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Introduction
I-girder with the corrugated web is an alternative solution to transverse stiffeners to increase 
out-of-plane stiffness and fatigue resistance of steel girders. Additionally, reducing self-
weight of the girder and fabrication cost. Therefore corrugated web girders have had wide-
spread usage in steel structures since the 1990s. In order to use them safely, designed models 
subjected to different straining actions should be provided for these innovative girders. The 
earliest investigation of the lateral-torsional buckling behavior of the corrugated web girders 
was by Lindner [1]. He proposed empirical formulas for the warping constant of the I-gird-
ers with the corrugated web based on experimental studies. Subsequently, Sayed-Ahmed 
[2] used an equivalent web thickness (teq) to determine the corrugated web girders strength. 
Ibrahim [3] studied the lateral-torsional buckling strength of girders consisting of rectan-
gular tubular flange accompanied with the corrugated web. Chan et al. [4] investigated the 
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beam with the corrugated web in both directions vertically and horizontally. He concluded 
that the strength of girders with the vertical corrugated web was higher than that of the 
girders with the horizontal corrugated web. Moon et al. [5] proposed an expression for the 
warping constant of the corrugated web girders based on the force method with ignoring the 
web contribution due to its accordion effect. Nguyen et al. [6] followed the same approach 
as Moon et al. except for the contribution of the corrugated web which was considered to 
be fully active and taken into account. Zhang et al. [7] suggested that the calculations of the 
corrugated web were similar to the flat web except for the eccentricity of the web. A modi-
fied torsional and warping constant of the corrugated web girders is introduced by [8–10]. In 
addition, the elastic lateral-torsional behavior of the corrugated web girders was investigated 
numerically according to [11, 12]. While the inelastic lateral-torsional buckling performance 
was investigated experimentally by [13–15] and numerically using nonlinear finite element 
analyses by [16–20]. However, not many researches studied the lateral-torsional buckling 
behavior of the circular corrugated web girder.

Methodology
The aim of this paper is to study the lateral-torsional buckling behavior of the I-gird-
ers with a circular corrugated web. In addition, studying the effect of various geometri-
cal parameters on the moment capacity of these girders. A comparison in the moment 
capacity between beams with corrugated web and those with the flat web is conducted. 
In this paper, a numerical study is carried out to simulate the beam model with a cir-
cular corrugated web using ABAQUS software. Then the finite element model will be 
validated based on the previous experimental tests by Elkawas et al. [21]. A parametric 
study is performed to investigate the effect of geometrical parameters on the lateral-tor-
sional buckling behavior. The moment capacity of the I-girders with the corrugated web 
is compared with that of the flat web girders in order to quantify the increase of moment 
capacity of corrugated web girders and evaluate the benefit of using these girders.

Finite element modeling

The finite element model is performed using ABAQUS software version 2019 [22] in order to 
simulate the lateral-torsional buckling behavior of the I-girder with circular corrugated web and 
estimate its moment capacity. The variables of the I-girder are shown in Fig. 1, where S is the 
wavelength of the corrugated web, q is the wave width, hr is the depth of the corrugation, H is the 
girder depth, hw is the corrugated web height, tw is web thickness, bf is the flange width, and tf is 
the flange thickness. The X, Y, and Z axes shown in this figure are the global axes of the girders.

Elements type and mesh configuration

ABAQUS has an expansive library of elements suitable for various types of analysis. 
Shell elements are a good choice to model structures that has small thicknesses in com-
parison with their other dimensions. Two shell element types are used, Linear (S4R) and 
Quadratic (S8R) shell elements, to investigate the suitable element type for this anal-
ysis, convergence study is performed for I-girder with circular corrugated web model, 
with dimensions according to Table  1. The global size of the mesh varies from 30mm 
to 8mm to get the finite element analysis accuracy and achieve time-saving. Although 
(S8R) elements converge earlier than S4R elements, they are more complex and require 
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more computations per element. The convergence results of S8R and S4R elements are 
identical at finer mesh. Therefore, the S4R elements are chosen to simulate the finite ele-
ment model. The mesh of the models is formed of ten elements per flange width and 
more than eight elements along the wavelength of the circular corrugation in the web 
as shown in Fig. 2. The results from the convergence study performed for the nonlinear 
buckling analysis model are presented in Fig. 3, where the horizontal axis denotes the 
numbers of element and the vertical axis refers to the ultimate bending moment (Mul, FE).

Boundary conditions and loading

Each girder is loaded by two concentrated point loads acting at one third and two thirds 
of the upper flange span at the center line of the flange, resulting in zero shear and pure 

Fig. 1  Geometry of the circular corrugated web girder

Table 1  Dimensions of the used finite element model in the convergence studies

L (mm) bf (mm) tf (mm) H (mm) tw (mm) hr (mm) q (mm)

4500 120 10 240 3.75 50 150

Fig. 2  Finite element mesh of I-girder with circular corrugated



Page 4 of 18Swelem et al. Journal of Engineering and Applied Science           (2022) 69:23 

moment at the middle third of the span as shown in Fig. 4. Boundary conditions of all 
models are simply supported at the nodes of the bottom flanges where the end stiffeners 
are located. Figure 5 shows the loading and boundary conditions. Line 1 is hinged sup-
port, where the lateral displacement is prevented in the z-direction (uz =0.0), the lon-
gitudinal movement is restrained in the x-axis (ux =0.0) and the vertical displacement 
is prevented (uy=0.0). Line 2 is roller support, where the displacement in the z- and 
y-directions are restrained (uz=0.0, uy=0.0).

Material properties

In the non-linear (RIKS) analysis, the material is defined as shown in Fig. 6. The trilin-
ear stress–strain curve relationship is used to study the material non-linearity and large 

Fig. 3  Convergence analysis results of the current models

Fig. 4  Shear and moment diagrams for two point loads

Fig. 5  Loading and boundary condition of the finite element analysis
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deformation as used by Moon et al. [5] to simulate the material behavior, which follows 
the Von-Mises yield stress criterion with isotropic hardening rule. The modulus of elas-
ticity (E) equals 210.000 MPa, Poisson ratio (ʋ) is 0.3, the yield stress (fy) is taken as 280 
MPa, the ultimate stress (fu) is 360 MPa, and the elongation is 18%. These properties are 
adopted based on the properties of (S280GD) according to European standards.

Applied analysis and geometric imperfection

Two analysis steps are performed in order to simulate the inelastic lateral-torsional buckling 
behavior of the I-girders with circular corrugated webs. In the first instance, the *BUCKLE 
procedure in ABAQUS simulates the elastic buckling analysis to estimate the critical buck-
ling loads of the model and the structure deforms (Eigenmode). For this study, three Eigen-
values for each girder are extracted. The worst case of the buckling load is considered in 
the design, which is the lowest Eigenvalue. The next step is a geometrical and material non-
linear analysis by applying the modified RIKS method. The applied equivalent geometric 
imperfection is taken as L/1000 similar to the previous investigations by [5, 18], where L is 
the span of the girder. This is the same value recommended by the EC3 [23] where the initial 
geometric imperfections and the residual stresses are represented by equivalent geometric 
imperfections with a magnitude of L/1000 in the case of global buckling.

Verification of the finite element model

The finite element model is verified based on the previous experimental test results of 
Elkawas et al. [21] using three simply-supported specimens G-400-80, G-400-100, and 
G-300-80 with a span of 3000 mm. The web consists of three parts, corrugated web in 
the middle part with length of 1800 mm and 3 mm thickness. The left and right parts are 
flat webs with 8 mm thickness. The flange thickness is taken as 16mm. The flange width 
and web height are considered as a variable. Where, specimen G-400-80 is considered 
as the control girder with a flange width 80 mm and a web height of 400mm. The flange 
width varies to 100 mm in the second specimen G-400-100, while the web height in the 
third specimen G-300-80 is changed to 300 mm. Each girder is tested under two point 
loads that act on the upper flange to obtain a pure bending moment in the middle part of 
the girder. The corrugation profile dimensions of the girders are given in Fig. 7.

Fig. 6  Stress–strain relationship for nonlinear analysis



Page 6 of 18Swelem et al. Journal of Engineering and Applied Science           (2022) 69:23 

The yield stress (fy) is taken 295,287 and 304 MPa for flanges, flat web, and corrugated web, 
respectively. The stress-strain relationship is simulated an elastic perfectly plastic relation-
ship. The Poisson’s ratio (υ) is taken as 0.3. In this verification, the girders are simulated by 
using ABAQUS software version 2019. The element type used in the numerical analysis is 
four-node shell elements (S4R) which has linear base function and reduced integration. Also, 
the mesh is taken similar to the applied mesh by Elkawas et al. [21]. A linear buckling analysis 
(Eigenvalue buckling analysis) is performed to determine the critical buckling moment. Non-
linear analysis is carried out using the modified RIKS method to simulate the geometrical 
and material nonlinearities taking into account the initial geometrical imperfection of 
L/1000, where L is the girder span. Table 2 shows the ratio of the finite element ultimate 
moment to the experimental ultimate moment 

(

Mul.FE
Mul.EX

)

 for the girders. The result of the 

numerical analysis and those obtained from the experimental test show good agreement. 
Figure 8 shows the relationship between the bending moment versus mid-span vertical dis-
placement that is obtained from the finite element analysis and experimental tests.

Parametric study
Based on the finite element model verification results of the previous section, the finite 
element model can be used safely to simulate the behavior of the lateral-torsional buck-
ling of girders with circular corrugated webs. A parametric study is performed taking 
into account the linear and non-linear buckling analyses. The aim of this parametric 
study is to investigate the effect of the geometrical parameters on the lateral-torsional 
buckling performance of circular corrugated web girders. Three corrugated web profiles 
are chosen as follows: the width of the corrugation (q) is considered as 180 mm, 150mm, 
and 100mm for the CW-180, CW-150, and CW-100 steel girders models, respectively as 
presented in Table 3. The corrugation depth (hr) is taken 50mm for models CW-150 and 
CW-180 and 20mm for model CW-100 steel girder. Figure 9 shows the geometric nota-
tions of the corrugated web. An equivalent girder with a flat web (FW) is proposed to be 

Fig. 7  Dimensions of the corrugated web profile for test specimens

Table 2  Comparison between finite element and experimental ultimate moments

Girder Mul,EX
(KN.m)

Mul,FE
(KN.m)

(

Mul.FE

Mul.EX

)

G-400-80 135 135.747 1.01

G-400-100 183.6 185.262 1.01

G-300-80 124.4 119.186 0.96
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a corresponding weight of the corrugated web girder (CW). The thickness of the flat web 
(tequ) is determined as:

where tequ is the web thickness of the I-girder with flat web, tw is the thickness of the 
web of the I-girder with circular corrugated web, S is the wave length for one corruga-
tion, (q/2) is the projected length of one corrugation, and R is the radius of the corru-
gated web.

(1)tequ = tw

(

S

q/2

)

Fig. 8  Moment vs. vertical displacement for specimens a G-400-80, b G-400-100, and c G-300-80

Table 3  Dimensions of the geometrical profiles of circular corrugated web

Girder R (mm) q (mm) hr (mm)

CW-100 28.66 100 20

CW-150 40 150 50

CW-180 40 180 50

Fig. 9  Notations for the corrugation profile
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In this study, only girders with unbraced length (Lb) in the range of (LP < Lb ≤ Lr) 
according to Egyptian code (LRFD) [24] are considered when investigating the inelastic 
behavior of the lateral-torsional buckling where LP is limit for laterally unbraced length 
for full plastic bending capacity and (Lr) is limit for laterally unbraced length for inelastic 
lateral-torsional buckling as represented in Eqs. (2) and (3).

FL = 0 ∙ 6 (Fyf) and X =

(

0•104 ry d

Af

)2

where ry is the radius of gyration about y-axis, Fyf is the yield stress of the flange, AF 
is the area of the compression flange, and d is the total depth of the beam. The beam 
dimensions are considered as(H × bf × tf × tw). The parametric study is conducted in 
three groups to cover the three web corrugation profiles CW-180, CW-150, and CW-100 
by changing only one parameter at a time. When changing each parameter, the length of 
the girder that varies in the range of (LP < L ≤ Lr) is the main variable. The ranges of the 
parameters considered in this study, other than the span (L), are:

•	 The flange width (bf) varies from 100mm to 150 mm.
•	 The flange thickness (tf) varies from 8mm to 12 mm with an increment of 2mm.
•	 The web thickness (tw) varies from 2.5mm to 3.75 mm with an increment of 0.25mm.
•	 The girder height (H) varies from 240mm to 360 mm with an increment of 30mm.

Results and discussions
Effect of flange width

The moment capacity increases when the flange width increases within the range of 100 
to 150 mm as shown in Fig. 10. The moment capacities of the CW-180, CW-150, and 
CW-100 steel girders models are higher than those of models FW-180, FW-150, and 
FW-100 with an average ratio of 17.14%, 19.11%, and 6.3%, respectively.

The effect of varying the flange width (bf) on the moment capacity using various lengths 
is presented in Table 4. The increase in the moment capacity of model CW-150 with a 
span of 4500mm reaches 97.25% as the flange width changes from 100mm to 150mm 
as shown in Fig. 11. The moment capacity of model CW-150 is 13.6% higher than the 
moment capacity of model (CW-100) as shown in Fig. 12, while the moment capacity of 
model CW-150 is slightly higher than the moment capacity of model CW-180. This indi-
cates the essential effect of the corrugation depth on the moment capacity of the circular 
corrugated web girders.

Effect of flange thickness

When the flange thickness increases in the range of 8 mm to 16mm, the moment 
capacity rises as presented in Fig.  13. The moment capacity of the corrugated web 

(2)LP =
80 ry
√

Fyf

(3)Lr =
1380 Af

d FL

√

1

2

(

1+

√

1+ (2X FL)
2

)



Page 9 of 18Swelem et al. Journal of Engineering and Applied Science           (2022) 69:23 	

girders CW-180, CW-150, and CW-100 are higher than those of girders with flat web 
FW-180, FW-150, and FW-100 with an average ratio of 10.81%, 11.69%, and 6.03%, 
respectively. Table  5 illustrates the effect of varying the flange thickness (tf) on the 

Fig. 10  Moment capacity vs. unbraced length show the effect of the flange width (bf) for a CW-180 and 
FW-180 models, b CW-150 and FW-150 models, and c CW-100 and FW-100 models

Table 4  The moment capacity using various flange widths for different model spans

H
mm

tf
mm

bf
mm

tw,cw
mm

L
mm

Mul KN.m Mul KN.m Mul KN.m

CW-180 FW-180 CW-150 FW-150 CW-100 FW-100

300 12 150 3.75 2500 130.94 119.16 131.30 121.87 120.92 111.92

3500 119.51 106.77 120.40 106.62 107.57 103.44

4500 103.20 91.05 104.14 89.29 91.65 85.14

135 2500 104.28 105.31 104.59 107.28 100.28 100.45

3500 104.07 90.91 105.71 89.89 91.06 86.92

4500 87.54 74.72 88.87 73.54 75.15 71.15

120 2500 93.28 85.98 93.47 89.88 87.99 86.37

3500 87.61 70.09 88.64 71.57 74.26 67.80

4500 72.45 59.42 74.57 58.41 60.60 55.48

110 2500 83.74 77.19 85.13 76.85 77.78 75.21

3500 76.64 59.88 80.10 62.89 62.45 58.46

4500 61.44 48.75 65.31 49.46 51.40 47.58

100 2500 73.89 64.47 75.73 65.48 67.22 62.85

3500 64.81 49.74 70.35 51.92 53.16 48.60

4500 52.32 40.67 56.41 41.29 43.37 39.65
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moment capacity using different lengths. The moment capacity of model CW-180 
with a span of 4500mm increases about 162.9% as the flange thickness increases from 
8 mm to 16mm as shown in Fig.  14. The corrugation depth has a significant effect 
on the moment capacity as presented in Fig. 15, where the flange thickness is taken 
10mm for girder with a span of 4500 mm. The moment capacity of model CW-150 is 
10.76 % higher than the moment capacity of model CW-100, as the corrugation depth 
equals 50mm and 20mm for CW-150 and CW-100, respectively, while the moment 
capacity values of models CW-150 and CW-180 are close to each other, as they have 
the same corrugation depth which is 50mm.

Fig. 11  Moment vs. deflection at mid-span for model CW-150 shows the effect of flange width (bf)

Fig. 12  Comparison between the moment capacity of CW-180, CW-150, and CW-100 models with a span of 
3500 mm
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Effect of web height

The moment capacity increases as the web height increases as shown in Fig.  16. The 
moment capacity of the CW-180, CW-150, and CW-100 steel girders models are higher 

Fig. 13  Moment capacity vs. unbraced length show the effect of the flange thickness (tf) for a CW-180 and 
FW-180 models, b CW-150 and FW-150 models, and c CW-100 and FW-100 models

Table 5  The moment capacity using various flange thicknesses for different model spans

H
mm

tf
mm

bf
mm

tw,cw
mm

L
mm

Mul KN.m Mul KN.m Mul KN.m

CW-180 FW-180 CW-150 FW-150 CW-100 FW-100

300 16 150 3.75 2500 172.52 150.46 172.69 160.97 162.96 133.52

3500 162.94 149.82 167.15 148.16 153.97 142.05

4500 152.47 133.59 153.55 133.52 139.19 127.95

14 2500 158.30 137.75 157.57 135.21 145.80 122.43

3500 139.38 129.29 143.40 124.64 130.17 122.72

4500 127.31 111.93 127.71 109.06 113.02 107.04

12 2500 130.94 119.16 131.30 121.87 120.92 111.92

3500 119.51 106.77 120.40 106.62 107.57 103.44

4500 103.20 91.05 104.14 89.29 91.65 85.14

10 2500 107.13 100.10 106.75 102.14 92.60 95.39

3500 97.73 86.63 98.46 86.97 85.15 84.55

4500 77.78 69.63 79.06 70.54 71.38 67.68

8 2500 82.69 81.18 83.01 83.03 74.36 78.19

3500 75.29 67.37 77.14 68.13 66.42 66.28

4500 57.98 52.45 59.40 52.33 53.00 51.05
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than those of the FW-180, FW-150, and FW-100 models with an average ratio of 16.04%, 
18.35%, and 5.73%, respectively. Table 6 presents the effect of using various girder depths 
(H) on the moment capacity. The moment capacity of model CW-150 with a span of 
3500mm increases about 23.08% as the height of the girder increases from 240 to 360mm 
as shown in Fig. 17. The moment capacity of model CW-150 is nearly to that of model 
CW-180, although it is 21.72% higher than the moment capacity of model CW-100 as 
shown in Fig. 18, where the girder depth taken 330mm with a span of 4500mm.

Effect of web thickness

The moment capacity increases slightly when the web thickness increases as shown 
in Fig.  19. The results of varying the web thickness on the moment capacity of the 
girders is presented in Table  7, where (tw,cw) is the corrugated web thickness and 

Fig. 14  Moment vs. deflection at mid-span for model CW-180 shows the effect of flange thickness (tf)

Fig. 15  Comparison between the moment capacity of CW-180, CW-150, and CW-100 models with a span of 
4500 mm
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(H/tw) is the depth to web thickness ratio of the girder. The section size is consid-
ered as :(300mm × 150 mm × 12mm × tw) using six web thickness (tw) with a constant 
girder height equals 300mm. The increase in the moment capacity reaches an aver-
age of 2.8%, 4.5%, and 2.13 % for the CW-180, CW-150, and CW-100 steel girders, 

Fig. 16  Moment capacity vs. unbraced length show the effect of the web height (hw) for a CW-180 and 
FW-180 models, b CW-150 and FW-150 models, and c CW-100 and FW-100 models

Table 6  The moment capacity using various girder depths for different spans

H
mm

tf
mm

bf
mm

tw,cw
mm

L
mm

Mul KN.m Mul KN.m Mul KN.m

CW-180 FW-180 CW-150 FW-150 CW-100 FW-100

360 12 120 3.75 2500 103.72 98.82 104.20 97.54 98.54 95.84

3500 96.98 77.76 100.08 80.98 81.49 74.56

4500 75.29 61.69 77.94 61.52 63.91 59.10

330 2500 98.52 95.19 99.06 93.80 92.61 91.90

3500 92.83 75.19 93.73 77.65 77.27 72.45

4500 73.14 60.15 75.47 60.09 62.17 57.94

300 2500 93.28 85.98 93.47 89.88 87.99 86.37

3500 87.61 70.09 88.64 71.57 74.26 67.80

4500 72.45 59.42 74.57 58.41 60.60 55.48

270 2500 87.09 84.16 87.44 83.97 81.83 79.85

3500 83.34 69.84 84.47 68.21 70.16 64.88

4500 70.58 58.23 72.35 57.07 59.10 54.95

240 2500 81.36 79.17 81.58 78.49 75.41 75.74

3500 79.68 66.93 81.31 65.99 67.11 63.91

4500 67.94 57.01 70.47 54.70 57.84 53.72
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respectively when the web thickness increases from 3 to 3.75mm as reducing the 
girder depth to web thickness ratio (H/tw) from 100 to 80. When the depth to length 
ratio of the girder (H/L) is greater than 0.12, the local buckling of the upper flange 
occurs first when the girder depth to web thickness ratio (H/tw) is higher than 109 for 
corrugated web I-girders. In comparison, for equivalent flat web girders with the same 
depth to length ratio of the girder (H/L) and the girder depth to web thickness ratio 
(H/tw) is higher than 85.95, the local buckling of the upper flange occurs. The figures 
show that the moment capacities of the corrugated web girders CW-180, CW-150, 
and CW-100 are higher than those of the girders with flat web FW-180, FW-150, and 
FW-100 with an average ratio of 14.52%, 14.21%, and 9.92%, respectively.

Fig. 17  Moment vs. deflection at mid-span for model (CW-150) shows the effect of web height (hw)

Fig. 18  Comparison between the moment capacity of CW-180, CW-150, and CW-100 models with of span 
of 4500 mm
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Effect of corrugation depth

As observed from the previous results, the moment capacity of the corrugated web 
girders is influnced by the depth of the corrugation. Increasing the depth of corru-
gation from 20mm for model CW-100 to 50mm for models CW-150 and CW-180 
increases the moment capacity of the corrugated web girders. While the corrugation 
width has a little effect on the moment capacity as found in CW-180 and CW-150, 
i.e.the moment capacity of CW-150 is a little higher than CW-180 for the same 
depth of corrugation.

Fig. 19  Moment capacity vs. unbraced length show the effect of the web thickness tw for a CW-180 and 
FW-180 models, b CW-150 and FW-150 models, and c CW-100 and FW-100 models
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Effect of girder length

When the length of the girder increases, the moment capacity decreases as noted from 
the parametric study results. The unbraced length of the compression flange affects sig-
nificantly the lateral-torsional buckling behavior.

Conclusions
The lateral-torsional buckling resistance of the I-girders with circular corrugated webs 
under two concentrated point loads is investigated. Elastic buckling analysis is created 
on beams with a height of 300mm and flange width range from 100 to 150mm to predict 
buckling mode that is used for the nonlinear analysis with a suitable initial imperfec-
tion. Based on this study, the moment capacity could be increased by about 97% when 
the flange width increases from 100 to 150 mm. The moment capacity can reach up to 
160% when the flange thickness is increased from 8mm to 16mm. When the depth of 
the girder increases from 240 to 360mm, the moment capacity increases about 23%. The 
girder depth to web thickness ratio (H/tw) has a slight effect on the moment capacity. 
However, the corrugation depth has a significant effect on the moment capacity. The 
moment capacity increases about 14%, when the corrugation depth increases from 20 to 
50mm. The unbraced length is an essential factor that affects the lateral-torsional buck-
ling resistance. For I-girder with the same weight, the moment capacity of circular cor-
rugated webs girder is 16% higher than that of the girder with the flat web.

Abbreviations
S: Wavelength of the corrugated web; q: Wave width; R: Radius of the corrugated web; hr: Depth of the corrugation; H: 
Girder depth; hw: Corrugated web height; tw: Web thickness; bf: Flange width; tf: Flange thickness; E: Modules of elasticity; 

Table 7  The moment capacity using various web thicknesses for different lengths

tw,cw
mm

H/tw L
mm

Mul KN.m Mul KN.m Mul KN.m

CW FW-180 FW-150 FW-100 CW-180 FW-180 CW-150 FW-150 CW-100 FW-100

3.75 80 68.18 63 75 2500 130.94 119.16 131.30 121.87 120.92 111.92

3500 119.51 106.77 120.40 106.62 107.57 103.44

4500 103.20 91.05 104.14 89.29 91.65 85.14

3.5 85.72 73.17 67.5 78.42 2500 130.35 111.23 131.47 118.97 119.03 104.91

3500 117.51 105.36 118.94 105.30 107.07 101.96

4500 102.90 89.92 103.74 89.13 91.36 85.47

3.25 92.3 78.67 72.6 84.5 2500 130.28 105.16 130.83 113.30 117.73 97.35

3500 115.68 103.71 117.02 103.84 106.48 100.21

4500 102.57 88.59 103.32 87.09 91.06 83.47

3 100 85.22 78.7 91.49 2500 127.90 95.68 127.77 100.38 116.59 92.43

3500 113.46 101.72 115.43 102.14 105.78 98.01

4500 102.22 86.96 102.87 85.93 90.75 82.70

2.75 109 92.98 85.95 100 2500 Local buckling of upper flange

3500 111.01 99.09 113.38 100.05 103.15 93.36

4500 101.83 84.74 102.37 84.44 90.41 81.26

2.5 120 102.28 94.44 109.8 2500 Local buckling of upper flange

3500 107.78 94.49 111.00 97.25 102.13 88.70

4500 101.38 82.60 101.81 82.59 90.83 77.68



Page 17 of 18Swelem et al. Journal of Engineering and Applied Science           (2022) 69:23 	

ʋ: Poisson ratio; fy: Yield stress; fu: Ultimate stress; CW: Corrugated web girder; FW: Equivalent girder with flat web; tw: Web 
thickness of the I-girder with circular corrugated web; tequ: Web thickness of the I-girder with flat web.
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