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Abstract

The load transfer mechanism in cold-formed steel (CFS) bolted moment connections is mainly through
the bolt-group in the web of beam elements, which may lead to relatively large bimoment and warping
deformation. While the bimoment effects can be considered in the Direct Strength Method (DSM),
ignoring the bolt-group length in the conventional design process can lead to non-conservative
solutions. This paper presents an alternative analytical design approach using Eurocode 3 (EC3) effective
width method to determine the ultimate flexural strength of CFS bolted moment connections by
considering bimoment effects. The results compare very well with previously published experimental
test data as well as detailed finite element models developed in this study. It is shown that a short bolt-
group length may lead to up to 25% reduction in the flexural strength of the CFS bolted connections.
However, a longer bolt-group length generally results in a moment capacity almost equal to the flexural
strength of the CFS channel section. Shape optimisation is then conducted using a Genetic Algorithm

(GA) to improve the flexural capacity of the connections by taking into account the bimoment effects.


https://www.sciencedirect.com/science/article/pii/S0141029615001406#!
https://orcid.org/0000-0003-4410-9529
mailto:i.hajirasouliha@sheffield.ac.uk

The main design variables are considered to be the relative CFS beam cross-sectional dimensions, while
the plate slenderness and dimension limits suggested by EC3 as well as a number of manufacturing and
practical end-use constraints are incorporated as design constraints. It is found that, compared with
standard cross-sectional dimensions, the optimised sections can improve the flexural strength by as

much as 36% for the bolt-group length equal to the depth of beam element.
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1 Introduction

The use of cold-formed steel (CFS) members as the main load-carrying structural members in portal
frames and shear walls has significantly increased in the building industry. Compared to hot-rolled steel
sections, CFS members have advantages such as a higher moment of inertia/weight ratio, ease of
manufacturing, and flexibility in cross-sectional shape and dimensions. Manufacturing cross-sections
with variety of shapes provides an opportunity to improve the behaviour of CFS structures (i.e. beam,
column, beam-column, and frame) in terms of stiffness, strength, ductility and energy dissipation

capacity (Mojtabaei et al., 2019, Ye et al., 20183, Ye et al., 2018b, Wang et al., 2016, Phan et al., 2019).

Over the last decade, CFS moment-resisting frames have been increasingly used as the main structural
system in the building industry. Previous studies indicate that the structural performance of a CFS
moment-resisting frame depends mainly on the flexural behaviour of its connections (Mojtabaei et al.,
2018, Lim and Nethercot, 2004a, Sabbagh et al., 2010, Dubina et al., 2009). The design of CFS beam and
column members is generally carried out following the conventional approaches, i.e. Direct Strength
Method (DSM) or Effective Width Method (EWM). However, experimental and analytical investigations
on the moment-rotation behaviour and failure modes of different CFS bolted moment connections

showed that flexural strength of the CFS sections may be also affected by eccentric bolts forces being
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offset from shear centre, leading to warping torsion of the channel sections (Lim and Nethercot, 2003).
This indicated that the flanges of the CFS beam sections should be accounted for the resulting warping
torsion (or bimoment) at the connection zone. However, the bimoment effects are generally ignored in

the conventional design of CFS moment-resisting frames.

For a channel section subjected to major axis moment, the bimoment leads to compression stresses at
the top flange/web junction, which should be added to the compression stresses caused by major axis
bending moment. Fig. 1 shows the stress profile for the combined stress distribution generated using
CUFSM (Schafer, 2006). It can be seen that the bimoment generates tensile stresses at the top flange/lip
junction, which oppose the compression stresses due to major axis bending moment. This results in
increasing the compression stresses at the top half of the web and a portion of the top flange. However,
the other portion of the top flange is in tension. This effectively anchors the top flange against

distortional buckling, however reduces the local buckling critical stress in the web.

The dominant failure mode observed experimentally for CFS bolted moment connections is
characterized by buckling of the web close to the connection zone, first reported by Kirk (1986).
Experimental work on apex connections showed that the strength of the connections can be also
influenced by lateral-torsional buckling of the gusset plate (Oztiirk and Pul, 2015). In other relevant
studies, Chung and Lau (1999) and Wong and Chung (2002) investigated experimentally the structural
performance of the CFS bolted moment connections. Using perpendicular springs for modelling of the
bolts, Lim and Nethercot (2003) showed that the bolt-group length can have a significant effect on the
capacity of the CFS bolted connections under pure bending. In a follow-up study, Lim et al. (2016)
demonstrated that the Direct Strength Method (DSM) (AISI S100-16, 2016) can be adequately used to
find the strength of the CFS bolted-moment connections with practical connection sizes. In another

study, Buémys (2018) predicted analytically the moment-rotation behaviour of bolted-moment



connections by using a set of springs to represent gusset plate, beam bolt-group and column bolt-group.
More recently, Rinchen et al. (2019a, 2019b) investigated the moment-rotation behaviour of different
types of connections used in CFS portal frames including apex, eves and base connections through
experimental tests and advanced numerical modelling. The results of their study were also used to
develop a practical method to design cold-formed steel single C-section portal frames using Direct
Strength Method and Direct Design Method (Rinchen et al., 2019). Sabbagh et al. (2012) conducted
cyclic tests to evaluate the hysteretic behaviour of CFS bolted-moment connections considering bearing
and slippage of the bolts. It was shown that adding flange bends in the beam cross-section can generally
improve the performance of the connection. Similarly, Ye et al. (2019b, 2019a) showed the dependency
of seismic characteristics of the bolted-moment connections on the beam cross-sectional shapes and

thicknesses, gusset plate thicknesses, and bolt configurations.

It should be mentioned that most of the above-mentioned analytical studies mainly focused on the
global behaviour of the CFS bolted moment connections under different types of load (i.e. monotonic
and cyclic) without considering the effects of bimoment. This highlights the need to develop a general
design approach to predict the flexural strength of CFS bolted moment connections, which takes into
account the bimoment. The influence of cross-sectional shape on increasing or decreasing the
bimoment effect is another important issue which needs to be addressed. This paper aims to propose an
analytical design approach using EC3 effective width method and classical structural analysis theories for
determining the ultimate flexural strength of CFS bolted moment connections by taking into account the
effect of bimoment. To assess the accuracy of the proposed analytical design approach, the calculated
results are compared with the results of previous experimental tests as well as experimentally validated
Finite Element (FE) models subjected to pure bending moment. An optimisation framework is then

presented, using Genetic Algorithm (GA) linked to the proposed analytical design approach developed in



MATLAB (2015), to optimise the beam cross-sectional shapes in CFS bolted moment connection for

maximum flexural capacity.

2 Analytical approach

2.1 Description of torsion and bimoment

St. Venant’s theory can be applied for a member under uniform torsion, based on the fundamental
assumption of plane sections after twisting. It is well-known that this assumption holds true for circular
closed sections, while it may not be accurate for open sections and non-circular closed sections. The
cross-sections of thin-walled CFS members in torsion generally exhibit warping, and therefore, do not
remain plane (known as non-uniform torsion). For the case of channel section, if this warping is
restrained, in-plane bending moment will be generated in the flange, but in the opposite direction in
each flange. Vlaslov (1961) initially investigated this type of behaviour using classical structural theories
and defined the induced bending in the flanges caused by warping restraint as bimoment. The presence
of bimoment leads to normal stresses in the cross-section, which act similar to the flexural stresses and
may be of the same order of magnitude. In this section, the warping torsion formulations are developed
for bolted moment connections with CFS lipped-channel section to take into account the effect of the
bimoment. The principle of superposition is then used to combine the longitudinal stresses due to

bending and warping.

In non-uniform torsion, in addition to the St. Venant shear stresses, longitudinal strains are also present
owing to the warping. Consequently, normal longitudinal stresses are generated at the cross-section,
which vary along the member length. It should be noted that the generated longitudinal stresses caused
by warping are directly related to the level of resistance against warping. The applied torsional moment
T is divided into two terms: (I) a torsion as a result of the uniform torsional rotation of the cross-section

(T:), and (1) a warping torsion caused by the warping restraint (T):



T=T,+T,

(1)

. . . . do, . . .
For the case of uniform torsion, the angle of rotation per unit length (d—f) is proportional to the torsional

moment (T;):

a _ Tt
dx  GI,
(2)

where I; is the torsion constant; G is the shear modulus; ¢ is the twist of the section; x is the length
variable coinciding the longitudinal axis of the member. By considering the bending of the flanges due to
warping, the second term of the applied torsional moment, Ty, for the torsion of a non-circular section is

then expressed by:

where E is the elastic section modulus, and I,, is the warping constant. The longitudinal stresses and
shear stresses due to an applied torsional moment (T) can be evaluated using the solution of the Eq. (1)

with appropriate boundary conditions. By differentiating the equation for the torsion of a non-circular

section:

ar _ _p; d'¢ e _
dx ELy, dx* +Gl dx2
(4)

or



a'¢_ 240 _ m

dx* dx%?  EIl,

(5)
Gl . . _— .

where k = El—t and m denotes the intensity of a distributed torsional moment (m=0 for a
w

concentrated torsional moment). The general solution of Eq. (5) is as follow:

¢ = C; coshkx + C, sinhkx 4+ C3x + C4 + ¢

(6)

2
where ¢ is a particular solution and is taken: ¢py=0 for m=0 and ¢ = %for uniform m. Ci1 to C4 are
t

constants which should be solved based on the boundary conditions of the CFS bolted moment
connection (see Fig. 2). In general, in this study four different restrictions are imposed on the beam

cross-section subjected to bimoment (warping torsion):

(1) Twist of the section at x= 0 and L is prevented.

(2) Warping of the cross-section plane at x=0 and L is prevented.

a¢

dx

(8)
(3) The known external torsional moment is To at one end of the beam (x=0).

3
T=T +T, = —EL2$+6L,22 =T,

W dx3

(9)



(4) The bimoment (B) is externally applied (Bo) at one end of the beam (x= 0).

2
B= —EI, <2 =B,

W dx?

(10)

2.2 Development of bimoment in CFS bolted moment connection

A typical CFS bolted-moment connection is generally formed through a plate bolted to the webs of the
CFS back-to-back channel sections. The strength of the CFS sections at the joint is mainly determined
based on the distribution of internal bolt-forces (f) (Blum and Rasmussen, 2019). Fig. 2 shows the
internal bolt-forces (f) of a typical bolt-group (formed from nine bolts with the length of a, and the
height of by) used in a connection under pure bending. The bolt-group resists against an applied bending
moment (M.,) and rotates about a point known as the centre of rotation (c.r). Therefore, each internal
bolt force (f;) acts in a direction perpendicular to the line drawn from the centre of rotation to the bolt-

hole, while it is proportional to its distance d; from the centre of rotation:

fi = cd;

(11)

where c is a constant calculated based on the equilibrium of applied bending moment and internal bolt

forces using the following equations:

c = MC.T

- 2
YL, df

(12)

M., = ?:1 fidi

(13)



where n is the number of bolts in the bolt-group. It is worth mentioning that, for a connection under
pure bending moment, the bolt-group centre of rotation (c.r) coincides with the centre of the bolt-group
(c.b), as shown in Fig. 2. In general, the web of each channel section in the CFS bolted connection under
pure bending moment at the right end is subjected to the forces acting through bolt-group (see Fig. 2).
Based on a free body diagram of the segment between sections a-a and b-b cutting through the first
column of the bolt-group and the location of warping restraint, the shear force on section a-a acting

upwards has a magnitude of:

Mpap
2 2
ajp +bp

V:Va:2f1y+f2:

(14)

where M, is the applied bending moment at section b-b, which is assumed to be equal to the moment
transferred to the centre of rotation M.,. a, and b, represent the length and the height of the bolt-

group, respectively (see Fig. 2).

The diagram of shear flow distribution generated by the shear force (V) on a CFS lipped-channel section
is shown in Fig. 3. Due to eccentricity of the bolt-group forces from the shear centre of section (e),

clockwise twisting moment (7) is then applied on the cross-section:

T = V.e

(15)

To develop an equation for the bimoment induced in CFS bolted moment connections, the constants C;
to C, in general Eq. 6 for the twist of the section first need to be specified. Four different general
restrictions proposed in section 2.1 are applied at sections a-a and b-b (see Fig. 2) to calculate the values

of these constants parameters:

Cross-section a-a:



( )x 0 — =0
G122, — El, (22 9. =T

dx3

and,

(16)

kC2+ C3=O
{k3C2= -T/EI,
(17)

Cross-section b-b:

( )x =0 )
d d ana,
GI.(GD)xer — Ely (dx"_j) =T

(18)

{ kCy sinh(kL) + kC, cosh(kL) + C5 =0
k3Cy sinh(kL) + k3C, cosh(kL) = —T/EI

(19)
where L is the distance between a-a section (x = 0) and b-b section (x = L). It should be noted that
d¢

warping is assumed to be fully restrained (i.e. o 0) in this study, leading to generate a bimoment on

the cross-section. The value of bimoment (B) at cross-section a-a (x = 0) is then calculated using

following equation:

B =—EI "’_ —EI,k2C,

(20)

where C; is obtained from the Egs. 17 and 19:
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_,_ T 1—-cosh(kL)
€= ( k3EIW)( sinh(kL) )

(21)

The longitudinal stress oz associated with a bimoment (B) is directly calculated based on the gross

properties using the following equation:

Bw

Op .

(22)
where w is the sectorial coordinate which varies around the section, as shown in Fig. 4.

In this study, the longitudinal stress caused by bending moment (ow) is calculated based on the
Eurocode 3 (EC3) effective width method (CEN, 2005, CEN, 2006) using the effective properties of the
cross-section. The effect of local buckling is taken into account in accordance with EC3 effective width
method, in which the load-bearing stresses shift toward the corner zones by reducing the effective
width of the constituent plates to reflect the fact that the flat portions of the cross-section contribute
less to the load-bearing capacity. The distortional buckling (or flexural-torsional buckling of plate sub-
assemblies) is also considered based on EC 3 by applying a reduction factor on the effective plate

thickness of each sub-assembly.

Therefore, the total longitudinal stress (o:) applied on the CFS cross-section is calculated using

superposition of the flexural and bimoment longitudinal stresses:

— =My B
or =0y tog= lors Yerr T » (e < fy)
(23)
where I is the effective second moment of area of the cross-section, and y.s denotes the effective

distance from centroid of the cross-section to the critical buckling point. The maximum capacity of the
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connection (Mg;) is achieved when the total longitudinal stress (g;) reaches the yield strength of the CFS
beam cross-section (f,). Previous experimental studies reported that the dominant failure mode is the
local buckling of the web near connection zone, where the farthest bolt from the centre of rotation is
located (Lim and Nethercot, 2003). In this study, the critical buckling point is assumed to be immediately
after the farthest bolt-hole line (1.5d, away from the bolt centre line), where dp is the diameter of the

bolt (see Fig. 5).

3 Accuracy of the proposed analytical approach

3.1 Comparison with experimental tests results

In this section, the accuracy of the proposed analytical approach for the connections under pure
bending is assessed based on the results of the experimental tests on the CFS apex joints conducted by
Lim and Nethercot (2003). Four apex joints with different bolt-group length were tested under four-
point bending (see Fig. 6). All bolt-groups consisted of an array of nine bolts, and the nominal diameter
of the bolts was 16 mm. A back-to-back CFS lipped-channel section was used with the dimensions shown
in Fig. 6. The modulus of elasticity (E) and the yield capacity (f,) were 210 GPa, and 358 MPa,
respectively, determined based on the average of three tensile coupon test results. The maximum
distance between the points of lateral restraint around the apex joint was 1036 mm. The length of the
segment between sections a-a and b-b for the tested apex connections (see Fig. 6) are listed in Table 1.
It should be noted that the dominant failure mode was local buckling of the webs of the channel
sections (see Fig. 7), and no buckling of the apex brackets was observed in the experiments. This is

consistent with the initial assumption made to develop the analytical approach (see section 2).

The results of the tested apex connections based on the proposed analytical approach are listed in Table

2. It is shown that there is a very good agreement between the capacities of the connections under pure
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bending predicted by the analytical model (Mg;) and those obtained from experimental tests (Mg*) with
on average less than 3% error (COV of 0.04). This implies that the CFS bolted moment connection under
pure bending can be designed for the full effect of bimoment. Similar to the experimental results, it is
shown in Table 2 that increasing the bolt-group length (a») could significantly decrease the bimoment (B)
and consequently enhance the connection strength (Ms). The proposed analytical approach is also
compared with the results of DSM developed by Lim et al. (2016) to estimate the capacity of the CFS
bolted moment connections (Mp”*M). It is seen that the predicted capacities based on DSM approach are

not very accurate for the longest and the shortest bolt-group lengths (around 15% error).

In general, the negative effect of the bolts on the capacity of CFS section is seen by comparing the ratios
of the connection strength (M) to the capacity of the back-to-back channel section calculated based
on the EC3 effective width method (M, c3). It can be seen that the accuracy of the EC3 predictions was
considerably lower (up to 19% error) for the connections with shorter bolt-group length due to the

bimoment effects as discussed before.

It is worth mentioning that while it is more accurate to consider the back-to-back channel as a built-up
section (Meza et al., 2019), in this study, the buckling resistance of the connection with back-to-back
channel section is calculated based on the assumption that single channels can buckle individually. This
approach leads to conservative design solutions and has been previously used by other researchers (e.g.

(Ye et al., 2018c, Ye et al., 2018b)).

3.2 Comparison with Finite Element (FE) analysis results

FE modelling has previously been used to predict the behaviour of CFS bolted connections with gusset
plates (Lim and Nethercot, 2004b, Sabbagh et al., 2013, Elkersh, 2010, Serror et al., 2016, Oztiirk and
Pul, 2015) and good agreement between the test results and the FE predictions has generally been

reported. In this study, the ABAQUS software (2014) is used to create detailed FE models of the apex
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connections tested by Lim and Nethercot (2003), accounting for material nonlinearity, geometric
imperfections and accurate bolt bearing behaviour. The validated models are then expanded to

investigate the accuracy of the proposed analytical approach discussed in section 2.

3.2.1 Bolt modelling
To accurately model the bearing behaviour of the bolts, “discrete fastener” elements available from the
ABAQUS library (2014) are adopted. For the purpose of validating the FE model, the bearing behaviour
of the bolt against the channel web is obtained from a lap shear test conducted by Lim and Nethercot
(2004a). In the adopted modelling approach, the displacement and rotation of each fastening point are
coupled to the average rotation and displacement of the surface nodes within a radius of influence.
While it is recommended in the ABAQUS manual (2014) to consider the radius of influence equal to the
radius of the bolt shank, a sensitivity analysis performed as part of this study showed that this
parameter had a negligible effect on the behaviour of the connections, mainly because bolt failure was

not critical.

3.2.2 Element type, material properties and boundary conditions
The general-purpose S4R element, which is a 4-noded quadrilateral shell element with reduced
integration, is selected to model both the CFS beam and the gusset plate in this study. Following a mesh
sensitivity analysis, a mesh size of 10x10 mm? is considered to provide a balance between accuracy and
computational cost. A bi-linear material stress-strain model is used with an elastic modulus E = 210 GPaq,
followed by a linear hardening range with a slope of E/100. This slope is obtained according to the
coupon tests results presented in Lim and Nethercot (2003). The yield stress and the ultimate stress
measured from the coupon tests are: f,=358 MPa and f,=425 MPa for the channel sections, and f,=341

MPa and f,=511 MPa for the gusset plate.
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The geometry and the boundary conditions of the developed FE model are shown in Fig. 8. The nodes
belonging to each end section are first coupled to the centroid of the whole cross-section, where a
reference point is defined. Simply supported boundary conditions are then applied to the reference
point at both ends, as clarified in Fig. 8. The lateral displacements of the webs are prevented at the
locations of the bolts similar to the experimental test setup. Finally, point loads are applied in a
displacement control manner to the reference points, which are coupled to all the nodes of the cross-

section at the load application points.

3.2.3 Geometric imperfections
It is assumed in this study that the global failure of the CFS beam due to lateral-torsional buckling is
prevented by a lateral bracing system similar to the experimental test setup (Lim and Nethercot, 2003).
Therefore, only local and distortional imperfections are considered in the developed models, depending
on which mode has lower critical buckling stress. An elastic buckling analysis in ABAQUS is conducted to
generate the geometric imperfections by using a scaled first mode shape. Based on the work by Schafer
and Pekoz (1998), applicable to cross-sections with less than 3 mm thickness (t), the 50% value of the
Cumulative Distribution Function of the imperfections is utilized, which scaled to amplitudes of 0.94t
and 0.34t for the distortional and local imperfections, respectively. When the thickness of the cross-
section is larger than 3mm, the imperfection magnitude is determined based on the equation proposed

by Walker (1975).

3.2.4 Verification and sensitivity study
The FE model is verified against the four aforementioned full-scale tests on bolted CFS apex connections
(Lim and Nethercot, 2003). The FE predicted capacities Ms/t are compared to the experimentally
obtained capacities Ms* in Table 2. In general, a good agreement is obtained with an average ratio of

M/ Mgt of 0.99 and a COV of 0.02. Subsequently, a sensitivity study is performed to assess the
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accuracy of the proposed analytical design approach using the validated FE models of the connections
with a wide range of CFS cross-sections, as illustrated in Fig. 9. It should be noted that in the proposed
analytical approach, it was assumed that warping is fully restrained. However, in the studied
connections the flanges are not directly connected and the warping is restrained in the beam webs by
the connection bolts. This implies that the assumption of fully restrained warping would be only
acceptable for the sections with higher warping constant (/). The results in Fig. 9 confirm that the
proposed analytical approach can be reasonably used when the warping constant (/) of the beam cross-
section is larger than 10° mm®. The maximum error in the estimated capacity of the connections in this
case was less than 15%, which is considered to be acceptable for practical design applications. As
expected, it is shown that the accuracy of the proposed method is considerably improved for the

sections with higher warping constant parameter.

To provide reliable design solutions in this study, it was checked that the values of warping constant of
all CFS beam sections were in the acceptable range (i.e. [,>10° mm®). However, further studies are

required to develop a more accurate analytical approach for the CFS sections with lower /,, values.

4 Definition of optimisation problems

This section is aimed to optimise the flexural capacity of CFS bolted moment connections by taking into
account the effects of bimoment determined according to the proposed analytical approach (see section
2) through changing the cross-sectional dimensions of the beam members. The CFS lipped-channel
cross-section with the same dimensions (336x88%x20 mm) and material properties (E= 210 GPa, f,=358
MPa) as the reference experimental tests was taken as a benchmark for the optimisation process (Lim
and Nethercot, 2003). The total coil width of the benchmark section (P = 552 mm) was kept constant in
the optimisation process to ensure the same amount of material is used for all sections. In this study, an

additional check was also placed to ensure the warping constant (/) of the beam cross-sections is larger
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than 10 mm® (see Section 3.2.4). To examine the efficiency of the optimisation framework on different
configurations of the CFS bolted moment connection, three different bolt-group length a,/h =1, 2 and 3
and two different beam length L = 2h and 4h (segment between sections a-a and b-b) are selected in this
study. Three different plate thicknesses were also utilised t = 1, 2, and 3 mm. The optimisation target
was to maximise the flexural strength of CFS sections in bolted moment connection (Mg) providing that
the stress at the critical point of the cross-section (1.5 d» away from farthest bolt) does not exceed the

yield stress:

Max: f(x) = Mp;

(24)

Subjected to: oy < f,

(25)

Fig. 10 shows a flowchart of the adopted optimisation process. To ensure that the optimum results

satisfy all the design and practical requirements, the following constraints are imposed (see Fig. 11):

a) The CFS beam sections were restricted to be lipped-channel as widely used in common practice.

b) To provide enough space for roofing system connections using screws, the minimum beam

flange width was considered to be 50 mm.

c) The minimum lip length was set to be 10 mm to help the cold roll forming process of the CFS

sections as suggested by the industrial advisor of the project.

d) The minimum and maximum depth of the channel sections was considered to be 100 mm and

400 mm, respectively.
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e) All the EC3 limitations for plate slenderness (width-to-thickness ratio) and lips’ angle were

considered as optimisation constraints (see Fig. 11).

5 Real-Coded Genetic Algorithm

Conventional Genetic Algorithm (GA) has been extensively used to find the best design solutions for
different types of structural components and connections (Bel Hadj Ali et al., 2009, Ramires et al., 2012,
Alberdi et al., 2015). In this study, a Real-Coded Genetic Algorithm (RC-GA) (Pathan et al., 2018) was
adopted to obtain CFS bolted moment connections with maximum ultimate load-bearing capacity (see
Eg. 26) by satisfying all the design constraints listed in Fig. 11. Compared to conventional binary GA
methods, the main advantage of RC-GA is directly applying the design variables without requiring coding
and decoding. This can considerably increase the computational efficiency of the optimisation process
(Lwin et al., 2014). In the adopted method, an initial population is randomly generated and then evolved
through simulated binary crossover (SBX) and polynomial mutation generic operations and by utilising
binary tournament selection method (Deb, 2001, Lwin et al., 2014). The random binary tournament
selection is used to ensure the best solutions do not dominate the mating pool. A niching technique is
also employed for selection and crossover operators to maintain the diversity of population during the

optimisation process. The details of the adopted optimisation process can be found in Phan et al. (2013).

A penalty approach method is used to take into account the selected design constraints (Pezeshk et al.,
2000, Yeniay, 2005). To provide a better convergence, the penalty value corresponding to each violated
design constraint is gradually decreased by increasing the number of generations, Gen, using the

following equation (Erbatur et al., 2000):
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(26)

where CVP; is the violated penalty for the i design constraint, g; is the violated constraint, and q is a
scale factor. Considering that all design constraints are unity normalised, the scale factor of 100 is used
for scaling the penalty values to the same order of the objective function of the optimisation. The fitness

function (F) is defined by:

F=W(1+3X%“CVP)

(27)

where u represents the number of design constraints. For each solution, the fitness function is
calculated based on the objective function using the penalty values corresponding to the violated

constraints.

Since better solutions receive smaller fitness values, they are favourably chosen by the tournament
selection operator. This leads to the lightest design solution, which satisfies all the defined design

constraints. The terminating criterion in this study is to reach a predefined total number of generations.

The above-mentioned design procedure in Section 4 and the RC-GA method were implemented in
Matlab (2015) to carry out the optimisation process. The GA population size and the maximum number
of GA generations (i.e. termination criterion) were considered to be 50 and 100, respectively. Based on
the results of a sensitivity analysis, the following GA parameters were also found to be suitable:
mutation probability p»= 0.01; crossover probability p. = 0.9; niching radius = 0.25; and distribution

coefficient for crossover and mutation operators=1.0.

19



6 Optimisation results and discussions

The optimisation framework adopted in this study consists of two distinct pieces of software developed
in Matlab (2015): (i) a programme implementing the proposed analytical approach, and (ii) a programme
carrying out the GA (as discussed in Section 5). For each CFS bolted moment connections, the
optimisation process was repeated five times using different sets of random initial populations, and the
design solution with the maximum bending capacity was considered as the optimum section. In all

cases, the final optimum solution was obtained with a reasonably small standard deviation.

6.1.1 Optimisation of tested cross-section
Using the proposed optimisation framework, the tested bolted moment connections (Tests A-D) (Lim
and Nethercot, 2003) are first optimised. Fig. 12 lists the dimensions of the optimum sections and the
strength improvements compared to the tested specimens for different bolt-group lengths. It should be
noted that at this stage the lips’ angle is kept perpendicular to the flanges (6=90°) during the
optimisation process. While the optimum cross-sections generally tend to provide the minimum
specified flange width, decreasing the bolt-group length (i.e. increasing the bimoment) leads to an
increase in the web height and consequently a decrease in the lip length. It can be seen that by simply
optimising the relative dimensions of the lipped-channel section without considering the effect of
bimoment, the capacity of the cross-section (Muecs) is slightly (up to 9%) increased. However, the
results of optimisation considering the effect of bimoment indicate that the optimisation process
possesses the highest level of efficiency in terms of strength (Mg) by up to 24% for the connections with
short bolt-group length where the largest amount of bimoment exists (Test A). As expected, the effect of
bimoment on the efficiency of the optimisation process and the optimum design solution was less
prominent (up to 10%) for the connections with larger bolt-group length (Test D). To assess the accuracy

of the proposed analytical approach for the optimised sections, FE models of connections with
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optimised beam sections are developed and the results of flexural capacities (Ms/t) are compared with
those obtained from the analytical approach (Ms). As shown in Fig. 12, the proposed analytical
approach could reasonably predict the flexural capacity of the optimum design connections with less

than 11% error (average error of 7%).

6.1.2 Effects of beam length and plate thickness on the optimum solutions

In this section, the typical CFS bolted moment connections are optimised by taking into account
different beam lengths (L), bolt-group lengths (a»/h), and plate thicknesses (t). The calculated cross-
sectional dimensions, properties and flexural capacity of the tested and optimised CFS bolted moment
connections are listed in Tables 3 and 4, respectively. While using larger bolt-group length in the
connection in general generates a smaller bimoment on the beam cross-section, it is shown that
increasing the beam length and plate thickness leads to an increase in the value of the bimoment (B)
(see Tables 3 and 4). As shown in Table 4, optimum solutions always provide the minimum specified
flange width (b=50 mm), regardless of the beam length and plate thickness. The results also
demonstrate that the variation of either the beam length or the plate thickness generally results in slight
changes in the lips’ length (or web height) of the optimum sections. It can be seen that, for the given
plate thickness and width, the proposed optimisation method could significantly increase (up to 36%)
the maximum flexural capacity of the CFS bolted moment connections (Mg) compared to the
benchmark tested connections (Ms;;). It is also observed that the optimisation process is more efficient
for the bolted moment connections with smaller bolt-group length (a»/h) and larger beam length (L).To
investigate the negative effect of bimoment on the capacity of CFS sections, the ratio of the connection
strength (Ms?) to the capacity of the adopted beam sections (i.e. back-to-back channel) determined
based on the EC3 (M ecs3) is calculated for different design parameters (i.e. as/h, t and L). Fig. 13 (a) and

(b) compare the results of the standard and optimised cross-sections, respectively. It can be seen that
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the presence of the bolts could considerably reduce the capacity of the cross-sections, especially for
shorter bolt-group lengths (up to 44% for the connection with L=4h and t=3 mm). However, the effect of
bimoment is generally mitigated by using longer bolt-group length, lower beam length and thinner

plates (see Fig. 13).

The accuracy of the adopted design method is also assessed by a comparison between the flexural
capacities of the connections calculated using the proposed analytical approach and those obtained
from detailed FE models. The results in Table 3 indicate that the proposed analytical approach could

predict the capacity of the connections with less than 8% error on average.

7 Summary and conclusions

This paper presented an alternative analytical design approach using Eurocode 3 (EC3) effective width
method to predict the ultimate bending capacity of CFS bolted moment connections by considering
bimoment effects. The predicted capacities based on the analytical approach were first compared with
the results of experimental tests on CFS apex connections. It was demonstrated that decreasing bolt-
group length can significantly increase the effect of bimoment and consequently reduce the connection
strength. Experimentally validated FE models were then developed by taking into account geometrical
imperfections and material nonlinearity to assess the accuracy of the analytical approach for a wide
range of cross-section dimensions. It was shown that the proposed approach is adequate to predict the
capacity of the bolted moment connections with cross-sections with warping constants (/,) over 10
mm?®. Subsequently, the proposed analytical approach was combined with an optimisation framework
using a Real-Coded Genetic Algorithm (RC-GA) to mitigate the effect of bimoment by optimising the
cross-sectional shape of the CFS beam elements. To provide practical design solutions, the EC3 design
limits, as well as a number of manufacturing and end-use constraints, were taken into account in the

optimisation process. In general, the presence of the bolts could significantly (up to 44%) reduce the
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capacity of the cross-sections, especially for shorter bolt-group lengths. However, it was shown that the
effect of bimoment could be mitigated by longer bolt-group length, lower beam length and thinner
plates. As a general trend, optimum cross-sections always adopted the minimum specified flange width
regardless of the beam length, plate thickness, and bolt-group length. However, decreasing the bolt-
group length (i.e. increasing the bimoment) led to an increase in the web height and consequently a
decrease in the lip length of the optimum cross-sections. The results also showed that the variation of
the beam length and the plate thickness generally resulted in slight changes in the lips’ length (or web
height) of the optimum sections. Using the same plate width and thickness, the proposed optimisation
method could significantly (up to 36%) increase the flexural strength of the CFS bolted moment
connection compared to the benchmark tested connections, while the optimisation process was more
efficient for the bolted moment connections with smaller bolt-group length and larger beam length. The
results of this study should prove useful for more efficient design of CFS sections in bolted moment

connections considering bimoment.
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Nomenclature

h web height

b flange width

c lip length

0 lip’s angle

t plate thickness

P total coil width

L beam length (segment between a-a and b-b)

G shear modulus

E elastic section modulus

fy material yield stress

fu material ultimate stress

e shear centre of the section

I, warping constant

I; torsion constant

w sectorial coordinate

lefr effective second moment of area of the cross-section

Veff effective distance from centroid of the cross-section to the critical buckling point
m intensity of a distributed torsional moment

Cito G4 constants

X is the length variable coinciding the longitudinal axis of the member
0] twist of the section

b0 particular solution

T applied torsional moment

T; torsion due to the uniform torsional rotation of the cross-section
T warping torsion caused by the warping restraint

To external torsional moment

B bimoment

Bo externally applied

Me, bending moment at centre of rotation

My, applied bending moment at section b-b

Mp; predicted flexural capacity of the connection considering bimoment based on proposed

26



MBI;S

DSM
Mp;
FE
Mp;
FE
Mais

Mpg®

M,ec3

Mw,ecs,s

V=V,
OB
Om

c.r
c.b
di

db

fi

ap
by
CVP;
gi

Gen

Pm
pe

analytical approach

predicted flexural capacity of the connection with standard beam section considering
bimoment based on proposed analytical approach

predicted flexural capacity of the connection considering bimoment based on DSM
predicted flexural capacitiy of the connection considering bimoment based on FE
predicted flexural capacitiy of the connection with standard beam section considering
bimoment based on FE

flexural capacity of the tested connections

flexural capacity of the back-to-back channel section calculated based on the EC3 effective
width method (without considering bimoment)

flexural capacity of the standard back-to-back channel section calculated based on the EC3
effective width method (without considering bimoment)

shear force on section a-a acting

longitudinal stress of the beam associated with a bimoment

longitudinal stress caused by bending moment

total longitudinal stress applied on the beam section

centre of rotation

centre of bolt-group

distance from the centre of rotation

number of bolts in the bolt-group

diameter of the bolt

internal bolt-forces

length of bolt-group

height of bolt-group

violated penalty for the /" design constraint

is the violated constraint

scale factor

fitness function

number of generation

number of design constraints

mutation probability

crossover probability
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List of Tables

Table 1. Experimental test results (Lim and Nethercot, 2003)

Channel dimensions a b ! Mo
Test (mm) b b | ap/h B
(mm) (mm) (mm) (kN.m)
h b c
A 336 88 20 315 230 | 0.94 721 75.0
B 336 88 20 390 230 | 1.16 646 77.5
C 336 88 20 465 230 | 1.38 571 82.5
D 336 88 20 615 230 | 1.83 421 87.5

Table 2. Comparison between calculated capacities of the bolted-moment connections using analytical
approach, DSM, FE, and EC3 with the experimental results

Analytical approach DSM FE EC3 Comparisons

i [}
Test| ¥ | x108 | v T B OB om | Mg |MgPM| Mgt |Muecs

(’r‘i&f) (r’;ln(:i) mm2) | (kN) |(kN.m)| (kN.m2)| (MPa) | (MPa) |(kN.m){(kN.m)]| (kN.m) |(kN.m)

Mg#2/Mgi| Mgi#P| Mgt | Mg/ M, ecs

—_

A | 293 |23.36| 4.6 |72.89| 2.41 |857.85|136.59|221.41| 69.66 76.01 1.08 0.99 0.81
B | 293 |23.36| 4.6 |[71.61] 2.36 | 761.84 |121.30|236.70| 74.46 78.44 80.72 9238 1.04 0.96 0.84
C | 293 [23.36| 4.6 |69.73] 2.30 | 656.04 |104.46(253.54| 79.76 82.50 1.03 1.00 0.89
D | 293 |23.36| 4.6 |64.86| 2.14 |450.29|70.70 | 286.3 | 90.06 88.02 0.97 0.99 0.95
Mean 1.03 0.99 0.87
Ccov 0.04 0.02 0.07

Table 3. Calculated properties and flexural capacity of the CFS bolted moment connections with the
tested beam cross-sectional dimensions (336x88x20 mm) subject to bending at the beam end section

leff w
6 3 v T B Os om Msi,s | Mm,ecs,s ) e
e (r);lrg“) (;11:]2) (kN) |(kN.m)|(kN.m?)/(MPa)|(Mpa) | (kN.m) | (kN.m) Mas/Mes

1 2h| 5.16 | 5.27 |13.45| 0.46 |153.95/75.91|282.09| 14.1 16.12 1.07

4h| 5.16 | 5.27 | 11.1 | 0.38 |253.91|125.2| 232.8 | 11.64 16.12 0.99

1 ) 2h | 14.29 | 5.09 |38.99 | 1.31 |436.86|108.82|249.18| 40.72 52.06 0.99
4h| 14.29 | 5.09 |29.95| 1.01 |669.04[166.65(191.35| 31.28 52.06 0.88

3 2h | 23.85 | 4.94 |67.25| 2.22 |736.78(124.29|233.71 70 94.66 0.89

4h| 23.85 | 4.94 |50.11 | 1.65 |1090.2(183.91{174.09| 52.16 94.66 0.87

1 2h| 5.16 | 5.27 | 9.87 | 0.34 |112.93|55.68|302.32| 15.1 16.12 1.10

4h| 5.16 | 5.27 | 854 | 0.29 |195.46/96.38 (261.62| 13.08 16.12 1.00

) ) 2h | 14.29 | 5.09 |29.54 | 0.99 |330.98|82.44|275.56| 45.04 52.06 0.97
4h| 14.29 | 5.09 |24.04 | 0.81 |537.11133.79|224.21| 36.66 52.06 0.92

3 2h | 23.85 | 494 |51.72 | 1.71 |566.66|95.59(262.41| 78.6 94.66 0.91

4h | 23.85 | 4.94 | 40.94 | 1.35 |890.81(150.27|207.73| 62.22 94.66 0.88

1 2h| 5.16 | 5.27 | 7.39 | 0.25 |84.58 | 41.7 | 316.3| 15.8 16.12 1.09

4h| 5.16 | 5.27 | 6.62 | 0.23 |151.46|74.68 |283.32| 14.16 16.12 1.02

3 ) 2h | 14.29 | 5.09 |22.62 | 0.76 |253.4 |63.12|294.88| 48.18 52.06 0.95
4h | 14.29 | 5.09 | 19.25| 0.65 [429.94(107.09/250.91 41 52.06 0.93

3 2h| 23.85 | 494 | 40.06 | 1.32 |438.89|74.04|283.96| 85.06 94.66 0.90

4h | 23.85 | 4.94 |33.28 | 1.1 |724.05(122.14(235.86| 70.66 94.66 0.89
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Table 4. Calculated cross-sectional dimensions, properties and flexural capacity of the optimised CFS
bolted moment connections subject to bending at the beam end section

t h b c . fef XZ(lUO3 4 T B OB om Msi | Mwm,ec3
a/hl ol E | mm) (mm) | (mm) | @ (glr:i) (mm?) | (kN) | (kN.m) | (kN.m?)| (MPa) | (Mpa) | (kN.m)| (kN.m) V87 Mes
_ [2h] 426 | 50 | 13 [10a] 72 | 265 [1351] 019 | 79.93 | 50,81 [307.19 1798 | 1838 | 128
ah| 430 | 50 | 11 |96 | 7.2 | 2.54 |11.75| 0.16 |133.16| 86.50 |271.41| 15.76 | 18.18 | 1.35
|, 2] a1a [ 50 [ 19 [108] 182 | 316 [39.89] 071 [284.19| 8415 [273.85[ 49.76 | 566 | 122
ah| 428 | 50 | 12 |105|18.35| 2.85 |31.78| 0.5 |404.01|125.08|232.92| 40.9 | 5454 | 131
, [2h] 401 [ 50 | 25 [110[3055 | 2.76 [67.06] 1.03 [419.7186.67 [271.33] 86.12 | 97.78 | 123
ah| 414 | 50 | 19 |108]30.57 | 2.41 |53.46| 0.69 |565.71|123.09|234.91] 70.98 | 92.92 | 1.36
, [2h] 427 [ 50 [ 13 [93] 72 | 261 [9.67] 013 | 5652|3669 [321.31] 182 | 1836 | 121
ah| 428 | 50 | 12 |104| 721 | 2.6 |8.76 | 0.12 | 101.65| 64.96 [293.04] 17.1 | 183 | 131
, |, [2h[ 406 [ 50 | 23 [ 991805 3.24 [3015] 0.56 [219.03] 6691 [291.09[ 5394 | 57.74 | 120
4h | 422 50 15 |103|18.33 | 2.97 |24.82| 0.41 |328.64(100.99|257.01| 46.02 | 55.68 1.26
, [2h] 393 [ 50 | 29 [108[3029] 2.93 [50.74] 0.83 [333.99] 683 |289.7 [93.54| 996 | 119
4h | 408 50 22 (107(30.66 | 2.54 (41.73| 0.57 |464.79| 99.72 |258.28| 79.92 | 95.22 1.28
1 2h | 426 50 13 |102| 7.19 2.66 | 7.14 0.1 42.3 | 26.97 [331.03| 19.38 | 19.36 1.23
4h | 427 50 12 |100| 7.21 2.58 [ 6.61 | 0.09 | 76.41 | 48.99 |309.01| 18.02 | 18.28 1.27
. |, [2n[ 399 [ 50 [ 26 [10117.98] 33 [2293] 0.44 [169.63] 5115 [306.85[57.02 | 5992 | 118
4h| 413 50 19 |106|18.18 | 3.18 |19.78| 0.36 |[280.36| 83.6 | 274.4 | 50.14 | 56.88 1.22
3 2h| 391 50 30 (110(29.91| 3.11 [39.19| 0.7 |274.29|54.51 {303.49| 99.1 | 100.88 1.17
ah| 399 | 50 | 26 |109|30.54 | 2.77 |33.24| 0.51 |407.24 | 84.24 [273.76] 87 | 979 | 123
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Fig. 1. Combined stress profile of a CFS lipped-channel section subjected to bending and bimoment
(generated using CUFSM (Schafer, 2006))
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Fig. 2. Internal bolt-forces distributed uniformly caused by a pure bending moment
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Fig. 7. Dominant failure mode of the apex joints tested by Lim and Nethercot (2003)
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Fig. 8. FE model of the CFS bolted apex connection, including loading and boundary conditions
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Fig. 9. Sensitivity study on the accuracy of the proposed analytical approach
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Fig. 10. Optimisation process flowchart of the beam section considering the effect of bimoment
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Design

Constraints based on

Manufacturing & practical

Lipped-channel variables EC3 Comments limitations (mm)
PR —
T —‘5\{—, 0.2<c¢/b<0.6
x1=c/b b/t<60 400=h>100
EN1993-1-3 Table 5.1
T x2=b/L c/t<50 and Equation (5.2a), b250
x3=0 h/t<500 Clause 5.5.3.2(1) c>10
&7
L st

Fig. 11. CFS beam with lipped sections, design variables and optimisation constraints

Optimised cross-section considering bimoment

Optimised
prmi . Bolt-group Bolt-group Bolt-group Bolt-group
. cross-section
Tested cross-section without length of test Allength of test Bjlength of test C|length of test D
bimoment a,=391mm | a,=476 mm | ap =566 mm | a,=718 mm
(ab/h=0.94) (ab/h=1.16) (ap/h=1.38) (ap/h=1.83)
336x88x20 mm 392x50x30 416x50%x18 411x50%20 403x50x24 398x50x27
mm mm mm mm mm
1 ] 1 1 1 1
J
I
L ——
Improvement in flexural capacity of
the optimised sections compared to 9% 24% 19% 16% 10%
the tested section
Msi (kN.m) - 86.38 88.61 92.52 99.07
Accuracy of analytical approach
- 0.89 0.91 0.94 0.98

compared to FE results (Msi/ Ms/®)

Fig. 12. Comparison between the tested (Lim and Nethercot, 2003) and optimised cross-sectional shapes
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Fig. 13. The strength reduction of the (a) tested cross-section (300x88%x20 mm) and (b) optimised cross-

sections due to the effect of bimoment in CFS bolted moment connections
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