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Abstract
In steel I beams the corrugated webs are sometimes used as an alternative to plain web in many steel construction. The idea 
behind this concept is an increase in the shear capacity of steel beams without providing the transverse stiffeners. The recent 
development in steel construction is the used of web openings for the utilization of various technical utilities in web. This 
paper presents an extensive parametric study on the steel beam with corrugated web having openings in the web. The objec-
tive of the present study is to observe the structural performance of this special type of beam towards the strength capaci-
ties. In the parametric study 60 models of steel beams with trapezoidally corrugated web with opening has been analyzed 
by finite element analysis using ANSYS v12. The variables in the present study are angle of corrugation, thickness of web 
and diameter of opening. The angle of corrugation, web thickness and diameter of web openings considered in the study 
are 0°, 30°, 45° and 3 mm, 4 mm, 5 mm and 0.5, 0.6, 0.75 times the overall depth of beam, respectively. The parametric 
study shows that lesser the angle of web corrugation, the more increase in the load carrying capacity is obtained. Ultimate 
strength capacity of 30° corrugated web beam with different diameter of opening such as 0.5 D, 0.6 D, and 0.75 D is found 
to be 15.27%, 14.83%, 9.72%, which is more than the beam with plain web. The height to thickness (h/tw) ratio considered in 
the study are 30, 37.5, 40, 50, and 66.67, respectively. The height to thickness (h/tw) ratio is found to be the main parameter 
influencing the buckling behaviour of steel beam with corrugated web.

Keywords Trapezoidal corrugated web · Web openings · ANSYS · Angle of corrugation · Web thickness

Introduction and literature review

Steel structures are becoming more and more popular since 
ancient times because of their many advantages such as its 
high strength-to-weight ratio, durability, and architectural 
appearance. In steel building amongst various sections, I 
sections are normally being used as a beam and column. 
The common shape of this beam is constructed from two 
parallel flanges and plain web. One of the recent develop-
ment in the construction technology is used of corrugated 
web instead of plain web. Figure 1 shows the step-by-step 
fabrication procedure of steel corrugated beam with web 
openings. The purpose of providing the corrugation in the 
web that weight can be reduced up to 30%, increase in the 

lateral stiffness and resistance against lateral torsional buck-
ling without adding the transverse stiffeners (Elgaaly et al. 
1997; Abbas et al. 2006; Lindner 1990). The effect of web 
corrugation on the beams strength, such as plain web, verti-
cally and horizontally corrugated web was investigated. It 
is concluded that the vertically corrugated web provides a 
strong support against the flange buckling (Chan et al. 2002).

The first attempt to study the corrugated web girders with 
cut outs (Romeijn et al. 2009) using theoretical and finite 
element analysis has been carried out to investigate the effect 
of cut out in corrugated webs. It concludes that increase in 
the height of the corrugated web with cut out and length of 
parallel parts, increase in the shear resistance of the beam 
and local buckling is minimized. The diameter of the cut 
out in this was limited to 0.4 a1. Sause and Braxtan (2011) 
developed the correct formula for shear strength of trapezoi-
dal corrugations web girders. Nie et al. (2013) performed 
experimental as well as extensive parametric study and sug-
gest the simplified equation for calculating the elastic shear 
bucking strength of trapezoidally corrugated web. Divahar 
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and Joanna (2014, 2018) studied experimentally the effect of 
web corrugation in cold-formed steel beam with trapezoidal 
corrugated web. The specimen tested under two point load-
ing for its pure flexural behaviour. From this study, it is found 
that the cold-formed steel beam with trapezoidally corrugated 
web having 30° corrugation has higher load carrying capacity 
compared to the beam having plain web and 45° corrugated 
web. Kovesdi and Dunai (2014) studied experimentally the 
fatigue life of girders with trapezoidally corrugated web. It 
concludes that combination-loading situation improve the 
fatigue life of corrugated web girders and smaller weld size 
resulted in the fatigue life of analyzed girder being longer. 
Wang and Wang (2014) studied fatigue assessment of welds 
joining corrugated steel web to flange plates. The results 
show that, the stress concentration at the fatigue point of 
transition curvature, the influence corrugation angle more 
significance when ratio of curvature radius to the corrugation 
depth is smaller. Zirakian et al. (2016) studied the structural 
performance of corrugated web steel coupling beams. From 
the analysis result, it concludes that increasing the number 
of corrugations web and thickness is improving the rotation 
and energy absorption capacities of the structural elements.

The castellated beams are created by special fabrication 
process. Since it is a special type of beam, a preventive meas-
ure should be taken to achieve the economy in the fabrication 
process. For obtaining the solution of the design problem, the 
charged system algorithm is used and cost optimization has been 
carried out and concluded that hexagonal openings have less 
cost in comparison to the cellular beams. The application of grey 
wolf optimizer in the design of castellated beam and optimum 
design of laterally supported castellated beams using CBO algo-
rithm has been studied in details and the results reveals the high 
capability of the CBO algorithm in finding the optimum solution 

(Kaveh and Shokohi 2014, 2015, 2016a, b). Castellated beam 
is commonly used where large web openings are and provides 
along the beams. In modem buildings, provision of large ducts 
and pipes beneath beams and girders of structure steel framing 
in building structure may lead to unacceptably large construc-
tion depths between storeys. Figure 2 shows the reduction in 
storey height by taking the advantage of web opening concept. 
There is a tendency to use water pipes and air ducts of increasing 
sizes, and opening of dimensions up to 75% of the depth of floor 
beams are often required (Morkhade and Gupta 2015, 2017, 
2019; Morkhade et al. 2018, 2019).

Till date, trapezoidally corrugated web beam with openings 
has not been studied so far. There is still no design specifica-
tion with respect to uses of opening in trapezoidally corrugated 
web. In the European standard code Euro code 3: Design of 
steel structures-EN 1993-1-5 (2006) notice that openings are 
not included in the design rules for corrugated webs. In mod-
ern building where water pipes, air ducts produce large depth 
between storeys as shown in Fig. 2. Therefore, this study has 
been carried out based on the demand for additional design 
specification to make openings in corrugated web and to study 
the flexural response of trapezoidally corrugated web beam 
with openings. An extensive parametric study has been carried 
out using a finite element analysis of trapezoidally corrugated 
web beam with web openings.

Numerical study

Validation of FE model

The finite element model was validated against the 
experimental test results of two cold-formed steel beams 

Fig. 1  Step by step fabrication procedure of steel corrugated beam with web openings
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with trapezoidally corrugated web designated as CWB-
150/30° and CWB-150/45°, respectively (Divahar and 
Joanna 2018). For both the tested beam specimens, the 
load–deflection curves obtained from the finite element 
modelling are plotted in Figs. 3 and 4 along with the meas-
ured test data for direct evaluation. From the load deflec-
tion curves, it is concluded that the beams are modelled 
suitably.

Finite element modelling

The finite element method has been used to modelled the 
corrugated web beam with web openings. The ANSYS v 
12 is used which is having very good element library to 
model the moderately thin to thick structure, and present 
strength capacity behaviour of trapezoidal corrugated web 
beam with openings in the web. Total 60 models of steel 

Fig. 2  Reduction in height of 
building storeys
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Fig. 3  Comparison of load vs vertical deflection curves for tested and 
present numerical model of CWB-150/30
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Fig. 4  Comparison of load vs vertical deflection curves for tested and 
present numerical model of CWB-150/45

Table 1  Material property

Description Values

Young’s modulus of steel 2.1 × 105 N/mm2

Yield strength of steel 250 N/mm2

Ultimate tensile strength 410 N/mm2

Poisson’s ratio 0.3
Tangent modulus (ET) 5000 MPa

Table 2  Geometrical property

CWB 150 (mm) CWB 200 (mm)

D 150 200
tf 8 10
bf 80 100
tw 3, 4, 5 3, 4, 5
bcw 40 50
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beam with trapezoidally corrugated web with opening has 
been analyzed. The variables considered in the analysis 
are angle of corrugation, thickness of web and diameter 
of openings. The length of horizontal panel is taken as 
1.5 times of overall depth of the beam. The angle of cor-
rugation considered in the study is 0°, 30°, and 45°. The 
thickness of web is considered as 3 mm, 4 mm, 5 mm and 
the diameter of opening such as 0.5, 0.6, 0.75 times overall 
depth of beam. The depth of beams is taken as 150 and 
200 mm. The material properties are as per Table 1. The 
geometric property, dimension of corrugated web, its angle 
of inclination mentioned in Tables 2 and 3, respectively. 

Figure 5 shows the geometrical details of the corrugated 
beam. The three dimensional finite element model with 
loading and boundary condition is as shown in Fig. 6. The 
summary of the FE models are as follows:

• Shell 181 element is used to model steel beams with cor-
rugated web, which is having six degrees of freedom at 
each nodes (three translation and three rotation).

• Bilinear stress strain curve is used in the analysis.
• Geometric as well as material non-linearity are consid-

ered in the beams model.
• The initial imperfection of L/1000 was used in the analy-

sis.
• The load was applied stepwise as pressure.

Results and discussion

Total 60 finite element models were created and analyzed 
using finite element analysis software ANSYS. All models 
are assigned with different geometry and material property 

Table 3  Web corrugation

Angle CWB 150 CWB 200

30° (mm) 45° (mm) 30° (mm) 45° (mm)

a 80 56.56 100 70.71
b 300 300 300 300
d 69.28 40 86.60 50
h 40 40 50 50

Fig. 5  Geometrical details of the web corrugation
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to study the load carrying capacity of specimen. Tables 4 
and 5 show the designation of the models, span length, 
maximum deflection, and ultimate load for trapezoidal 
corrugated web beam with openings of various diameters 

for depth of 150 and 200 mm, respectively. In the present 
study only circular openings has been considered. Whereas 
Tables 6 and 7 show the flexural stiffness of the specimens. 
The deformed shape and the behaviour of stresses under 

Fig. 6  Modelling, meshing, and boundary condition of specimens

Table 4  Load carrying capacity 
of CWB 150 specimens

Set Specimens Length (mm) Ultimate 
load (kN)

Max. 
deflection 
(mm)

Percentage 
increase in ultimate 
load (%)

1 PWB 150/30°/3/WO
CWB 150/30°/3/WO
CWB 150/30°/3/0.5 D
CWB 150/30°/3/0.6 D
CWB 150/30°/3/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

57.88
69.02
68.73
68.01
66.48

15.489
7.151
7.444
7.704
9.631

–
19.25
18.75
17.50
14.86

2 PWB 150/45°/3/WO
CWB 150/45°/3/WO
CWB 150/45°/3/0.5 D
CWB 150/45°/3/0.6 D
CWB 150/45°/3/0.75 D

2000
2000
2000
2000
2000

57.88
68.59
67.99
67.33
64.21

15.44
6.369
6.682
6.985
9.042

–
18.50
17.47
16.32
10.94

3 PWB 150/30°/4/WO
CWB 150/30°/4/WO
CWB 150/30°/4/0.5 D
CWB 150/30°/4/0.6 D
CWB 150/30°/4/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

60.17
70.09
70.51
68.00
66.92

15.01
6.816
7.056
7.251
8.124

–
16.49
17.18
13.01
11.22

4 PWB 150/45°/4/WO
CWB 150/45°/4/WO
CWB 150/45°/4/0.5 D
CWB 150/45°/4/0.6 D
CWB 150/45°/4/0.75 D

2000
2000
2000
2000
2000

60.5
69.5
68.20
67.36
65.39

15.81
6.523
6.792
7.036
7.585

–
14.88
12.73
11.34
8.08

5 PWB 150/30°/5/WO
CWB 150/30°/5/WO
CWB 150/30°/5/0.5 D
CWB 150/30°/5/0.6 D
CWB 150/30°/5/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

61.50
74.88
74.49
73.00
68.32

14.20
6.983
7.206
7.384
8.174

–
21.76
21.12
18.70
11.10

6 PWB 150/45°/5/WO
CWB 150/45°/5/WO
CWB 150/45°/5/0.5 D
CWB 150/45°/5/0.6 D
CWB 150/45°/5/0.75 D

2000
2000
2000
2000
2000

61.20
73.01
72.64
70.48
70.01

14.75
6.149
6.378
6.564
7.367

–
19.30
18.69
15.13
14.40
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Table 5  Load carrying capacity 
of CWB 200 specimens

Set Specimens Length (mm) Ultimate load 
(kN)

Max. deflec-
tion (mm)

Percentage increase 
in ultimate load (%)

7 PWB 200/30°/3/WO
CWB 200/30°/3/WO
CWB 200/30°/3/0.5 D
CWB 200/30°/3/0.6 D
CWB 200/30°/3/0.75 D

2233
2233
2233
2233
2233

71.30
85.49
82.19
81.88
78.23

13.24
6.810
7.629
9.223
14.676

–
19.90
15.27
14.83
9.72

8 PWB 200/45°/3/WO
CWB 200/45°/3/WO
CWB 200/45°/3/0.5 D
CWB 200/45°/3/0.6 D
CWB 200/45°/3/0.75 D

2050
2050
2050
2050
2050

71.05
83.21
82.01
79.56
76.33

12.82
6.548
7.621
9.714
13.635

–
17.11
15.42
12.00
7.43

9 PWB 200/30°/4/WO
CWB 200/30°/4/WO
CWB 200/30°/4/0.5 D
CWB 200/30°/4/0.6 D
CWB 200/30°/4/0.75 D

2233
2233
2233
2233
2233

71.92
87.31
85.50
83.21
79.80

12.92
6.468
6.951
7.494
14.317

–
23.00
20.42
17.20
12.38

10 PWB 200/45°/4/WO
CWB 200/45°/4/WO
CWB 200/45°/4/0.5 D
CWB 200/45°/4/0.6 D
CWB 200/45°/4/0.75 D

2050
2050
2050
2050
2050

71.88
85.93
82.53
81.80
78.30

12.05
5.814
6.350
7.109
14.592

–
19.54
14.82
13.80
8.93

11 PWB 200/30°/5/WO
CWB 200/30°/5/WO
CWB 200/30°/5/0.5 D
CWB 200/30°/5/0.6 D
CWB 200/30°/5/0.75 D

2233
2233
2233
2233
2233

73.80
91.23
91.01
89.99
84.12

10.36
6.575
6.982
7.415
10.038

–
23.53
23.23
21.86
14.00

12 PWB 200/45°/5/WO
CWB 200/45°/5/WO
CWB 200/45°/5/0.5 D
CWB 200/45°/5/0.6 D
CWB 200/45°/5/0.75 D

2050
2050
2050
2050
2050

73.50
89.30
87.10
86.40
81.09

9.33
5.661
6.094
6.51
10.936

–
21.50
18.50
17.55
10.33

Table 6  Flexural stiffness of 
CWB 150 specimens

Set Specimens Length (mm) Ultimate load 
(kN)

Max. deflection 
(mm)

Flexural stiffness 
(kN/mm)

1 PWB 150/30°/3/WO
CWB 150/30°/3/WO
CWB 150/30°/3/0.5 D
CWB 150/30°/3/0.6 D
CWB 150/30°/3/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

57.88
69.02
68.73
68.01
66.48

15.489
7.151
7.444
7.704
9.631

3.74
9.65
9.23
8.83
6.90

2 PWB 150/45°/3/WO
CWB 150/45°/3/WO
CWB 150/45°/3/0.5 D
CWB 150/45°/3/0.6 D
CWB 150/45°/3/0.75 D

2000
2000
2000
2000
2000

57.88
68.59
67.99
67.33
64.21

15.44
6.369
6.682
6.985
9.042

3.75
10.77
10.18
9.64
7.10

3 PWB 150/30°/4/WO
CWB 150/30°/4/WO
CWB 150/30°/4/0.5 D
CWB 150/30°/4/0.6 D
CWB 150/30°/4/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

60.17
70.09
70.51
68.00
66.92

15.01
6.816
7.056
7.251
8.124

4.00
10.28
10.00
9.38
8.24

4 PWB 150/45°/4/WO
CWB 150/45°/4/WO
CWB 150/45°/4/0.5 D
CWB 150/45°/4/0.6 D
CWB 150/45°/4/0.75 D

2000
2000
2000
2000
2000

60.5
69.5
68.20
67.36
65.39

15.81
6.523
6.792
7.036
7.585

3.83
10.65
10.04
8.62
8.62

5 PWB 150/30°/5/WO
CWB 150/30°/5/WO
CWB 150/30°/5/0.5 D
CWB 150/30°/5/0.6 D
CWB 150/30°/5/0.75 D

2146.4
2146.4
2146.4
2146.4
2146.4

61.50
74.88
74.49
73.00
68.32

14.20
6.983
7.206
7.384
8.174

4.33
10.72
10.33
9.87
8.36

6 PWB 150/45°/5/WO
CWB 150/45°/5/WO
CWB 150/45°/5/0.5 D
CWB 150/45°/5/0.6 D
CWB 150/45°/5/0.75 D

2000
2000
2000
2000
2000

61.20
73.01
72.64
70.48
70.01

14.75
6.149
6.378
6.564
7.367

4.15
11.87
11.39
10.74
9.50
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the loading due to effect of corrugated web with different 
openings are as shown in Fig. 7. The ultimate load vs mid 
span deflection graphs were plotted for each specimen such 
as plain web, corrugated web beam with different angles and 
different size of openings are as shown in Figs. 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18 and 19 for various sets.

From the finite element analysis, it has been seen that the 
ultimate load carrying capacity of the corrugated beam with 
150 mm depth having 30° angle with 3 mm, 4 mm and 5 mm 
thick web is 19.25%, 16.49% and 21.76%, respectively, 
which is more than plain web beam. In addition, 45° angles 
with 3 mm, 4 mm and 5 mm thick web is 18.50%, 14.88% 
and 19.30%, respectively, which is also more than plain web 
beam. The beam with 200 mm depth having 30° angle with 
3 mm, 4 mm and 5 mm thick web is 19.90%, 23.00% and 
23.53%, respectively, which is more than plain web beam. 
For corrugation with 45° angles is 17.11%, 14.82% and 
21.50%, respectively, which is more than plain web beam. In 
case of CWB 150, the flexural stiffness of corrugated beam 
is more up to 0.5 D opening than plain beam. Whereas, the 
flexural stiffness slightly decreases due to 0.6 D and 0.75 D 
opening. In case of CWB 200, the flexural stiffness of corru-
gated beam is more up to 0.5 D than plain beam, but increase 

in the diameter of opening such as 0.6 D and 0.75 D then the 
flexural stiffness will decrease and come near about to the 
flexural stiffness of plain web beam. From above observation 
it is concluded that flexural stiffness of CWB 200 mm depth 
with opening having 30° and 45° corrugated web are more 
than the specimens having CWB 150 with opening and plain 
web beam. This may be due to the deflection of the specimen 
under ultimate load. The prime failure modes found to be 
Vierendeel mechanism, which is similar to the castellated 
beam with plain web.

Conclusion

The following are the conclusions drawn based on the inves-
tigation done in the present paper.

• Averagely 18% increase in the ultimate load carrying 
capacity of the beam with corrugated web.

• Load carrying capacity trapezoidally corrugated beam 
with 30° angle is more than 45° and plain web beam; 

Table 7  Flexural stiffness of 
CWB 200 specimens

Set Specimens Length (mm) Ultimate load 
(kN)

Max. deflection 
(mm)

Flexural 
stiffness (kN/
mm)

7 PWB 200/30°/3/WO
CWB 200/30°/3/WO
CWB 200/30°/3/0.5 D
CWB 200/30°/3/0.6 D
CWB 200/30°/3/0.75 D

2233
2233
2233
2233
2233

71.30
85.49
82.19
81.88
78.23

13.24
6.810
7.629
9.223
14.676

5.39
12.55
10.77
8.88
5.33

8 PWB 200/45°/3/WO
CWB 200/45°/3/WO
CWB 200/45°/3/0.5 D
CWB 200/45°/3/0.6 D
CWB 200/45°/3/0.75 D

2050
2050
2050
2050
2050

71.05
83.21
82.01
79.56
76.33

12.82
6.548
7.621
9.714
13.635

5.54
12.71
10.76
8.19
5.60

9 PWB 200/30°/4/WO
CWB 200/30°/4/WO
CWB 200/30°/4/0.5 D
CWB 200/30°/4/0.6 D
CWB 200/30°/4/0.75 D

2233
2233
2233
2233
2233

71.92
87.31
85.50
83.21
79.80

12.92
6.468
6.951
7.494
14.317

5.57
13.50
12.30
11.10
5.57

10 PWB 200/45°/4/WO
CWB 200/45°/4/WO
CWB 200/45°/4/0.5 D
CWB 200/45°/4/0.6 D
CWB 200/45°/4/0.75 D

2050
2050
2050
2050
2050

71.88
85.93
82.53
81.80
78.30

12.05
5.814
6.350
7.109
14.592

5.97
14.78
13.00
11.51
5.37

11 PWB 200/30°/5/WO
CWB 200/30°/5/WO
CWB 200/30°/5/0.5 D
CWB 200/30°/5/0.6 D
CWB 200/30°/5/0.75 D

2233
2233
2233
2233
2233

73.80
91.23
91.01
89.99
84.12

10.36
6.575
6.982
7.415
10.038

7.13
13.88
13.03
12.14
8.38

12 PWB 200/45°/5/WO
CWB 200/45°/5/WO
CWB 200/45°/5/0.5 D
CWB 200/45°/5/0.6 D
CWB 200/45°/5/0.75 D

2050
2050
2050
2050
2050

73.50
89.30
87.10
86.40
81.09

9.33
5.661
6.094
6.51
10.936

7.88
15.77
14.29
13.27
7.41
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Fig. 7  Deformed shape and stress intensity of specimen
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hence, it concludes that lesser the angle of corrugation 
more the load carrying capacity of beam.

• Increasing in the diameter of opening in the web, the Von 
Mises stresses concentration found to be more around 
opening and stress intensity flow through the flange. This 
leads to flange buckling and can be avoided by providing 
greater web thickness and stiffeners.

• Flexural stiffness of corrugated beam having 30°, 45° 
with different sizes of opening such as 0.5 D, 0.6 D, and 
0.75 D is more than the plain web beam. Hence it is con-
cluded that corrugated web beam with opening is stiffer 
than plain web beam.

• Length of horizontal panel is also responsible for the 
increase in load carrying capacity of the beam. Greater 
depth also gives higher load carrying capacity of cor-
rugated web beam with opening than plain beam.

• In case of CWB 150, flexural stiffness of corrugated 
beam is more for opening up to 0.5 D over a plain web 
beam and slightly decreases with an increase in diameter 
to 0.6 D and 0.75 D.

• In case of CWB 200, the flexural stiffness of corrugated 
beam is also more for opening up to 0.5 D over a plain 
web beam, but increasing the diameter of opening such 
as 0.6 D, 0.75 D then flexural stiffness will decrease and 
come near about the flexural stiffness of plain web beam.

• From above observation, it is conclude that the flexural 
stiffness of CWB 200 mm depth with opening having 
30° and 45° corrugated web are more than the specimens 
having CWB 150 with opening and plain web beam. This 
may due to the deflection of the specimen under ulti-
mate load. Hence, according to the load carrying capacity 
point of view, it is concluded that corrugated web beam 
with opening can be used instead of plain web beam. It is 
helpful to reduce the floor-to-floor height of the building.

• The prime failure modes found to be Vierendeel mecha-
nism, which is similar to the castellated beam with plain 
web.
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