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Abstract: Cold-formed steel (CFS) is a typical green building material with the merits of being
low-cost, lightweight, high-strength, and recyclable. CFS built-up section beams are widely used in
CFS frames owing to their outstanding mechanical properties. However, a simplified and accurate
method for calculating the flexural moment capacity of multi-limb built-up beams is missing in
specifications. In this study, the flexural behaviors of CFS four-limb built-up beams with closed and
open sections are investigated via experiments and finite element (FE) modeling. Firstly, the flexural
moment capacities and failure modes of the beams are obtained by four-point bending experiments.
The ultimate load capacity of the new open section beam is found to be higher than that of the closed
section beam, and the failure mode is local buckling of the web and upper flange. Then, the FE
models validated by the tests are developed to conduct an extensive parametric study. Numerical
results show that the flexural moment capacity increases with the thickness and web depth. Finally, a
simplified calculation method for the flexural moment capacities of the closed and open section beams
is proposed by considering the reduction factor of gross section modulus of the built-up section.

Keywords: green building material; moment capacity; built-up beams; experimental study; numerical
analysis; cold-formed steel; simplified calculation method

1. Introduction

CFS structures have several merits, such as resistance to corrosion, high strength-to-
weight ratio, and efficient construction. In recent years, the research and application of
CFS structures have been promoted from low-rise to multi-story buildings. For multi-story
buildings constructed with CFS, built-up section members are frequently adopted to avoid
structural failures associated with large axial or bending loads. Currently, several types of
CFS built-up members assembled by multiple C- or U-shaped channels have been used in
the housing system. With the increase of cold-formed steel floors, multi-limb composite
section members with higher load capacity will be considered. However, the procedures
for calculating the load capacity of CFS multi-limb built-up members are not available in
some specifications, e.g., Chinese specification (GB50018-2002) [1] and North American
specification AISI-S5100 [2], and thus specific research on this topic is required.

Many studies on the flexural behavior of CFS double-limb built-up beams have been
conducted in recent years. Wang and Young [3] carried out experiments and numerical
simulations on two types of CFS double-limb built-up beams with different screw spacings.
For CFS double-limb built-up closed beams, the design formula is usually conservative.
Abbeasi et al. [4] presented and verified a new and practical compound strip method
(CSM) for CFS built-up sections which was applied to the stability analysis. Yao and
Zhou [5] proposed the direct strength method (DSM) and effective width method (EWM)
to predict the flexural moment capacity of CFS I-beams based on the results of experiments
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and parametric analysis. Selvaraj and Madhavan [6] experimentally and numerically
investigated the CFS back-to-back connected section beams and found that the flexural
moment capacity of these beams predicted using the DSM is conservative. Manikandan
et al. [7] studied the flexural behavior of stiffened CFS beams with upright, inclined, and
complex edge stiffeners.

Ferdous et al. [8] investigated the flexural and shear behavior of the Layered Sandwich
Beam (LSB). It was found that the shear and flexural strengths of the vertical LSB and
horizontal LSB were significantly higher compared to single-sandwich beams. Al-Rubaye
et al. [9] investigated the flexural performance of concrete one-way slabs reinforced with
GFRP bars. Based on the aforementioned research, it was discovered that the suggested
design guidelines for CFS beams in the current AISI specification may be conservative,
and a new design equation may be needed. To this end, Yao and Zhou [10] carried out
an experimental study and a numerical analysis on the flexural behavior of CFS built-
up beams with I-sections and box sections under flexural moments. They proposed a
simplified calculation method to predict the flexural moment capacities of CFS built-up
beams with I-sections and box sections.

Studies relating to multi-limb built-up CFS beams have also been reported. Numerical
research on the CFS beams with four types of cross-sections was conducted by Ghan-
nam [11] based on the experimental study conducted by Laim et al. [12]. It was found that
both the DSM and EWM would predict conservative results of the flexural moment capaci-
ties for the CFS built-up beams. Deepak and Shanthi [13] presented a parametric study on
the CFS Hybrid Double-I-Box Beams. A new simplified design formula was proposed to
predict the lateral-torsional buckling moment capacity of the beams. Currently, there are
two main design methods, i.e., DSM and EWM, to predict the flexural moment capacity of
the CFS multi-limb built-up section beams. However, both methods are conservative or
hard to operate [1-3,6,7,11], especially for the design of multi-limb built-up section beams.
Therefore, it is necessary to develop a simplified and accurate method for predicting the
flexural moment capacity of CFS multi-limb built-up section beams.

In this study, a new CFS four-limb built-up section is proposed, with a focus on the
flexural behavior of CFS four-limb built-up section beams. First, the flexural moment
capacities and failure modes of two types of CFS four-limb built-up section beams are
investigated via experiments. Then, FE models are built and validated using the test results.
The FE models are used to study the effects of length-to-height ratio (Ly/H,), section height-
to-width ratio (H./B.), and flange width-to-thickness ratio (By/t,;) on the flexural moment
capacities of the beams. Finally, a simplified calculation method for the flexural moment
capacities of CFS four-limb built-up section beams is proposed based on the experimental
and numerical data.

2. Experimental Tests
2.1. Test Specimens

The schematic of the tested four-limb built-up sections with closed and open configu-
rations is shown in Figure 1b,c. The four-limb built-up beams with closed and open sections
are abbreviated as B4 and K4, respectively. Each specimen is constructed by connecting
four U-shaped CFS members (Figure 1a) with the same dimensions using self-tapping
screws. For all members, the nominal thickness (t) is 1.2 mm; the nominal flange width
(B) is 50 mm, the nominal web depth (H) is 200 mm; the length (L) is 2000 mm. The steel
strength grade is Q235. The nominal diameter of screw is 4.8 mm and the screw spacing is
adopted as 300 mm [11,14]. The nominal cross-sectional dimensions of B4 and K4 beams
are shown in Table 1, and the geometric details of the specimens are presented in Figure 2.
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Figure 1. Schematic of members and specimens. (a) U-shaped CFS; (b) B4 cross section; (c) K4 cross
section (Unit: mm).

Table 1. Nominal dimensions of beam specimens.

. . - .
Specimen Cross-Sectional Form Dimension L H B fa Screw Spacing
(mm) (mm) (mm) (mm) (mm) (mm)
1 B4 40200 x 50 x 1.2 2000 200 100 24 300
2 K4 40200 x 50 x 1.2 2000 200 150 1.6 300

* 1, is the average thickness of section flanges.
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Figure 2. Dimensions of B4 and K4 beams (Unit: mm).

2.2. Material Testing

Tensile coupon tests are performed to determine the material properties of the steel.
Three tensile coupons, obtained from the CFS plates in the longitudinal direction by wire
cutting process, are used in the tests. The dimensions of the tensile coupons are determined
according to the Tensile Testing specification [15] and are shown in Figure 3a. The tensile
tests are carried out using a universal testing machine at a constant displacement rate of
0.5 mm/min, as recommended by Huang and Young [16]. During the test, the tensile
stress and tensile strain are recorded by the universal testing machine and extensometers,
respectively. Figure 4 shows the typical stress—strain curves of the tensile coupons with a
thickness of 1.2 mm. The material properties obtained from the tensile coupon tests are
summarized in Table 2.
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Figure 3. Tensile coupon tests. (a) Nominal dimensions of the tensile coupons (mm); (b) Universal
testing machine; (c) Fractured tensile coupons.
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Figure 4. Typical stress—strain curves of the tensile coupons with a thickness of 1.2 mm.

Table 2. Material properties of tensile coupons.

Coupon E (GPa) 9.2 (MPa) ou (MPa) es (%)
P1 204.31 248.71 359.85 28.00
P2 206.56 249.93 360.11 25.90
P3 207.93 252.76 358.84 25.40

Mean 206.27 250.47 359.60 26.40
COov 0.0089 0.0083 0.0019 0.0521

2.3. Test Set-Up and Loading

In the present study, four-point bending tests [12,17] are carried out to get the ultimate
load capacities and failure modes of the built-up section beams, as illustrated in Figure 5.
The test setup of the B4 beam is shown in Figure 6a. As seen in the figure, the beams are
mounted on a roller contact nest at one end and pinned support at the other end. The
lengths of the B4 and K4 beams are both 2000 mm. The lengths for the two shear spans and
the moment span (one-third of the beam span) are 600 mm. To prevent lateral instability,
fixtures (Figure 6b) are attached at the support positions of specimens. In addition, the
reinforcement components (Figure 6c) are added on the beam webs at the loading points of
specimens to avoid punching shear failure of the beam webs there. The dimensions of the
reinforcement components (CFS) are U120 x 40 x 1.2 (mm). Note that the length of the
web clear height is slightly bigger than the reinforcement components (CFS) to avoid the
components touching the flange during the test. The cross-sections of the specimens at the
support positions are filled with 200-mm long wooden blocks to avoid web buckling at the
support positions. To prevent stress concentration at nail caps, load transfer plates with
holes (Figure 6d) are used at the loading and support points.
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Figure 5. Schematic view of the experimental setup for the four-point bending tests (Unit: mm).

Figure 6. Test setup for B4 beam. (a) Overall view; (b) Fixture; (c) Reinforcement components; (d)
Load transfer plates with holes; (e) Hydraulic jack and load cell.

The loads are applied by the hydraulic jack (Figure 6e) using the manual loading
method. The hydraulic jack has a maximum load capacity of 200 kN. A load cell with a
capacity of 300 kN is installed under the hydraulic jack to monitor the loads. The loading
rate is controlled during the test such that it will slow down when the flexural deformations
of the specimen cross-section occur or the load value reaches 80% of the estimated ultimate
load capacity. It should be noted that the hydraulic jack stops loading when the load value
reduces to about 80% of the ultimate load capacity. During the test, the acquisition system
is used to collect the data of electronic dial indicators and the load cell.
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2.4. Test Results and Discussion

Figure 7 shows the failure modes of B4 and K4 beam:s. It is seen that the main defor-
mation region is located in the pure bending segment and there is almost no deformation
of the specimens at the loading and support points due to the supporting role of the re-
inforcement components and the filled wooden blocks. In addition, no lateral-torsional
buckling occurs in these specimens, and no slippage or large deformations of the screws
are observed. Close views of the failure modes and deformations of the B4 and K4 beams
at the mid-span are depicted in Figure 8a,c, respectively. Some folds emerge on the upper
flange and many bulges occur on the web for the beams, indicating that local buckling is
the main failure mode. It is observed that both beams undergo a large deformation in the
web first, and when the web bulges, the adjacent upper flanges are pulled to delay buckling
until they both flex simultaneously, causing buckling failure of the beam. The upper flange
deformations of the B4 beam are smaller than those of the K4 beam, which is due to the
smaller width-to-thickness ratio of the upper flange of the B4 beam (41.7) than that of the
K4 beam (93.8). Moreover, it is observed that the web deformations of the B4 beam are
larger than those of the K4 beam. The main reason is that the webs of the K4 beam are all
connected back-to-back and have a lower depth-to-thickness ratio (83.3) than the value for
the webs of the B4 beam (166.7).

@) (b

© (d)

Figure 8. Comparison of experimental and FE analysis results. (a) B4 beam in the experiment test; (b)

B4 beam in the FE analysis; (c) K4 beam in the experiment test; (d) K4 beam in the FE analysis.
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Figure 9 shows the mid-span load-vertical displacement curves for the two tested
beams (B4 and K4). As shown in the figure, the two beams are in the elastic stage before
the load value reaches 80% of the ultimate load capacity. In this elastic stage, the curves
of the two beams in Figure 9 almost coincide, indicating that the stiffness of these two
beams is close to each other. It can also be found from Figure 9 that in the plastic stage, the
deflections of the B4 and K4 beams increase rapidly with the increase of the applied load,
and the applied load sharply decays without a plastic plateau after reaching the ultimate
load. Table 3 shows the ultimate loads of the beams. It can be seen that the ultimate load
capacity of the K4 beam is 15% higher than that of the B4 beam. This is because the ratio
By/t, for the web of the B4 beam (166.7) is larger than that of the K4 beam (83.3), which
causes the B4 beam to be more prone to local buckling.
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Figure 9. Load—vertical displacement curves.

Table 3. Comparison of the ultimate load capacity of the CFS beams.

Section Fr (kN) Frg (kN) Fr/Feg
B4 41.94 46.11 0.91
K4 48.19 49.49 0.97

3. Finite Element Modeling and Parametric Study
3.1. General

For the numerical analysis, the FE method is utilized due to its accuracy, computational
efficiency, and economics. As the complex interactive buckling modes associated with CFS
beams can be reproduced well in FE modeling, this numerical approach is well-suited for
the present research purpose. In this study, the software ABAQUS [18] is used to implement
the FE study.

3.2. Element Type and Mesh

The CFS four-limb built-up section beams and their reinforcement components are
modeled by a linear four-noded quadrilateral thick (S4R) shell element according to the
dimensions presented in Table 1 and Figure 2. The S4R shell element has six degrees
of freedom per node. Since the thickness of the load transfer plates at the loading and
support points are 10 mm and their deformation is not observed during the tests, the
C3D8R solid element is chosen to simulate load transfer plates. This type of element
contains three degrees of freedom, corresponding to X, Y, and Z translations. To balance the
computation efficiency and the simulation accuracy, a sensitivity analysis of the mesh size
is performed. It is found that the optimal mesh size for modeling the two tested beams and
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their reinforcement components is 20 mm x 20 mm, and that for the load transfer plates
the optimal size is 30 mm X 30 mm, as shown in Figure 10.

U,=U,=U,=0,UR,=0

Figure 10. FE model of K4 beam.

3.3. Material Properties and Contact Properties

The Poisson’s ratio is adopted as 0.3 and the other values of material parameters used
in the FE models are obtained from the results collected from the tensile coupon tests.
The von Mises yielding criterion was chosen as the failure criterion of the FE models [17].
Since the deformation of the load transfer plates is found to be small, Young’s modulus of
the load transfer plates is set as ten times that of the U-shaped steel beams to ensure that
the load transfer plates are always in an elastic stage. In this study, residual stresses and
cold-work due to forming are ignored [19,20].

The flexural moment capacity and failure modes of the CFS beams are the main goals
of the numerical analysis. Since the deformation of the screws is small, the screws are not
physically modeled [3]. The node pairs of the screws are connected using the tie constraint.
All contact pairs are defined as surface interactions using face-to-face discretization. In the
contact properties, the normal behavior is defined as “hard contact” [21]. The tangential
behavior is defined as frictionless, and the tangential behavior of the contact between the
U-shaped CFS beams and the load transfer plates is defined as the penalty method with
the friction coefficient set to 0.2 [22]. The separation between the contact pairs is allowed
under tension. Considering the element type, the tolerance between the contact surfaces is
the thickness of the U-shaped steel. The tolerance between the U-shaped CFS and the load
transfer plates is 0.5 times the thickness of the U-shaped steel.

3.4. Boundary Conditions and Loading

To mimic the actual test, the boundary conditions and loads of specimens are applied
to the load transfer plates connected to the specimens. The outer surface of the load transfer
plate is coupled to the center by setting a reference point, to which the loads are applied.
As shown in Figure 10, simple support conditions were simulated by setting Ul = U2 =
U3 =0, UR3 =0 at one end of the beam and Ul = U2 = 0, UR3 = 0 at the other end of the
beam, where 1, 2, and 3 represent the X, Y, and Z directions, respectively, and R3 denotes
the direction of rotation around the Z axis.

To simulate the loading process, the displacement load of U2 = —20 mm is applied at
the reference points of the middle two load transfer plates. Here, the minus sign means the
opposite direction to the axis. The roles of the fixture and the wooden block at the support
position are simulated by setting the lateral displacement of the web near the support as 0
(U1 =0) in the FE models.

3.5. Initial Geometric Imperfections and Analysis Methods

The FE analysis may overestimate the ultimate load capacity when the local imperfec-
tions are ignored [23]. The magnitudes of the local and global imperfections for the beams
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are conservatively chosen as 0.5t and L/1000, respectively [24,25]. Note that t and L denote
the thickness and length of the U-shaped steel, respectively.

To introduce initial imperfections in the non-linear analysis, the FE model is analyzed
in two separate steps. The first analysis step includes a buckling analysis (eigenvalue
analysis) on the perfect specimen to obtain the buckling modes (eigen-modes). Local and
global imperfections are reintroduced into the FE models by superimposing the eigenmodes
from the buckling analysis. In the second analysis step, a static Riks analysis is conducted
to obtain the flexural capacities and failure modes. In total, the maximum number of
incremental steps is set to 1000, and the initial arc length increment is set to one with an
estimated total arc length of one.

3.6. Verification of FE Models

To verify the FE analysis, the FE results of the built-up beams are compared with the
experimental results. As shown in Figure 8, the failure modes obtained from both the exper-
iment beams and the FE models are local buckling of mid-span webs and upper flanges. It
is the same case for deformations. The comparison of the load-vertical displacement curves
is shown in Figure 9. It can be found that the results of FE analysis agree well with the
experiments in the early elastic stage. Table 3 provides a comparison of the ultimate load
capacity between the B4 and K4 beams. The ratios of the ultimate load capacity obtained
from tests to that from the FE models of the B4 and K4 beams are 0.91 and 0.97, respectively.

The comparisons above show that the experimental and FE results are in good agree-
ment in both the failure mode and the ultimate load capacity. Therefore, the FE models can
be further used for conducting the parametric analysis.

3.7. Parametric Study

To investigate the effects of the Ly /H, ratio, H. /B, ratio, and By /t, ratio on the flexural
moment capacity of the B4 and K4 beams, an extensive parametric study is carried out
for the B4 and K4 beams. A total of 224 models are developed for both B4 and K4 beams.
For the first 64 models of B4 beams, the parameters of the flange width (50 mm), length
(1400-3200 mm), web depth (180-240 mm), and thickness (1.2-2.1 mm) are considered.
For the last 48 models, the flange width (40-70 mm), length (1400-3200 mm), web depth
(200 mm), and thickness (1.2-mm) are considered. The selection of parameters for K4
beams is the same as that for B4 beams. These dimensions are adopted according to the GB
50018-2002 [1] and AISI S100-16 [2], and all related slenderness ratios are also in accordance
with the specification. The screw spacing is adopted as 300 mm.

Lo/ H, ratio, H. /B, ratio, and B/, ratio are defined as follows: L is the calculation
length, H, is the section height, B, is the section width, By is the width of the beam flange,
and ¢, is the average thickness of the flange.

It is observed that all FE models fail with local buckling modes within the moment
span. The calculated flexural moment capacities for those beams with different parameters
are summarized in Tables 4 and 5. Several phenomena can be observed as follows.

1. The flexural moment capacities of K4 beams generally exceed those of B4 beams. The
main reason is that the web depth-to-thickness ratios of the B4 beams are higher than
those of the K4 beams.

2. The flexural moment capacity is almost unchanged with the increase of the length of
the U-shaped CFS (1400-3200 mm). The reason may be that the failure mode is hardly
affected by the length.

3. The H./B, ratio increases with the increase of the web depth (180-240 mm). However,
the tendency is reversed for the length-to-height ratio.

4. The By/t, ratio increases with the increase of the flange width (40-70 mm). For B4
beams, there are no apparent trends between the flexural moment capacities and the
Bo/t, ratio. The reason may be that the B4 beams generally fail at the web rather than
the flange. For K4 beams, the flexural moment capacity increases with the increase of
the By/t, ratio.
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The By/t, ratio decreases with the increase of the thickness (1.2-2.1 mm). The flexural
moment capacity increases significantly with the increase of the thickness. This
phenomenon is mainly because of the significant increase of the effective bending
moment modulus.

Table 4. Summary of the flexural moment capacities for B4 beams.

t (mm)
M (KN-m)

1.2 1.5 1.8 2.1
B H LM M kK M M kK M M kK M M k

(mm) (mm) (mm) FE w FE w FE w FE w
1400 1131 2399 047 1693 2988 057 2311 3572 065 2939 4152 071
o 2000 1238 2399 052 1866 2988 062 2512 3572 070 3221 415 078
2600 1249 2399 052 1912 2988 064 2574 3572 072 3248 4152 078
3200 1247 2399 052 1786 2988 060 2497 3572 070 3134 4152 075
1400 1218 2781 044 1820 3465 053 2528 4144 061 3254 4819 068
oo 2000 1383 2781 050 2015 3465 058 2821 414k 068 3645 4819 076
2600 1392 2781 050 2212 3465 064 3010 4144 073 3749 4819 078
50 300 1387 2781 050 2124 3465 061 2836 4144 068 3572 4819 074
1400 1316 3186 041 1890 3970 048 2661 4749 056 3504 5524 063
o 2000 1495 3186 047 2236 3970 056 3120 4749 066 4046 5524 073
2600 1544 3186 048 1961 3970 049 3339 4749 070 4167 5524 075
3200 1541 3186 048 2341 3970 059 3182 4749 067 4024 5524 073
1400 1345 3613 037 1983 4503 044 2823 53890 052 3723 6269 059
Lo 200 159 3613 044 2447 4503 054 339 5389 063 M3 6269 071
2600 1714 3613 047 2606 4503 058 3617 5389 067 4597 6269 073
3200 1682 3613 047 2458 4503 055 3517 5389 065 4445 6269 071
1400 1233 2448 050 1902 3049 062 2561 3647 070 3257 4240 077
0 2000 1373 2448 056 2066 3049 068 27.69 3647 076 3475 4240 082
2600 1472 2448 060 2183 3049 072 2864 3647 079 3526 4240  0.83
300 1298 2448 053 2004 3049 066 2717 3647 075 3401 4240  0.80
1400 1218 2781 044 1820 3465 053 2528 4144 061 3254 4819 068
o 2000 1383 2781 050 2015 3465 058 2821 4144 068 3645 4819 076
2600 1392 2781 050 2212 3465 064 3010 4144 073 3749 4819 078
200 3200 1387 2781 050 2124 3465 061 2836 4144 068 3572 4819 074
1400 1221 3115 039 1907 3881 049 2529 4641 054 3300 5397 061
" 2000 1374 3115 044 1951 3881 050 2691 4641 058 3557 5397  0.66
2600 1415 3115 045 2010 3881 052 2738 4641 059 3642 5397  0.67
300 1432 3115 046 2053 3881 053 2821 4641 061 3556 5397  0.66
1400 1268 3449 037 1890 4296 044 2588 5138 050 3371 5975 056
" 2000 1452 3449 042 2131 4296 050 2976 5138 058 3816 5975  0.64
2600 1511 3449 044 2201 4296 051 3016 5138 059 4103 5975  0.69
300 1533 3449 044 2234 4296 052 3038 5138 059 3945 5975  0.66

Notes: L, H, B, and t are the dimensions of U-shaped CFS, Mg is the result of FE, My is the calculation result of
gross section modulus, fy = 235 MPa, and k is the ratio of Mg to M.
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Table 5. Summary of the flexural moment capacities for K4 beams.

t (mm)
M (KN-m)

1.2 1.5 1.8 2.1
B H LM M kK M M kK M M kK M M k

(mm) (mm) (mm) FE w FE w FE w FE w
1400 1425 3206 044 1969 3995 049 2714 4779 057 3373 5558 061
o 2000 1359 3206 042 1940 3995 049 2591 4779 054 3269 5558 059
2600 1352 3206 042 1891 3995 047 2532 4779 053 3213 5558 058
300 1337 3206 042 1852 3995 046 2516 4779 053 3161 5558 057
1400 1505 3716 041 2255 4631 049 3011 5542 054 3839 6447  0.60
oo 2000 1485 3716 040 2082 4631 045 2840 5542 051 3805 6447 059
2600 1494 3716 040 2034 4631 044 2851 5542 051 3735 6447 058
50 3200 1480 3716 040 2055 4631 044 2901 5542 052 3731 6447 058
1400 1646 4255 039 2413 5305 045 3334 6350 053 4230 7389 057
o 2000 1663 4255 039 2439 5305 046 3364 6350 053 4271 7389 058
2600 1645 4255 039 2299 5305 043 3164 6350 050 4174 7389 056
300 1643 4255 039 2305 5305 043 3161 6350 050 4130 7389 056
1400 1853 4825 038 2615 6017 043 3561 7203 049 4744 8383 057
Lo 2000 1839 4825 038 2513 6017 042 3646 7203 051 4743 8383 057
2600 1804 4825 037 2607 6017 043 3613 7203 050 4717 8383 056
300 1775 4825 037 2438 6017 041 3448 7203 048 4693 8383  0.56
1400 1381 3270 042 2040 4076 050 2743 4877 056 3523 5673  0.62
0 2000 1375 3270 042 2078 4076 051 2809 4877 058 3519 5673  0.62
2600 1394 3270 043 2130 4076 052 2861 4877 059 3435 5673 0.6l
3200 1375 3270 042 2050 4076 050 2694 4877 055 3437 5673 061
1400 1505 3716 041 2255 4631 049 3011 5542 054 3839 6447  0.60
o 2000 1485 3716 040 2082 4631 045 2840 5542 051 3805 6447 059
2600 1494 3716 040 2034 4631 044 2851 5542 051 3735 6447 058
200 3200 1480 3716 040 2055 4631 044 2901 5542 052 3731 6447 058
1400 1560 4162 037 2298 5187 044 3104 6207 050 3954 7220 055
o 2000 1604 4162 039 2262 5187 044 3097 6207 050 3954 7220 055
2600 1566 4162 038 2246 5187 043 3017 6207 049 3853 7220 053
3200 1561 4162 038 2156 5187 042 2919 6207 047 3673 7220 051
1400 1621 4608 035 2329 5743 041 3177 6872 046 4199 7994 053
" 2000 1637 4608 036 2329 5743 041 3131 6872 046 4055 7994 051
2600 1666 4608 036 2337 5743 041 3101 6872 045 3941 7994 049
300 1661 4608 036 2303 5743 040 3129 6872 046 3884 7994 049

Notes: L, H, B, and t are the dimensions of U-shaped CFS, Mg, is the result of FE, Myy is the calculation result of
gross section modulus, fy = 235 MPa, and k is the ratio of Mg to M.

4. Simplified Calculation Method

As stated earlier, the flexural moment capacity for CFS built-up section beams is
conservatively evaluated by DSM and EWM. DSM is based on a single member or a
built-up section formed by two members in back-to-back contact, while EWM is hard
to operate [1,3,6,7,11]. Therefore, it is necessary to develop a simplified and accurate
method for predicting the flexural moment capacity. Considering the reduction factor of
the gross section modulus of the built-up section, Yao and Zhou [10] proposed a simplified
calculation method to predict the flexural moment capacities of the CFS I-section and box
section beams. Based on this method, a simplified calculation method was proposed in this
section to predict the flexural moment capacities of the B4 and K4 section beams.
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4.1. Derivation of the Simplified Calculation Method

The gross section flexural moment capacity M, can be determined by the gross section
modulus W as the following:

The equivalent section modulus W, is determined by
My
We = — 2)
e fy
where M, is the flexural moment capacity.
Therefore, the reduction factor of the gross section modulus k can be obtained as
_We  Wexfy M (3)

W WX, M,y
Combining Equations (2) and (3), flexural moment capacity M,, can be formulated by
My = M, X fy =k xW x f, 4)

4.2. Regression Analysis of k Values

The k values for B4 beams and K4 beams are listed in Tables 4 and 5. Considering the
square roots of the parameters Lo/H., H./ B, and By/t,, these k values are analyzed by
using the regression analysis method. Then, Equations (5) and (6) for B4 and K4 beams,
respectively, can be derived.

For B4 beams:

k = 1.55 + 0.06y/Lo/Hc — 0.19\/Hc/Bc — 0.15+/By/ t (5)

The limitations for Equation (5) are as follows. (1) The range of Ly/H, is 5 to 16.7; (2)
The range of H./B. is 1.3 to 3; (3) The range of By /t, is 19.0 to 58.3; (4) The range of screw
spacing is 150 to 600 mm [3] and in accordance with AISI S100-16 [2].

For K4 beams:

k = 1.41—0.01y/Lo/Hc — 0.25v/Hc/Bc — 0.07+/Bo /ta (6)

The limitations for Equation (6) are as follows. (1) The range of Ly/H, is 5 to 16.7; (2)
The range of H. /B, is 0.86 to 2; (3) The range of By/t, is 42.9 to 131.3; (4) The range of screw
spacing is 150 to 600 mm [3] and in accordance with AISI S100-16 [2].

The values for the correlation coefficient square for B4 and K4 beams are 0.9094 and
0.9478, respectively. Figure 11 gives the comparison for k between the predicted values
using Equations (5) and (6) and those computed through FE models. It can be seen that
the predictions using Equations (5) and (6) are in good agreement with the FE results,
indicating the effectiveness and rationality of Equations (5) and (6).

Substituting Equations (5) and (6) into Equation (4), the formulas of the flexural
moment capacities for the four-limb built-up beams are readily found.

For B4 beams:
My =kx WX f, = (1.55 +0.06/Ly/Hc —0.19y/Hc/Bc — 0.15\/Bo/ta> x W x fy (7)
For K4 beams:

My =kx W x f, = (1.41 —0.01y/Lo/Hc — 0.25v/Hc/Bc — 0.07\/B0/ta) X W X fy (8)
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Figure 11. Comparison of the value of k calculated by Equations (5) and (6) and obtained from
FE models.

5. Conclusions

In this study, a new CFS four-limb built-up section is proposed. The flexural moment
capacities and failure modes of two types of four-limb built-up CFS section beams were
investigated by both experiments and FE methods. The parametric analysis was carried
out based on the validated FE model, and a simplified calculation method was proposed to
predict the flexural moment capacities of CFS four-limb built-up closed and open section
beams, namely B4 and K4 beams. The following conclusions are drawn from this study:

1. The failure modes of the beams with B4 and K4 sections were local buckling at the
web and the upper flange.

2. Generally, the ultimate load capacities of K4 beams are higher than those of B4 beams.

3. For both B4 and K4 beams, the flexural moment capacity increases with the increase
of the section height and thickness. However, with the increase of the flange width-to-
thickness ratio, the flexural moment capacity of K4 beams increases but the flexural
moment capacity of B4 beams shows no significant changes.

4. Asimplified method was proposed to predict the flexural moment capacities of closed
and open section CFS beams. The new CFS four-limb built-up beam and simplified
formulas can provide a reference for the design of multi-story buildings.
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