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Abstract: The shear span-to-effective depth ratio is known to modulate the shear behaviour of
steel beams with corrugated webs (SBCWs). However, present design standards for SBCWs do not
adequately address this issue. The impact of shear span-to-effective depth ratio and pure bending
spans on the failure mechanism of SBCWs was investigated in this study. Under four-point bending,
three beams with shear-span-to-effective-depth-ratios ranging from 1.65 to 2.5 were examined to
investigate the relationship between shear and bending spans and failure mechanisms. ANSYS
software was used to create finite element models for the tested SBCWs using the finite element
technique. In addition, the experimental findings are compared to two codes, specifically DASt-
Rishtlinie015 and EN 1993-1-5. Moreover, an analytical section comprised of the creation of a
three-dimensional (3D) finite element model (FEM) was implemented. Finally, a parametric study
using the verified FE model was conducted to assess the impact of shear and pure bending spans on
the overall behaviour of SBCWs. As a result, the shear span and horizontal fold length of CWSBs are
key components for determining the strength and failure modes of beams. Furthermore, the load
capabilities and stiffness of CWSBs were more greatly affected by increasing the shear span than by
increasing the pure bending one.

Keywords: corrugated web; steel beams; finite element model; shear span; bending span

1. Introduction

Steel beams with corrugated webs (SBCWs) have thin webs and no transversal stiff-
eners, giving them an advantage over flat web beams (FWB) in terms of cost and weight.
However, because of its geometric properties, CWB girders have a few weaknesses, which
may be divided into two categories. First, increasing the flange’s outstand length improves
its slenderness, resulting in the flange developing local buckling strength earlier than an
FWB [1]. Second, due to web eccentricity, an extra in-plane transverse moment develops
in the flange [2,3], which greatly reduces the CWBs’ flexural capacity. SBCWs have been
widely examined in terms of shear and bending strength. Elgaaly et al. [4] conducted
worthwhile experimental and analytical studies, mostly applying loaded to shear. To
estimate the SS of SBCWs, Abbas et al. [5] and Sause et al. [6] performed large-scale SBCW
studies. Previous research [1-10] showed that when steel beams are subjected to in-plane
shear and bending, the FW has a lower shear capacity than the SBCWs. Furthermore, when
bending and shear forces are applied to CWB steel girders, the two forms of displacement
that occur concurrently (in-plane and out-of-plane) in the CWB are assigned to two phases
of failure—the first is driven by flange yield stress, while the second is controlled by web
shear stress. Furthermore, these experiments showed that the geometry of the web profile
has a direct relationship with the variable of flange transverse bending moments in a
CWB. In the previous three decades, the bending and shear behaviour of SBCWs has been
intensively researched [11-20], particularly in terms of shear behaviour. To forecast local,
global, and interaction shear buckling, formulas have been developed. Abbas et al. [3]
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found that in-plane flexural stresses, along with flange transversal displacing stresses, are
applied as normal stress on the flange cross section as confirmed in [20-22].

Earlier literature on SBCW web and flange buckling [3-10] looked at the interaction
between local and global shear stress, web slenderness, initial geometric faults, geometrical
frequency, panels breadth, web (thickness and height) and steel grade. In coarsely and
dense corrugations, local and global web buckling was observed, respectively. They also
demonstrated that, until the web fractures, shear force is equally distributed over its height.
CWB also offers better shear stability and fatigue resistance than a typical flat-web beam,
according to various studies [11-17]. Some of these investigations [18,19] concentrated on
determining the bending resistance of composite SBCWs. These tests revealed that the
flexural and shear behaviours of composite SBCWs had no correlation. Kovesdi et al. [21]
evaluated six large-scale test samples with trapezoidal corrugated webs in an experiment.
Two samples were tested in a four-point layout, but most were broken in a three-point pat-
tern. Three-point bending, four-point bending, and evenly distributed load bending were
all quantitatively evaluated in this study. They drew the conclusion that, under combined
bending and shear loads, the normal stress distribution in the flange is dependent on the
analysed specimen geometry, load location, and support position. As a result, an improved
design equation for determining the maximum transverse bending moment was developed.
Other research [22-24] looked at the shear and bending resistances of steel girders using
FWBs. Dabon and Elamary [25] used both experimental and analytical methods to examine
the flexural capabilities of steel beams with corrugated and flat webs. They found that the
FWB had a larger capacity than the CWB under a pure bending moment.

The shear-span ratio of CWSBs has a significant impact on buckling development and
failure mechanism. Despite extensive studies on the shear and bending buckling resistances
of flat and corrugated web girders, the impact of changing shear and bending spans, and
web horizontal fold length on beam capacity has been subject to a few investigations. Based
on maximum load capacity and deflection, the basic concept is to investigate the influence
of shear span with variable web profile geometry (i.e., horizontal fold length) throughout
the length of the beam. The current study investigates the failure mechanism of numerous
steel beams with varying shear spans and web-profile geometries along the beam length
using both experimental and analytical methodologies. In four-point bending, three SBCWs
with dimensions of 200 x 400/500 mm X 2450 mm, varying shear and pure bending spans,
and various highs were tested. Beams with an effective shear span depth ratio between
1.65 and 2.5 were tested. Three specimens with varying shear spans and web forms were
fabricated as follows: one had a shear span that was 1.5 times the bending span, another
had a shear span that was equal to the bending span, and the third had both shear and
bending spans that were equal and a deeper web depth. The beams were subjected to
displacement-controlled loads, and the mid-span deflections of the beams were recorded
using a data acquisition system until failure. The strength variations as a function of shear
span to depth ratio and pure bending span were obtained and compared. The buckling
of the flange and web was observed and quantified during testing at all load levels until
failure. The authors” experimental results were compared with predictions from available
design guidelines. Two derived formulae given by various standards were used to calculate
the expected moment capacity of the specimens to point out the most appropriate one that
might potentially be used. A three-dimensional finite element model was built to simulate
the specimens analytically. For validating the 3D FE model, the tested outcomes along with
the experimental data were compared with the model results. Parametric statistics were
also carried out to see how the lengths of shear and bending spans affected CWB behaviour.

2. Experimental Program
2.1. Fabrication and Details of Specimens

Under four-point bending, three full-scale steel beams were tested. In the three
specimens, different shear span, pure bending span, and web height combinations were
produced. The first specimen was made with shear spans greater than the pure bending
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span, whereas the second and third specimens were made with shear spans equal to
the pure bending span. The three specimens’ first and third panels were designed to be
in the bending moment and shear force areas, respectively, while the middle panel was
designed to be in the flexure zone. The first had a shear span of 900 mm and a pure bending
span of 600 mm. The second had a shear span of 800 mm and a pure bending span of
800 mm. The web height of both the first and second specimens was 400 mm. The third
example was constructed with the same shear span and pure bending parameters as the
second, but with a web height of 500 mm. S90B60h40, S80B80h40, and S80B80h50 are the
specimens’ designations.

The tested specimens had an effective span of 2400 mm and a length of 2450 mm. The
web thickness (), flange breadth (by), and flange thickness (f7) were all 3, 200, 8 mm. The
web height (hy) was also changeable. The determined height-to-thickness ratio (/1 /ty)
of the corrugated web for the first and second specimens was 128 and it was 160 for the
third specimen. The compactness of the flanges in the tested specimens was assessed
with regard to the maximum outstanding length, i.e., (h, + bf) / th = 18.75, since the flange
compactness measured for a corrugated-web beam (i.e., the outstanding length) was
changeable throughout the inclined panel length. Based on the slenderness ratios of the
web and flange, the section might be classed as a Class 4 thin section according to the EN
1993-1-5 [26] section categories. The inclined fold’s corrugation depth (h) and horizontal
projected length (d) were both 100 mm. The angle of corrugation was 45°. The corrugation
profiles of the specimens are shown in Figure 1.

Figure 1. Corrugated web profile configuration.

Four steel-plate stiffeners (384 /484 mm 200 mm 8.0 mm) were employed for each spec-
imen: two as bearing stiffeners over the supports and two as concentrated load stiffeners.
The DIN-EN 1011-2 standard [27] was followed for welding the built-up section, bearing,
and load stiffeners together. Welding safety standards were followed to minimize beam
distortion caused by the high temperature of the welding process, which was especially
important for the thin sections. The measured parameters were denoted by a code, where
“S,” “B,” and “h” indicated for “shear span,” “pure bending span,” and “specimen high,”
respectively. Each specimen’s details are listed in Table 1.

Table 1. Dimensions of fabricated specimens.

Specimen Shear and Bending Span (mm) (I?l‘/n\ll) hy tw by tf
ID (mm) (mm) (mm) (mm)
*S.S. ** B. S. Loads b d h,
S90B60h40 900 600 200 400
S80B80h40 800 800 300 100 100 400 3 200 8.0
S80B80h50 800 800 300 500

*S. S. = Shear Span; ** B. S. = Pure bending span; i = beam height, t,, = web thickness, bf = flange width, tp= flange
thickness, b = horizontal fold, d and h, = horizontal projection and depth of inclined fold respectively.
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To evaluate the web and flange steel properties, three typical specimens (300 mm
length) were taken and manufactured from each CWSB specimen. The coupons were
machined to 0.01 mm precision. Following that, the coupons were evaluated in line with
the EN 10002-1 standard [28]. The obtained tensile properties of the web and flange
materials are listed in Table 2. The specimens’ stress—strain responses are displayed in
Figure 2.

Table 2. Modulus of elasticity (E), total strains, and ultimate (f,;) and yield (f,) stresses.

Maximum
Average fy Average f; Average E .
Coupon Type (MPa) (MPa) (GPa) Sfr_a;“
Web 352 418 198 0.075
Flange 270 360 192 0.102
500

cmm o —d - ----o-.
——— ~
-

Flange steel
Web steel

0 1 1 1 1 1 ]
0 0.02 004 0.06 0.08 0.1 0.12
Strain (-)

Figure 2. Flange and web strength and elongation strain.

2.2. Testing Procedure and Instrumentations

A four-point bending load was applied to all of the CWSBs that were evaluated, with a
shear span of 800 mm or 900 mm (Figure 3). A loading frame with a 2000 kN hydraulic jack
was used to apply the load automatically at a displacement rate of 0.6 mm/min. One linear
variable differential transformer was used to measure the mid-span vertical deflection. A
data capture software directly connected to a computer was used to acquire the measured
data every second.

Hydraulic Jack
Pump 1 Load distributing be
Specimen " Loaddistributing beam
/

Ll

[

|

1%

800 mm

800 mm

1
2400 mm 0" , !
eiatatatatate

2.3. Test Results and Discussion

Figure 3. Test set-up.

Based on the EC3-EN1993-1-1- Table 5.2, the specimen cross sections are classed as
class 4, indicating that buckling will be performed locally where the yield stress was not



Materials 2022, 15, 4675

50f 15

reached. Table 3 shows the buckling and maximum load capacities (Py and Pu), as well as

buckling and ultimate loads and deflections, with the corresponding failure mechanisms of
the tested beams.

Table 3. Experimental test results.

Loads and Deflection Failure Mechanisms
Beam ID P, Oy Web Flange
kN mm Mode Position Angle Mode Position
S90B60h40 323 10.25 - - - LB* M+V
S80B80h40 305 5.58 LB M+V
S80B80h50 365 452 LB M+V 30°

LB * = Local Buckling.

As demonstrated in Figure 4a,b, specimens S90B60h40 and S80B80h40 both failed
owing to top flange local buckling (FB). This suggests that FB is the principal buckling
mechanism in control of S90B60h40 and S80B80h40’s overall behaviour in the M-V zone.
The influence of TBM described in the introduction is highlighted by flange buckling of
the beams in the moment shear zone rather than the pure flexural zone. Meanwhile, web
shear buckling (WB) is implicated for SS0B80h50’s failure (Figure 4c), which is followed by
exceptionally low FB in the M-V zone.

Figure 4. Failure mode of Specimens (a) S90B40h40 (flange buckling at M-V zone); (b) S80B80h40
(flange buckling at M-V zone); (c) SS0B80h50 (Web buckling at M-V zone).
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Load-Deflection Response

Based on four-point bending tests and observations, this part discusses the behaviour
of the studied specimens with respect to load deflection response and stiffness. Figure 5
shows the load—deflection (P-0) responses of the CWSB specimens. The highest deflections
achieved by the three specimens are also compared in Figure 5. Different load—deflection
responses were seen in the three specimens, as was the maximum deflection. At a deflection
value (8) of nearly 8.25 mm, specimen S90B90h40 attained its ultimate load, whereas
specimens S80B80h40 and S80B80h50 reached their maximum loads at = 5.79 mm. As can
be shown, CWSBs with a web height of 400 mm have almost comparable initial stiffness
regardless of the length of shear and bending spans. All of the CWSBs examined had
P-6 curves with comparable properties that may be separated into two phases. Before
buckling, the beams had a nearly linear P-0 relationship in the first phase (from zero load
to buckling). Phase 2 shows that, after yielding, the beams’ stiffness decreases somewhat,
and the top flanges or web buckle as the force is greater. As the load decreases somewhat,
the deflection of the CWSBs dramatically rises. The loading locations with regard to the
shear and bending span have a minimal influence on the initial stiffness of the beams for
CWSBs of the same height. The rigidity of the beam increases dramatically by increasing
the height of the web from 400 to 500 mm (Figure 6). The web height affects the stiffness of
the beams in the same way that it affects the load capacities of the CWSBs, implying that
the web height can not only enhance beam stiffness and capacity but also influence the
failure mechanism. Theoretically, when the shear span increases, CWSBs with the same
material properties should have a lower maximum load value; nevertheless, the findings
of specimens S90B60h40 demonstrate a higher capacity and maximum deflection than
specimen S80B80h40. This leads to the conclusion that the application of the load over
CWBs is impacted by the HFs’ length more than the shear span, according to the loading
deflection curves scenario. According to Figure 5, CWSBs with flange buckling control
perform better in terms of ductility than those with web buckling control, based on overall
behaviour and failure cause.

400
350 } <N
300 | oA

2250 | / -

$200 | ’

=) B
- L e
150 PAT T e S90B60h40

100 } , ——— S80B80h40
s0 LA - - - S80B80h50

0, mm
0 1 1 L 1 L 1 1 J

0 2 4 6 8 10 12 14 16

Figure 5. Mid-span vertical deflection—vertical loads of the tested beams.
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(a) (b)
Figure 6. Finite element modelling, (a) Material, (b) Boundary Conditions.

3. Theoretical Analysis

Based on the equations recommended by two codes EN 1993-1-5 [26] and DASt-
Rishtlinie015 [29], the flexural capacity of SBCWs is evaluated as described in this section.

3.1. EN 1993-1-5 Standard

Equation (1) might be implemented to compute the bending resistance according to
EN 1993-1-5 Annex D [26], with appropriate safety for flange buckling.

(buf*tuf*fyf,r « (hw n tuf;rtzf));

Ym0
. by extypx t, e+t
Mg = min | (AL (4 BY ) (1)

(buf*tuf*)(*fyf % (h + tuf+tlf>)
w 2

TMO

where tuf and tifare the top and bottom flange thicknesses, respectively; i, is the web height;
fyr is the yield stress of the flange; v My is the factor of safety and is the buckling reduction
factor. According to EN 1993-1-5 Annex D [26], the bending resistance of CWSBs subjected
to shear and flexural should be regulated by a reduction factor. From the transverse bending
moment the maximum normal stress level can be determined, further to the yield stress of
the flange; the reduction factor (fr) can be evaluated as stated in Equations (2) and (3). The
lower bending resistance is calculated as follows:

fyf,r = frx fyf )
(6*MZ>
tf*h)z(
Ty 3)
TMo
4)
&)
A =TT fy, (6)

where f ¢, is the magnitude of the yield stress decreased according to transverse moments
in the flanges, 0, (y1,) is the stress due to the transverse moment coming from shear flow in
the flanges, and 7y is the stress assessment partial factor. Kovesdi et al. [21] suggested
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the approximate formula for M, (Equation (4)) as shown in Equation (7). According to
Kovesdi et al. [21], the maximum reduction factor value is not more than 7.2 percent.

V. * h,

M, = 2 % hy,

L(2xb+d), @)

where Y is the reduction factor created by Lindner [2]; it is also included in the German
guidelines (DASt-Richtlinie 015, [29]). The EN 1993-1-5 discussion paper [26] likewise notes
that these bending moments are essential for equilibrium from a theoretical standpoint, but
their practical significance is debatable. A is the slenderness ratio-based reduction factor
for out-of-plane buckling (6.3 EN1993-1-1), A is the cross-section area, N, is the flexible
essential strength for the related buckling phase, L., is the buckled distance in the buckled
zone, and I is the radius of gyration around the corresponding axis.

3.2. DASt-Richtlinie 015

As per DASt-Richtlinie 015 [29], the flexural resistance might be estimated using
Equation (8), but with -y, instead of ypj0, and the effective width of the compression flange
determined using Equation (9).

Juprbep, efrtter (h 4 Cfo/)

. ™
Mpr; = Min
Rd fupsbepste cf+ftf
™ h +

/240
bcf, eff = 30.7 * tep * E < bcf/ )

where b is the compression flange’s overall width. In order to prevent flange buckling,
Equation (10) is also utilized to calculate the trapezoidal web’s maximum slenderness [29].

/fyw kY
)\w 0.80 tw E K pr max fy ( )

where t,, represents the web thickness, E represents the modulus of elasticity, and k-
represents the coefficient of buckling due to shear which is equal (5.34).

The equivalent bending resistance of each tested beam may be estimated by entering
the size and attributes of the tested specimens (590B60h40, S80B80h40, and S80B80h50)
into the aforementioned mathematical formula. Table 4 shows the computed moment of
each specimen.

®)

Table 4. Comparison between experimental and theoretical results.

EN1993-1-1 DASt-R015
M,
Specimen Mexy M MDe:pT (bef)
(kN.m.) M (kKN.m.) W‘iﬁ; M (kN.m.) Equation
(10
S90B60h40 145.35 117.10 0.81 172.48 1.19
S80B80h40 122 114.05 0.93 172.48 1.41
S80B80h50 146 143.14 0.98 216.48 1.48

The study’s findings in Table 4 show that the EN 1993-1-5 [26] bending resistance
equations may accurately predict specimen test data with a margin of safety ranging from
2% to 19%. On the other hand, the DASt-R015 [29] standard improperly predicted the test
results and reported a greater bending resistance value in the 19-48% range.
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4. Numerical Simulation
4.1. Modelling, Mesh Sensitivity, and Initial Imperfection

An FEM was created using ANSYS version 19.2 [30] to investigate the influence of the
shear and bending spans on the capacity of the CWSBs loaded over the HFs. Two types
of analyses were employed: an elastic buckling study was performed on a perfect web
configuration to identify the initial mode shape of buckling, and a nonlinear static analysis
was conducted to assess the performance and maximum moment of CWSBs. Newton—
Raphson iterative algorithms contained in the application were used to continually update
the element stiffness matrix. As a result, the stiffness matrix is updated at the end of each
load step to represent the changes in stiffness until the model approaches the ultimate load.
Corrugated steel webs, steel flanges, and welded stiffeners were represented using the
four-node structural shell element SHELL181. Every node of the element has three degrees
of freedom in translation and rotation in the horizontal, vertical, and out of plan dimensions.
The elements’ properties include plasticity, large deflection, and high strain capacities. To
improve the accuracy and convergence of the simulation findings, the test specimens’ FEMs
were loaded under line load on the top of the beam, as in the experimental study.

Jager et al. [24] advocated using six-to-ten elements per fold width when using a four-
nodded shell (SHELL181) for satisfactory accuracy. Meanwhile, K&vesdi et al. [21] advised
employing eight-to-ten components along the fold width for a precise assessment of the
flange stresses. To ensure the numerical model’s accuracy, Alharthi et al. [15] performed a
mesh sensitivity analysis to estimate the required number of elements per flange and fold
widths—therefore eight elements per flange breadth—whereas for horizontal fold width
variable numbers implemented based on fold length were employed in this work using a
mesh size of 25 mm X 25 mm as shown in Figure 6b.

In this experiment, the mechanism of failure of the CWSB was impacted by local
flange or shear buckling. As a result, the initial buckling mode was regarded as a defect
in the model that was used to validate the FEMs and create numerical parametric studies.
EN 1993-1-5 [26] outlines the initial imperfection value that is taken into account. An
evaluation of ¢¢/50 as an equal geometric imperfection is suggested in Annex C. With a
Young’s modulus of 200 GPa, the material model follows Hook’s law and behaves linearly
elastic up to the yield stress (f,). The yield plateau may be anticipated up to 1% strains
with a minor increase in stresses. After reaching the yield strength, the material model
exhibits an isotropic hardening behaviour with a hardening modulus until it reaches the
ultimate strength (f,,). Beyond this point, the material is regarded as entirely plastic, as
seen in Figure 6a. Elgaaly et al. [1] used simple supports for beams loaded by the forces
generated due to bending actions at the two ends of the as boundary conditions, and the
proposed constraints were adequate for the experiments’ setting in this investigation. As
a result, the anticipated boundary conditions are depicted in Figure 6b and are stated in
Table 5. In [9,15], the current authors provided further details on the material and boundary
conditions models.

Table 5. Model boundary conditions.

Degree of Freedom- Degree of Freedom-
Displacement Rotation
Dx Dy Dz Rx Ry RZ
AB C R R R R -
CD C - - - R -

Note: R = Restrained; C = Constrained.

To validate the FEMs, the ultimate loads, load—displacement responses, and the mode
of failure of each specimen S90B60h40, S80B80h40, and S80B80h50 were compared with
the results shown in (Figure 7). The experimental load—displacement responses and failure
modes are quite consistent with the nonlinear FEM results.
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350 r
300 F
250 F
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400 |
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100 | 4
50 F£

450 r
400 F
350
300 F
250 F
200 F
150 F
100 |-/
50 |4

........... EXP
— — FEM

| e Eaaaemee— |

§,mm_ -295.018  -186.378  -77.738 30.901  139.5

-240.698 -132.059 -23.418 85.2 193.86

5,111111 -293.513 -148.779 -4.04368 140.63 285.43
-221.146 -76.4111 68.3238 213.06 357.79

6 8 10 12 14 16
(©

Figure 7. Experimental and FEM results comparison: load—vertical displacement curves and mode of
failure; (a) Specimen S90B60h40; (b) Specimen S80B80h40; (c) SS0BS8Oh50.

4.2. Parametric Study

To examine the influence of pure bending and shear spans on the failure mechanism
and ultimate load of SBCW, the following analysis was performed. The author proposed
four new SBCWs models. The shear span in the first modelled SBCWs was 800 mm, while
the pure bending span was 800 mm; then the bending span was increased by 50% for the
second modelled SBCWs (B.S = 1200 mm, Figure 8a). Moreover, the third modelled SBCWs
had a pure bending span of 400mm (half corrugation profile) and a shear span of 800
mm, then the shear spans were raised by 50% for the fourth modelled one (S.S = 1200 mm,
Figure 8b). In the four simulated models, the same flanges, web properties and dimensions
are employed. The aim of building these models is to study bending and shear spans’
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influence on SBCW’s overall behaviour (i.e., failure mechanism, ultimate load, and load
deflection curve).

4 *Ss. 4+ YBS____ |  *sg |

) A N N | \_/‘

A— 800 mm—-yp—--— 1200 mm ——— o S 00 mm-——— -
@

4 S8 ___1TBSy  SS.———+

\\—/_\_/ \;/—\_/ﬂ

A 1200mm——~ 400 ~A——1200mm—
(b)

Figure 8. (a) SCWB—Shear span 0.8 m and Pure bending span 1.2 m, (b) SCWB—Shear span 1.2 m
and Pure bending span 0.4 m. (* S. S. = Shear Span; ** B. S. = Pure bending span).

Figure 9 illustrates the failure modes of the two modelled SBCWs (S80B120h40 and
5120B40h40). From these results, it is concluded that increasing in shear span decreasing the
ultimate capacity and increasing the deflection. Whereas, increasing the pure bending span
increased the deflection only. Figure 10 shows a comparison between the load defection
curve for simulated specimen S80B80h40 with both the simulated SBCWs (S80B120h40
and S120B40h40).

ANSYS AN%KS

R19.2
FEB 92022

FEB 92022 10-36-06
10:34:55 \

-300.506 -189.018 -77.53 3309579 145446
-244762 3274 -21.7861 89.7018 201.19

(@)

—
-304.128 -178.374 -52.6201 73.134
-241.251 -115.497 10.257

198.888
136.011 261765
(b)

Figure 9. Finite Element Models and stress contour of proposed SBCWs (a) S80B120h40,
(b) S120B40h40.
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400 F oo S80B80h40 — 2.4 m 400 F-m S80B80h40 — 2.4 m
350 =+ = S80B120h40 — 2.8 m 350 F =+ = S120B40h40 — 2.8 m
300 } e o 300
z 250 | A ’ Z 250
g 200 | Y 4 g 200 -~
3 S S ST
150 F R 150 F ;3
100 b7 L
4 Sz
>0 -5;. 6, mm » [ o, mm
0k . 0 —
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(a) (b)
Figure 10. Pure bending and shear spans variable effects on Load vs. deflection curves; (a) bending
span effect, (b) shear span effect.

Figure 10a illustrates that increasing the pure bending span causes a greater deflection
at a given degree of loading while maintaining a constant shear span results in a constant
ultimate load. However, Figure 10b showed that increasing shear span results in a reduction
in ultimate load and an increase in vertical deflection. The yield load for models S80B120h40
and S120B40h40 according to finite element models was between 80% and 85% of the
ultimate load, and both models failed owing to local flange buckling. Furthermore, twelve
finite models were developed and analysed to assess the previous findings. The models
were built to simulate the behaviour of specimens S90B60h40 and S80B80h40 when various
shear and bending spans were implemented. The newly constructed models were separated
into two groups, the first group studying the shear span effect for specimens S90B60h40
and S80B80h40 while the second studying the pure bending span effect (Table 6).

Table 6. Details of the simulated beams in the parametric study.
Beams Ls h b Shear Span Bending Span
LD (mm) (mm) (mm) (S.S) (B.S) Test Factors
(mm) (mm)
S90B60h40 2400 400 200 900 600 Control beam
(CBoo)
S5120B60h40 3000 1200 600
S150B60h40 3600 400 200 1500 600 Effect of 5.5
5180B60h40 4200 1800 600
590B90h40 3000 900 900
S90B120h40 3600 400 200 900 1200 Effect of B.S
S900B150h40 4200 900 1500
S80B80h40 2400 400 200 800 800 Control beam
(CBgo)
5120B80h40 3200 1200 800
5160B80h40 4000 400 200 1600 800 Effect of S.S
S200B80h40 4800 2000 800
580B120h40 2800 800 1200
S80B160h40 3200 400 200 800 1600 Effect of B.S
S80B200h40 3600 800 2000

Ls = beam span, h = web height, and b = flange width.

The results of the new simulated twelve beams compared to each controls ones are listed
in Table 7. All the simulated SBCWs suffered from FB. Moreover, the loads capacities of the
SBCWs decreased as S.S or B.S increased. The increase of the shear span had higher effects
than increasing pure bending span on the load capacity reduction (Table 7). The two beams
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5120B60h40 and S90B120h40 having the same span lengths and different shear spans is an
example. Moreover, increasing the shear span for beam S90B60h40 from 900 to 1800 mm
decreased the load capacity by 48% while increasing the B.S from 600 to 1500 mm decreased
the load capacity by only 4% (Table 7). The changes in B.S and S.S for beam S80B80h40
showed the same load trends as S90B60h40. Increasing the S.S of beam S90B60h40 from 800
to 2000 decreased the load capacity by 66 % while increasing B.S from 800 to 2000 decreased
the load capacity by only 5%. In addition, beams S120B80h40 and S80B160h40 had the
same span length, increasing the S.S with respect to B.S had a great effect on reducing
the beam load capacity (Table 7). Figure 11 shows the load vs. deflection for the twelve
simulated beams compared to their control ones. The figure assumed the higher effects of
increasing the S.S on the beam’s stiffness than increasing the B.S for either beam S80B80h40
or S90B60h40. The previous findings assessed the effect of changing the S.S to B.S on
accelerating the failure modes of the SBCWs, as the failure was FB.

Table 7. Results of the simulated beams in the parametric study.

Beams Ls S.S B.S Yield load Max. load Uy Su I;/[m(l;éze

IL.D (mm) (mm) (mm) (kN) (kN) (%) (mm) )
S90B60h40 2400 900 600 284.24 323.0 - 8.42 FB
S120B60h40 3000 1200 600 204.79 254.4 78.8 11.87
S150B60h40 3600 1500 600 167.07 199.6 61.8 16.12 FB
S180B60h40 4200 1800 600 141.96 168.0 52.0 20.37
S90B90h40 2700 900 900 259.53 316.5 98.0 10.61
S90B120h40 3000 900 1200 260.04 313.3 97.0 12.83 FB
S900B150h40 3300 900 1500 254.28 310.1 96.0 15.01
S80B80h40 2400 800 800 243.00 300.0 - 5.57 FB
S120B80h40 3200 1200 800 161.50 190.0 63.3 9.58
S5160B80h40 4000 1600 800 109.22 133.2 444 14.98 FB
S200B80h40 4800 2000 800 84.66 102.0 34.0 19.17
S80B120h40 2800 800 1200 244 .44 291.0 97.0 8.01
S80B160h40 3200 800 1600 236.16 288.0 96.0 10.44 FB
S80B200h40 3600 800 2000 230.85 285.0 95.0 13.05

1y = the load capacity of the new simulated beams compared to their control ones, FB = flange buckling failure.
400 400

S90B60h40 S80B80h40
_______ S120B60h40 350 ======-S120B80h40
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Figure 11. Cont.
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Figure 11. Comparison Load vs. deflections; (a) Group 1 Specimen S90B60h40, (b) Group 1 Specimen
S80B80h40, (c) Group 2 Specimen S90B60h40, (d) Group 2 Specimen S80B80h40.
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5. Conclusions

Experimental, theoretical and analytical studies were conducted to examine the effect
of shear and bending spans on the ultimate capacity and failure mode of SBCWs. Three
beams with shear-span-to-effective-depth-ratios of 1.65 to 2.5 were evaluated under four-
point bending to study the interaction between shear and bending spans and failure causes.
The finite element approach was utilized to build finite element models for the tested
SBCWs using ANSYS software. The maximum flexural that may be achieved for each spec-
imen according to EN 1993-1-5 and DASt-Rishtlinie015 standards equations is calculated
and compared with the values recorded experimentally. The findings showed that:

1. The ultimate load capacity and failure mechanism of SBCWs are not affected by pure
bending span in both scenarios of loading (i.e., over inclined or horizontal folds); since
the bending moment value does not change;

Shear span is the most important component in determining the ultimate load capacity
of the SBCW. On the other hand, shear span can only influence the failure load value,
whereas the failure mode is the same and controlled by the maximum bending
moment that the compression flange can withstand;

The overall bending moment produced by the load multiplied by the moment arm,
as well as the transversal bending moment formed by shear force, control the failure
mode for SBCW governed by flange buckling modes;

The increase in S.S lengths had higher effects than increasing the B.S lengths on the
beam capacity and stiffness; in contrast there were no effects on the failure modes.
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