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'is paper deals with a study conducted on flexural behavior of cold-formed steel built-up I-beams with hollow tubular flange
sections. 'ere were two types of test sections, namely, built-up sections that were assembled with either stiffened or unstiffened
channels coupling back-to-back at the web and a hollow tubular rectangular flange at the top and bottom of the web to form built-
up I-beam. 'e flexural behavior along with the strength and failure modes of the built-up sections was examined using the four-
point loading system. Nonlinear finite element (FE) models were formulated and validated with the experimental test results. It
was observed that the developed FE models had precisely predicted the behavior of built-up I-beams. Further, the verified FE
models were used to conduct a detailed parametric study on cold-formed steel built-up beam sections with respect to thickness,
depth, and yield stress of the material. 'e flexural strength of the beams was designed using the direct strength method as
specified in American Iron and Steel Institute (AISI) for the design of cold-formed steel structural members and was compared
with the experimental results and the failure loads predicted from FE models. Since the results were not conservative, a new
customized design equation had been mooted and delineated in the study for determining the flexural strength of cold-formed
steel built-up beams with hollow tubular flange sections.

1. Introduction

Cold-formed steel (CFS) sections have been transformed as
inherent elements in the construction and building industry
due to CFS products that have a larger strength to weight
ratio, enhanced stiffness, mass production, and speedy and
simple installation [1, 2]. With the advent of aluminum/zinc
coating, the applications of CFS sections have become
widespread across the world. 'e CFS built-up sections
commonly have single or double symmetric shapes with
stiffening lips on flanges and unstiffened or stiffened webs.

Quite a large number of investigations have been carried
out in the recent past on the behavior and design of CFS
beams under different loading conditions. Wang et al. [3]
have optimized the cross-sectional shapes of CFS beams and

beam-columns by considering the axial load and the bending
moment for a single-symmetric section. Yuan et al. [4] and
Moen and Schafer [5] have investigated the buckling be-
havior of CFS beams with holes in the web.Wang and Young
[6] have studied the behavior of CFS built-up section beams
with different screw arrangements. Ma et al. [7] also have
suggested design equations for CFS tubular beams. How-
ever, it is observed that CFS hollow flange built-up sections
are structurally more competent than the usual open
channel sections [8]. 'e flexural performance of conven-
tional built-up sections can be enhanced by means of hollow
flange sections as a large amount of mass is placed away from
the strong section axis [9].

In early 1990s, the hollow flange beams with better
buckling capacities for their distinct shape were first
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introduced in Australia [10]. Besides, these sections per-
formed well against distortional buckling because of the
existence of rigid hollow flange sections at the top and
bottom of the web. 'e cold-formed hollow flange steel
section is believed to have the benefits of both hot-rolled and
conventional CFS sections [11].'ere are only a few research
studies that have been carried out on the behavior of
rectangular [12–16] and triangular hollow flange sections
[17–19]. Keerthan et al. [2] have suggested the equations of
design to predict the web crippling capacity of hollow flange
beam sections.

'e hollow flange CFS sections are usually fabricated
either by cold-forming a single steel sheet to a preferable
shape or by merely connecting three steel elements. 'e
former process is quite complicated compared with the latter
because the hollow flange elements are well-connected (top
and bottom of the web) and secured by means of rivet/screw
or spot welding. In addition, the latter with different grades
and thickness can be used for T-section (web and flange) [8].
Furthermore, the residual stresses and initial geometric
imperfections which differ from common hot-rolled and
CFS may be introduced if the sections are fabricated by cold-
forming a single sheet [2].

In the present investigation, an effort has been made to
explore the flexural behavior of CFS hollow tubular flange
built-up I-beam sections. 'e beam consists of both
stiffened and unstiffened channels that are connected
back-to-back so as to form a web and a flange at the top
and the bottom. Nonlinear FE models are developed for
the proposed sections using FEA software ANSYS to
confirm the results of the experimental test. A detailed
parametric study is performed using the FE model with
respect to material factors such as yield stress, section
thickness, and depth of the beam. As per the citations of
the AISI standard [20], using direct strength method
(DSM), the estimated strength of the beams is compared
with the experimental results and the failure load pre-
diction from FE models.

2. Experimental Study

2.1. HollowTubular Flange I-Beam Sections. 'e beams were
fabricated in two stages; initially, the channel sections were
made by cold-forming a single sheet using press-braking
process and then the two channel sections were connected
together (back-to-back) with structural bolts to form the web
of the I-section. Later on, the rectangular hollow tubular
cold-rolled sections were linked above and beneath the web
by self-threaded screws. Both the web and the flange were
made up of steel with 1.6mm thickness, and the geometries
were attached so as to satisfy the standards given in the DSM
of CFS design as shown in Figure 1. 'e fasteners were fixed
both in the web and the flange at a uniform spacing of
140mm. 'e spacing of the fasteners was designed by
considering the spacing requirements of AISI specifications
[20]. 'e nominal diameter of the screw and the bolt was
4.8mm and 10mm, respectively. 'e position of the fas-
teners across the cross section of the beam is shown in
Figure 2.'e study was conducted in two test series, wherein

stiffened and unstiffened web sections were examined with
three different web aspect ratios (web length to web depth)
such as 6, 7.5, and 10 per test series. 'e beam length was
1500mm, and the specimens were labeled so that the web
(stiffened or unstiffened) and the depth of the beam could
easily be identified. For instance, the label with USW 300
denotes the unstiffened web specimen with the overall depth
of 300mm. 'e details of the test specimens are shown in
Table 1. 'e material properties are determined by the
tensile coupon test, and the average values that are recorded
in the test are presented in Table 2. 'ose properties were
used in the later part of the study for numerical investigation
and strength calculation.

2.2. Test Set-Up and Instrumentation. A four-point flexural
loading system was employed for testing the specimens. 'e
ends of the beams were placed on a roller and pinned
support, respectively, so as to provide a simply supported
condition. 'e distance between the supports was 1400mm.
'e test was conducted with the loading frame of 1000 kN.
'ree linear variable displacement transducers (LVDTs)
were utilized to measure the in-plane vertical displacements;
one at the midspan section of the beam and the other two
under the loading points. One of the LVDTs is used to
measure the lateral deformation of the web at midspan
section as shown in Figure 3. A number of strain gauges are
instrumented across the cross section as shown in Figure 4 at
the midspan of the beam to record the longitudinal strains.
Initially, a trivial load was applied on the beam to allow the
loading and support arrangement to adjust uniformly on the
bearings. 'e load was applied gradually by a hydraulic jack
and monitored by a load cell. 'e entire set-up was asso-
ciated to a data acquisition system where the load, dis-
placement, and strain readings were recorded at even
intervals throughout the test. As the test was employed to
examine the in-plane deformation under the load, restraints
were provided to prevent out-of-plane movement at the
supports and at the loading points. Additionally, steel
cushion plates of 6mm thickness were placed at the loading
and at the supports to avoid stress concentration in those
points.

3. Numerical Investigation

A nonlinear FE analysis has been carried out using ANSYS
software to predict the performance of the proposed hollow
flange built-up sections. Four nodded SHELL 181 elements
(with midline offset option) were used to model the beam
section and the steel bearings at the supports and at the
loading points. Based on the limitations of the model, a
10mm mesh size was brought into the proposed study. For
modeling the connections (Figure 5), coupling option was
used [21–23]. As suggested by Manikandan et al. [24], two
types of analyses, namely, eigenvalue buckling analysis and
static nonlinear buckling analysis were employed. Eigen-
value buckling analysis was used to find the buckling loads
and the corresponding buckling modes of the beam, whereas
the material and geometric nonlinearity were included in the
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nonlinear buckling analysis. However, the residual stress and
the effect of cold-forming operation were excluded in the
analysis. For the material of nonlinearity, bilinear stress-
strain curve was adopted [25]. As the geometric imperfec-
tion was not calculated in the experimental program, a value

of L/1000 which was suggested by Xu et al. [22] and Kan-
kanamge and Mahendran [26] was brought into the static
nonlinear buckling analysis. A complete FE model of a
hollow flange beam section with bearing plates (at loading
points and supports) is shown in Figure 6.
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Figure 1: Section geometries: (a) unstiffened beam section; (b) stiffened beam section.

Figure 2: Longitudinal profile indicating the location of fasteners.

Table 1: Specimen details.

Specimen Length (mm)
Section dimensions

w (mm) d (mm) t (mm) a (mm) b (mm) h (mm) H (mm)
200 USW 1500 100 25 1.6 — 25 150 200
250USW 1500 100 25 1.6 — 25 200 250
300USW 1500 100 25 1.6 — 25 250 300
200SW 1500 100 25 1.6 17.5 17.5 150 200
250SW 1500 100 25 1.6 17.5 17.5 200 250
300SW 1500 100 25 1.6 17.5 17.5 250 300

Table 2: Material properties.

Young’s modulus (N/mm2) Ultimate tensile strength (N/mm2) % elongation Yield strength (N/mm2)
2×105 310 15.5 220
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4. Theoretical Investigation

'e values from experimental (MEXP) and numerical in-
vestigations (MANSYS) were compared with the flexural
strength (MDSM) computed from the direct strength method
(DSM) using AISI specifications [20] for CFS structural
members. As stated in DSM, the nominal flexural strength
was the least which was considered for the buckling loads
(lateral torsional, local, and distortional) and the corre-
sponding values were calculated.

5. Results and Discussion

'e results obtained from experimental investigation, FE
analysis, and design strength of DSM are reported in Table 3.
'e load-deflection response of unstiffened beam sections is
shown in Figure 7. As a part of the experimental investi-
gation, longitudinal strains were recorded for all the spec-
imens using the strain gauge mounted at different locations
of the beam. For instance, the variations in longitudinal
strain along with the depth of the beam at midspan for
250USW section are shown in Figure 8. 'e bottom flange
and the lower part of the web (bottom three-forth height of
the web) had demonstrated a fairly linear increase in the
positive strain (due to tension) for every raise in the load,
whereas the top flange and the upper part of the web (top
three-fourth height of the web) had indicated a fairly linear
increase in the negative strain (due to compression). Nev-
ertheless, the variation of strain in the web section at the
supports was found to be absolutely nonlinear.

Invariably, the sections with the depths of 200 and
250mm had failed due to flexural buckling, and with further
increase in the load, the local buckling occurs in the tension
flange of the beams. However, for 300mm depth, due to the
effect of slender web, the failure was initiated by the local
buckling of the web section, and the further increase in the
load had resulted in web buckling at the supports. On ac-
count of the specimen dimensions, the detected failure
modes of the beam were localized at the end sections of the
beam, where the moment was almost zero. 'is behavior is
illustrated in Figures 9 and 10, which clearly demonstrates
that the sections cannot handle the localized shear failure.
'e figures indicate that the results of the experiment are
well-matched with those of the numerical study.

'e stiffened web interrupted the premature buckling of
the flange. However, it is observed that the web stiffeners are
closer to the flange that led to the premature bucking of web
at the supports as shown in Figures 11 and 12. 'e web
buckling has more control over the load carrying the ca-
pacity of beams when compared with the flange buckling. If
the web stiffeners are close to the flange (i.e., at flange-web
junction), their effectiveness get decreased. 'erefore, the
present study has found that the load carrying the capacity of

Figure 3: Test set-up and instrumentation.

Figure 4: Position of strain gauges for strain measurements.

Coupling
(For connections)

Figure 5: Connections in the FE model.

Figure 6: FE model with bearing plates at the supports and loading
points.
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Table 3: Comparison of results.

Specimen
Ultimate load (kN)

MEXP/MANSYS MEXP/MDSM MANSYS/MDSM Failure mode
MEXP MANSYS MDSM

200 USW 14.74 15.78 9.79 0.93 1.51 1.61 FLB+GB
250 USW 12.99 14.35 10.92 0.91 1.19 1.31 FLB+GB
300 USW 9.68 9.98 11.96 0.97 0.81 0.83 WLB+GB
200 SW 8.96 9.51 6.28 0.94 1.43 1.51 FLB+GB
250 SW 10.78 10.15 7.83 1.06 1.38 1.30 FLB+GB
300 SW 11.14 11.62 8.70 0.96 1.28 1.34 WLB+GB
FLB: flange local buckling; WLB: web local buckling; and GB: global buckling.
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Figure 7: Load-deflection response of unstiffened beam sections.
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Figure 8: Variations in longitudinal strain along the depth of the beam at midspan for 250USW section.

(a) (b)

Figure 9: Failure mechanism of (unstiffened) 200USW beam section: (a) ANSYS; (b) experimental.
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(a) (b)

Figure 10: Failure mechanism of (unstiffened) 300USW beam section: (a) experimental; (b) ANSYS.

(a) (b)

Figure 11: Failure mechanism of (stiffened) 200SW beam section: (a) experimental; (b) ANSYS.

(a) (b)

Figure 12: Failure mechanism of (stiffened) 300SW beam section: (a) experimental; (b) ANSYS.
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unstiffened beam is superior than the stiffened beam section.
Similar type of behavior was observed by Manikandan and
Sukumar [25], wherein the strength of built-up I-beam along
with stiffened channel sections (connected back-to-back)
was found to be less than the beams with unstiffened channel
sections.

6. Parametric Study

A detailed parametric study was done with the aid of the
verified FE model to calculate the strength and flexural
behavior of the hollow flange built-up beam sections. 'e
parametric study was conducted only for the unstiffened
hollow flange beam sections as the stiffened web sections did
not have any considerable effect on the flexural capacity of
beams. Yield stress, depth, and the thickness of the section
were considered as variable parameters whilst the beam
length and bolt spacing remained constant. 'e yield stress
of the material was taken as 220N/mm2, 275N/mm2, and
340N/mm2, whereas the thickness of the sections was taken
as 1.2mm, 1.6mm, and 2mm. A total number of 27 FE
models were analyzed in the parametric study. 'e results

and their comparisons with theoretical investigation are
presented in Table 4. It can be observed that the DSM values
(MDSM) were not conservative with the results of FEA
(MANSYS). 'e DSM method had underestimated the flex-
ural strength of cold-formed steel built-up beams with
hollow rectangular flange sections. 'e average value of
MANSYS/MDSM ratio was equal to 1.22 with a standard de-
viation of 0.24. Hence, in this investigation, a new cus-
tomized design curve (shown in Figure 13) and a design
formula (given in equation (1)) are proposed to determine
the flexural strength of cold-formed steel built-up beams
with hollow rectangular flange sections. 'e design flexural
strength (MD) was calculated using the proposed design
equation, and the average value of MANSYS/MD ratio was
equal to 1.00 with a standard deviation of 0.13. 'e design
flexural strength had agreed well with the results of FEA.

Further, it can be noticed that the yield stress, depth, and
the thickness of the material have a significant influence on
the strength of the section. However, it is observed that the
web aspect ratio does not have a significant effect on the load
carrying capacity of beams at higher thickness and yield
stress.

Table 4: Evaluation of FE analysis and DSM results.

Model ID Depth (mm) Yield stress (N/mm2) 'ickness (mm)
Flexural strength (kNm)

MANSYS MDSM MY MANSYS/MDSM MD MANSYS/MD

D200Y220T1.2 200 220 1.2 9.33 6.02 17.98 1.55 7.82 1.19
D250Y220T1.2 250 220 1.2 7.23 6.67 24.66 1.08 7.37 0.98
D300Y220T1.2 300 220 1.2 6.65 7.28 31.81 0.91 7.09 0.94
D200Y275T1.2 200 275 1.2 10.76 6.93 22.48 1.55 8.50 1.27
D250Y275T1.2 250 275 1.2 8.34 7.67 30.82 1.09 7.92 1.05
D300Y275T1.2 300 275 1.2 7.93 8.37 39.77 0.95 7.89 1.01
D200Y340T1.2 200 340 1.2 12.28 7.92 27.79 1.55 9.13 1.34
D250Y340T1.2 250 340 1.2 9.98 8.76 38.11 1.14 8.55 1.17
D300Y340T1.2 300 340 1.2 9.13 9.54 49.17 0.96 9.10 1.00
D200Y220T1.6 200 220 1.6 15.78 9.79 23.80 1.61 14.22 1.11
D250Y220T1.6 250 220 1.6 14.35 10.92 32.64 1.31 14.20 1.01
D300Y220T1.6 300 220 1.6 9.98 11.96 42.13 0.83 13.74 0.73
D200Y275T1.6 200 275 1.6 16.40 11.30 29.75 1.45 15.83 1.04
D250Y275T1.6 250 275 1.6 14.91 12.58 40.80 1.19 15.43 0.97
D300Y275T1.6 300 275 1.6 12.05 13.76 52.66 0.88 14.76 0.82
D200Y340T1.6 200 340 1.6 16.86 12.94 36.78 1.30 17.38 0.97
D250Y340T1.6 250 340 1.6 15.33 14.38 50.44 1.07 16.58 0.92
D300Y340T1.6 300 340 1.6 14.39 15.71 65.11 0.92 15.84 0.91
D200Y220T2.0 200 220 2 22.81 14.19 29.52 1.61 21.63 1.05
D250Y220T2.0 250 220 2 21.70 15.92 40.51 1.36 22.67 0.96
D300Y220T2.0 300 220 2 21.14 15.74 47.07 1.34 20.47 1.03
D200Y275T2.0 200 275 2 23.33 16.42 36.90 1.42 24.52 0.95
D250Y275T2.0 250 275 2 23.25 18.36 50.63 1.27 25.10 0.93
D300Y275T2.0 300 275 2 22.15 18.14 58.83 1.22 22.25 1.00
D200Y340T2.0 200 340 2 23.61 18.84 45.62 1.25 27.41 0.86
D250Y340T2.0 250 340 2 23.47 21.02 62.60 1.12 27.41 0.86
D300Y340T2.0 300 340 2 22.37 20.73 72.74 1.08 23.90 0.94
Mean 1.22 1.00
Standard deviation 0.24 0.13
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where

MDSM is the flexural strength using the direct design
method
MY is the yield strength
MD is the design flexural strength
λd �

���������
MY/MDSM

􏽰

7. Conclusions

In this work, a detailed investigation has been carried out on
the flexural behavior of built-up CFS beams with hollow
tubular flange sections, and the following inferences are
drawn:

(1) Due consideration has to be given to web buckling
and web aspect ratio in the design of hollow tubular
flange CFS built-up section.

(2) Simple web stiffeners do not have any significant
effect on the load carrying capacity. 'e web stiff-
eners that are closer to the flange (flange/web
junction) led to premature buckling of the web at the
supports.

(3) 'e yield stress, thickness, depth, and web aspect
ratio of the section play a substantial role in the
flexural capacity of the beam.

(4) 'e experimental results are well-compared with the
numerical study. However, geometric imperfection
may be the reason for the minor difference in the
values. 'e failure mode prediction by FE models is
matched exactly with the experimental test results.

(5) Flexural strength of the beams, designed using AISI
specification [20], is mismatched with the

experimental results and the failure load prediction
(FE models). Hence, the customized design equation
has been mooted and delineated in this study to
determine the flexural strength of cold-formed steel
built-up beams with hollow tubular flange sections.
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