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INTRODUCTION 

The availability of high strength steels requires innovative 
designs, such as the use of corrugated webs, for efficient use 
of these steels. Economical design of steel girders normally 
requires thin webs; the conventional welding of stiffeners to 
allow the use of thin webs has two disadvantages. The first is 
high fabrication cost, and the second is a possible reduced life 
due to fatigue cracking which may initiate at the stiffeners 
weld. The use of corrugated plates in lieu of flat stiffened 
plates in the web of a girder can eliminate both disadvantages. 
With the advances in welding technology, automatic welding 
of corrugated webs can benefit from the joint tracking tech­
nology,1 and the web needs to be welded to the flanges only 
from one side. As a result, girders with corrugated webs can 
be very economical when compared with conventionally 
stiffened girders. Furthermore, the use of corrugated webs 
will increase the lateral stiffness of the girder, thus minimize 
lateral-torsional buckling bracing requirements, particularly 
during construction, and the use of corrugated webs in com­
posite construction will minimize cracking of the slab. 

Studies on the behavior of beams with corrugated webs 
subjected to shear have been conducted in the United States: 
Peterson,2 Rothwell,3 Sherman and Fisher,4 Libove,5 6 Easley,7 

Wu and Libove,8 and Hussain and Libove.9 Studies were 
conducted in Britain by Harrison,10 in Hungary by Korashy 
and Varga,11 in Sweden by Bergfelt and Aravena,12 and in 
Germany by Lindner1314 and by Scheer and Einsiedler.15 

Beams with corrugated webs have been manufactured in 
Sweden, Germany, and Japan,16 and used in buildings in the 
United States, Europe, and Japan, and in Bridges in 
France.17,18 A summary of the research and Development in 
beams and girders with corrugated webs was reported by 
Elgaaly and Dagher.19 Research work on the behavior of steel 
built-up girders with corrugated webs under different loading 
conditions was conducted by Elgaaly at the University of 
Maine and at Drexel University. Results from this research 
work were published,20,21,22 and this paper address the design 
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of built-up steel girders made of trapezoidally corrugated 
webs. 

SHEAR CAPACITY BASED ON LOCAL BUCKLING 

The mode of failure of a steel built-up girder with corrugated 
web subjected to shear is local and/or global buckling of the 
web, as shown in Figure 1. In the local buckling mode, the 
corrugated web acts as a series of flat plate sub-panels, made 
of the corrugation folds, that mutually support each other 
along their vertical edges and are supported by the flanges at 
their horizontal edges. These flat plate sub-panels (folds) are 
subjected to shear; and the elastic buckling stress is given by, 

Tcre = ks[K2E/12(1-ii2)(w/t)2] (1) 

where 

ks = Buckling coefficient which is function of the panel 
aspect ratio (h/w) and the boundary support conditions 

h = The web depth 
t = The web thickness 
w = The fold width - the horizontal or the inclined, 

whichever is bigger 

Fig. 1. Local and global buckling of the web due to shear. 
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E = Young's Modulus of Elasticity 
(I = Poisson's ratio 

The buckling coefficient ks is given by 

ks = 5.34 + 23l(w/h) - 3A4(w/h)2 + 8.39(w//*)3 

for the longer edges simply-supported and the shorter edges 
clamped, and 

&,= 8.98 + 5.6(w//z)2 

in the case where all edges are clamped. 
In case icre > 0.8Tr inelastic buckling will occur and the 

inelastic buckling stress xcri can be calculated by, 

xc, = ( 0 . 8 x x c r e x i f < i (2) 

The local buckling stresses were calculated for test speci­
mens23 with coarse corrugations made of three different pro­
files, 2-in., 21/i6-in., and 1-in. deep, as shown in Figure 2. The 
web panels of the test specimens have four different aspect 
ratios (panel width-to-depth ratio equals 0.5,1.0,1.5, and 2.0) 
and three different depths of 12-in., 18-in., and 24-in. In the 
calculations, the corrugation folds were assumed to have two 
boundary conditions; simply supported along the longer 
edges and clamped along the shorter edges xssf, and clamped 
along all four edges ifx. The calculated stresses are given in 
Table 1 and are compared with the corresponding stresses 

Dimensions of Test Specimens 

Identification 

V121216AorB 
V121221AorB 
V121232AorB 
V121809AorB 
V121832AorB 

V122409AorB 
V122421AorB 
V122432AorB 
V181209AorB 
V181216AorB 

V181221AorB 
V181232AorB 
V181809AorB 
V181816AorB 
V181821AorB 

V181832AorB 
V241209AorB 
V241216AorB 
V241221AorB 
V241232AorB 

a (in.) 

12 
12 
12 
18 
18 

24 
24 
24 
12 
12 

12 
12 
18 
18 
18 

18 
12 
12 
12 
12 

^ (in.) 

12 
12 
12 
12 
12 

12 
12 
12 
18 
18 

18 
18 
18 
18 
18 

18 
24 
24 
24 
24 

Thickness A (in.) 

0.0251 
0.0248 
0.0252 
0.0278 
0.0252 

0.0281 
0.0266 
0.0252 
0.0220 
0.0240 

0.0240 
0.0235 
0.0240 
0.0250 
0.0250 

0.0240 
0.0245 
0.0250 
0.0240 
0.0245 

Thickness B (in.) 

0.0301 
0.0309 
0.0307 
0.0249 
0.0362 

0.0261 
0.0308 
0.0306 
0.0240 
0.0299 

0.0300 
0.0295 
0.0245 
0.0290 
0.0290 

0.0295 
0.0250 
0.0310 
0.0300 
0.0300 

Aspect Ratio (a/h) 

1:1 
1:1 
1:1 

1.5:1 
1.5:1 

2:1 
2:1 
2:1 
1:1.5 
1:1.5 

1:1.5 
1:1.5 
1:1 
1:1 
1:1 

1:1 
1:2 
1:2 
1:2 
1:2 

Configuration 

UF1X 
UFX-36 
UF2X 
UFS 
UF2X 

UFS 
UFX-36 
UF2X 
UFS 
UF1X 

UFX-36 
UF2X 
UFS 

UF1X 
UFX-36 

UF2X 
UFS 
UF1X 

UFX-36 
UF2X 

Corrugation Configurations 

Profile Type 

UFS 
UF1X 

UFX-36 
UF2X 

* (In.) 

0.78 
1.50 
1.65 
1.96 

d(in.) 

0.47 
1.00 
0.92 
1.04 

/ir (In.) 

9 / l6 
16/16 
21/16 
3 2 / l6 

6 (degrees) 

50.0 
45.0 
55.0 
62.5 

s(in.) 

3.00 
5.83 
6.50 
8.43 

q(in.) 

2.50 
5.00 
5.14 
6.00 

Fig. 2. Dimensions of shear test specimens and corrugation profiles. 
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Specimen 

V121216A 
V121216B 
V121221A 
V121221B 
V121232A 

V121232B 
V121832A 
V121832B 
V122421A 
V122421B 

V122432A 
V122432B 
V181216A 
V181216B 
V181221A 

V181221B 
V181232A 
V181232B 
V181816A 
V181816B 

V181821A 
V181821B 
V181832A 
V181832B 
V241216A 

V241216B 
V241221A 
V241221B 
V241232A 
V241232B 

if, ksi 

44.92 
52.71 
39.95 
52.72 
31.68 

43.97 
24.11 
43.26 
35.18 
50.49 

27.31 
33.01 
40.12 
55.46 
34.79 

47.57 
23.57 
33.33 
41.69 
51.44 

35.13 
45.08 
27.69 
31.68 
40.83 

49.36 
36.09 
46.69 
26.87 
33.53 

Table 1. 
Shear Stresses from Tests x& F. E. 

ie,ksi 

37.35 
54.54 
34.95 
43.96 
30.59 

37.32 
25.63 
27.62 
30.48 
37.23 

23.15 
29.96 
48.61 
49.91 
32.18 

40.74 
27.42 
33.90 
37.33 
41.42 

28.22 
40.23 
27.55 
33.30 
28.32 

40.30 
30.16 
39.57 
26.41 
31.68 

Analysis T* 
and Based on Local Buckling 

Xe/lf 

0.83 
1.04 
0.88 
0.83 
0.97 

0.85 
1.06 
0.64 
0.87 
0.74 

0.85 
0.91 
1.21 
0.90 
0.93 

0.86 
1.16 
1.02 
0.90 
0.81 

0.80 
0.89 
1.00 
1.05 
0.69 

0.82 
0.84 
0.85 
0.98 
0.95 

%y, ksi 

56.58 
55.71 
55.71 
55.71 
55.71 

53.69 
58.89 
47.05 
51.96 
53.41 

59.76 
53.12 
51.78 
56.82 
48.39 

50.74 
46.19 
50.44 
49.53 
51.40 

46.19 
49.91 
57.74 
48.57 
49.53 

49.23 
51.05 
53.48 
56.38 
48.93 

Tssf, ksi 

41.02 
51.27 
33.23 
47.95 
18.76 

27.84 
18.76 
38.17 
38.23 
46.8 

18.76 
27.66 
36.98 
51.07 
30.65 

44.09 
15.98 
25.18 
39.88 
47.12 

33.26 
42.27 
16.67 
25.18 
39.73 

49.11 
30.41 
45.08 
17.19 
25.78 

y/*ssf 

1.10 
1.03 
1.20 
1.10 
1.69 

1.58 
1.29 
1.13 
0.92 
1.08 

1.46 
1.19 
1.09 
1.09 
1.14 

1.08 
1.48 
1.32 
1.05 
1.09 

1.06 
1.07 
1.66 
1.26 
1.03 

1.01 
1.19 
1.04 
1.56 
1.30 

I*, ksi 

54.87 
65.29 
48.96 
61.00 
30.16 

43.85 
30.16 
48.40 
50.71 
59.53 

30.16 
43.47 
50.06 
65.33 
44.01 

56.33 
25.92 
40.60 
51.00 
60.26 

44.79 
54.01 
27.03 
39.84 
50.95 

62.99 
45.15 
57.77 
28.05 
40.58 

y/ifx 

0.82 

0.82 
0.95 
1.05 

1.00 
0.80 
0.92 
0.69 
0.95 

0.91 
0.76 
0.80 
0.98 
0.79 

0.94 
0.91 
0.82 
0.84 
1.00 

0.78 
0.90 
1.02 
0.80 
0.82 

1.00 
0.80 
0.87 
0.96 
0.83 

Tf/Tav 

0.94 
0.99 
0.97 
1.02 
1.30 

1.23 
0.99 
1.02 
0.79 
1.01 

1.12 
0.93 
0.92 
1.03 
0.93 

1.00 
1.13 
1.01 
0.93 
1.04 

0.90 
0.98 
1.27 
0.98 
0.92 

1.00 
0.96 
0.95 
1.19 
1.01 

web panel, using orthotropic-plate buckling theory. The 
global elastic buckling stress xcre, can be calculated from, 

Tcre=ks[(Dxr\Dyr
s]/th2 (4) 

where 

D=(q/s)E?/\2 
Dy=EIy/q 
Iy = 2bt(hr /2f + { t(hrf / 6sin6 } 
ks = Buckling coefficient, equals 31.6 for simply supported 

boundaries and 59.2 for clamped boundaries 
t = corrugated plate thickness 
b, hn q, 5, and 0 are as shown in Figure 2 

Again, when xcre > 0.$xy, inelastic buckling will occur and the 
inelastic buckling stress xcri can be calculated using Equation 2. 

The global buckling stresses for test specimens23 made of 
a dense corrugation, 9/i6-in. deep as shown in Figure 2, were 
calculated using the buckling formula for the orthotropic plate 
and a buckling coefficient, ks equals 59. The aspect ratio and 
depth of the web panels tested are similar to those previously 

from finite element analysis24 xf and the test results xe. The 
non-linear finite element analysis consider both geometric 
and material non-linearities, and the computer program 
ABAQUS was used. An average local buckling stress was 
calculated for all the specimens, where 

^ = 0.5[v+x/J (3) 

As can be noted the average local buckling stresses xm agree 
reasonably well with the corresponding stresses from the 
finite element analysis xf\ the average ratio xf/ X^ was calculated 
to be 1.015 for all the values given in Table 1. The experimental 
results are, in general, lower than the finite element analysis 
results due to the presence of unavoidable initial geometric 
imperfections in the webs of the test specimens. 

SHEAR CAPACITY BASED ON 
GLOBAL BUCKLING 

In the case of dense corrugations global buckling controls. 
The buckling stress can be calculated for the entire corrugated 
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Specimen 

V121809A 
V121809B 
V122409A 
V122409B 
V181209A 

V181209B 
V181809A 
V181809B 
V241209A 
V241209B 

Table 2. 
Shear Stresses from Tests x& 

x*ksi 

48.59 
54.72 
44.34 
56.87 
57.93 

56.78 
51.46 
45.87 
32.48 
33.28 

, F. E. Analysis xh 

and Based on Global Buckling 

xe, ksi 

42.57 
41.50 
38.55 
41.51 
45.96 

46.20 
42.82 
39.57 
27.06 
29.72 

Te/%f 

0.88 
0.76 
0.87 
0.73 
0.79 

0.81 
0.83 
0.86 
0.83 
0.89 

iy, ksi 

47.92 
56.00 
49.07 
51.96 
57.74 

49.58 
51.77 
46.79 
50.74 
51.96 

x ^ , ksi 

129.7 
122.8 
130.4 
125.7 
51.29 

53.58 
53.58 
54.12 
30.46 
30.74 

Ta, ksi 

70.52 
74.16 
71.55 
72.28 
48.67 

46.10 
47.11 
45.01 

— 
— 

Ten ^ i 

47.92 
56.00 
49.07 
51.96 
48.67 

46.10 
47.11 
45.01 
30.46 
30.74 

Tf /x C f 

1.01 
0.98 
0.90 
1.10 
1.19 

1.23 
1.09 
1.02 
1.07 
1.08 

Note: icr= Minimum (iy, xCre, icri) 

conclusion was reached based on experimental23 and analyti­
cal24 studies. In the experimental studies all the specimens 
tested23 failed due to flange yielding followed by vertical 
buckling of the compression flange into the web, as shown in 
Figure 3. In the analytical studies24 the corrugation profile, 
the ratio between the web and flange yield stresses, the ratio 
between the web and flange thickness, and the panel aspect 
ratio were among the parameters considered. 

Since the shear is carried entirely by the web and is con­
trolled by buckling and the moment is carried entirely by the 
flanges, there is no interaction between bending and shear. 
Based on limited analytical studies24 using finite elements, the 
bracing requirements of the compression flange in beams and 
girders with corrugated webs are less demanding compared 
to conventional beams and girders with flat webs. Lateral-tor-
sional buckling of beams and girders with corrugated webs 
has been investigated by Lindner.13 

CAPACITY FOR COMPRESSIVE EDGE LOADING 

Girders with corrugated webs can be subjected to local com­
pressive loads; examples of such loads include wheel loads 
and loads from beams resting on the top flange of the girder. 
Bearing stiffeners at the location of the loads can be provided, 
however, they are costly and are not feasible in the case of 
moving loads; hence, there is a need to find the capacity of 
corrugated webs under partial compressive edge loads. The 
width of the load can vary between zero (line load) and a load 
with a width equals to the width of several folds of the 
corrugation. The load can be over a horizontal or an inclined 
fold, it can be over the fold line between a horizontal and 
inclined folds, or it can be over several folds. 

Five tests were conducted in addition to extensive numeri­
cal analysis, using finite elements, and analytical studies.24 In 
addition to the writers' five tests, six tests were conducted in 
Sweden.25 In all these analytical and experimental studies, 
two distinct modes of failure were observed. The first, mode 
I, includes a collapse mechanism in the loaded flange and 

given for the specimens with coarse corrugation profiles. The 
results are given in Table 2 together with the experimental 
results23 and the results from finite element analysis.24 The 
average value of the ratio between the Finite Element analysis 
results and those obtained from the orthotropic plate theory 
xf/xcr is 1.067. Again, the experimental results are lower than 
the results from the finite element analysis due to the presence 
of initial geometric imperfections in the webs of the test 
specimens. 

For practical application, it is recommended that the local 
and global buckling stresses be calculated and the smaller 
value controls. Furthermore when the buckling stress is big­
ger than 80 percent of the yield stress the inelastic buckling 
stress can be calculated using the semi-empirical formula 
given by Equation 2. 

BENDING CAPACITY 

The contribution of the web to the ultimate moment capacity 
of a beam with corrugated web is negligible, and the ultimate 
moment capacity will be based on the flange yield stress. The 
stresses in the web due to bending are equal to zero except 
very close to the flanges where the web is restrained. This 

1 V * * » 

Fig. 3. Failure due to bending. 
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Girder 

Girder 1 
Girder 1A 
Girder 2 
Girder 3 
Girder 4 
Girder 5 
Girder 6 
Girder 7 
Girder 8 
Girder 9 

tf(m.) 

0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.75 
1.00 
0.50 
0.50 

tw{m.) 

0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.0747 
0.1345 

Table 3-1. 
Load Over a Parallel Fold, 

Fyf(ksi) 

36.0 
36.0 
65.0 

100.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 

*a is less than N/2, hence N/2 was used in < 

Fyw (ksi) 

36.0 
36.0 
36.0 
36.0 
65.0 

100.0 
36.0 
36.0 
36.0 
36.0 

N/bh 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

:alculatiing Pf/. 

P,(k»ps) 

34.59 
35.30 
45.53 
47.03 
36.96 
40.56 
55.14 
63.67 
28.66 
36.59 

Profile 1 

a (in.) 

4.53* 
4.53* 
5.59 
6.59 
3.74* 
3.29* 
6.08 
7.62 
5.10 
4.16* 

P„(kips) 

20.73 
20.73 
31.29 
38.81 
20.73 
20.73 
34.93 
46.57 
19.68 
20.73 

^(kips) 

11.18 
11.18 
11.18 
11.18 
15.02 
18.63 
11.18 
11.18 
5.70 

18.48 

Pu(kips) 

31.91 
31.91 
42.47 
49.99 
35.75 
39.36 
46.11 
57.75 
25.38 
39.21 

Pf/Pu 

1.08 
1.11 
1.07 
0.94 
1.03 
1.03 
1.20 
1.10 
1.13 
0.93 

local bending or crippling of the web. The second, mode II, 
does not include a flange collapse mechanism and the failure 
was due to web yielding followed by crippling. The failure 
loads can be calculated from the following equations which 
were developed based on the observed failure modes. Failure 
modes I and II will be referred to, from hereafter, as web 
crippling and web yielding, respectively. 

Web Crippling 

The ultimate load for this mode of failure Pu consists of two 
components; one represents the flange capacity Pfl which can 

| 5.75" 

Profile II 

• 3.0" J 2.12" | 
A ^ 2.12" 

be determined from the flange collapse mechanism, and the 
second represents the web capacity Pw which can be calculated 
based on an empirical equation developed for girders with flat 
web.26 Using the three-hinge collapse mechanism of the 
flange, and assuming the location of the hinges to achieve 
good correlation between the calculated capacity using this 
simple approach and the capacity calculated from the finite 
element analysis, the ultimate capacity of the flange can be 
calculated as follows 

Pfl=4Mpf/[a-(N/4)] (5) 

where 

Mf- flange plastic moment capacity = bfFyftf/4 

Fyf 

N 

a 
a 
F 

'fLyflf 
= flange width 
= yield stress of flange material 
= flange thickness 
= width of patch load 
= distance between the plastic hinges at the positive 

and negative bending moments locations, or 
= [(Fyfbfi

2
f)/(2Fywt)r + N/4 

>N/2 
= yield stress of web material 
= web thickness 

5.5" 

Profile III 

A ^ 
' 1.97" I 

Profile IV 

0.56" 

Fig. 4. Profiles considered to study effect of 
compressive edge loading. 

The crippling capacity of the web can be calculated from 
the formula developed by Bergfelt26 and assuming k2 is equal 
to one, thus 

Pw = {EFyJY 

The crippling capacity can be calculated as 

= Pc=Pfl+Pw 

(6) 

(7) 

The observed mode of failure for the case of loading where 
the patch load was over a horizontal fold was always of mode 
I. The calculated Pfl and Pw and the summation Pu = Pc are given 
in Tables 3-1 to 3-5 for the profiles shown in Figure 4. As can 
be noted the correlation between the ultimate capacity ob-
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Table 3-2. 
Load Over a Parallel Fold, Profile I (cont.) 

Girder tf(\n.) tw(\n.) Fyf (ksi) Fyw (ksi) N/bh Pf(kips) a (in.; Pf/(kips) Pw(kips) Pu (kips) Pf/Pu 

Girder 1 
Girder 1B 
Girder 1C 

0.50 
0.50 
0.50 

0.1046 
0.1046 
0.1046 

36.0 
36.0 
36.0 

36.0 
36.0 
36.0 

1.00 
0.33 
1.00 

34.59 
29.50 
27.43 

4.53* 
3.57* 
3.09 

20.73 
16.23 
14.66 

11.18 
11.18 
11.18 

31.91 
27.43 
25.84 

1.08 
1.08 
1.03 

*a is less than N/2, hence N/2 was used in calculating P//. 

Girder 

Girder 11 
Girder 11A 
Girder 12 
Girder 13 
Girder 14 
Girder 15 
Girder 16 
Girder 17 
Girder 17A 
Girder 18 
Girder 19 
Girder 20 
Girder 21 
Girder 22 

*a is less ft 

f,(in.) 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 

ian N/2, he 

tw(\n.) 

0.1345 
0.1345 
0.1345 
0.1345 
0.1345 
0.1046 
0.0747 
0.0747 
0.0747 
0.0747 
0.0747 
0.0747 
0.0747 
0.0747 

?nce A//2 w 

Table 3-3. 
Load Over a Parallel Fold, 

Fyf (ksi) 

36.0 
36.0 

100.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 

as used in 

Fyw(ksi) 

36.0 
36.0 
36.0 
65.0 

100.0 
36.0 
36.0 

100.0 
100.0 
65.0 
36.0 

100.0 
65.0 
36.0 

:alculatiing 

N/bh 

1.00 
0.67 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.67 
1.00 
1.00 
0.00 
0.00 
0.00 

Pfl. 

Pf(kips) 

58.06 
56.17 
67.01 
85.54 

112.65 
45.12 
29.76 
43.45 
39.63 
38.51 
25.89 
35.50 
32.63 
23.67 

Profile II 

a (in.) 

4.29 
4.04 
6.65 
3.39 
2.88 
4.77 
5.50 
2.65 
2.40* 
3.11 
3.92 
1.90* 
2.36* 
3.17 

FW(kips) 

18.48 
18.48 
18.48 
24.84 
30.81 
11.18 
5.70 
9.50 
9.50 
7.66 
5.70 
9.50 
7.66 
5.70 

Pf/(kips) 

34.30 
34.30 
57.17 
46.09 
57.17 
30.25 
25.56 
28.40 
26.25 
22.90 
17.04 
21.09 
21.09 
17.04 

Pu(kips) 

52.78 
52.78 
75.65 
70.93 
87.98 
41.43 
31.26 
37.90 
35.75 
30.56 
22.74 
30.59 
28.75 
22.74 

Pf/Pu 

1.10 
1.06 
0.89 
1.21 
1.28 
1.09 
0.95 
1.15 
1.11 
1.26 
1.14 
1.16 
1.14 
1.04 

tained from the finite element analysis Pf and from the simple 
equations given above is very good. 

Web Yielding 

This mode of failure was observed for the cases of loading 
where the patch load was over an inclined fold or a fold line 
between an inclined and a horizontal fold. The ultimate 
capacity Pu for this mode of failure can be calculated based on 
yielding of an effective width of the web. The effective width 
was developed to give good correlation with the finite ele­
ment analysis results. The ultimate capacity Pu = Py can be 
calculated using the following equation 

Pu=Pv=(b + ba)tF„ (8) 

where 

b,h = 

b„ = 
K = 
a = 
P = 
K = 
bf = 

bj or (bih + bh) / 2 for the load over an inclined fold or 
the fold line, respectively 
width of the inclined fold of the profile 
horizontal projected length of the inclined fold of the 
profile 
width of the horizontal fold of the profile 
atf(Fvf/Fvwr 
14 +3 .5 (3 -37 (3 2 > 5.5 

h,./bf 

depth of the corrugation 
flange width 

When the load was applied over an inclined fold or on the 
fold-line, the mode of failure was observed to be either mode 
I or II, and in some cases it was a combination thereof. It is 
suggested that the crippling and yield loads based on Equa­
tions 7 and 8, respectively, be calculated and the smaller of 
the two will control. The ultimate capacities Pu are listed in 
Tables 4.1 to 4.4 for cases where the load was applied over 
an inclined fold for different corrugation profiles and in 
Table 5 for cases where the load was applied over the fold-
line. The smaller of the two calculated capacities is compared 
with the value obtained from the finite element analysis Pp as 
shown in Tables 4 and 5. As can be noted, the agreement 
between the capacities calculated using Equations 7 and 8 and 
those obtained from the non-linear finite element analysis is 
very good. 

INTERACTION BETWEEN PARTIAL 
COMPRESSIVE EDGE LOADING AND 

BENDING OR SHEAR 

As in the case of flat webs, the presence of bending or shear 
will reduce the capacity of the girder under compressive edge 
loading. To study and quantify this effect, finite element 
analysis was performed on girders subjected to patch loading 
and bending or shear. Two corrugation profiles and homoge­
neous and hybrid girders were considered; the patch load was 
applied either over a horizontal or an inclined fold of the 
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Table 3-4. 
Load Over a Parallel Fold, Profile II (cont.) 

Girder | fr('n-) | tw(\r\.) | fy(ksi) | Fy^ksi)! N/bh |pf(kips)| a(in.) |Pfi(kips)| Pw(kips) |Pu(kips)| Pf/Pu 

Girder 23 I 0.4724 I 0.0984 I 69.0 I 48.62 I 0.00 I 41.28 I 5.35 I 38.08 I 11.50 I 49.58 I 0.83 

Girder 24 0.4724 0.0984 69.0 46.00 0.00 36.72 4.09 37.04 11.18 48.22 0.76 

Girder 25 0.4724 0.0984 69.0 46.00 1.00 41.20 5.46 37.04 11.18 48.22 0.86 

Table 3-5. 
Load Over a Parallel Fold, Profile IV 

Girder I tf(\n.) tw(\n.)\ Fyf (ks\) F^fksi) N/bh P,(kips) a (in.) | Pf,(kips) | Pw(kips) | Pu (kips) | Pf/Pu 

Girder 26 I 0.50 I 0.1046 I 36.0 I 36.0 I 0.00 I 27.02 I 1.89 I 14.26 I 11.18 I 25.44 I 1.06 

Girder 27 0.75 0.1345 36.0 100.0 0.33 74.50 1.56 40.42 30.81 71.23 1.05 

Girder28 0.50 0.1046 65.0 36.0 0.00 39.34 2.54 19.16 11.18 30.34 1.30 

corrugation. The results from these analytical studies are 
presented in the following. 

Effect of In-Plane Bending 

Girders with webs made of two different profiles, and flanges 
of the same yield stress (36 ksi) as the web (homogeneous) or 
a yield stress of 65 ksi (hybrid) were considered. The thick­
ness of the web was 0.1046-in. and the flange had a rectan­
gular cross section which is 8-in. wide and 0.5-in. thick in the 
case of the girders with profile I, and the thickness of the web 
was 0.1345-in. and the flange was 6x0.75-in. in the case of 
the girders made of profile II. The patch load was applied over 
a horizontal or an inclined fold together with uniform bend­
ing, and the girders were analyzed using finite element mod­
els. In particular five girders were considered; a homogene­
ous girder with web profile I, a homogeneous girder with web 
profile II, and a hybrid girder with web profile II. In these 
three girders, the load was applied over a horizontal fold of 
the corrugation across the total flange width and the width of 
the patch was equal to the width of the fold. The remaining 
two girders were a homogeneous girder with web profile I 
and a hybrid girder with web profile II; where the patch load 
was applied over an inclined fold of the corrugation across 
the total flange width and the width of the patch was equal to 
the projected horizontal length of the inclined fold. 

The results are plotted in Figure 5; on the same figure the 
following two interaction equations are plotted, namely 

(P/Pu)
2+(M/Mu)

2=l (9) 

and 

(P/PU)L25 + (M/Mu)
h25= 1 (10) 

It has to be noted that Equation 9 is the one recommended to 
account for the interaction between bending and patch load­
ing in girders with flat webs.26 The curve given by Equation 
9 represents an average for the results obtained for girders 
with corrugated webs when the patch load is applied over an 

inclined fold, however, it overestimates the capacity for the 
cases where the load was applied over a horizontal fold. It 
was noted that when girders with corrugated webs are sub­
jected to bending, the web is not stressed except for the areas 
very close to the flanges. Furthermore, it was found that the 
horizontal folds are stressed near the flanges much higher 
than the inclined folds.21 Hence, the results discussed above 
regarding the interaction between in-plane bending and edge 
compressive loading are reasonable based on previous find­
ings. The interaction curve given by Equation 10 is conserva­
tive and represents a lower bound to the results obtained from 
the finite element analysis; hence it is recommended for 
design. 

Effect Of In-Plane Shear 

Girders with webs made of profile I and II, and flanges of the 
same yield stress (36 ksi) as the web (homogeneous) or a yield 
stress of 65 ksi (hybrid) were considered. The thickness of the 
web was 0.0747-in. and the flange had a rectangular cross 
section which is 8-in. wide and 0.5-in. thick in the case of the 
girders with profile I, and the thickness of the web was 
0.1046-in. and the flange was 6x1-in. in the case of the girders 
made of profile II. The patch load was applied over a hori­
zontal or an inclined fold together with uniform shear, and the 
girders were analyzed using finite element models. In particu­
lar five girders were considered; a homogeneous girder with 
web profile I, a homogeneous girder with web profile II, and 
a hybrid girder with web profile II. In these three girders the 
load was applied over a horizontal fold of the corrugation 
across the total flange width and the width of the patch was 
equal to the width of the fold. The remaining two girders were 
a homogeneous girder with web profile I and a hybrid girder 
with web profile II; and in these two girders the patch load 
was applied over an inclined fold of the corrugation across 
the total flange width and the width of the patch was equal to 
the projected horizontal length of the inclined fold. 
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Girder 

Girder 31 
Girder 31A 
Girder 31B 
Girder 32 
Girder 33 
Girder 34 
Girder 35 
Girder 36 
Girder 37 
Girder 38 
Girder 39 

tf(\n.) 

0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.75 
1.00 
0.50 
0.50 

tw(\n.) 

0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.1046 
0.0747 

0.1345 

Fyf (ksi) 

36.0 
36.0 
36.0 
65.0 
100.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 

Table 4-1. 
Load Over an 

Fy„ (ksi) 

36.0 
36.0 
36.0 
36.0 
36.0 
65.0 
100.0 
36.0 
36.0 
36.0 
36.0 

N/bih 

1.0 
0.33 
0.00 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

nclined Fold, Profile 1 

Pf (kips) 

30.37 

29.59 
28.47 

32.43 
32.43 
49.88 
60.94 
45.17 
49.41 
24.12 
42.27 

Py(kips) 

33.33 
33.33 
33.33 
37.34 
41.11 
54.77 
79.60 
39.16 
45.00 
23.80 
42.85 

a (in.) 

4.11 
3.43 
3.09 
5.17 
6.17 

3.31 
2.87 
5.66 
7.20 
4.68 
3.75 

Pfl(kips) 

23.29 
23.29 
23.29 
31.29 
38.81 
31.29 
38.81 
34.93 
46.57 

19.68 
26.41 

Piv(kips) 

11.18 
11.18 
11.18 
11.18 
11.18 
15.02 
18.63 
11.18 
11.18 
5.70 
18.48 

Pc(kips) 

34.47 
34.47 
34.47 
42.47 
49.99 
46.31 
57.44 
46.11 
57.75 
25.38 
44.89 

Pf/Pu 

0.91 
0.86 
0.83 
0.87 
0.79 
1.08 
1.06 
1.15 
1.10 
1.01 
0.99 

Girder 

Girder 41 
Girder 41A 
Girder 41B 
Girder 41C 
Girder 41D 
Girder 42 
Girder 43 
Girder 44 
Girder 45 
Girder 46 
Girder 46A 
Girder 47 
Girder 48 
Girder 49 
Girder 49A 

tf (in.) 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.50 
1.00 
1.00 

f^ (in.) 

0.1345 
0.1345 
0.1345 
0.1345 
0.1345 
0.1046 
0.0747 
0.1345 
0.1345 
0.1345 
0.1345 
0.1345 
0.1345 
0.1345 
0.1345 

^ (ksi) 

36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
65.0 

100.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 

Load Over 

^ v ( k s i ) 

36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
36.0 
65.0 
65.0 

100.0 
36.0 
36.0 
36.0 

N/bih 

1.00 
0.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.00 
1.00 
1.00 
1.00 
0.00 

Table 4-2. 
an Inclined Fold, 

hr/bf 

0.35 
0.35 
0.42 
0.60 
0.78 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 

P f(kips) 

56.79 
52.81 
52.20 
45.21 
41.19 
45.20 
32.63 
65.14 
74.86 
78.52 
73.27 

101.66 
43.13 
71.27 

65.96 

Profile II 

Py(kips) 

53.08 
53.08 
46.60 
36.32 
36.32 
41.29 
29.49 
66.35 
78.80 
69.30 
69.30 

104.63 
40.24 
65.95 
65.95 

a (in.) 

4.07 
3.54 

3.76 
3.24 
2.91 
4.55 
5.28 
5.29 
6.43 
3.17 

2.63 
2.66 
2.89 
5.25 
4.72 

Pfl(kips) 

34.30 
34.30 
31.31 
26.27 
23.10 
30.25 
25.56 
46.09 
57.17 

46.09 
46.09 
57.16 
22.87 

45.73 
45.73 

Pw(kips) 

18.48 
18.48 
18.48 
18.48 
18.48 
11.18 

5.70 
18.48 
18.48 
24.84 
24.84 
30.81 
18.48 
18.48 
18.48 

Pc(kips) 

52.78 
52.78 
49.79 
44.75 
41.57 
41.42 
31.26 
64.57 
75.65 
70.93 
70.93 
87.98 
41.35 
64.22 
64.22 

Pf/Pu 

1.08 
1.00 
1.12 
1.24 
1.13 
1.10 
1.11 

1.01 
0.99 
1.13 
1.06 
1.16 
1.07 
1.11 
1.03 

The results are plotted in Figure 6; on the same figure the 
following two interaction equations are plotted, namely 

( p / p j 1 8 + (y/yM)18 = i ( i i) 

and 

(P/PU)L25 + (V/VU)L25 = 1 (12) 

It has to be noted that Equation 11 is the one recommended 
to account for the interaction between shear and patch loading 
in girders with flat webs, Elgaaly.26 The curve given by 
Equation 11 represents an average to the results obtained from 
the finite element analysis, while the interaction curve given 
by Equation 12 is conservative and represents a lower bound 
to these results and is recommended for design. 

SUMMARY AND CONCLUSIONS 

In this paper equations were given to calculate the ultimate 
capacity of steel girders with trapezoidally corrugated webs 
subjected to bending, shear, or compressive edge loading. It 
was determined that there is no interaction between bending 

and shear. The ultimate capacity under compressive edge 
loading, however, will be reduced due to the presence of 
bending or shear, and interaction curves were given to calcu­
late the reduced capacity. 

Steel girders with corrugated webs are more economical 
than the conventionally stiffened girders with flat webs, and 
it is believed that their fatigue life is longer. Research work 
is currently in progress at Drexel University to study the 
fatigue life of steel girders with corrugated webs. This paper 
addresses only trapezoidal corrugations; sinusoidal corruga­
tions have been used and the applicability of the equations 
given in this paper or the development of new equations need 
to be investigated. Furthermore, the trapezoidal configura­
tions considered are believed to be the most efficient and the 
equations given are applicable to similar corrugations. 
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Table 4-3. 
Load Over an Inclined Fold, Profile III 

Girder 

Girder 50 
Girder 51 

Min.) 

0.4724 
0.3937 

îv (in.) 

0.0984 
0.0787 

Fyf (ksi) 

69.0 
69.0 

Fyw (ksi) 

48.62 

40.63 

N/blh 

0.00 
1.00 

P,(kips) 

41.53 
27.61 

Py(kips) 

48.93 
30.60 

a (in.) 

3.98 
4.55 

P f /(kips) 

38.07 
25.94 

Piv(kips) 

11.50 
6.72 

Pc(kips) 

49.57 
32.66 

Pf/Pu 

0.85 
0.90 

Table 4-4. 
Load Over an Inclined Fold, Profile IV 

Girder 

Girder 52 

Min.) 

0.50 

tw(m.) 

0.1046 

Fyf (kSi) 

36.0 

Pyiv(ksi) 

36.0 

N/bih 

0.00 

Pf(kips) 

28.64 

Py (kips) 

27.91 

a (in.) 

2.01 

Pf/(kips) 

14.26 

Piv(kips) 

11.18 

Pc (k ips) 

25.44 

Pf/Pu 

1.13 

Girder 

Girder 61 
Girder 62 
Girder 63 
Girder 64 
Girder 64A 
Girder 65 
Girder 66 
Girder 67 
Girder 68 

tf 
(in.) 

0.5000 
0.5000 
0.5000 
0.7500 
0.7500 
0.5000 
0.3937 
0.5000 
0.5000 

tw 

(in.) 

0.1046 
0.1046 
0.0747 

0.1345 
0.1345 
0.0747 
0.0787 

0.1046 
0.1046 

Table 5. 
Load Over a Fold Line Between Horizontal and Inclined Folds 

Pyf 
(ksi) 

36.00 
36.00 
36.00 
36.00 
36.00 
36.00 
69.00 
36.00 
36.00 

Fyw 
ksi) 

36.00 
65.00 
36.00 
36.00 
36.00 

100.00 
40.63 
36.00 
65.00 

N/bih + b 

h 

0.00 
0.40 
0.00 
0.39 
1.00 
0.39 
0.00 
0.00 
1.00 

Profi le 

I 
I 
II 
II 
II 
II 
III 
IV 
IV 

Pf 
(kips) 

30.02 
48.72 

22.05 
56.47 
63.05 
42.62 
24.88 
27.65 
39.53 

py 
(k ips) 

33.33 
54.79 
22.34 

53.08 
67.61 
46.20 
34.94 
27.97 
38.89 

a 
(in.) 

3.09 
3.28 
3.17 
4.05 
4.82 

2.40 
4.06 
1.89 
1.72 

Pf, 
(k ips) 

23.29 
31.28 
17.04 

34.30 
34.30 
28.40 
25.94 

14.25 
19.16 

Pw 

(kips) 

11.18 
15.02 

5.70 
18.48 
18.48 

9.50 
6.72 

11.18 
15.02 

Pc 
(kips) 

34.47 
46.30 
22.74 

52.78 
52.78 
37.90 
32.66 
25.44 

34.18 

Pf/Pu 

0.90 
1.05 
0.99 
1.07 
1.20 
1.12 

0.76 
1.09 
1.16 

provided by the Structural Stability Research Council and 
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APPENDIX II. NOTATION 

The following symbols are used in this paper: 

a = Distance between the plastic hinges at the positive 
and negative moment locations in the flange, or web 
panel width 

bf = Width of the flange 
bh = Width of the horizontal fold of the profile 
bj = Width of the inclined fold of the profile 
bih = Width of the horizontal proj ection of the inclined fold 

of the profile 
E = Young's modulus of elasticity, 29,000 ksi 
Fyf - Yield stress of flange material 
Fyw = Yield stress of web material 
h = Web depth 
hr = Depth of corrugation 
ks = Elastic shear buckling stress coefficient 
M - Moment capacity in the presence of patch loading 
Mpf= Flange plastic moment capacity 
Mu = Ultimate moment capacity in the absence of patch 

loading 
N = Width of patch load 
P = Patch loading capacity in the presence of a moment 

or shear 
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Pc = Web crippling capacity 
Pe - Experimental patch loading capacity 
Pf = Analytical patch loading capacity from finite 

element analysis 
Pfl = Flange capacity calculated from a mechanism 
Pu = Ultimate patch load capacity in the absence of a 

moment or shear 
Py = Web yielding capacity 
tf = Flange thickness 
t = Web thickness 
V = Shear capacity in the presence of patch loading 

Vu = Ultimate shear capacity in the absence of patch 
loading 

w = Fold width 
a = Empirical coefficient 
\i = Poisson's ratio 
0 = Angle of inclination of an inclined fold 
xcre = Elastic shear buckling stress 
xcri = Inelastic shear buckling stress 
xy = Shear yield stress 
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