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ABSTRACT

This technical note deals with the strength of web panels under concentrated loads, with emphasis on girders with closely spaced transverse
stiffeners (commonly referred to as narrow panels). A review of experimental data and data from simulations suggest that girders with closely
spaced panels exhibit substantially higher strength to concentrated loads than that calculated in accordance with the AISC Specification for

Structural Steel Buildings (AISC, 2016). A simple equation to account for a fraction of the excess in strength is proposed.
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INTRODUCTION

C oncentrated loads often govern the design of built-up
steel I-girders, for example when launching plate gird-
ers or lifting heavy structures. To optimize web thickness
and to prevent failure, transverse stiffeners at a constant
spacing along the axis of the member are often provided.
The behavior of steel built-up I-girders subjected to concen-
trated loads has been studied experimentally and analyti-
cally over the past six decades by Bergfelt (1979), Roberts
and Rockey (1979), Roberts (1981), Roberts and Markovic
(1983), Elgaaly (1983), Shimizu et al. (1989), Lagerqvist and
Johansson (1995), Roberts and Newmark (1997), Tryland
et al. (2001), Graciano (2005, 2015), Carden et al. (2007),
Chacén et al. (2010a, 2010b, 2012), Salkar et al. (2015),
Kovesdi (2018), and Rodilla and Kowalkowski (2021a,
2021b). Results from these investigations indicate that
stocky webs exhibit local yielding, while slender or deep
webs tend to buckle and fold (referred to as web crippling
in the AISC Specification). In either case, the length on
which the load is applied spreads out through the flange
to a wider portion of the web that contributed to the load-
carrying capacity. The load length is the length of the web
affected by the concentrated load in the absence of vertical
stiffeners.
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In this technical note, the behavior of beams with nar-
row panels failing in crippling and web yielding is investi-
gated. Other failures modes, including sidesway buckling
of the web, are beyond the scope of this investigation. In
beams with narrow panels, the nominal load length cal-
culated with the design equations exceeds the spacing
between transverse stiffeners, a (Figure 1). In this techni-
cal note, experimental results and numerical simulations of
girders with narrow panels subjected to concentrated loads
are compared with the calculated strength in accordance
with the AISC Specification for Structural Steel Buildings
(AISC, 2016), hereafter referred to as the AISC Specifica-
tion. It should be noted that the AISC Specification does
not differentiate between girders with narrow panels and
girders with wide panels (in which the nominal load length
is less than a).

AISC SPECIFICATION

The strength of the built-up I-girders under concentrated
loads, R, assc, is the smallest calculated for web yielding
(Equations 1 or 2) and web crippling (Equations 3, 4, or
5). (Note that the AISC Specification equation number is
also given for reference.) For web yielding, when the con-
centrated load is applied at a distance from the member end
that is greater than the depth of the member, d,

RnAISC = fywtw (Sk + lh)
(AISC Spec. Eq. J10-2) (1)

When the concentrated load to be resisted is applied at a
distance from the member end that is less than or equal to d,

Ry aisc = fywtw (25k + lb)
(AISC Spec. Eq. J10-3) (2)
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For web crippling, when the concentrated load to be
resisted is applied at a distance from the member end that is
greater than or equal to d/2,

15
Ef,.tr
Ry aisc = 0.8012 |i1+3(l—b](tl] jl fowls o
d )\ 1y t

(AISC Spec. Eq. J10-4) (3)

When the concentrated compressive load to be resisted
is applied at a distance from the member end that is less
than d/2, two additional equations 4 and 5 are given for web

crippling,
For 1,/d <0.2

L5
R, aisc = 0.401;, [1 + 3(l_b] (ﬁ) jl Ef iy 0,
d )\ 1y t

(AISC Spec. J10-5a) (4)

For 1,,/d > 0.2
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(AISC Spec. 110-5b) (5)

0.5(a_lb) lb

When the concentrated compressive force is a live load
(e.g., during launching of a steel plate girder, or a steel shape
that serves as the rail of an industrial crane), the location of
the force changes over time, and it is not possible to have a
stiffener at every potential force location. In this case, the
design strength calculated with the force acting between
transverse stiffeners will exceed the demand. Equations 1
and 2 were proposed by Roberts (1981). In these equations,
the term in parentheses may be interpreted as the nomi-
nal load length. For a concentrated load applied at a dis-
tance less than d from the end of the girder, a nominal load
length equal to 2.5k + [, is inferred from Equation 2. In
Equations 3 to 5, however, the load length is not explicit.
Roberts (1981) already found that Equations 4 and 5 tend
to underestimate the strength of girders with narrow pan-
els. He suggested that the calculated strength from these
equations can be taken as the maximum concentrated load
recommended under service conditions. Other design equa-
tions to estimate the strength at ultimate load for these cases
have been proposed, including the Eurocode, EN1993-1-5
(CEN, 2006), and the work of Chacon et al. (2013a, 2013b,
2017). It should be noted that the design equations proposed
by Roberts (1981) were derived from a set of experimental
tests on simply supported single panels.
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Fig. 1. Built-up I-girder under concentrated loads (*nominal load length shown in absence of vertical stiffeners).
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TEST RESULTS AND
NUMERICAL SIMULATIONS

Figure 2 shows the applied vertical load vs. displacement
response of a typical built-up steel I-girder with closely
spaced stiffeners tested by Chacén et al. (2013a, 2013b).
The load length calculated for this girder, as defined, is not
affected by the presence of vertical stiffeners. For girders
with relatively closely spaced vertical stiffeners, the calcu-
lated load length may exceed the spacing between trans-
verse stiffeners (see Figure 1 and Table A.1 in Appendix A).
When transverse stiffeners are provided, however, the por-
tion of the web resisting the concentrated load is bounded
by the vertical stiffeners, and thus, the actual load length
cannot exceed or extend beyond a. Multipanel built-up
steel I-girders are more common in practice than single-
panel built-up I-girders. The majority of tests from which
design equations were derived have single panels and, thus,
do not provide relevant information for the case of con-
tinuous deep girders with closely spaced transverse stiff-
eners. The last column of Table A.1 shows the ratio of the
measured-to-calculated strength for two girders with three
panels and closely spaced stiffeners (the strength obtained
with the AISC Specification). The measured strength of
both girders exceeds the calculated strength by a factor of
1.6. In this technical note, it is postulated that a fraction of
the safety margin, or excess strength that is not captured
by the current design equations, can be attributed to the
reserve of strength in the loaded flange (that is engaged due
to the presence of transverse stiffeners). Figure 2 shows a
response curve of a tested specimen with three panels. A

100

linear response up to approximately 250 kN (56 kips) is
observed. This load is referred to as F; in Chacén et al.
(2013a). At this load, the web starts to cripple, while the
top flange remains elastic. A web folding mechanism was
gradually observed from this point onward. For further load
increases, the flanges and the stiffeners provided an addi-
tional load path allowing for some post-crippling capacity.
A fraction of this post-crippling capacity, 0AF is provided
by the reserve strength available in the loaded flange when
the external load reaches F. Results from this investigation
suggest that strength calculated based on the AISC Specifi-
cation, R, a;sc, 1s a good approximation of the magnitude of
F, as shown in Figure 2. The additional strength beyond R,
arsc can be quantified and added, with certain assumptions.
A database with test results from 62 steel built-up I-girders,
some of which were collected by Lagerqvist (1994) and
other specimens reported recently, was used to investigate
the strength of beams with narrow panels. The measured
strength, R,, was normalized with respect to the strength
calculated with Equations 2, 4, or 5, as shown in Figure 3.
In addition, results from numerical simulations reported
by Chacoén et. al (2013a, 2013b, 2017) are included, and as
it was done with the experimental data, normalized with
respect to Equations 2, 4, or 5.

Data shown in Figure 3 suggest that Equations 2, 4, and 5
tend to underestimate the capacity of steel built-up I-girders
girders with narrow panels (mean strength ratio is equal to
2.3).

There are at least two plausible and noncontradictory
explanations for a fraction of the strength underestimation.
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Fig. 2. Experimental and numerical results (beam VPL450, Chacon et al., 2013a).
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First, the contribution of the flange to the web crippling
strength as reported by Chacén et al. (2013a, 2013b, 2017)
is not accounted for (in the derivation of Equation 4, only
the mechanism associated with web crippling was adopted).
Second, for the case of failures associated with web yield-
ing, the AISC Specification requires a load length equal to
2.5k + I, when the load is applied at a distance less than d
from the end of the girder, regardless of the existence of
stiffeners. In most cases, however, a bearing stiffener is
present near the girder end [Figure 1(c)], leading to a sig-
nificant strength increase.

CONTRIBUTION OF THE FLANGES TO THE
STRENGTH, AF

The term AF can be obtained from a collapse mechanism
involving four plastic hinges on the loaded flange (Chacén
et al., 2013b). At an external concentrated load equal to F;
(Figure 2) the web is assumed to cripple and its capacity
exhausts. It is postulated that the strength increase, O0AF,
is resisted solely by the loaded flange (Figure 2). It should
be noted that during the testing of the girder with narrow

panels, a four-hinge collapse mechanism of the flange, as
shown in Figure 4, is observed. The transverse stiffeners
provide a load path to develop such hinges. Two plastic
hinges develop in the vicinity of the flange-to-stiffener
junction (outer hinges) while the other two plastic hinges
develop under the applied load (inner hinges). The col-
lapsed mechanism is idealized in Figure 4.

The strength contribution provided by the flanges, AF,
can be estimated from a mechanism of the flanges as shown
in Figure 4. The cross-sectional area of the flange is equal
to bsty with length o between stiffeners, as shown in Fig-
ure 4. The reserve in flexural strength of the loaded flange
at an applied external load corresponding to R, 4;s¢ is equal
to Equation 6.

1
M, = Zbﬂ% (fyr —0) (©6)

where ¢ can be taken as the peak flexural stress in the
flange at the section under consideration, due to all loads
acting on the plate girder (e.g., self-weight) when the mag-
nitude of the external concentrated load is at the onset of
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Fig. 3. Strength ratio vs. web slenderness ratio (using the AISC Specification).
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web crippling, F|, which can be approximated to R, 4;5¢, as
shown in Figure 2. The peak stress can be obtained from
a linear elastic beam model (Chacén et al., 2017). Based
on the principle of virtual work and the idealized collapse
mechanism shown in Figure 4, the additional strength can
be calculated as shown in Equation 7.

4(Mp[ +Mp,,)

a—lb

AF = (7

where M,,; and M,, are the reserve in flexural strength of
the inner and outer hinges. Incorporating Equation 6 into
Equation 7, one obtains Equation 8.

byt
a— lb

AF=

(2f}f —0;— Go) ®

where 6, and o; are the peak flexural stresses in the flanges
(both positive) due to external loads for outer and inner
hinges, respectively. This accounts for the contribution of
flexural stresses as well. The proposed expression to esti-
mate the strength of the girder with narrow panels failing
in crippling is given by Equation 9.

R, proposed = Ry a1sc + OAF

&)

The term R, assc is obtained from Equations 4 or 5, AF
is the contribution of the flanges calculated from Equa-
tion 8, and o is a correction factor determined empirically
as shown in Equation 10.

3 djt,

=1 10
*= 1000 (10)

Strength ratios calculated with R, ,0poseq ar€ shown in
Figure 5. Given that all girders had bearing stiffeners, a
load length equal to 5k + I, was used for failures controlled

by web panel yielding—that is, based on Equation 1 instead
of Equation 2 (even when the load was applied at a dis-
tance less than d from the end of the girder). An average
strength ratio equal to 1.8 is obtained, compared with 2.3 as
obtained with Equations 2, 4, and 5. Once more experimen-
tal data become available of multipanel beams with narrow
panels, a refined reliability analysis is recommended prior
to introducing code changes (note that strength ratios range
between 0.83 and 5.17, with only a few below 1.0). The pro-
posed methodology, however, provides additional tools to
tackle design or rehabilitation projects with a better under-
standing of the mechanics.

CONCLUSIONS

The equations given in the AISC Specification for Struc-
tural Steel Buildings (AISC, 2016) to calculate the strength
of girders under concentrated loads are safe, but they tend
to be quite conservative when applied to beams with nar-
row panels. A fraction of the excess in crippling strength
not captured by the current AISC Specification equations
can be estimated by adding the term shown in Equation 11.

bftj%
aAF = oc—l(z fir —6i—G,) (1D
b

When a bearing stiffener is present, a load length equal

to 5k + I, seems reasonable to estimate the web yielding
strength under concentrated loads.

Data Availability Statement

Some data, models, or code that support the findings of this
study are available from the corresponding author upon rea-
sonable request.
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Fig. 4. Postulation of a four-hinge mechanism.
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APPENDIX A EXPERIMENTAL RESULTS

Table A.1. Tests on Girders with Closely Spaced Stiffeners (Chacén, 2013a)
R, R,
tw fyw fys dy b Iy by t k R, Eq.2 | Eq.4 | Ry/R,
Girder in. psi psi in. in. in. in. in. in. kips kips kips
1VPL450 0.157 | 51.49 | 65.85 | 19.69 | 17.72 | 7.87 | 7.87 | 0.79 | 0.79 | 95.77 | 63.85 | 30.35 | 1.6
2VPL450 0.157 | 30.46 | 65.12 | 19.68 | 17.72 | 7.87 | 7.87 | 0.79 | 0.79 | 75.76 | 37.77 | 23.38 | 1.6
NOTATION b panel width
E Young’s modulus of steel br flange width
F patch load at which the response curve changes slope d member depth
F, ultimate load capacity fr flange yield stress
R,  measured strength Sow web yield stress
O Chord stress interaction parameter factor 1.0 for k distance from outer face of flange to the web toe of
wide-flange sections and for HSS in tension fillet
R, aisc strength calculated in accordance with the AISC Iy bearing length of the patch load according to the
Specification AISC Specification
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Fig. 5. Strength ratio from tests vs. web slenderness ratio using proposed equations.
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ty flange thickness
ty web thickness

AF post-crippling capacity
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