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ARTICLE INFO ABSTRACT
Keywords: Concrete-infilled hollow flange cold-formed steel (CF-HFCFS) beams have gained attention in the
Hollow flange cold-formed steel beam construction practices owing to many benefits in terms of their structural performances and

Concrete infill
Lightweight concrete
Composite beams

applicability. The concrete infill ensures better structural performance by restraining the buckling
instabilities of thin-walled cold-formed steel elements. However, the shear strength characteris-
Ultimate shear capaci tics of CF-HFCFS are not systematically explored yet and hence there is a lack of understanding on
pacity

Numerical analysis the shear strength characteristics of CF-HFCFS beams. Therefore, in this research, shear charac-
Design guidelines teristics were investigated through numerical studies by establishing and analysing three-
dimensional finite element (FE) models of CF-HFCFS beams. The developed FE models were
verified against the experimental data in terms of failure modes, ultimate shear capacities, and
load-displacement characteristics. Then a series of parametric analyses were carried out to
investigate the shear behaviour of CF-HFCFS beams against the effects of geometrical (steel
thickness, beam depth) and mechanical (yield strength of steel and compressive strength of
concrete) properties to further verify the shear characteristics of CF-HFCFS. Lightweight normal
and lightweight high strength concrete materials were considered as infill. Also, the influence of
the concrete infill on the ultimate shear capacity of the CF-HFCFS beams was evaluated through
parametric studies. The ultimate shear capacities were compared against the already available
design provisions. Consequently, based on the data established through of parametric analyses,
modified design provisions are developed to estimate the ultimate shear capacity of CF-HFCFS
beams.
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1. Introduction

The cold-formed steel (CFS) beams have become more popular in the building sector, especially in lightweight construction sys-
tems, due to its outstanding structural and cost-effective properties [1,2]. Hollow flange cold-formed steel (HFCFS) beams have been
increasingly used as they have shown capabilities of resisting local buckling, distortional buckling, and lateral-torsional buckling (LTB)
compared to the other conventional CFS beams. Numerous studies have been reported in terms of improving its flexural, shear, web
crippling, resistances and enhancing the overall structural performance by evaluating the effect of stiffened edges and web holes in
HFCFS beams [3-5]. Subsequently, rational design provisions have been developed through various research studies to characterise
the flexural and shear characteristics of HFCFS beams [2,5]. However, still the HFCFS beams are prone to local buckling in the
compression flanges and needed more investigation to minimize the phenomenon.

Then an idea of infilling concrete inside the hollow flanges of HFCFS beams was introduced to prevent or delay the local buckling of
flanges, because they undergo compression and are prone to local buckling. Subsequently, concrete filled hollow flange cold-formed
steel (CF-HFCFS) beams have been popularised by the various application in buildings and bridges as these beams provide high load
carrying capacity, stability, high speed in construction, high energy absorption and higher stiffness compared to other conventional
HFCFS [6-9]. There have been few studies conducted to evaluate the flexural, shear, LTB, and local buckling resistance of CF-HFCFS
beams using experimental, analytical, and numerical methods [2,6-8,10-12]. All of these studies concluded that the concrete infill
significantly improve the overall structural performance in terms of their resistance and stiffness. However, the self-weight of the
concrete might negatively affect the stability of the member and the construction process.

Therefore, replacing the normal weight concrete (NWC) with lightweight concrete (LWC) as the filling material in CF-HFCFS beams
could create a cost-effective solution, given the reduced production and transportation costs [13-15]. Furthermore, LWC has signif-
icant benefits such as reduced self-weight, better sound resistance and thermal insulation, higher fire resistance, acoustic absorption,
and frost resistance. However, very limited studies have been conducted on LWC filled CFS beams. Al-Shaar and Gogus [15] exper-
imentally studied the flexural performance of LWC filled steel tube section and stated that these composite beams had the potential to
replace normal weight CFS beams. Abou-Rayan et al. [16] investigated the effect of LWC infill on the flexural performance of HFCFS
beams and stated that the presence of LWC can increase the flexural capacity by 40%.

Because of the advantages of LWC, researchers are working to reduce the density of high strength concretes, resulting in high
strength LWC, which might be a superior alternative for normal weight high strength concrete in terms of sustainability [17-19].
Numerous research studies have facilitated the development of high strength LWC by using only fine aggregate (aggregate nominal size
less than 4.75 mm) [20] with lightweight aggregate to make the concrete more flowable, homogeneous, and strong [21-23]. An
example of such concrete type, is ultra-lightweight cementitious composite (ULCC), which is often constructed from cenosphere
(particle size less than 300 um), a waste material from coal power plants [19,24-27]. The compressive strength of ULCC is usually
greater than 60 MPa with densities around 1500 kg/m?®, which is around 42% less than NWC. Thus, these types of high strength LWC
are more suitable for filling inside very small steel tubes such as the hollow flanges of even small CFS beam sections without inducing
instability to the section.

Therefore, incorporating these types of lightweight high strength concrete filled HFCFS beams would be beneficial for the con-
struction industry, especially in modular building construction as it requires structural members with reduced self-weight. Moreover,
the influence of the infilled concrete on the instability of the web is comparatively low for LWC compared to NWC. This is because
HFCFS beams are vulnerable to undergoing geometric imperfection, if the weight of infill is high as the web thickness of the beams is
relatively low compared to hot rolled sections [28]. Consequently, Sifan et al. [28] recently investigated the flexural performance of
HFCFS beams filled with normal and high strength lightweight concrete and revealed that the concrete infill can contribute up to 55%
flexural capacity increment in CF-HFCFS beams than that of bare HFCFS beams.

The shear performance of CF-HFCFS beams filled with LWC is one of the crucial parameters to be verified in the design. This is
because the shear failure is often the predominant failure mechanism in CF-HFCFS beams, if the effective span is short. There are few
studies that investigated the shear behaviour of steel beams with concrete-filled hollow flange sections. Hassanein [6] numerically
studied the shear performance of concrete-filled pentagonal flange steel beams by applying point load at the mid-span and stated that
shear load capacity was increased due to the presence of concrete, which contributed to the stiffness of the upper flanges. Furthermore,
the shear strength was increased by decreasing the aspect ratio of the web. Wang et al. [29] conducted experimental tests to investigate
the flexural and shear behaviour of concrete-filled tubular flanged I-girders with short span and with corrugated web, and concluded
that the corrugated web improved the ultimate load carrying capacity by 43%. Further, based on numerical and theoretical analyses
Wang et al. [30] proposed, a simplified equation to predict the shear capacity. However, to authors’ best of knowledge, there are no
studies related to the pure shear behaviour of doubly symmetric HFCFS beams filled with lightweight concrete and no systematic
design guideline in predicting the shear strength characteristics is available in the literature.

Hence, this study focuses on FE numerical investigation of the shear performance of doubly symmetric HFCFS beams filled with
normal and high strength lightweight concrete. Consequently, 3D FE numerical models were developed for both with and without
concrete filled HFCFS beams. The developed models were validated against the available experimental results to ensure the accuracy of
the prediction. The validated models were then extended to conduct a parametric study to examine and compare the effect of
lightweight concrete infill, and the influential parameters including the geometrical and steel strength characteristics. The simulation
data were then used to develop a design guideline by using the Direct Strength Method (DSM) with reasonable accuracy to predict the
ultimate shear capacity of LWC filled HFCFS beams.
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2. FE numerical simulation
2.1. General

A commercially available finite element (FE) based package, ABAQUS (2021) [31] was used to develop and extensively analysis the
behaviour of CF-HFCFS beams under shear actions. The composite CF-HFCFS beam consisted of three major parts, which were the
HFCFS beam, concrete infill, and web support plates (WSPs). In this study, both CF-HFCFS and bare HFCFS beam FE models were
developed to study the effect of infilled lightweight concrete on the shear capacities of CF-HFCFS beams. Most of the modelling
techniques used in this study were successfully employed by the authors’ previous studies [5,28,32,33]. The failure modes,
force-displacement relationships and ultimate loads obtained from the FE model analysis were compared with previous experimental
studies to validate the modelling techniques against shear action.

2.2. FE model development

The accuracy and efficiency of the FE model predictions are depending on the suitable mesh density, element type and the material
properties. Shell elements (S4R) with four-node reduced integration were incorporated to model the HFCFS beam, whereas concrete
was represented using eight-node brick elements (C3D8R) as shown in Fig. 1. These elements were more suitable to predict the
structural behaviour of both cold-formed steel and concrete of concrete-steel composite structures [30,34]. The WSPs were modelled
with four-node rigid quadrilateral (R3D4) elements. In order to identify the appropriate mesh size, this study employed the conver-
gence study, and the results show that a mesh size of 5 x 5 mm was appropriate to model both HFCFS beam and concrete. Moreover,
the WSPs were meshed with 10 x 10 mm elements [32]. A typical model contains more than 14544 and 6969 S4R and C3D8R ele-
ments, respectively.

Two different material models were considered for cold-formed steel and lightweight concrete. Yun and Gardner [35] and Afshan
et al. [36] highlighted that the stress-strain relationship of cold-formed steel shows a gradually yielding response trailed by a sub-
stantial period of strain hardening. Thus, the elastic-perfectly plastic model with nominal yield strength can be used to predict the
structural response of elements made with cold-formed steel [37-39]. The Young’s modulus of 200 GPa and Poisson’s ratio of 0.3 were
used for the cold-formed steel in the analyses. The concrete material was modelled with Concrete Damage Plasticity (CDP) material
model available in ABAQUS [31], since concrete mainly fails by crushing with compression and cracking with tension. Subsequently,
the behaviour of lightweight concrete is different from normal weight concrete, the properties of lightweight concrete need to be
carefully chosen for accurate prediction. The Poisson’s ratio was chosen as 0.2, and the Egs. (1-3) were adopted from detailed research
conducted by Lim and Ozbakkaloglu [40] to calculate the Young’s modulus (E.) and to plot the compressive stress-strain relationship
of the confined lightweight concrete.

7 —( P\
Ex = 4400V 77 (5485) @
fe (&) . *
= 7 7 <eg <€, 2
Je P PP if 0<e <¢é. 2
ﬁ‘ :f*cc 7% lf & > e*rc (3)
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C3DSR elements.
(5 x 5 mm)

— R3D4 elements

(10 x 10 mm)

[——— S4R elements
(5 x 5 mm)

Fig. 1. Mesh refinement of CF -HFCFS beam model.
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Where, f;, is compressive strength, p,  is density of lightweight concrete. £ and f* are confined and unconfined compressive stress,
respectively. Also, ¢ and ¢*. are the corresponding confined and unconfined stain. f; s is the residual stress and ¢ is inflation point at
the post peak curve.

Egs. (4) and (5) represent the tensile stress-strain behaviour of lightweight concrete. Al Zand et al. [39] satisfactorily applied the Eq.
(5) to simulate the tensile post-peak behaviour.

fl = Ea & tf & S Eletm (4)

i = fiem (elrrm/er)o's if & > €em 5)

Where, f; is tensile stress, ¢, is tensile strain, fi;,, and €., are tensile strength and corresponding tensile strain, respectively. All of these
expressions were successfully employed by Sifan et al. [28] to simulate the behaviour of lightweight concrete inside doubly symmetric
HFCFS beams under flexural action.

The surface-to-surface interaction function in ABAQUS [31] was used to provide penalty friction contact between steel and con-
crete interaction surfaces. The friction coefficient of 0.57 was used to simulate the tangential behaviour of interaction between steel
and concrete [28]. Whilst “Hard contact” was employed to simulate the normal behaviour of the contact. A similar methodology was
employed by the past research [41,42] and results show that the method can capture the realistic interaction behaviour the
cold-formed steel to concrete.

Both HFCFS and CF-HFCFS beams were modelled in full length with a three-point loading arrangement as shown in Fig. 2. In each
model, three WSPs were attached by using the “tie” constraint individually at the supports and the loading line to prevent any bearing
failure at these locations. To generate the three-point loading, boundary conditions were assigned at the reference points (RP) of the
rigid WSPs. While translational DOFs (degree of freedom) in “x”, “y”, and “z” directions were restrained at the pin, only “x” and “y”
were restrained at the roller support to simulate the simply supported boundary condition. A displacement-controlled loading was
applied at the middle WSP. In both the supports and the loading point as well as outer surfaces of the flange near the support and
loading line, the rotational DOF in the “z” direction was restrained to prevent the lateral torsional buckling (LTB) and to generate pure
shear failure.

The geometric imperfection was taken into account as it affects the shear capacity of the HFCFS beams with small thicknesses.
Initially, a linear elastic buckling analysis was conducted and the critical buckling mode was selected to scale and import into the
perfect geometry with the magnitude of d;/150 [43,44]. Where, d; is the clear height of the web. Since the buckling has occurred on
the web, the buckling effect of the flanges was ignored as it was found to be less influential as per the previous studies [30,45]. The
different buckling modes obtained and the corresponding buckling loads are presented in Fig. 3.

2.3. Validation of FE numerical models

The developed numerical Finite Element (FE) models were then validated with available experimental results reported in the
literature [5,29]. It should be noted that there are no comprehensive experimental results for doubly symmetric hollow flange CFS
beams that failed predominantly in shear. The assumed modelling techniques were validated against the existing shear test results for
CFS Litesteel beams (mono-symmetric hollow flange) reported in previous studies [5,46]. Therefore, the ability of the assumed
modelling techniques against predicting the ultimate shear strength, load-displacement response, and failure modes of HFCFS sections
without infill can be assessed. The geometric imperfection of d;/150 was employed in the FE model, while measured geometric and

U=UR=0

WSPs

Pin support.
U=U=U=U =0
X y z Rz

Roller
Middle loading point

UX=UZ=URZ=0,Uy¢0

Y

support

Fig. 2. Assigned boundary conditions of CF-HFCFS beam model.
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(a) Mode 1 Buckling load = 195.2 kN (b) Mode 2 Buckling load = 195.4 kN

(c) Mode 3 Buckling load = 215.5 kN (d) Mode 4 Buckling load = 216.9 kN

Fig. 3. Buckling modes and the buckling loads.

material properties were considered to generate the model.

Additionally, the ability of the generated FE models to predict the shear behaviour of concrete filled doubly symmetric hollow
flange sections was validated against an experimental results provided in Wang et al. [29], where a I-girder (specimen name FWG) with
a short span of beam were tested with three point loading to investigate the flexural and shear yielding. To mimic the models, the
dimensions, boundary conditions and the material properties were carefully substituted. The beam dimensions are shown in the Fig. 4.
The compressive strength of the infilled concrete was 31.2 MPa. The model and the test were compared in terms of ultimate load,
failure mechanism, and load-displacement relationship.

Altogether, seven shear test results were selected for the validation. Table 1 summarises the comparison of the ultimate shear loads
predicted by the FE models with the shear test results. The statistical evaluations, the mean and Coefficient of Variation (COV)
indicated a high degree of accuracy in predicting ultimate shear strength, where the mean value is 0.99 and the COV is 5.2%. The shear
failure modes and the comparison of load versus vertical displacement curves are depicted in Figs. 5 and 6, respectively. The difference
between the initial slope of test and FE curves are due to the possible flexibility of the test rig in laboratory tests and this behaviour is
difficult to simulate through FE models. Nonetheless, the FE model predictions shown acceptable results with the experimental
behaviour.

It can be noticed that FE models well replicated the ultimate load, load-displacement relationship, and failure modes. Therefore, it
can be concluded that the assumed modelling techniques provide accurate and consistent predictions of the shear response of HFCFS
beams with and without concrete infill.

3. Parametric study and results
3.1. General

Since the validated models are capable of predicting the shear capacities of CF-HFCFS beams, the validated FE models were then
used to evaluate the key influential paraments on the shear characteristics of HFCFS beams with lightweight normal and lightweight

L =1862mm 120 mm
<« >
B L R S A 4 T § comm

t=3 mm

/End plate (20 mm) Concrete infill H =600 mm

(a) Front view (b) Section view

Fig. 4. The dimensions of the beam used for testing by Wang et al. [29].
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Table 1
Comparison of shear capacities from tests [5] and [29] and FE models.
Researchers Specimen (mm) Test (kN) FE (kN) Test/FE
Keerthan and Mahendran [5] 150 x 45 x 2.0 68.5 69.0 0.99
200 x 60 x 2.0 88.2 86.4 1.02
200 x 60 x 2.5 119.3 116.5 1.02
250 x 60 x 2.0 90.1 99.5 0.91
250 x 75 x 2.5 139.6 139.4 1.00
300 x 75 x 2.5 143.7 155.5 0.92
Wang et al. [29] FWG 425.2 410.6 1.04
Mean 0.99
Cov 5.2%

Note: Specimen notations as defined in [5] and [29].

high strength concretes. Three commonly used HFCFS sections were selected, and the section notations are given in Fig. 7. This
research looked at two different lightweight concrete grades: one with a normal strength of 30 MPa and another with a strength of
50 MPa (high strength). If the strength grade of the concrete is greater than 40 MPa, it is termed high strength, according to ACI 231R-
14 [47]. Additionally, two steel strengths of 350 MPa and 450 MPa were examined, as well as two steel thicknesses (2 and 3 mm).
Since, Keerthan and Mahendran [48] demonstrated that corners had no effect on shear buckling capacity, corners were ignored. The
aspect ratio — the ratio between the clear web height (d;) and the clear length between two WSPs (L) was maintained as 1.0 to facilitate
the failure to be purely by shear as illustrated in Fig. 8. Furthermore, the lateral displacement at the mid-points of the shear panel, as
shown in Fig. 8 (Point A) was measured and plotted with the load obtained.

3.2. Analysis of the parametric study results

The results of the parametric study were given in Table 2. Apparently, the ultimate shear capacity was increased with the steel
strength as well as with the section dimensions. The presence of the lightweight concrete positively impacted the shear carrying ca-
pacity of the sections. The shear capacity of all the specimens with concert infill was increased because the infilled concrete stiffens the
flange and delayed the shear buckling propagation. For the specimen 150 x 90 x 15 x 3 mm with a steel grade of 350 and a concrete
grade of 50 MPa, the greatest increase percentage of eight was recorded. However, it is worth noting that the concrete grade had just a
little impact on the shear capacity as the load was mostly taken by the web and starts buckling before the concrete contributes to its
fullest potential. The load versus the vertical displacement variation of HFCFS beams with and without concrete infill was presented in
Fig. 9, which exhibits that the initial stiffnesses of both the curves were almost similar until the load reaches its maximum, and the load
capacity increased for the specimen with concrete infill due to the stiffened flange.

The failure mode progression was illustrated in Fig. 10, which shows that the failure progression of the CF-HFCFS beam was guided
by the linear elastic buckling mode of the beam and the load was distributed to the other parts of the beam after buckling occurred.
From the failure mode, the web starts to buckle by shear when the load reached around 75% of its ultimate. During this time the
diagonal strut was fully yielded, and the load was continuously distributed to the other parts of the web until the web was fully utilised.
The failure modes exhibit that failure occurred purely by shear as the aspect ratio of the effective web was maintained as 1.0.

The load versus lateral displacement of two specimens (200 x 120 x 20 x 2 and 150 x 90 x 15 x 3) obtained in parametric
analyses are presented in Fig. 11 for comprehension. From the illustration, the effect of thickness of the steel plate also plays a critical
role in determining the shear capacity. The plate started to buckle continuously, if the thickness was low, whereas the shear buckling
was delayed until the load reached closer to its maximum for the beams when the thickness is high. This was clear by the gradient of the
load versus lateral displacement curves. Moreover, the post-buckling capacity was high for the specimens with concrete infill as the
presence of infill delayed the shear buckling. The post-buckling capacity was relatively high for the specimens with higher thickness
compared to small thickness specimens. Since, the parametric analyses have predicted the behaviour of CF- HFCFS beam under shear
actions, the results obtained were then employed to develop analytical model in the next section.

4. Direct Strength Method
4.1. Introduction

Direct Strength Method (DSM) is an alternative design method that can be applied to estimate the ultimate capacities of CFS
members. This emerging design method is found to be convenient, compared to the conventional effective method used for the CFS
design. The linear elastic buckling capacity and yielding capacity are the two main inputs required for the DSM design. Further, this
method is ideal to capture the possible post-buckling strength and inelastic reserve beyond the yielding limit. The Eurocode, i.e.
EN1993-1-3 [49], includes limited design procedures for the DSM design, while other international design standards (North American,
Australian, and New Zealand), AISI S100 [50] and AS/NZS 4600 [51], include a detailed procedure for DSM design. The existing DSM
for CFS is extended herein to estimate the ultimate shear capacity of CF-HFCFS beams.
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(a)

(b)

(©)

(d)

(e)

Fig. 5. Failure modes: (a, b) Specimen 150 x 45x2.0 mm (without concrete infill), (c) Specimen FWG with concrete infill (test) [29], (d) FE model
of specimen FWG with concrete infill (deformed shape), (e) FE model of specimen FWG with concrete infill (deformed shape with stress contour).
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Fig. 6. Load vs vertical displacement relationship between test results((a) [5], (b) [29]) and FE model result.
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Fig. 7. Notation of the specimen for the parametric study.

Aspect ratio L/d; = 1.0

Fig. 8. . Schematic diagram of CF-HFCFS beam.

4.2. Current DSM design equations

The AISI S100 [50] and AS/NZS 4600 [51] provide identical DSM design approaches for the shear design of CFS members, where
they are based on Pham and Hancock [52]. These shear design equations capture the post-buckling strength (tension field action) and
the degree of web-flange fixity level which influences the ultimate shear strength. The elastic shear buckling strength, shear yielding
strength and ultimate shear capacity for CFS beams with transverse web stiffeners can be determined as follow:

e Elastic shear buckling capacity (V)
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Table 2
Parametric study results.

Specimen (d x by x dsx t,,) (mm) f. (MPa) fy (MPa) Ve (KN) Specimen (d x by x dy X t,,) (mm) f. (MPa) f, (MPa) Ve (KN)

150 x 90 x 15 x 2 - 350 50.27 150 x 90 x 15 x 3 50 350 92.36

- 450 62.96 450 113.40

150 x 90 x 15 x 3 - 350 85.13 200%x120x20x2 30 350 63.22

- 450 107.00 450 79.44

200x120x20%x2 - 350 61.41 50 350 63.20

- 450 76.85 450 79.57

200%x120x20x3 - 350 102.43 200x120x20%3 30 350 104.40

- 450 129.90 450 132.10

250x150x25%x2 - 350 71.62 50 350 104.54

- 450 88.64 450 132.24

250x150x25%x3 - 350 120.60 250%x150%x25x2 30 350 74.20

- 450 152.00 450 92.81

150 x 90 x 15 x 2 30 350 51.10 50 350 74.21

450 64.70 450 92.96

50 350 51.18 250%x150x25%3 30 350 123.30

450 64.72 450 155.50

150 x 90 x 15 x 3 30 350 89.88 50 350 123.44

450 112.90 450 155.94

Note: f. — Compressive strength of concrete, f, — Yield strength of steel, V,y- Ultimate shear capacity
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Fig. 9. Load verses vertical displacement of section 150x90x15 x 3 with and without concrete infill.

k,n*EP

Vrr =T~ 1 g
12 (1-12)d,

(6)

Where, k, is shear buckling coefficient, E is young’s modulus of the material, t is thickness of the web, v is Poisson’s ratio, and d; is
flat width of the web.
e Shear yielding capacity (Vy)

V, = 0.6A,, @
Where, A,, and f, are area of the web (d;t) and yield strength, respectively.
e Ultimate shear capacity (V,)
For 12<0.776V, =V, (8a)

v 0.4 V 0.4
For 4> 0.776V, = {1 70.15(‘/‘"> } <v> Vv, (8b)

Where, 1 is the slenderness of web (/V,/V,- ).
The elastic shear buckling coefficient can be calculated based on the simple equations proposed by Keerthan and Mahendran [53].
These have been included in the Appendix D3 of AS/NZS 4600 [51]. The current DSM curve and the plotted FE results are depicted in
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Fig. 12. Current DSM curve and FE results for hollow flange CFS channels without concrete infill.

Fig. 12.

Recently, Chandramohan et al. [54] investigated the shear behaviour of CFS channels with rectangular hollow flanges, which is
similar to the sections considered in this paper. They observed inelastic reserve at the yielding region and over-conservatism of the
current DSM at high slenderness. The proposed improved DSM shear design equations for CFS beams with rectangular hollow flanges
are given below in Egs. (9a and 9b).

2
For 0.4 < <0.703V, = {1 +0,33(1 - m) ] v, (9a)
v 0.23 v 0.23
For 1>0.703V, = |1—0.13(-< <)y, (9b)
vy vy ’

The DSM curve proposed by Chandramohan et al. [54] and the plotted FE results are shown in Fig. 13. It can be observed that the FE
results without concrete infill are agreed well with Chandramohan et al. [54] DSM curve compared to the current DSM curve.

4.3. Proposed design approach

From the parametric study, it was observed that lightweight concrete infill contributes to slight improvements in ultimate shear
capacities compared to the HFCFS beam without infill. The increment of the shear capacity can be captured by proposing an
improvement factor that can be directly applied to the ultimate shear capacity of the CFS hollow flange beams without concrete infill.
This relationship can be explained through the Eq. (10) given below.

Vv. infill — Vvqs (10)

Where, V, jnay is the ultimate shear capacity with lightweight concrete infill, V, is the ultimate shear capacity without concrete infill
(bare specimen), and g; represents an improvement factor.

Fig. 14 shows the FE results of the HFCFS beams with and without concrete infill plotted against the DSM curve proposed by
Chandramohan et al. [54]. It should be noted that the FE data points for the concrete infill were determined considering the ultimate
capacities of the concrete infill, while the elastic shear buckling and shear yielding capacities were determined using Eqs. (6 and 7). As
a result, the data points for the concrete infill specimens take higher V,/V), values compared to those without concrete infill (bare)
specimens. The application of the improvement factor g, to the points of concrete infilled specimens will merge the data points with
concrete specimens without concrete infill and provide a simplified design method.

The improvement factor g; was developed as a function of the compressive strength of concrete (f.) and yield strength of the steel
(fy) as they could be responsible for the improvement in shear capacity. The relationship for g, is formulated as given in Eq. (11):

g =1+ () a1

Where, a is the coefficient to be determined from parametric study results. The accurate value for the parameter a was calculated
through the class genetic algorithm in conjunction with the generalised reduced gradient solver method. The objective function was set
to result in a mean value of 1.00 for the ratios between q; values from the FE analysis and proposed gs values while achieving a
minimum COV value at the same time. From the refining process, a suitable value for a was found, shown in Eq. (12). The refining
process resulted in a mean value of 1.0 and a COV value of 2% for the corresponding a value. Fig. 15 depicts the comparison of the
proposed qs against the g; values obtained from FE analyses.

11
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1.6

14 O FE-Without concrete infill
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A

Fig. 13. DSM curve proposed by Chandramohan et al. [54] and FE results for hollow flange CFS channels without concrete infill.
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Fig. 14. DSM curve proposed by Chandramohan et al. [54] and FE results for hollow flange CFS channels without and with concrete infill.
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Fig. 15. Comparison of the ultimate shear capacities for concrete infilled specimens from FE and using proposed g; equation.

1.507
g =1+ (Ji> (12)

For the simplified design approach for the lightweight concrete infilled HFCFS beams, the proposed g; was incorporated into the
DSM equations proposed by Chandramohan et al. [54]. Therefore, the modified DSM equations for the lightweight concrete infilled
CFS hollow flange beams can be written as in Eqs. (13a and 13b). Here q; is proposed in Eq. (12). Fig. 16 shows the FE results of the
CF-HFCFS beams with the application of the proposed improvement factor g;. It can be observed that the application of g, merges the

12
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1.4 = DSM-Chandramohan et al. [54]

O FE-Without concrete infill
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A

Fig. 16. DSM curve and the data points of the concrete infilled specimens from FE and using proposed ¢; equation.

data points of the specimens with lightweight concrete infill with specimens without concrete infill. Therefore, the proposed simplified
DSM approach can be effectively used to estimate the ultimate shear capacity of the HFCFS beams with lightweight concrete infill.

A
For 0.4 <1<0.703V, = |:1 +0.33<1 — m) } Vy. g, (13a)
VOB sy 02
For 1> 0.703V, = |:1 70.13(%> :| <%> Vy.qs (13b)

5. Conclusions

This study has investigated the shear performance of HFCFS beams filled with lightweight concrete based on 3D FE numerical
simulations, which has been used to develop a simplified design equation to predict the ultimate shear capacities of CF-HFCFS beams.
Based on the investigation, the following conclusions can be drawn.

e The developed FE numerical models can be used to predict the shear behaviour of CF-HFCFS beams as they showed a good
agreement between the test results for both with and without concrete infill with overall mean and COV of 0.99 and 5.2%,
respectively.

e The lightweight concrete infill had a positive impact on the ultimate shear capacity as it stiffened the flange and delayed the shear
buckling, thereby increasing the ultimate shear capacity.

e The effect of concrete grade on the shear capacity improvement was minimal, however, the presence of lightweight concrete
increased the post-buckling capacity to improve the shear capacity.

o A simplified design guideline was developed by using the modified DSM to predict the ultimate shear capacity of HFCFS beams
filled with lightweight concrete. It can be stated from the proposed design equation with mean value of 1.00 and the COV of 2%,
that it can be used to accurately predict the ultimate shear capacity of HFCFS beams with lightweight concrete infill.

In terms of limitations, the simulated FE models purposefully excluded bending and lateral torsional failure in order to mimic the
models failing primarily by shear. As a result, the design equations were constructed with these limitations in mind, and the equations
may change depending on the shape of the CF-HFCFS beam sections.
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