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By tests carried out by Hofmeyer |Hofiu96b], it can be concluded that at least for members with small
sections radii, only two mechanisms occur: web crippling failure and bending monient failure. Of course
the web crippling failure is influenced by the bending moment and (he bending moment failure is
influenced by the concentrated load. For these failure modes, an interaction formula is not needed if the
failure modes can be modeled directly.

To reduce the limitations of current design rules, the authors suggest that member failure at an interior
support should be modeled by analytically describing each of the possible failure mechanisms and by
leaving out the paradigm of the three failure modes: web crippling, bending moment and combined web
crippling and bending moment .

For analytically describing each of the possible failure mechanisms, it is necessary (o determine all
possible mechanisims, by experimental rescarch,

As already mentioned, Bakker has modeled one failure mechanism by describing the miechanism
initiation load for the rolling miechanism for 4 concentrated load and a small bending moment,

In practice, as said before, the yield arc mechanism also can occur, Further, sections may be loaded by a
concentrated load and a large bending moment, and for the rolling mechanism, it is preferred 10 know
the ultimate strength,

A new research project has been launched at Eindhoven University of Technology. Sections and loading
combinations as occurring in practice will be studied. Using this information a test scries has been set
up. During the research focus will be made on failure behaviour and load-web deformation behaviour.
The experimental rescarch, will be verified using advanced finite element programs, The experimental
test data and finite clement caleulations should lead to the insight for developing an analytical modkl
describing the member behaviour at an interior support for loading situations in practice. A part of the
experimental rescarch will be presented in a paper presented at the 13th International Specialty
Conference on Cold-Formed Steel Structures in Missouri USA [Hofm96b).
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SUMMARY

Design rules describing failure at an interior support of cold-formed steel lexural members are of an
empirical nature. This is probably due to the complex character of the failure mechanisms, which makes
an analytical approach difficult. An overview of research on this subject has been made. The Bakker
maodel is reviewed. This is the first analytical model accurately describing one of the failure mechanisms
occurring for a concentrated Ioad and a small bending moment. A new research project is introduced for
extending the Bakker model for a concentrated load and a medium or large bending moment.

Figure I, web crippling of cold-formed sheet at a interior support

1 INTRODUCTION

At an interior support, a cold-formed steel flexural member, for example a roof panel, floor panel, or a
beam, is gencrally subjected to both a concentrated load and a bending moment. Due to these loads, the
member may fail near the interior support.

If the member webs are strongly indented by the concentrated Joad and this is thought to be the cause of
failure, the failure mechanism is called web crippling, as shown in figure 1.

A flexural member can also fail by bending moment. A bending moment causes compression stresses in
one flange and tension stresses in the other flange. The member flange under tension can yield or the
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flange under compression can buckle and yield,

At this moment, it is believed that failure at an interior support can be described by web crippling, by
bending moment, or by interaction of web crippling and bending moment. The failure interaction of web
crippling and bending moment is predicled by a function of the web crippling strength and the bending
moment strength.

2 EXISTING MODELS FOR FAILURE AT AN INTERIOR SUPPORT

EMPIRICAL MODELS

Empirical models for web crippling and for combined web crippling and bending moment are developed
using experimental test data. The attention during the experimental research for empirical models has

been focused on the registration and prediction of the ultimate load only.

Interior One Flange test (IOF) Interior Two Flange test (ITF)

F/ZT |7 TF/Z
[ g
Test span kength I
Concentrated load Concentratcd ¥
and small bending moment load only

Figure 2, experimental web crippling tests

For web crippling, experiments are carried out as shown in figure 2, The members are loaded with a
concentrated load only or with a concentrated load and a small bending moment. For the last load
combination mentioned, it is assumed that the small bending moment has no influcnce on the ultimate
concentrated load. The ultimate load is registrated. For both loading conditions as shown in figure 2, the
ultimate load can be described as a function of the member properties, as shown below:

Fa=ke @22 ) ky, kg, hy ke, i,

k: This is a constant without dimension.

I8 Steel plate thickness.,

5 Steel yicld strength.

kyy: This factor brings the sicel yield strength into account. The steel yield strength is not lincar

correlated with the web crippling load and therefore this factor is nceded.

kow: This factor, without dimension, takes the influence of the angle between web and flange into
account. If this angle decreases, the web crippling load decreases also.

ki This factor, without dimension, brings the corner radius influence into account. If the
corner radius increases, the load eccentricity relatively 1o the webs increases. Therefore the web
crippling load will be lower.

k! This factor, without dimension, takes the influence of the support width into account. If the
support width increases, the load conceatration becomes less pronounced. Therefore the web
crippling load will be higher,
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This factor, without dimension, takes the influence of the web width into account. If the web
width increases, there is a better opportunity for the web to bend out. This makes the web
crippling load lower.

kbwi

The k factors are determined by the interpretation of test results of many web crippling tests, as shown
in figure 2. The factors can be different for members having one or two webs, and for members

subjected to different load conditions.
A detailed overview of the rescarch carried out on web crippling is presented in [Bakk92a].

For bending moment, an other approach is used. A section subjected to a bending moment only, has a
flange under compression and a flange under tension. The flange under compression will buckle. A
buckled plate’s ultimate load is larger than the buckling load.

The stress distribution in a buckled plate will differ from the distribution before buckling, as shown in
figure 3 (top half). Von Karmann introduced the effective width theory in which it is assumed that, after
plate buckling, all compression stress is distributed over two effective zones at the plate edges. This is
also shown in figure 3 (bottom half). The ineffective zones carry no stress. According to Von Karmann
the effective width theory is only valid if the compression stress at the edges equal the yicld stress.
Winter madified the Von Karmann theorem which resulted in a formula useful for stresses lower than

the yicld stress [Wint47a].

Compression stresses Bottom flange buckles  , Compression stresses
L
7 . . .
Part of bottom flange Stress distribution changes

Equivalent constant stresses
acting over effective width

- | __— Actual distributed stresses acting
| over total width

“

Bottom flange width Effective width

Figure 3

Using the effective width theory, a member cross section can be seen as a cross section built up out of
the parts under tension and the effective parts under compression. For this cross section, the ultimate
bending moment can be calculated as the bending moment for which the yicld stress is reached in either
the compression or the tension flange.

The member webs are subjected to a stress gradient containing compression and tension stresses. Due to
the compression stresses the webs buckle. The influence of web buckling on the ultimate bending
strength can also be taken into account by means of a effective width approach. However, since the web
is subjected to a stress gradient, the effective width formulae for the web will differ from those for the
flange under compression [Berg79a].



EUROPEAN WORKSHOP - THIN-WALLED STEEL STRUCTURES, Krzyiowa 25-28.09.1996 18

Later, it was belicved that it is possible to permit the tension flange to yield until the compression flange
fails. This implicates that the web zone near the tension flange yields, as shown in figure 4 at the middle.
Pekoz carried out research to permit both the iension and compression flange to yicld before failure
[Pek685a). This implicates that web zones near the flanges will yield, as shown in figure 4 at the right.

Upper flange | Tension stress

M M
Bottom flange
tom flange Compression stress o
Yielding in parts of both
Yielding in a part of the compression and wnsion
Elastic stress distribution tension zone permitted zones permitied
Figure 4

All design codes use the above presented methods for calculating F, and M,. However, in the different
design codes, the & factors of the web crippling formula can differ. Furthermore, the calculation for
bending moment can use different assumptions regarding the effective width and can be more or less
conservative with regarding to the redistribution of stresses as shown in figure 4.

For inferaction between web crippling and bending moment, an interaction formula has been designed,
using the data of many experimental tests [Heu78a]. It was found that the interaction can be described
as follows:

F
aiﬂi—ﬂ and <1 ana £ <1
M“ u Mu Fu

M and F are the actual bending moment and concentrated load acting on the member. F, is the ultimate
concentrated load without a bending moment acting on the member. M, is the ultimate bending moment
without concentrated load. They are predicted as alrecady explained. The factors o, B, and y are
experimentally determined. This formula is graphically shown in figure S.

Ya Failure

F/Fcr @/ B

Figure 5, interaction diagram

This interaction formula can differ in different design codes. For example, the German DIN design code
[Gdin87a] gives an interaction forimula dependent on the member's ratio between F, and M,. This is
shown in figure 5 by the dotted lines. However, in all design codes, the idea of the interaction formula is
used.
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ANALYTICAL MODELS

In 1986, Bakker stated [Bakk86a], that the concentrated load (web crippling) prediction formulae
evaluated, did not give consistent satisfactory results. In most empirical formulae, it was assumed that
the influcnces of the corner radius, the web slenderness, the load bearing plate length, the yield strength
and the web angle were independent of each other. The predicted results differed up to about 40 %.

Refore these results were presented, it was already thought that, because the physical behaviour is not
taken into account, empirical models are not able to describe the web crippling behaviour accurately.
Consequently, from 1974 on, several attempts have been made to develop an analytical model for web

crippling.

In 1974, in the Dutch design code RSD, the first attempt of an analytical model for the description of
web crippling was introduced. However, in the Dutch follow up RGSP design code [Rsdr74a], the
model was replaced by the one according to the European design code, because the correctness of this

model was questionable.

The second analytical model for failure at an interior support was developed by Reinsch [Rein83a]. This
model was designed to improve the knowledge about moment redistribution in cold-formed multi span
members. Traditional hot-rolled steel members can form a plastic hinge, which makes moment
redistribution in many cases possible. Cold-formed, thin-walled steel members cannot form a plastic
hinge, bat can form, in some cascs, a mechanism, which acts like a plastic hinge and makes moment
redistribution possible.

In figure 6, bottom half, a multi-span member is shown. If the load g for this member increases, the
difference between the moment at interior support B and the moment in the field stays equal: 1/8*q*L.2.
If the ultimate moment at B is recached because a plastic hinge has formed, the moment at B can not
increase. However, the moment in the field may still increase as shown in figure 6, bottom half, at the
right. The situation can also be reversed. If the ultimate bending moment in the field is reached first,
only the support moment can increase.

Web crippling

—— Rotation

M=1/12*g*(L)? 1/8*q*(L)? 1/8*q*(L)?
A A A Leadg /
VTN AT NI TIT LT KRoofpanel l/\\ X\ /N
v D NN
M=1/24*g*(L)? F=q*L Supports
L L
Figure 6

The member fails if both in the ficld and at the support the ultimate bending moment is reached. This
approach is economical compared with the assumption that the member fails if either at the supports or
in the field the ultimate moment is reached. To use the method of moment redistribution, information is
needed about the moment curvature relation at the support. If, for example, during the curvature of the
member near the support, the bending moment sharply decreases, moment redistribution will not be
possible.
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As shown in figure 6, top half, at the right, for web crippling a mechanism occurs, that causes the
member (o act like a beam with a plastic hinge. However, for moment redistribution, it cannot be
assumed that the member has a simple plastic hinge, because the web crippling mechanism can have
several forms of moment-rotation behaviour.

To improve knowledge on this subject, it is necessary to study the relations between the web crippling
deformation, the rotation caused by the web crippling mechanism, and the bending moment at the

support.

Reinsch wanted to describe the relation between the web crippling deformation and the rotation caused
by the hinge mechanism. Therefore, web crippling experiments were carried out as alrcady shown in
figure 2 at the lefi, but in this case, the load deformation behaviour, the failure mechanisms, and the
support rotations were carefully studied.

Reinsch made the following assumplions:

1. The deformation mode of a member subjected to combined bending and concentrated load is
identical to the deformation mode of a member subjected to a concentrated load only as shown in
figure 7 (top half).

2. The increase of internal energy dissipation due to an incrementally increased web crippling
deformation of a member subjected 10 a concentrated load only, equals the increase of internal
cnergy dissipation of a member subjected to combined bending and concentrated load, as scen in
figure 7 (bottom half).

With these two assumptions and a spatial plastic mechanism with fixed yield lines, Reinsch reduced the
ultimate concentraied load for bending moment by sciting equal the external energy states of
concentrated load only and concentrated load and bending moment:

Woca=Feg *8h, +2* M*3¢ =W,

e

W, c=F.*3h, =W, = Fp ¥8h, +2* M *3¢ = F, *bh, &
Wics = Wic
Fo=F.-2%M*22
<8 c Shw
1 L,—L
=_2_*FCB*L2.__‘&‘.‘_

In this formulae, CB stands for combined concentrated load and bending moment and C stands for
concentrated load only. 8@/3h,, can be derived from the spatial yield line mechanism. This spatial yicld
line mechanism was chosen by Reinsch by observations of tests only. The yield line positions were not
determined analytically. Reinsch developed an empirical formula for Fe. The calculation of the extemal
energy caused by the bending moment is suggested by Bakker. Reinsch used an other approach.

Some remarks can be made on the Reinsch model:

e It was found by Bakker [Bakk92a] that the deformation mode, and thus the relation dg/8h,, varies
with the span length.
Reinsch made no comparison between his rigid plastic model and yield line models observed in tests.
Assumption 2 of the model implies that the energy dissipated in the yield lines is not influenced by
the stresses due to the load application. Conform yield line theory, the energy dissipation depends on
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the stresses and can therefore differ for the two cases of load application described above.
e The model is based on one failure mode observed in the tests. However, Bakker showed that several
failure modes can occur.

Exb ~Liest i_lﬂ
2

=
£

[
l "E};;—"m'f Han | l N 1o
""’| F L .

Ly Lyy

Figure 7, Reinsch model

In 1987, Tsai [Tsai87a] modified Reinsch’s model. The Tsai model describes the load-deformation
behaviour using load web crippling deformation curves. It can be seen that the research of Tsai was
carried out for extending the knowledge for moment redistribution calculations, because the main results
of the research are load deformation diagrams at the interior support

curve a,

FC,'u

curve b,

_rarctan kap _f-arctankyp,

Ahw;O Ahw LY w0 Ahw

Figure 8, Tsai model

Tsai derived the ultimate web crippling Joad of a member subjected to combined bending and
concentrated load from a member subjected to a concentrated load only. In figure 8, the load
deformation diagram on the left gives the behaviour for a member subjected to a concentrated load only.
Curve a, gives the rigid-plastic load-deformation behaviour. Curve by is the realistic behaviour, derived
form curve ao with an empirical formula. In figure 8 at the right, the load deformation curve is shown
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for a member subjected to combined bending and concentrated load. Here curve a is the rigid plastic
behaviour, derived with the Reinsch formula. Curve b, the realistic behaviour, is derived from curve b,
with an empirical formula. Curve b has curve g as an asymptote.

The research of Bakker [Bakk92a] showed that for a certain failure mechanism the curve ap is an
ascending one and not a horizontal line. For the yield arc mechanism, that will be presented in the next
chapter, the curve gy was even descending,

THE BAKKER MODEL

In 1992 Bakker developed a more consistent model for web crippling, based on observed failure modes.
This model was first meant 10 describe web crippling only, but it was found necessary o take the
influence of the bending moment direclly into account. Thus, the maodel described interaction between
web crippling and bending moment fully analytically. The models of Reinsch and Tsai determined the
web crippling load empirically. The Reinsch model made use of a yield line pattern with yicld line
positions determined by observations of tests results only.

Bakker carried out experimental tests, in which hat sections with several corer radii, web angles, and
load bearing plute widlhs were subjected (0 4 concentrated load only or 0 a concentrated load and a
small bending moment. Bakker observed two failure modes near the load bearing plate: a yield line
mechanisin and a rolling mechanism, as shown in figure 8.

These mechanisms occurred for specific corner radii. For small comer radii the yield line mechanism
occurred, for large comer radii the rolling mechanism occurred. During the tests, the web crippling
deformation, the support rotations and the beam deflections were carefully measured. The (wo failure
modes could be characterized by their concentrated load-web crippling deformation behaviour, as shown
in figure 10 with bold drawn lines.

According 10 the model, this behaviour can be described by a linear curve uatil the formation of a yield
line mechanism is initiated. Once this mechanism is formed, the behaviour can be described by a rigid-
plastic curve.

'

Yield arc mechanism

Rolling mechanism

Figure 9, two failure modes for hat section cross-section

The mechanism initiation load is defined as the load at which the yield linc mechanism is initiated. For
the yield arc mechanism, the ultimate load is approximately the mechanism initiation load. For the
rolling mechanism, the ultimate load is much higher than the mechanism initiation load. However, it is
expected that for larger span lengths, the difference between mechanism initiation load and ultimate load
will decrease.

Bakker developed a method to find the mechanism initiation 1oad for the rolling mechanism. The load-
web crippling deformation behaviour for the rolling mechanism is shown in figure 10 at the right. A
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yicld tine mechanism was developed for described the rotling mechanism, For every point of elastic web
deformation, Bakker calculated the load for which the yield line mechanism would initiate, giving a
mechanism_initiation curve. This curve is shown in figure 11. The intersection of the linear curve and
mechanism initiation curve gives the mechanism initiation point.

'y . . y 4 mechanism 5
.g mechar.nsm in}tlation = .g -g initiation .g
£ theoretical ultimate s E theoretical §
§ strengh b § 3 ultimate strength -5
L2 P=] .

55 g 53 g
real behaviour g - ;-
ng real behaviour 2

ch crippling stiffness web crippling stiffness

> elastic behaviour >

web deformation web deformation

yicld arc mechanism rolling mechanism

Figure 10, load deformation diagram for the yield arc and rolling mechanism

For finding the lincar elastic curve, Vaessen developed an analytical model [Vaes95a). 1t should be
noted that the mechanism initiation curve does not describe the rigid plastic curve and has no physical

meaning, except at the mechanism initiation point.

The Bakker model was verified for sections subjected to a concentrated Joad and a small bending
moment. However, in practice large bending moments occur. Apart from this aspect, it is possible that
the yicld arc mechanism occurs also for sections with small corner radii. For the rolling mechanism, the
Bakker model does not calculate the ultimate strength, but the theoretical mechanism initiation point.

During the development of the analytical yield line model, Bakker had to take the influence of the
bending moment directly into account in order to get an accurate model. Bakker realized that it would be
possible to release the paradigm of the three failure modes (web crippling, bending moment, and
interaction of web crippling and bending moment).

lincair behaviour

concentrated
load

mechanism
initiation mech. initiation curve
—»
web deformation

Figure 11, calculation of mechanism initiation point for rolling mechanism

3 NEW DIRECTIONS

During the research of Bakker, it was observed that the influence of the_bending moment has to be taken
into account, when predicting the web_crippling load. That means that, at least for small bending
moments, the interaction formula as presented in chapter 2 is not correct. After all, in the interaction
formula it is assumed that the bending moment has no influence for small bending moments.



