresponding FE models, due to some uncertainties such as the existence of the global
twist imperfection. Therefore, it was decided to use two different experimental tests to validate

the FE models adopted in this study.

3.1 Specimens, boundary conditions and loading

Ye et al. [38] tested pined-ended warping-restrained CFS columns with different lengths
and cross-sectional dimensions under concentric axial compressive loads. To simulate the
adopted test setup, a 38 mm thick solid plate with an arc-shaped groove and a cylinder roller
with a radius of 12 mm embedded inside the groove were modelled at both ends of the
specimens as the hinge assemblies, as shown in Fig. 2. The contacts were defined between: (i)
the column specimen and the endplate and (ii) the roller and end plate (see Fig. 2). A node-to-
surface contact pair was used to define the interaction between the column specimen and the
endplate, where combined “hard” and “rough” contact behaviour were assigned in normal and
tangential directions to avoid any penetration and tangential slip between the surfaces,
respectively [34]. A surface-to-surface contact property was also used to define the interaction
of the endplate and roller. While “hard” contact was defined in the normal direction, the contact
in the tangential direction was set to “penalty” to take into account the effects of friction
between the roller and endplate. Based on the sensitivity analyses conducted in [31], the most

12
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appropriate friction factor to achieve convergence was obtained to be equal to 0.2. The
sensitivity analysis demonstrated that the predicted compressive capacity decreases with the
reduction of friction factor, whereas no significant drop of the peak load was observed using
friction factors smaller than 0.2. Moreover, a friction factor of 0.2 provided an excellent
agreement between the experimental and numerical results. At each end of the member, the
nodes of the top surface of the roller which is in contact with the groove were coupled to the

reference point with fixed boundary conditions.

Torabian et al. [39] tested a set of CFS beam-column members under eccentric axial
compressive loads in order to generate combined actions (i.e., compression and bending
moments) on the elements. One reference point was placed at each end of the member and the
coordinate of the reference point was varied as different eccentricities applied to the specimen.
A rigid link with a length of 152.4 mm was created between the reference point and the
specimen end to simulate the depth of the clevis used in the test set-up. All degrees of freedom
of each end cross-section were then coupled to its corresponding reference point pined about

the minor and major axis, as shown in Fig. 3.
3.2 Element type and material properties

A nine-node shell element with reduced integration, S9R5, selected from the ABAQUS
element library [34] was assigned to both column and beam-column members. Each node of
this element type has three translational degrees of freedom and two in-surface rotational
degrees of freedom. Based on the investigations conducted by Schafer et al. [41], this element
type can provide accurate predictions for thin-walled structures. An 8-node linear brick element
with reduced integration (C3D8R) and hourglass control was also used for the modelling of the
endplates and rollers. Following a comprehensive mesh sensitivity analysis, the element sizes

of 10x10 mm? were found to be suitable for the flat regions of the CFS columns under pure

13



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

compression and beam-column elements subjected to combined compression and bending
moments, while four elements were used in the radial direction of the corners. To show the
results of mesh sensitivity analysis, the load-displacement responses of one of the CFS
members (i.e., B1500-c cross-section adapted from Ye et al. [38]) with various mesh sizes are

demonstrated in Fig. 4.

In general, the ultimate capacity and post-buckling behaviour of CFS elements can be
significantly affected by the inelastic properties of CFS material [40]. In this study, the
behaviour of CFS elements was simulated by using a bi-linear stress-strain model. To model
the CFS column elements, the elastic Young’s modulus of E =196 GPa and the yield stress of
F, = 440 MPa were used based on the results of coupon tests [38]. Similarly, the measured
elastic Young’s modulus of E =203.4 GPa and the yield stress of F, = 365 MPa were also
used for beam-column members [39]. The Poisson ratio was taken equal to 0.3 for both column
and beam-column members. It should be noted that the obtained engineering stress-strain

curves were converted to true stress and true strain data using the following equation:

{gtrue =In(1+ &)

20
Otrue = Ue(l + ge) (20)

where g, and ¢, are the measured engineering stress and strain data based on the original cross-
sectional area of the coupons. Fig. 5 compares the engineering and the true stress-strain curves

of the tested column and beam-column elements.

With respect to the roll-forming/cold-work effect, generally cold-formed structural
sections are manufactured by rolling process, causing residual stress and increasing the material
yield stress in the corner zones. It has previously been demonstrated that the effects of
membrane residual stresses can safely be neglected in open sections [40, 41] while the

(longitudinal) bending residual stresses are implicitly accounted for in the coupon test results,
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provided that the coupons are cut from the fabricated cross-section rather than from the virgin
plate. Indeed, cutting a coupon releases the bending residual stresses, causing the coupon to
curl [41]. However, these stresses are re-introduced when the coupon is straightened under

tensile loading in the initial stages of the coupon test.
3.3 Geometric imperfections

It has been previously shown that the initial geometric imperfections can have
considerable effects on the strength and post-buckling behaviour of CFS elements [42, 43]. The
general shape of imperfections can be generally determined according to the dominant buckling
mode shape (i.e., local, distortional, and global) obtained from elastic buckling analysis [29].
In this study, the Finite Strip Method was first performed through CUFSM software [32] to
predict the dominant buckling mode shape and its corresponding half-wavelength for each
element. Following the above procedure, a program was developed in Matlab [44] for the
inclusion of imperfections and generating of nodal coordinates in ABAQUS [34]. The
magnitude of the cross-sectional deformed shape was then scaled to certain values depending
on the thickness of the elements. Based on the work conducted by Schafer and Peko6z [40] for
cross-sections with a thickness (¢) smaller than 3 mm, the amplitudes of imperfections for local
and distortional buckling were taken as 0.34¢ and 0.94¢, respectively, corresponding to a
Cumulative Distribution Function (CDF) value of 50%. For specimens with a thickness (#)
larger than 3 mm, the imperfection magnitude was determined using the following equation

proposed by Walker [45]:

00 7o,
wg = 0.3t |22 = 0.3tA, 1)
O-CT‘
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where g 50, and o, are 0.2% proof stress of the material and elastic critical local/distortional
buckling stress of the cross-section; respectively, and A is the cross-sectional slenderness,

given by:

As = ’fy/o-cr (22)

The amplitude of geometric imperfection for global buckling, which is in the shape of a
half-sine wave, was taken as L,/ 1500, as reported in previous studies [31, 46] (where L, is
the length of the member). While local and/or distortional buckling modes were identified to
be dominant for the short elements [31], a combination of three buckling modes (i.e. local,

distortional and global) was introduced for the medium and long length members [39].
3.4 Validation of the FE models

To predict the capacity of the CFS elements, nonlinear inelastic post-buckling analysis
was performed by using the standard RIKS arc-length method in ABAQUS [34]. Table. 1 lists
the strength of the CFS column members under pure axial compression obtained from FE
models (Prg) and the tests (Pres:) [38] for three various lengths (1000, 1500 and 2000 mm)
and four different cross-sectional dimensions (A, B, C and D), as shown in Fig. 6(a). Similarly,
Table. 2 compares the strength obtained from FE and the tests for CFS beam-column members
with three various element lengths (305, 610 and 1219 mm) subjected to compressive loads
with nine different eccentricity values on the minor (y) and major axes (x). The beam-column
members were consequently subjected to the combined actions of (i) compression and minor
axis bending moment, (ii) compression and major axis bending moment and (iii) compression
and biaxial bending moments. The cross-sectional dimensions of these beam-column
specimens are shown in Fig. 6(b). It should be noted that all demonstrated dimensions are

reported out-to-out dimensions.
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In general, good agreements were achieved between the strength and failure mechanism
of the FE models and the corresponding experimental tests. The results demonstrated that the
developed FE models could accurately predict the strength of the column and beam-column
elements with maximum estimation errors of 8% and 4% with the standard deviations of 0.05
and 0.02, respectively. For instance, Figs. 7 and 8 demonstrate that the failure modes predicted
by the developed FE models compare very well with those observed during the experimental
tests on A1000-a (column element) under axial load and S600-1219-15 (beam-column element)
under combined compression and bi-axial bending moments. These two elements failed in local
buckling first, followed by the interaction of local and overall flexural buckling about the minor
axis. In addition, Fig. 9 compares the axial force-displacement relationship for A1000-a and
S600-610-8 specimens obtained from the reference experimental tests and the predicted results
from the numerical study. It is demonstrated that the proposed FE models were able to capture
the peak load, initial stiffness and post-buckling behaviour of both column and beam-column

specimens.

4 Parametric study

The experimentally validated FE models described in the previous section have then been
used to conduct a comprehensive parametric study. The purpose of the parametric study is to
investigate the effects of warping-restrained boundary conditions on the maximum capacity of
CFS structural elements (i.e., columns and beam-columns) and assess the efficiency of the code
proposed compression force-bending moment interaction equation as well as the limitations of

the current design methods.

In total, 270 CFS elements subjected to 10 different load combinations were selected by
considering various key design parameters, including three sets of cross-sectional dimensions

(C1, C2 and C3), thicknesses (1 mm, 2 mm and 4 mm) and lengths (500 mm (short), 1500 mm
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(medium) and 3000 mm (long)), as shown in Table. 3. The same modelling techniques
described in Section 3 were adopted for the parametric study. For a fair comparison, similar
material properties were considered for CFS column and beam-column elements (E =207 GPa,
F, = 350 MPa, F, = 600 MPa and Poisson ratio =0.3). Fig. 5(c) demonstrates the bi-linear
stress-strain curve used in FE models. The selection of loading conditions was on the basis that
the effects of all possible combinations of axial compression force and bending moments can
be investigated, including pure compression, combined compression and major axis bending,
combined compression and minor axis bending and combined compression and bi-axial
bending. This was provided using different values of eccentricities as listed in Table. 4. The
failure modes of the selected cross-sections under pure actions are listed in Table. 5, which can
be either local, distortional, local-global and yielding. As specified in Eq. 4, the yielding failure
in the members subjected to pure bending can be achieved when the calculated elastic critical
lateral-torsional moment (M) is greater than 2.78 times yield moment (M,,). It should be
noted that the dominant failure mode of CFS beam-column members was assumed to be the
same as the elements under pure compression, where the dominant mode was determined using
the lowest values of the buckling loads obtained from DSM equations (see Section 2). This
assumption is generally valid for beam-column elements where the axial behaviour is dominant

(which is the case for the specimens considered in this study).

5 Results and discussions

Tables. Al to A3 in the Appendix A present the strength results of the beam-column
members with three different cross-sections (C1, C2 and C3) obtained from the detailed FE
models (Pprg) and the four different design methods specified in Section 2, including DSM
(Ppsy), DSM with warping-restrained elastic buckling resistance (Ppgp ), Moen

(Ppistortionarw) [23] and Torabian et al. (Prp¢eraction) [39]. These tables also list the values of
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imposed eccentricities in y (e,) and x (ey) directions that generate bending moments about
major and minor axes, respectively, ratios of strength predictions obtained from each design

method to the detailed FE models, and the calculated statistical indicators.
5.1 Efficiency of the existing design methods

Fig. 10 is used to assess the efficiency of the existing design methods, where average
estimation errors in the estimated capacity using the existing design methods in comparison
with the detailed FE models are presented under various loading conditions (pure compression,
combined compression and minor axis bending with the web in tension or compression,
combined compression and major axis bending and combined compression and bi-axial
bending). Overall, using existing design methods for the strength calculations of the short CFS
member (i.e., 500 mm) results in less accurate predictions compared to medium (i.e., 1500 mm)
and long members (i.e., 3000 mm) under combined actions. On the other hand, it is shown that
the average ratio of the strength predictions obtained from different design methods and the
detailed FE models for the CFS elements under pure compression is 0.87, 0.84 and 0.69 for
short, medium, and long length members, respectively. The results also indicate that the DSM
led to the most conservative predictions, especially for short members, underestimating the
capacity results up to 55% compared to the detailed FE results. This can be attributed to (i) the
absence of the warping restrained boundary condition effects, (i1) the DSM equations for the
calculations of buckling loads, and (iii) the AISI S100 (2016) [21] linear interaction equation.
Based on the results, it can be concluded that the highest estimation error in DSM predictions
was observed when the CFS beam-columns were under combined compression and bi-axial
bending moments (average estimation errors of 40%, 27% and 19% for short, medium, and

long length members, respectively).
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With respect to the DSM with warping-restrained elastic buckling resistance (Ppgp ), it
can be clearly seen that this method provided a better prediction than the DSM in all the three
selected lengths (by up to 7.3%), arising to the existence of the warping restrained effect in this
method as shown in Fig. 10. However, the maximum difference between the predictions of this
method and the detailed FE results was still 51% (see Table. A1), which can be attributed to
the estimation errors sourcing from the DSM equations and the AISI S100 (2016) [21]
interaction equation as discussed before. This highlights the need for further investigations in

this area.

The method proposed by Moen [23], in which the effects of the end boundary conditions
are taken into account for the specimens failing in distortional buckling mode, could provide
more accurate strength predictions compared to the DSM by up to 16%. It should be noted that
in this study only five cross-sections of the short members were prone to the distortional
buckling mode (C1 with 1-, 2- and 4-mm thickness, and C2 and C3 with 4 mm thickness), as
shown in Table. 5. Therefore, the efficiency of Moen’s method can be solely seen in Fig. 10(a)
for the short members (i.e., 500 mm), and the results of the DSM and this method are identical
for the medium and long length members (see Fig. 10(b) and (c)). Furthermore, the efficiency
of the method proposed by Moen [23] was especially evident in the members with a thickness
of 4 mm. In general, the average ratio of strength values obtained from Moen method
(Ppistortionarw) and detailed FE results (Pprg) is 0.71. This average ratio reaches 0.69 when
the DSM procedures are used, which indicates the Moen’s method provides slightly more
accurate capacity predictions. The results also demonstrated that the best agreement between
the results of this method and the detailed FE predictions was obtained when members were
subjected to the pure compression load. This can be justified considering that this method was

originally developed for members under pure compression load.
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It can be seen that compared to the other design methods, the Torabian et al. method [39]
is capable of predicting strength values with a higher level of efficiency in most cases. This is
especially evident for the medium length elements, where the load-carrying capacities
predicted by this design method are in a reasonable agreement with the detailed FE results with
an average underestimated result of 11% (see Fig. 10(b)). In contrast, the most significant
estimation error was found in CFS elements with 500 mm length with an average of 25% (see
Fig. 10(a)). Fig. 10 also indicates that Torabian et al. method [39] led to better strength
predictions when the CFS members are subjected to the combined axial compression and minor
axis bending and combined axial compression and bi-axial bending. It should be noted that this
method noticeably overestimated the capacities of some of the CFS members, especially those

with longer (i.e., 3000 mm) and thicker (i.e., 4 mm) elements (see Tables. A2 and A3).

5.2 Effects of warping-restrained boundary conditions

In order to assess the effects of warping restrained boundary conditions on the capacities
of the CFS members, the results of the DSM ignoring the warping-fixed effect and the DSM
with warping-restrained elastic buckling resistance are compared in this section. The results
demonstrate that restraining warping of CFS elements improved the capacities of the members
in all cases (on average by 6%, 2.5% and 1.2% for short, medium and long members), as shown
in Fig. 11. It can be noted that while the warping-restrained boundary conditions were more
effective for the short CFS elements (see Fig. 11(a)), increasing the element length
considerably reduced the effects of warping (see Fig. 11(b) and (c)). This is attributed to the
shortening of the buckling half-wavelength caused by the warping-restrained condition, which
means the wavelength shortening can be distributed over multiple half-waves as the length of

the cross-section increases [23].

21



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

In general, it can be concluded that the effects of the warping-restrained on the capacity
of CFS elements under combined actions were not significant (less than 7.3%). This indicates
that the estimation errors associated with the DSM can be referred to the inefficiency of the
AISI S100 (2016) interaction equation [21]. On the other hand, when the CFS elements were
under pure axial compression, in the absence of the interaction equation, DSM still predicted
the strength with a noticeable estimation error (see Fig. 11). This highlights again the
estimation error caused by the DSM equations for the cross-sectional buckling capacities. In
particular, the most significant estimation error of DMS was observed for the long length
members (i.e., 3000 mm) under pure axial compression (31% on average), in which unlike
medium and short length members, local-global buckling was determined as the dominant
buckling mode (see Table. 5). This is consistent with the results previously reported by Ye et
al. [38] that the DSM takes into account the effects of the local-global buckling mode with a

noticeable difference.

5.3 Efficiency of the interaction equation

This section investigates the efficiency of the interaction equation proposed by the AISI
S100 (2016) [21] for the members under the combined actions of axial compression load and
bending moments. To assess the efficiency of the interaction equation, the effects of the
warping-restrained boundary conditions and the inaccuracy of the DSM equations should be
somehow removed from the results. To this end, the estimation errors of the DSM with
warping-restrained elastic buckling resistances for the CFS elements under combined actions
were scaled to those for the pure axial compression, as shown in Fig. 12. It should be mentioned

that the average errors for combined actions and pure compression were individually obtained

. . P . . . .
by taking the ratios of (—=22) for combined actions and pure compression, respectively. In

PpFE

general, it can be seen that the code suggested interaction equation was more efficient for the
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medium length beam-column members with an average of 4% error; however, this value
reached 19% and 22% for the short and long length elements, respectively. Therefore, it can
be concluded that the effects of the interaction equation are more considerable than the effects
of the warping-restrained boundary conditions on the accuracy of the strength predictions.
Furthermore, the results showed that the influence of the interaction equation on the total
estimation error was more evident in the CFS members under combined compression and bi-

axial bending moments, especially for short and medium length elements, as shown in Fig. 12.

The presented results, in general, highlight the need to develop more efficient interaction
equations to design CFS beam-column elements under compression load and bending
moments. Besides, more accurate methods are required to take into account the warping
restrained boundary condition on the capacity predictions. This is especially important in the
case CFS elements are used in moment resisting frame systems where the connections could
provide warping fixity. It is also worth noting that DSM equations for long members, in which
local-global buckling are determined as the dominant buckling mode, require some

modifications to be more efficient.

6 Summary and conclusions

This paper assessed the accuracy of the existing methods in estimating the load-carrying
capacity of CFS beam-column members as well as the effects of the warping restrained
boundary condition and the efficiency of the interaction equation proposed by AISI S100
(2016) [21]. Detailed FE models were developed in ABAQUS by considering the effects of the
material nonlinearity and geometric imperfections and validated against the results of two
different experimental investigations on CFS lipped channel cross-sections under pure axial
compression, compression and minor axis bending moment, compression and major axis

bending moment, and compression and biaxial bending moments. A comprehensive parametric
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study was then conducted using the validated models, covering different cross-sections,
lengths, and levels of load eccentricities. A total of 270 FE models were undertaken to compare

their results with the current design methods in design guidelines and literature.

The accuracy of the existing design methods was compared with the detailed FE models.
In general, less accurate load bearing capacity predictions were observed for short length CFS
members (i.e., 500 mm) compared to the medium (i.e., 1500 mm) and long length elements

(i.e., 3000 mm) under combined actions.

Compared to the other methods, the DSM provided the most conservative predictions (up
to 55% lower than the detailed FE results), which can be attributed to errors associated with (1)
warping restrained boundary condition effects, (i) the DSM equations for the calculations of
buckling loads, and (iii) the AISI linear interaction equation. The maximum error in DSM
capacity predictions was seen when the CFS members were subjected to combined
compression and bi-axial bending moments (average errors of 40%, 27% and 19% for short,

medium and long length members).

The DSM with warping-restrained elastic buckling resistance (DSM, W) provided better
predictions compared to the conventional DSM by up to 7.3%, while its efficiency was more
evident in the shortest length elements. However, the maximum difference between the

predictions of this method and the detailed FE results was still 51%.

The results of the proposed method by Moen [23] indicated a good agreement with the
detailed FE models when the dominant failure mode under pure axial load was the distortional
buckling mode (generally the case for short members). For these elements, this method could
provide more accurate strength predictions compared to the DSM by up to 16%. However, for

the other elements, the results of the DSM and the Moen’s proposed method are identical.
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While the method proposed by Torabian et al. [39] generally provided overestimated
results compared to the detailed FE models, it led to more accurate predictions than the other
design methods in most cases. A good agreement was observed with the FE models in the
intermediate cross-sections (11% error on average); however, there was a considerable

difference in the short specimens (25% error on average).

It was shown that considering the warping-fixed effect could on average improve the
accuracy of the capacity predictions by 6%, 2.5% and 1.2% in short, medium, and long length
specimens, respectively. It was demonstrated that increasing the element length reduces the
effects of warping, which is attributed to the shortening of the buckling half-wavelength caused

by the warping-restrained condition.

There was a noticeable estimation error (around 30% on average) between the results of
the detailed FE and the current design methods based on DSM in the long CFS members under
pure axial compression. The existence of such error, in the absence of interaction effect, can
be referred to as the error caused by the DSM equations in which local-global buckling was

determined as the dominant buckling mode.

The assessment of the interaction equation proposed by the AISI S100 (2016) [21] for
the members under the combined actions of compression load and bending moments indicated
the better efficiency of this method for the medium length beam-column members with an
average of 4% error in the capacity predictions; however, this error increased to 19% and 22%
for the short and long length elements, respectively. It can be concluded that the effects of the
interaction equation on the accuracy of the strength predictions are more considerable than the
warping-restrained boundary conditions. Furthermore, the results showed that the influence of
the interaction equation on the total estimation error was more evident in the CFS members

under combined compression and bi-axial bending moments, especially for short and medium
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547  length elements. This effect seems to be less dominant for the elements under the major axis

548  bending moment.
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Notation

A Cross-sectional area

Ay Gross cross-sectional properties

b Actual width of the plate in EWM
bess Effective width of the plate in EWM
by Flange width of a section

CDF Cumulative distribution function
CFS Cold formed steel

d Depth of section

Dpoost Boosting factor for distortional critical buckling load
dq Overall depth of lip

DSM Direct strength method

EWM Effective width method

E Young’s modulus of elasticity

ey Eccentricity in x-direction

ey Eccentricity in y-direction

e, Eccentricity in z-direction

FE Finite element
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FSM

PDSM,W

PDSM
PDistortional,W
PDFE
Plnteraction
PTest

Prg

t

Wi, We

Wy

Finite strip method

Yield strength of the material

Moment of inertia about major and minor axes, respectively
Effective length factor

Length of a member

Length of a member

distortional half-wavelength

Elastic distortional buckling moment

Elastic lateral-torsional buckling moment

Elastic local buckling moment

Nominal flexural capacity

Nominal member flexural capacity for distortional buckling
Nominal member flexural capacity for lateral-torsional buckling
Nominal member flexural capacity for local buckling

Design bending moment around the x-and y-axes, respectively
Nominal member moment capacities about the x-and y-axes,
respectively

Smaller and larger moment at the two ends of the member,
respectively

Required bending moments around major and minor axis, respectively
Design axial force

Elastic distortional buckling load

Elastic global buckling stress

Elastic local buckling load

Nominal capacity of a member in compression

Nominal member compression capacity for distortional buckling
Nominal member compression capacity for flexural, torsional and
flexural-torsional buckling

Nominal member compression capacity for local buckling
Required axial load

Nominal yield capacity of a member in compression

Predicted capacity from Nonlinear Elastic Buckling Analysis of
ABAQUS

Predicted capacity from DSM

Predicted capacity from Moen’s method

Predicted capacity from detailed finite element models
Predicted capacity from Torabian’s method

Experimental capacity of the reference study

Maximum axial capacity of our validated FE models

Thickness of a channel

Warping restraint factors

Elastic section modulus
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Ye1 s Ye2

Distance to the centroidal principal major and minor axes, respectively
Elastic section modulus

Radial length

Azimuth angle

Non-dimensional slenderness used to determine P,
Non-dimensional slenderness used to determine P,,; and M,,4
Non-dimensional slenderness used to determine P,,;; and M,,;
Cross-sectional slenderness

Elevation angle,

Measured engineering strain

True strain

Elastic critical local/distortional buckling stress

Measured engineering stress

Required axial stress

True stress

Proof stress of the material
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List of Tables

Table. 1 Comparison between the strength of CFS elements under pure axial compression
obtained from the FE models (PFE) and tests (PT¢%) [38]

Specimen Length Prest Pre Prest/PrE
(mm) (kN) (kN)

A1000-a 1000 99.8 103.8 0.96
A2000-a 2000 78.4 74.8 1.05
B1000-b 1000 110.3 113.1 0.98
B1500-c 1500.1 106.2 108.8 0.98
C1000-c 999.8 42.7 46.2 0.92
C1500-b 1500.1 352 34.1 1.03
D1000-a 1000 109 101.8 1.07
D1500-a 1500 95 90.7 1.05
Average 1.005
Standard deviation 0.05

Table. 2 Comparison between the strength of CFS elements under combined action of axial
compression and bending moment obtained from the FE models (PFE) and tests (PT¢5%) [39]

Section name €y €x Prest Pre Prest/PrE
(mm) | (mm) (kN) (kN)

S600-305-1 0 -25.4 25.4 25.5 1.00
S600-305-11 -191 0 20.6 20.2 1.02
S600-305-15 -76.2 15.24 25.0 26.1 0.96

S600-610-5 0 15.24 25.0 24.6 1.02

S600-610-8 -76.2 0 34.8 35.5 0.98
S600-610-15 -69.9 -14.2 25.0 254 0.98
S600-1219-1 0 -38.1 11.1 11.3 0.98
S600-1219-9 -140 0 23.4 23.0 1.02

S600-1219-15 -63.5 -13 17.6 17.4 1.01
Average 1.00
Standard deviation 0.02
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Table. 3 Parametric study variables

Web (d) | Flange (bs) | Lip (d,) | Thickness (t) Length (L)
Section name
(mm) (mm) (mm) (mm) (mm)
1 500
Cc1 300 50 25 2 1500
4 3000
1 500
Cc2 250 75 25 2 1500
4 3000
1 500
C3 200 100 25 2 1500
4 3000
Table. 4 Magnitude of eccentricities
e, e,
Loading condition
(mm) (mm)
Pure compression 0 0
0 10
Minor axis bending + compression load 0 -25
0 50
10
Major axis bending + compression load 100
200
10 10
Bi-axial bending moment + compression load 100 -25
200 50

*Negative sign shows that the lips of the specimens are in tension.
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Table. 5 Dominant failure mode of selected cross-sections under pure actions

Dominant failure modes of cross-sections based on DSM results

Cross- Length | Thickness
section (mm) (mm) Compression Major axis Minor(jvyzils) :)nending Minor axis bending
bending compression) (web in tension)
1 Distortional Local Yield Local
500 2 Distortional Local Yield Yield
4 Distortional Yield Yield Yield
1 Local Local Yield Local
Cc1 1500 2 Local Distortional Yield Yield
4 Local Local Yield Yield
1 Local Local Yield Local
3000 2 Local Local Yield Local
4 Local-Global Local Yield Local & Global
1 Local Local Yield Distortional
500 2 Local Distortional Yield Distortional
4 Distortional Yield Yield Yield
1 Local Local Yield Distortional
Cc2 1500 2 Local Distortional Yield Distortional
4 Local Yield Yield Yield
1 Local Local Yield Distortional
3000 2 Local Local Yield Distortional
4 Local-Global Local Yield Local & Global
1 Local Local Yield Distortional
500 2 Local Distortional Local Distortional
4 Distortional Distortional Yield Yield
1 Local Local Yield Distortional
Cc3 1500 2 Local Distortional Local Distortional
4 Local Distortional Yield Yield
1 Local Local Yield Distortional
3000 2 Local Distortional Local Distortional
4 Local-Global Local Yield Local & Global

35




List of Figures

><
(@) (D)
Fig. 1 Beam-column members subjected to (a) combined axial load and bending moment (b)
eccentric axial load

Coupling the nodes of top surface of roller
to the reference point, where
Ux=Uy=UZ=URX=URy=URZ=0

Surface-to-surface contact

between roller and endplate
Node-to-surface contact between

channel and endplate

Height: 38 mm

Radius: 12 mm

Coupling the nodes of top surface of
roller to the reference point, where
Uy=Uz=URX=URy=URZ=0

Fig. 2 Boundary conditions of CFS elements under pure axial compressive loads (adopted
from Ye et al. [38])
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Coupling the end nodes of channel to
the reference point, where
UXZUY=UZ=URX=0

Coupling the end nodes of channel to /

the reference point, where
Uy =U; =URx =0
Fig. 3 Boundary conditions of CFS elements under eccentric compressive loads (adopted
from Torabian et al. [39])
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et al. [39])

38



1.5

]

1.5

175

125

(a)

69

70
-

1.5

145

]

D
o~

152.05

ik

1.45

L

(b)
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Fig. 7 Failure mode obtained from FE model vs experimental result (A1000-a) (test set-up
adopted from Ye et al. [38])
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Fig. 8 Failure mode obtained from FE model vs experimental result (S600-1219-15) (test set-
up adopted from Torabian et al. [39])
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Appendix A

Table. A1 Comparison between the results of strength for the beam-column members with C1 cross-section (d = 300 mm, by = 50 mm, d; = 25
mm) obtained from detailed FE models and different design methods.

Ratio of each design method prediction to the

Length | Thickness Eccentricity Capacity detailed FE result
L t ey e, Ppre Ppsm Ppsuw | Ppistortionalw | Pinteraction Ppsm | Ppsmw | Ppistortionatw| Pinteraction
(mm) (mm) (mm) | (mm) | (kN) (kN) (kN) (kN) (kN) Pprg Ppre Pprg Pprg
0 0 479 36.4 40.5 38.2 36.4 0.76 0.85 0.80 0.76
0 10 58.2 26.8 29.0 27.7 28.0 0.46 0.50 0.48 0.48
0 -25 25.0 21.3 22.7 21.9 21.6 0.86 0.91 0.88 0.86
0 50 17.6 13.0 13.6 13.2 17.4 0.74 0.77 0.75 0.99
500 ! 10 0 43.1 344 38.0 35.9 35.5 0.80 0.88 0.83 0.82
100 0 33.5 22.8 243 23.4 23.4 0.68 0.73 0.70 0.70
200 0 25.1 16.6 17.4 16.9 17.0 0.66 0.69 0.67 0.68
10 10 56.6 25.6 27.7 26.5 27.1 0.45 0.49 0.47 0.48
100 -25 22.6 15.8 16.5 16.1 15.5 0.70 0.73 0.71 0.69
200 50 15.7 9.1 9.4 9.2 12.7 0.58 0.60 0.59 0.81
Average | 34.51 22.18 23.91 2291 23.46 0.67 0.71 0.69 0.73
Standard deviation | 15.86 8.91 10.15 9.45 8.22 0.14 0.15 0.14 0.16
0 0 149.6 110.2 123.4 127.3 110.2 0.74 0.82 0.85 0.74
0 10 141.5 75.6 81.6 83.3 86.2 0.53 0.58 0.59 0.61
0 -25 76.2 51.4 54.1 54.9 65.1 0.68 0.71 0.72 0.85
500 ) 0 50 54.3 33.5 34.7 35.0 41.7 0.62 0.64 0.64 0.77
10 0 139.1 104.2 116.0 1194 106.0 0.75 0.83 0.86 0.76
100 0 106.5 70.2 75.4 76.8 77.0 0.66 0.71 0.72 0.72
200 0 78.1 51.5 543 55.0 554 0.66 0.69 0.70 0.71
10 10 141.1 72.8 78.3 79.9 83.5 0.52 0.56 0.57 0.59
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100 -25 69.1 40.6 423 42.7 51.1 0.59 0.61 0.62 0.74

200 50 48.8 24.9 25.5 25.7 31.1 0.51 0.52 0.53 0.64

Average | 100.43 63.50 68.56 69.98 70.73 0.62 0.67 0.68 0.71

Standard deviation | 39.65 28.51 32.78 34.04 26.47 0.09 0.11 0.11 0.08

0 0 426.0 347.3 381.2 405.1 347.3 0.82 0.89 0.95 0.82

0 10 283.0 190.3 200.0 206.4 230.0 0.67 0.71 0.73 0.81

0 -25 188.0 113.4 116.7 118.9 223.7 0.60 0.62 0.63 1.19

0 50 103.3 67.7 68.9 69.7 73.9 0.66 0.67 0.67 0.72

500 10 0 392.0 323.4 352.6 372.9 328.3 0.83 0.90 0.95 0.84
100 0 279.8 199.7 210.5 217.6 216.3 0.71 0.75 0.78 0.77

200 0 200.0 140.2 145.4 148.7 152.1 0.70 0.73 0.74 0.76

10 10 282.8 182.9 191.8 197.7 220.2 0.65 0.68 0.70 0.78

100 -25 168.6 91.3 93.5 94.9 138.1 0.54 0.55 0.56 0.82

200 50 98.1 52.6 533 53.7 56.2 0.54 0.54 0.55 0.57

Average | 242.14 | 170.87 | 181.40 188.55 198.61 0.67 0.70 0.73 0.81

Standard deviation | 111.13 | 100.54 | 111.96 120.02 96.01 0.10 0.12 0.14 0.15

0 0 344 29.0 29.4 29.0 29.0 0.84 0.85 0.84 0.84

0 10 41.5 22.5 239 22.5 26.5 0.54 0.58 0.54 0.64

0 -25 17.9 18.6 18.7 18.6 19.4 1.04 1.04 1.04 1.08

0 50 16.5 11.9 13.7 11.9 17.4 0.72 0.83 0.72 1.05

1500 10 0 28.5 27.6 28.0 27.6 28.5 0.97 0.98 0.97 1.00
100 0 24.9 19.4 19.5 19.4 20.7 0.78 0.79 0.78 0.83

200 0 204 14.6 14.6 14.6 15.4 0.72 0.72 0.72 0.76

10 10 40.9 21.7 23.0 21.7 25.6 0.53 0.56 0.53 0.63

100 -25 16.5 14.1 14.2 14.1 14.9 0.85 0.86 0.85 0.90

200 50 12.6 8.5 9.3 8.5 12.7 0.67 0.74 0.67 1.01

Average | 25.40 18.79 19.44 18.79 21.01 0.77 0.80 0.77 0.87

Standard deviation | 10.50 6.66 6.59 6.66 6.01 0.17 0.16 0.17 0.16

1500 0 0 110.1 94.8 95.7 94.8 94.8 0.86 0.87 0.86 0.86
0 10 86.9 68.0 68.5 68.0 85.0 0.78 0.79 0.78 0.98
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0 -25 49.1 47.8 48.0 47.8 66.8 0.97 0.98 0.97 1.36

0 50 37.7 32.0 32.1 32.0 41.7 0.85 0.85 0.85 1.10

10 0 82.9 90.2 91.0 90.2 92.4 1.09 1.10 1.09 1.11

100 0 72.9 62.7 63.1 62.7 67.2 0.86 0.87 0.86 0.92

200 0 59.5 46.9 47.0 46.9 49.8 0.79 0.79 0.79 0.84

10 10 86.7 65.6 66.1 65.6 82.2 0.76 0.76 0.76 0.95

100 -25 459 38.0 38.1 38.0 46.2 0.83 0.83 0.83 1.01

200 50 333 23.8 23.8 23.8 31.1 0.71 0.71 0.71 0.93
Average | 66.50 56.97 57.35 56.97 65.71 0.85 0.85 0.85 1.01

Standard deviation | 25.24 23.65 23.96 23.65 22.65 0.11 0.11 0.11 0.15
0 0 336.5 288.0 344.7 288.0 288.0 0.86 1.02 0.86 0.86

0 10 160.8 171.0 189.4 171.0 226.3 1.06 1.18 1.06 1.41

0 -25 110.5 106.2 113.1 106.2 177.9 0.96 1.02 0.96 1.61

0 50 71.5 65.1 67.6 65.1 73.8 0.91 0.95 0.91 1.03

1500 10 0 209.7 270.2 319.5 270.2 281.6 1.29 1.52 1.29 1.34
100 0 186.2 173.7 192.8 173.7 203.4 0.93 1.04 0.93 1.09

200 0 152.2 124.3 133.8 124.3 141.3 0.82 0.88 0.82 0.93

10 10 160.6 164.5 181.6 164.5 221.8 1.02 1.13 1.02 1.38

100 -25 105.6 85.5 89.9 85.5 133.5 0.81 0.85 0.81 1.26

200 50 64.2 50.2 51.7 50.2 55.6 0.78 0.80 0.78 0.87
Average | 155.77 | 149.87 | 168.40 149.87 180.32 0.94 1.04 0.94 1.18

Standard deviation | 79.32 80.70 99.62 80.70 79.46 0.15 0.21 0.15 0.26
0 0 18.0 13.7 13.8 13.7 13.7 0.76 0.77 0.76 0.76

0 10 20.5 12.0 12.0 12.0 17.0 0.58 0.59 0.58 0.83

0 -25 10.2 10.8 10.9 10.8 11.9 1.06 1.07 1.06 1.16

3000 0 50 10.8 7.9 7.9 7.9 14.5 0.73 0.73 0.73 1.34
10 0 13.9 13.2 13.3 13.2 13.7 0.96 0.96 0.96 0.99

100 0 13.1 10.1 10.1 10.1 10.7 0.77 0.77 0.77 0.82

200 0 11.7 7.9 7.9 7.9 8.2 0.68 0.68 0.68 0.70

10 10 20.7 11.6 11.7 11.6 16.6 0.56 0.56 0.56 0.80
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100 -25 9.7 8.4 8.4 8.4 9.4 0.87 0.87 0.87 0.97

200 50 8.6 5.5 5.6 5.5 9.9 0.64 0.64 0.64 1.15

Average | 13.72 10.12 10.16 10.12 12.57 0.76 0.76 0.76 0.95

Standard deviation | 4.46 2.64 2.66 2.64 3.02 0.16 0.16 0.16 0.21

0 0 61.8 43.0 43.1 43.0 43.0 0.69 0.70 0.69 0.70

0 10 40.4 35.8 359 35.8 52.9 0.89 0.89 0.89 1.31

0 -25 25.8 29.7 29.8 29.7 37.8 1.15 1.16 1.15 1.47

0 50 22.8 21.4 21.4 214 32.5 0.94 0.94 0.94 1.42

3000 10 0 35.8 41.4 41.5 414 43.1 1.16 1.16 1.16 1.20
100 0 34.0 31.2 31.3 31.2 33.8 0.92 0.92 0.92 0.99

200 0 30.1 24.5 24.5 24.5 25.6 0.81 0.82 0.81 0.85

10 10 40.2 34.7 34.8 34.7 51.9 0.86 0.86 0.86 1.29

100 -25 24.8 23.6 23.6 23.6 21.2 0.95 0.95 0.95 0.85

200 50 19.2 15.6 15.6 15.6 21.0 0.81 0.81 0.81 1.09

Average | 33.50 30.07 30.16 30.07 36.26 0.92 0.92 0.92 1.12

Standard deviation | 12.32 8.88 8.92 8.88 11.59 0.15 0.15 0.15 0.26

0 0 153.3 96.2 96.2 96.2 96.2 0.63 0.63 0.63 0.63

0 10 72.8 77.2 77.2 77.2 107.2 1.06 1.06 1.06 1.47

0 -25 53.5 61.2 61.2 61.2 109.1 1.14 1.14 1.14 2.04

0 50 42.7 43.1 43.1 43.1 61.9 1.01 1.01 1.01 1.45

3000 10 0 77.0 92.3 92.3 92.3 97.3 1.20 1.20 1.20 1.26
100 0 73.1 67.4 67.4 67.4 74.7 0.92 0.92 0.92 1.02

200 0 64.9 51.9 51.9 51.9 53.3 0.80 0.80 0.80 0.82

10 10 72.6 74.7 74.7 74.7 106.2 1.03 1.03 1.03 1.46

100 -25 52.1 48.1 48.1 48.1 82.1 0.92 0.92 0.92 1.58

200 50 35.8 31.2 31.2 31.2 40.6 0.87 0.87 0.87 1.13

Average | 69.78 64.34 64.34 64.34 82.86 0.96 0.96 0.96 1.29

Standard deviation | 32.57 21.23 21.23 21.23 24.44 0.17 0.17 0.17 0.41

Average of all 90 results | 82.42 65.19 69.30 67.96 76.84 0.80 0.82 0.81 0.96

Standard deviation of all 90 results | 36.78 31.30 35.32 34.14 30.87 0.14 0.15 0.14 0.21
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Table. A2 Comparison between the results of strength for the beam-column members with €2 cross-section (d = 300 mm, by = 50 mm, d; =25
mm) obtained from detailed FE models and different design methods.

Ratio of each design method prediction to the

Length | Thickness Eccentricity Capacity detailed FE result

L t e, e, | Pprg Ppsu | Posmw | Ppistortionaiw| Pnteraction| DM | Ppsmw | Ppistortionatw | Pmteraction

(mm) (mm) (mm) | (mm) | (kN) (kN) (kN) (kN) (kN) Ppre | Ppre Pprg Pprg

0 0 52.0 43.8 46.2 438 43.8 0.84 0.89 0.84 0.84

0 10 60.8 344 36.5 344 35.7 0.57 0.60 0.57 0.59

0 -25 335 29.5 30.6 29.5 26.8 0.88 0.91 0.88 0.80

0 50 26.5 18.4 19.9 18.4 22.0 0.70 0.75 0.70 0.83

500 1 10 0 49.5 41.0 43.1 41.0 40.7 0.83 0.87 0.83 0.82

100 0 33.1 26.0 26.9 26.0 25.7 0.79 0.81 0.79 0.78

200 0 22.8 18.5 18.9 18.5 18.6 0.81 0.83 0.81 0.81

10 10 57.3 32.6 34.5 32.6 34.1 0.57 0.60 0.57 0.59

100 -25 26.5 20.2 20.7 20.2 18.5 0.76 0.78 0.76 0.70

200 50 18.7 11.7 12.3 11.7 14.3 0.63 0.66 0.63 0.77

Average | 38.06 27.63 28.96 27.63 28.03 0.74 0.77 0.74 0.75

Standard deviation | 15.40 10.51 11.16 10.51 10.09 0.12 0.12 0.12 0.10

0 0 185.5 146.2 153.8 146.2 146.2 0.79 0.83 0.79 0.79

0 10 205.2 106.7 113.3 106.7 116.3 0.52 0.55 0.52 0.57

0 -25 109.5 79.1 81.3 79.1 88.3 0.72 0.74 0.72 0.81

0 50 91.1 51.3 55.2 51.3 56.9 0.56 0.61 0.56 0.62

500 ) 10 0 172.4 135.7 143.0 135.7 135.3 0.79 0.83 0.79 0.78

100 0 120.0 82.6 87.6 82.6 84.3 0.69 0.73 0.69 0.70

200 0 82.9 57.5 61.3 57.5 60.3 0.69 0.74 0.69 0.73

10 10 202.6 101.0 107.3 101.0 110.7 0.50 0.53 0.50 0.55

100 -25 94.0 55.8 58.1 55.8 60.4 0.59 0.62 0.59 0.64

200 50 65.3 33.3 35.8 333 36.8 0.51 0.55 0.51 0.56

Average | 132.83 84.93 89.66 84.93 89.53 0.64 0.67 0.64 0.68
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Standard deviation | 53.18 37.26 39.14 37.26 36.59 0.11 0.12 0.11 0.10

0 0 502.8 456.6 509.5 467.0 456.6 0.91 1.01 0.93 0.91

0 10 408.2 288.1 308.3 292.2 316.0 0.71 0.76 0.72 0.77

0 -25 298.9 185.5 193.6 187.1 274.6 0.62 0.65 0.63 0.92

0 50 182.0 116.4 119.5 117.0 122.9 0.64 0.66 0.64 0.68

500 10 0 485.3 414.0 457.0 422.5 423.7 0.85 0.94 0.87 0.87
100 0 296.7 225.1 237.2 227.5 244.8 0.76 0.80 0.77 0.82

200 0 198.7 149.3 154.6 150.4 162.3 0.75 0.78 0.76 0.82

10 10 406.8 270.6 288.3 274.1 300.3 0.67 0.71 0.67 0.74

100 -25 249.9 130.8 134.8 131.6 184.5 0.52 0.54 0.53 0.74

200 50 146.5 76.3 71.7 76.6 79.6 0.52 0.53 0.52 0.54

Average | 317.57 | 231.27 248.05 234.62 256.54 0.69 0.74 0.70 0.78

Standard deviation | 127.26 126.99 144.32 130.36 123.45 0.13 0.16 0.13 0.11

0 0 47.4 39.0 39.5 39.0 39.0 0.82 0.83 0.82 0.82

0 10 54.0 313 322 31.3 345 0.58 0.60 0.58 0.64

0 -25 28.1 27.3 27.5 27.3 26.6 0.97 0.98 0.97 0.95

0 50 28.6 17.5 18.5 17.5 22.0 0.61 0.64 0.61 0.77

1500 10 0 41.7 36.8 37.2 36.8 36.9 0.88 0.89 0.88 0.89
100 0 30.5 243 243 243 25.1 0.80 0.80 0.80 0.82

200 0 22.1 17.6 17.5 17.6 18.5 0.80 0.79 0.80 0.84

10 10 52.9 29.9 30.6 29.9 33.0 0.56 0.58 0.56 0.62

100 -25 23.2 19.1 19.1 19.1 18.4 0.82 0.82 0.82 0.79

200 50 15.4 11.3 11.6 11.3 14.3 0.74 0.76 0.74 0.93

Average | 34.39 25.41 25.79 25.41 26.83 0.76 0.77 0.76 0.81

Standard deviation | 13.65 9.03 9.14 9.03 8.63 0.13 0.13 0.13 0.11

0 0 156.8 129.5 130.9 129.5 129.5 0.83 0.83 0.83 0.83

0 10 163.0 97.5 100.4 97.5 112.3 0.60 0.62 0.60 0.69

1500 0 -25 84.0 73.9 74.4 73.9 87.5 0.88 0.89 0.88 1.04
0 50 65.5 49.1 52.0 49.1 56.9 0.75 0.79 0.75 0.87

10 0 132.3 121.2 122.5 121.2 122.1 0.92 0.93 0.92 0.92
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100 0 103.3 76.9 77.6 76.9 82.1 0.74 0.75 0.74 0.80

200 0 76.5 54.7 55.1 54.7 59.8 0.72 0.72 0.72 0.78

10 10 160.7 92.8 95.4 92.8 107.2 0.58 0.59 0.58 0.67

100 -25 74.1 53.2 535 53.2 60.0 0.72 0.72 0.72 0.81

200 50 47.4 32.4 33.6 32.4 36.8 0.68 0.71 0.68 0.78
Average | 106.36 78.12 79.53 78.12 85.42 0.74 0.76 0.74 0.82

Standard deviation | 43.41 31.98 32.22 31.98 31.60 0.11 0.11 0.11 0.11
0 0 518.8 408.8 414.9 408.8 408.8 0.79 0.80 0.79 0.79

0 10 296.6 268.3 270.9 268.3 316.0 0.90 0.91 0.90 1.07

0 -25 242.7 177.0 178.2 177.0 272.5 0.73 0.73 0.73 1.12

0 50 140.6 113.0 113.4 113.0 122.6 0.80 0.81 0.80 0.87

1500 10 0 471.1 374.3 379.5 374.3 384.4 0.79 0.81 0.79 0.82
100 0 275.7 212.8 2144 212.8 244.6 0.77 0.78 0.77 0.89

200 0 184.8 143.8 144.6 143.8 159.5 0.78 0.78 0.78 0.86

10 10 295.9 253.0 255.3 253.0 299.5 0.86 0.86 0.86 1.01

100 -25 211.1 126.6 127.1 126.6 183.5 0.60 0.60 0.60 0.87

200 50 109.8 74.9 75.1 74.9 79.5 0.68 0.68 0.68 0.72
Average | 274.71 215.24 217.35 215.24 247.10 0.77 0.78 0.77 0.90

Standard deviation | 132.26 | 111.34 113.36 111.34 109.78 0.09 0.09 0.09 0.13
0 0 31.7 26.4 26.5 26.4 26.4 0.83 0.84 0.83 0.83

0 10 35.4 22.6 22.9 22.6 26.5 0.64 0.65 0.64 0.75

0 -25 19.6 20.4 20.5 20.4 22.1 1.04 1.05 1.04 1.13

0 50 20.7 14.4 14.7 14.4 22.0 0.70 0.71 0.70 1.07

3000 10 0 27.3 25.2 25.3 25.2 254 0.92 0.93 0.92 0.93
100 0 233 17.9 17.9 17.9 18.7 0.77 0.77 0.77 0.80

200 0 18.3 13.6 13.5 13.6 14.1 0.74 0.74 0.74 0.77

10 10 35.4 21.7 22.0 21.7 25.8 0.61 0.62 0.61 0.73

100 -25 17.4 14.9 14.9 14.9 15.6 0.86 0.86 0.86 0.90

200 50 13.6 9.5 9.6 9.5 13.8 0.70 0.70 0.70 1.02
Average | 24.27 18.66 18.78 18.66 21.07 0.78 0.79 0.78 0.89
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Standard deviation | 7.78 5.50 5.56 5.50 5.13 0.13 0.13 0.13 0.14

0 0 91.9 86.5 87.0 86.5 86.5 0.94 0.95 0.94 0.94

0 10 90.1 70.9 71.9 70.9 86.4 0.79 0.80 0.79 0.96

0 -25 53.1 57.6 57.8 57.6 72.2 1.08 1.09 1.08 1.36

0 50 47.0 41.3 424 41.3 56.2 0.88 0.90 0.88 1.20

3000 10 0 76.0 82.4 82.8 82.4 83.0 1.08 1.09 1.08 1.09
100 0 67.2 57.9 57.8 57.9 60.3 0.86 0.86 0.86 0.90

200 0 54.8 43.5 43.3 43.5 45.1 0.79 0.79 0.79 0.82

10 10 89.3 68.2 69.0 68.2 83.8 0.76 0.77 0.76 0.94

100 -25 48.4 433 433 433 50.7 0.90 0.89 0.90 1.05

200 50 34.8 28.1 28.4 28.1 35.1 0.81 0.82 0.81 1.01

Average | 65.26 57.96 58.36 57.96 65.94 0.89 0.90 0.89 1.03

Standard deviation | 20.63 19.08 19.21 19.08 18.95 0.12 0.12 0.12 0.16

0 0 474.8 247.0 247.0 247.0 247.0 0.52 0.52 0.52 0.52

0 10 168.4 185.8 185.8 185.8 232.0 1.10 1.10 1.10 1.38

0 -25 126.1 137.9 137.9 137.9 220.7 1.09 1.09 1.09 1.75

0 50 92.4 93.4 93.4 93.4 107.6 1.01 1.01 1.01 1.16

3000 10 0 189.3 231.1 231.1 231.1 240.9 1.22 1.22 1.22 1.27
100 0 167.3 146.2 146.2 146.2 154.9 0.87 0.87 0.87 0.93

200 0 133.1 103.8 103.8 103.8 105.9 0.78 0.78 0.78 0.80

10 10 167.7 176.7 176.7 176.7 216.8 1.05 1.05 1.05 1.29

100 -25 117.0 99.6 99.6 99.6 148.4 0.85 0.85 0.85 1.27

200 50 71.4 61.4 61.4 61.4 67.2 0.86 0.86 0.86 0.94

Average | 170.74 148.27 148.27 148.27 174.15 0.94 0.94 0.94 1.13

Standard deviation | 113.11 61.33 61.33 61.33 65.53 0.20 0.20 0.20 0.35

Average of all 90 results | 129.4 98.6 101.6 99.0 110.5 0.8 0.8 0.8 0.9

Standard deviation of all 90 results | 58.52 45.89 48.38 46.27 45.53 0.13 0.13 0.13 0.14
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Table. A3 Comparison between the results of strength for the beam-column members with €3 cross-section (d = 300 mm, by = 50 mm, d; = 25
mm) obtained from detailed FE models and different design methods.

Ratio of each design method prediction to the

Length | Thickness | Eccentricity Capacity detailed FE result

L t e, e, Ppre | Ppsm | Posmw | Ppistortionalw | Piteraction | £0sM | Posmw | Ppistortionatw | Pinteraction

(mm) (mm) | (mm) | (mm) | (kN) (kN) (kN) (kN) (kN) Ppre | Pprg Pprg Pprg

0 0 56.0 52.1 52.9 52.1 52.1 0.93 0.94 0.93 0.93

0 10 60.3 41.1 43.6 41.1 45.3 0.68 0.72 0.68 0.75

0 -25 39.2 37.6 38.0 37.6 33.7 0.96 0.97 0.96 0.86

0 50 314 22.3 25.5 22.3 25.2 0.71 0.81 0.71 0.80

500 1 10 0 52.8 47.6 48.3 47.6 48.0 0.90 0.92 0.90 0.91

100 0 30.4 26.8 27.3 26.8 28.9 0.88 0.90 0.88 0.95

200 0 20.3 18.1 18.4 18.1 19.9 0.89 0.91 0.89 0.98

10 10 55.8 38.3 40.4 38.3 42.7 0.69 0.73 0.69 0.76

100 -25 26.9 22.4 22.7 22.4 22.0 0.83 0.84 0.83 0.82

200 50 18.8 12.4 13.4 12.4 14.2 0.66 0.71 0.66 0.75

Average | 39.17 31.87 33.05 31.87 33.21 0.81 0.85 0.81 0.85

Standard deviation | 15.81 13.32 13.40 13.32 13.16 0.12 0.10 0.12 0.09

0 0 199.7 172.8 174.9 172.8 172.8 0.87 0.88 0.87 0.87

0 10 212.2 128.6 137.7 128.6 136.0 0.61 0.65 0.61 0.64

0 -25 136.9 90.6 91.9 90.6 110.8 0.66 0.67 0.66 0.81

0 50 120.4 63.5 74.4 63.5 66.7 0.53 0.62 0.53 0.55

500 ) 10 0 191.8 1554 159.1 155.4 158.4 0.81 0.83 0.81 0.83

100 0 106.9 81.5 87.6 81.5 89.0 0.76 0.82 0.76 0.83

200 0 70.7 53.3 58.5 53.3 56.8 0.75 0.83 0.75 0.80

10 10 197.3 118.7 127.7 118.7 128.1 0.60 0.65 0.60 0.65

100 -25 97.2 57.1 60.4 57.1 71.3 0.59 0.62 0.59 0.73

200 50 59.6 34.8 40.3 34.8 37.1 0.58 0.68 0.58 0.62

Average | 139.27 95.63 101.24 95.63 102.69 0.68 0.72 0.68 0.73
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Standard deviation | 57.08 46.38 45.96 46.38 45.60 0.11 0.10 0.11 0.11

0 0 579.8 502.4 551.1 5479 502.4 0.87 0.95 0.95 0.87

0 10 481.7 353.7 377.2 375.7 360.4 0.73 0.78 0.78 0.75

0 -25 380.8 245.0 256.0 255.3 345.5 0.64 0.67 0.67 0.91

0 50 249.2 162.0 166.7 166.4 165.7 0.65 0.67 0.67 0.66

500 10 0 568.7 444.5 483.5 479.7 456.6 0.78 0.85 0.84 0.80
100 0 286.3 218.1 229.9 226.2 227.8 0.76 0.80 0.79 0.80

200 0 183.7 139.3 145.2 142.5 143.9 0.76 0.79 0.78 0.78

10 10 4753 324.0 344.3 342.3 335.6 0.68 0.72 0.72 0.71

100 -25 293.7 149.8 155.2 153.6 190.8 0.51 0.53 0.52 0.65

200 50 150.1 88.0 90.3 89.3 91.6 0.59 0.60 0.59 0.61

Average | 364.94 | 262.66 | 279.95 277.89 282.03 0.70 0.74 0.73 0.75

Standard deviation | 155.42 | 138.85 | 154.23 153.58 138.34 0.10 0.12 0.12 0.10

0 0 54.9 46.6 46.0 46.6 46.6 0.85 0.84 0.85 0.85

0 10 49.5 37.6 38.7 37.6 43.0 0.76 0.78 0.76 0.87

0 -25 35.8 34.6 343 34.6 334 0.97 0.96 0.97 0.93

0 50 25.2 21.2 23.8 21.2 25.2 0.84 0.94 0.84 1.00

1500 10 0 47.6 429 42.5 42.9 44.0 0.90 0.89 0.90 0.92
100 0 26.9 25.3 25.2 25.3 28.6 0.94 0.94 0.94 1.06

200 0 17.1 17.4 17.4 17.4 19.9 1.02 1.02 1.02 1.16

10 10 45.5 35.2 36.2 35.2 40.8 0.77 0.80 0.77 0.90

100 -25 25.2 213 21.2 213 21.9 0.85 0.84 0.85 0.87

200 50 13.7 12.0 12.8 12.0 15.2 0.88 0.94 0.88 1.11

Average | 34.13 29.40 29.81 29.40 31.86 0.88 0.89 0.88 0.97

Standard deviation | 14.54 11.56 11.24 11.56 11.28 0.08 0.08 0.08 0.11

0 0 189.8 153.6 151.6 153.6 153.6 0.81 0.80 0.81 0.81

0 10 185.8 117.6 120.8 117.6 136.0 0.63 0.65 0.63 0.73

1500 0 -25 116.9 85.0 84.2 85.0 109.7 0.73 0.72 0.73 0.94
0 50 81.7 60.7 66.6 60.7 66.7 0.74 0.82 0.74 0.82

10 0 172.7 139.7 138.8 139.7 144.9 0.81 0.80 0.81 0.84
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100 0 104.0 77.0 78.7 77.0 89.0 0.74 0.76 0.74 0.86

200 0 67.3 51.4 53.1 514 56.8 0.76 0.79 0.76 0.84

10 10 179.8 109.3 112.5 109.3 128.1 0.61 0.63 0.61 0.71

100 -25 89.8 54.8 55.6 54.8 70.9 0.61 0.62 0.61 0.79

200 50 51.5 34.0 36.7 34.0 37.1 0.66 0.71 0.66 0.72
Average | 123.94 | 88.30 89.86 88.30 99.28 0.71 0.73 0.71 0.81

Standard deviation | 53.25 40.18 39.06 40.18 40.77 0.08 0.08 0.08 0.07
0 0 568.0 483.3 476.1 4833 483.3 0.85 0.84 0.85 0.85

0 10 399.5 344.1 340.5 344.1 360.4 0.86 0.85 0.86 0.90

0 -25 320.7 240.3 238.5 240.3 342.3 0.75 0.74 0.75 1.07

0 50 200.2 159.9 159.1 159.9 165.7 0.80 0.79 0.80 0.83

1500 10 0 513.1 4294 424.8 4294 450.7 0.84 0.83 0.84 0.88
100 0 264.6 2144 215.7 2144 227.8 0.81 0.82 0.81 0.86

200 0 171.2 137.7 139.5 137.7 143.9 0.80 0.81 0.80 0.84

10 10 395.8 3159 313.4 3159 335.6 0.80 0.79 0.80 0.85

100 -25 255.2 148.0 148.6 148.0 189.5 0.58 0.58 0.58 0.74

200 50 120.5 87.4 88.1 87.4 91.5 0.73 0.73 0.73 0.76
Average | 320.88 | 256.05 | 254.43 256.05 279.07 0.78 0.78 0.78 0.86

Standard deviation | 146.96 | 132.65 | 129.93 132.65 134.14 0.08 0.08 0.08 0.09
0 0 45.4 31.8 31.3 31.8 31.8 0.70 0.69 0.70 0.70

0 10 45.7 27.3 27.6 27.3 32.1 0.60 0.60 0.60 0.70

0 -25 28.6 25.7 254 25.7 30.4 0.90 0.89 0.90 1.06

0 50 22.7 17.5 18.6 17.5 25.2 0.77 0.82 0.77 1.11

3000 10 0 38.9 30.0 29.6 30.0 31.6 0.77 0.76 0.77 0.81
100 0 20.3 19.8 19.7 19.8 242 0.98 0.97 0.98 1.19

200 0 11.4 14.4 14.4 14.4 17.4 1.27 1.26 1.27 1.53

10 10 44.2 26.0 26.2 26.0 31.4 0.59 0.59 0.59 0.71

100 -25 21.8 17.3 17.2 17.3 20.2 0.79 0.79 0.79 0.92

200 50 12.4 10.5 11.0 10.5 13.4 0.85 0.89 0.85 1.08
Average | 29.13 22.04 22.09 22.04 25.76 0.82 0.83 0.82 0.98

55




Standard deviation | 13.46 7.10 6.86 7.10 6.83 0.20 0.20 0.20 0.27

0 0 185.5 104.1 102.5 104.1 104.1 0.56 0.55 0.56 0.56

0 10 132.8 86.2 86.1 86.2 103.6 0.65 0.65 0.65 0.78

0 -25 85.0 67.3 66.5 67.3 101.1 0.79 0.78 0.79 1.19

0 50 65.6 51.1 52.5 51.1 66.7 0.78 0.80 0.78 1.02

3000 ) 10 0 126.8 97.5 96.5 97.5 103.3 0.77 0.76 0.77 0.81
100 0 94.2 62.2 62.9 62.2 77.7 0.66 0.67 0.66 0.82

200 0 65.5 443 45.3 443 554 0.68 0.69 0.68 0.85

10 10 134.1 81.6 81.8 81.6 101.1 0.61 0.61 0.61 0.75

100 -25 71.6 46.9 47.2 46.9 65.3 0.65 0.66 0.65 0.91

200 50 40.0 30.7 31.9 30.7 37.1 0.77 0.80 0.77 0.93

Average | 100.11 | 67.18 67.31 67.18 81.53 0.69 0.70 0.69 0.86

Standard deviation | 43.85 24.48 23.66 24.48 24.47 0.08 0.09 0.08 0.17

0 0 527.1 288.6 288.6 288.6 288.6 0.55 0.55 0.55 0.55

0 10 263.3 2293 229.3 229.3 250.3 0.87 0.87 0.87 0.95

0 -25 223.2 180.0 180.0 180.0 313.1 0.81 0.81 0.81 1.40

0 50 148.1 125.8 125.8 125.8 140.4 0.85 0.85 0.85 0.95

3000 4 10 0 355.6 267.6 267.6 267.6 283.1 0.75 0.75 0.75 0.80
100 0 237.3 161.6 161.6 161.6 183.3 0.68 0.68 0.68 0.77

200 0 148.1 112.2 112.2 112.2 121.7 0.76 0.76 0.76 0.82

10 10 263.4 215.8 215.8 215.8 239.0 0.82 0.82 0.82 0.91

100 -25 184.5 120.8 120.8 120.8 167.7 0.65 0.65 0.65 0.91

200 50 94.8 74.6 74.6 74.6 81.3 0.79 0.79 0.79 0.86

Average | 244.53 | 177.61 | 177.61 177.61 206.85 0.75 0.75 0.75 0.89

Standard deviation | 123.84 | 71.20 71.20 71.20 79.05 0.10 0.10 0.10 0.21

Average of all 90 results | 155.12 | 114.53 | 117.26 116.22 126.92 0.76 0.78 0.76 0.86

Standard deviation of all 90 results | 69.36 53.97 55.06 55.61 54.85 0.11 0.10 0.11 0.13
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