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Abstract

During winters in which there has been a heavy load of snow, hundreds of slender
roof structures have collapsed both in Sweden and in other countries. The main cause
of failure here has been shown by forensic investigations to be insufficient bracing.
These structural collapses, and others that occurred, have emphasized very much the
importance of the subject of structural stability.

The study at hand investigates certain basic matters concerning the relationships
between the bracing stiffness, bracing forces and buckling modes of slender braced
structural members. It also examines the importance of imperfections and how these
affect the expected buckling capacity of braced members, as well as the bracing forces
involved. Also investigated here is the question of whether the slip which typically
occurs in bracing systems has the potential of affecting appreciably the buckling
capacity of braced members. The thesis begins by presenting a brief overview of
some of the collapses that have occurred during snowy winters in Sweden as well as
of some of the collapses that have occurred during the construction process.

The structural members that are analyzed within the scope of the thesis are
braced timber beams, trusses and steel columns. The methods employed for the
examinations conducted include laboratory testing (of timber beams), finite element
analysis with the use of the commercial FE-program Abaqus and analytical studies
(of columns) by means of the energy method.

The major conclusions drawn in the investigations conducted are the following:

e It has been verified that both the strength and the stiffness requirements of
bracings need to be taken into account in order to achieve safe design.

e It is important to use adequate imperfection models in designing slender struc-
tural elements by means of non-linear analysis. Inappropriate choice of imper-
fection shapes can lead to totally unrealistic results.

e A superposition of different imperfection shapes should be used for conservative
design of the bracing system and the braced member itself. Use of imperfection
shapes of large magnitude at the points of the bracings lead not only to strong
bracing forces but also to greater pre-buckling stiffness of the braced elements.
The latter might lead to nonconservative design of the braced members.

e Slip in bracing systems has the potential of significantly reducing the load
bearing capacity of braced members.
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1 Introduction

1.1 Background

In Sweden, a large number of roof structures (> 180 of them) collapsed during the
winters of 2009/10 and 2010/11. The snow load during these winters was greater
than usual but generally did not exceed the load limit specified by the code [1], this
indicating clearly that the structures were inadequately designed. The majority of
the structures that failed were of a slender type, made either of timber or steel.
Such structures are known to be sensitive to different instability phenomena; forensic
investigations point to insufficient bracing as being the major cause of the collapses
that occurred during the winters in question [2].

According to a report [10] produced by SP, Skanska Sverige AB and Lund Uni-
versity, some 60% of the roofs that collapsed during 2009/10 and 2010/11 were built
after 1980. It might thus appear that we have been building in a less accurate way
since 1980 than before. However, as Johannesson et al. [9] point out, it occurred
already during the winter of 1976/77 that there were structures that were damaged
and a considerable amount that failed then as well. This means that some of the
structures built before 1980 that would have had the potential to collapse during the
winters of 2009/10 and 2010/11, had already collapsed that earlier winter. It can
thus not be concluded that we have been building less accurately since 1980 than
before, but rather that we have been building in a perhaps about equally defective
way as had been done earlier, and that there are many newer buildings too that will
be likely to collapse sometime in the future, if building practices are not improved.

Roofs collapsing due to insufficient bracing when loaded by snow has not only
been a problem in Sweden. During the winter of 2005/06 more than 50 roofs failed
in Germany, Austria and Poland [7], for example. Also here, as in the Swedish cases,
it has been concluded that the snow loads that winter were large but generally did not
exceed the limits as defined by codes. A Nordic study concerning 127 timber building
failures around the world (with one exception these not including the collapses already
mentioned) concludes that instability, i.e. use of insufficient bracing, is the most
common cause of building failures in general.

Slender structures have not only been found to fail due to insufficient bracing
when they have been loaded by heavy snow. According to Frithwald et al. [7], slender
structures that fail, most of them trusses, often do so already during the construction
phase. This reflects the fact that the importance of temporary bracing while buildings



are being erected is often neglected and that the bracing system of the finalized
building is normally not fully effective at this phase.

Since building collapses can lead to the loss of human life, as well as to economic
losses, they can not be simply tolerated by society, building codes needing to be
written in order to control how buildings are designed and how sufficient safety can be
ensured. However, despite such code regulations, buildings do fail. The main reason
for this can be that equally important, sometimes even more important than rules
and regulations, are proper engineering and fundamental understanding of structures
in general when designing them. Since understanding of this sort can probably not be
adequately "specified” in a code of any sort, really competent engineers will always
be required. At the same time, as the results of a licentiate thesis presented at Lund
University [6] emphasize, the designing work of different engineers can also differ
substantially in ways that may not immediately be obvious how they affect matters
of safety, this probably being the case in many respects in regard to the designing of
bracing as well.

The work of the present thesis started with an investigation of certain fundamental
principles concerning the stability of slender structures, both in general and in regard
to bracing, to endeavor to illuminate various considerations that are important for
engineers to bear in mind designing structures in such a way that unexpected collapses
of the sort described can be avoided in the future. It should be emphasized that the
present thesis serves as an interim reporting (a licentiate thesis) of a project to be
dealt with more comprehensively later in a doctoral thesis.

1.2 Objectives

The overall objective of the present thesis is to contribute to a more adequate under-
standing of the buckling and bracing requirements that are needed in regard to both
slender steel and timber members. The more specific objectives were the following:

1. To discuss a number of collapses that have occurred due to instability, with the
aim of demonstrating the significance of proper stabilization and bracing.

2. To investigate certain basic principles regarding relationships between bracing
stiffness, bracing forces and buckling modes.

3. To investigate the effects of various imperfections in terms of how they affect
the forces to be expected in the bracing system and the buckling capacity of
the braced members in question.

4. To investigate how and to what extent potential slips in bracing systems can
reduce the expected buckling capacity of braced members.

1.3 Limitations

The investigations are limited to the study of individual structural members. These
include discretely braced glued laminated beams, steel columns and a three-hinged
timber truss. Only discrete translational bracing is dealt with in the thesis.



1.4 New findings

The main findings of the thesis appear to be the following;:

1.

2.

A superposition of different imperfection shapes should be used for conservative
designing of the bracing system and of the braced elements.

Various imperfection shapes can be shown to generate unrealistic behavior when
non-linear analyses are performed. It is important, therefore, to make use of
realistic imperfection models.

Slip that occurs in bracing systems can have a significant effect on the buckling
strength of a braced structural member.

Bracing forces of stocky members, or members loaded to a degree substantially
smaller than the critical load, increase with increasing bracing stiffness whereas,
as known before, the opposite holds for slender members.

1.5 Outline of the thesis

The contents of the thesis have been chosen in order to consolidate, support and
broaden the contents of the appended papers.

Section 1 of the thesis presents certain background information concerning the
project.

Section 2 presents various examples of collapses that have occurred, both during
the construction and during the service life of different structures.

Section 3 present primarily certain information regarding bracing so as to ex-
tend the information given in the appended papers.

Section 4 provides a summary of the appended papers.

Section 5 summarizes the conclusions of both the thesis as a whole and of the
appended papers.

Section 6 discusses further research in line with this that can be suggested.

The thesis contains three appended papers. These deal with different concepts
regarding the stability of slender steel and timber members, respectively, in line with
the objectives of the thesis. The first paper was presented at the World Conference
on Timber Engineering, WCTE, in Quebec City in 2014. The other two papers have
been submitted for publication in scientific journals.






2 Failures due to instability

In this chapter a number of examples of buildings that have collapsed (also reported
on in literature in this area generally) are provided. The aim of reporting them here
again is to show that the mistakes that lead to structural failures can be seen as
basically the same or very similar over time, suggesting that one does not appear to
learn sufficiently from experience. Section 2.1 takes up examples of different collapses
that occurred during the winter of 1976/77. Section 2.2 provides examples of various
collapses that occurred during the winters of 2009/10 and 2010/11. Section 2.3, in
turn, describes various collapses that have occurred during the construction phase.

2.1 Snow winter of 1976 /77

The collapses that occurred during the winter of 1976/77 were located in the same
regions as those of 2009/10 and 2010/11 [10]. According to Johannesson et al. [9], the
snow loads were higher than those referred to in the code in only 12 out of 94 cases.
Most of the failed structures were slender steel or timber structures, i.e. structures
of the same type as those that failed during the winters 2009/10 and 2010/11. Three
different collapses, similar to those reported in the collapses of 2009/10 and 2010/11,
are presented below.

Figure 2.1 shows a collapsed riding hall. The structure was a frame built up of
lattice elements. The bracing on the "legs” of the frames appears to be quite ade-
quate. In the corners of the frames, however, the inside is left completely unbraced.
This reported to be the primary reason for the collapse of this building. Note the
similarity to the collapse presented in Figure 2.5 which occurred more than 30 years
later.
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Figure 2.1: A riding hall built in 1975. Note the buckling of the unbraced corner. (Johan-
nesson et al. [9])

Figure 2.2 shows a collapsed storehouse. The inside portions of the frames are
left unbraced in critical parts in which the moments are large, namely those close
to the corners. This collapse is also similar to those shown in Figures 2.1 and 2.4.
It appears to be a common mistake to assume that the bracing provided by walls,
connected to only one of the flanges is adequate to prevent buckling, this collapse
clearly indicates the opposite to be the case.

Restraints on th - s —— LY
“outer”flange \ h
~"Inner” flange |

moving laterally

Figure 2.2: A storage building built in 1974. The columns are unbraced on the parts insides
where they buckled. (Johannesson et al. [9])

Figure 2.3 shows a collapsed canopy roof. Bracing there is lacking, especially in
the regions in which the main girder is compressed on its bottom side, i.e. over the
columns. According to Johannesson et al. [9], lateral torsional buckling was initiated
in that region due to the lack of bracing. Note the similarity to the collapse from
the winters of 2009/10 or 2010/11 shown in Figure 2.4. In both cases, bracing of the
compressed side of the beam above the supports was omitted.
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Figure 2.3: Canopies built in 1975. The primary beam is left unbraced on the compressed
side above the supports (columns). The beam probably failed due to lateral torsional
buckling. It appears as though thereafter the columns buckled at their tops as a consequence
of the large deformations that occurred. (Johannesson et al. [9])

2.2 Snow winters of 2009/10 and 2010/11

As reported in certain forensic investigations [2,10], the snow measured on flat sur-
faces during the winters of 2009/10 and 2010/11 did not in most cases exceed the
design values specified by the code. Several potential explanations for these collapses
are given. These include snow drift not taken account for properly in the design,
ignorance regarding the stabilization requirements that apply, and carelessness in
general regarding both design and construction. The most important cause of col-
lapses is reported to be insufficient bracing. Two examples of collapses brought about
by insufficient bracing are given below.

Figure 2.4 shows both a sketch and a picture of a riding hall that collapsed during
one of the winters in question. Purlins were used to stabilize the main load-bearing
elements, i.e. the beams, against lateral torsional buckling. However, as can be
clearly seen in both the sketch and the picture of the actual building, there is no
bracing in the compressed parts above the supports (columns) of the beam. It is well
known that bracing on the tension side of a beam has only minimal effects on the
buckling capacity. Thus, the main explanation for the collapse of this building (as was
also indicated in a master thesis at Lund University [18]), is probably lateral torsional
buckling of the primary load bearing beam being initiated above the columns.
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Figure 2.4: Riding hall. Bracing is lacking on the compressed side of the beams over the
supports (columns).(Johansson et al. [10])

Figure 2.5 shows the collapse of a steel frame. It can be clearly seen in the figure
that the collapse was initiated at the corners of the frame. It can also be seen that
bracing of the compressed side of the corner had been omitted. This, i.e. inadequate
bracing, was most likely the primary reason for the collapse.

External cladding
Timber purlins

Figure 2.5: Riding hall. Bracing is lacking on the compressed side of the corner, which as
a result beams got instable and buckled. (Johansson et al. [10])

2.3 Collapses during construction

Typically, structures are most vulnerable during the construction phase. The main
reason for this vulnerability is that the bracing system is normally not fully effective
in this phase. Two different examples are given below.

Figure 2.6 shows a steel/concrete composite bridge, the Marcy bridge (New York
City), that collapsed during concreting of the deck. In its finalized state, i.e. after
hardening of the concrete had taken place, the bridge would have been stable due



to sufficient torsional stiffness of the cross section then. Before hardening of the
concrete, however, the cross section was open and was thus utterly sensitive to lateral
torsional buckling due to the low degree of torsional stiffness it possessed. The bridge
failed due to lateral torsional buckling when casting of the bridge deck reached the
mid-span of the bridge. In order to have prevented such a failure, as described in
greater detail by Mehri et al. [12], more adequate temporary cross bracings would
have been required during the casting of the bridge deck. Further collapses of this
type are compiled in a doctoral thesis [11], including the bridge Y1504 that collapsed
in Sweden during the summer of 2002.

e 2770mm ——

400x22 (CS-¢)
J400x28 (CS-m)

t=14mm

1875x20 (CS-€)
1875x22.5 (CS-m)

Figure 2.6: The Marcy Bridge in New York City that collapsed due to insufficient bracing
when concreting of the bridge deck reached mid-span. a) A picture of the collapsed bridge.
b) The cross section of the bridge. (Mehri et al. [12])

One "famous” example of a building that failed during construction is the Rose-
mont Horizon Arena (Chicago, USA), that collapsed during its erection in 1979, see
Figure 2.7. The roof was built of timber arches that were stabilized by purlins. How-
ever, the purlins themselves were not connected to a stabilized bay; no bay at all
was actually stabilized in the structure, which means that there was no place where
the forces in the purlins could be transferred to the ground and thus stabilize the
arches. In its finalized state, there would have been a steel sheeting on top of the
structure that would have stabilized the roof through diaphragm action. During the
construction phase, a temporary stabilization system would have been required in
order to prevent the collapse. The collapse was initiated by a small wind load in the
direction perpendicular to the arches.
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Figure 2.7: The collapse of the Rosemont Horizon Arena, USA. a) A sketch of the structure.
Note that there is no stabilizing bay. b) A picture taken after the collapse. c¢) What the
building looked like after finalization (it was rebuilt after the collapse). (All images in public
domain - downloaded from https://failures.wikispaces.com)
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3 Bracing and Buckling

The concept of the bracing of a structure, as defined here, involves not only dis-
tinguishing a stable state from an unstable one. Bracing is also a relative concept,
since the properties of bracing can be varied in order to ensure that the stability
is sufficient in a given situation. This means that a structure can be provided an
amount of bracing sufficient to ensure that a specific level of resistance to different
instability phenomena that can develop is attained.

According to Galmbos [8], in contrast to the statements in the paragraph above,
bracings are commonly considered to be ideal by engineers when designing structures.
With ideal bracing is meant that the bracings are assumed to provide perfect restraint
to the structural members that are being braced, this normally meaning that no
lateral displacements will take place at the bracing points. This, of course, is neither
possible nor necessary in most real structures.

Bracing of structures can be said to be required in two steps, the first of these
being compulsory for most structures:

1. Brace the structure so that it is statically stable, i.e. has at least one way to
carry an arbitrary load, as exemplified by step 1 in Figure 3.1.

2. Regarding buckling, brace the structure so as to ensure that it does not become
unstable (does not buckle) in response to a minimum specified load. This holds
both for a structure in its entirety (global buckling), as well as for the stability of
separate parts of the structure (e.g. the beams in a particular roof structure).
Step 2 in Figure 3.1 exemplifies additional bracing that is provided so as to
enhance the in-plane buckling capacity of the vertical members in the frame.

11
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The literature (e.g. [8] and [21]) defines primarily bracing methods of four differ-
ent kinds, namely discrete bracing, continuous bracing, relative bracing and lean-on
bracing [8,21]. Since the investigations carried out in the present work (see the ap-
pended papers) dealt with the discrete bracing of beams (papers 1 and 3), of columns
(Paper 2) and of trusses (Paper 3), with different aspects, of these being considered,
more detailed information regarding this bracing method is given in the following
sections.

In addition, bracing, especially that of the discrete and of the continuous type,
can be either torsional or translational, or in some cases a combination of the two.
Only translational bracing is dealt with in the thesis.

3.1 ”ldealization” of buildings

A limitation of the work presented in the thesis was the study of individual structural
elements. For that reason, a short discussion of how the rest of the parts in a building
can be replaced by equivalent bracings is provided here.

At the start, how a hall-type building can be stabilized against wind loading is
considered. Figure 3.2 shows the principles that apply when stabilization is achieved
by means of trusses in the vertical and horizontal planes of the building. Another
method of accomplishing stability would be to use a steel sheeting that can ensure
stability by means of diaphragm action (not shown here). The same system, when
used for wind stabilization, is normally also used for restraining or bracing the pri-
mary load-bearing elements (e.g. beams, trusses, arches or frames) from buckling.

12
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Figure 3.2: Wind bracing of a hall-type building

In order to estimate the stiffness of an equivalent bracing that is to be used in
designing the different parts of a load-bearing structure individually, all the parts
from the point of bracing of the member to where the forces involved reach the
foundations have to be considered. Usually, it is the bracing system that resists
longitudinal wind forces (see Figure 3.2) that also provides the primary load-bearing
elements with buckling capacity, see Figure 3.3. The stiffnesses of the different parts
included in the expression of the equivalent stiffness can be found by exposing them
to a unit load in the bracing direction and noting the deflection that occurs at that
point. The stiffness of that part, at that particular point, is then equal to the applied
force divided by the displacement obtained at that same point.

Stablllzmg bay Purllns Primary load bearing
elements

HHH o

I

Figure 3.3: How longitudinal wind bracing systems act as restraints for the different pri-
mary load bearing elements.

The stiffness of the equivalent bracing, denoted as k., in Figure 3.3, is inversely
proportional to the stiffness of the different parts of the bracing system, as shown in
Equation 3.1 (which is a well known expression for serial springs).

13
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The accuracy of the stiffness estimation of the bracing system (Equation 3.1)
can be improved by considering the bracing system on a more detailed level, for
instance by also including the stiffness of potential connections (1/kconnection) along
the purlins in the expression. In that case, the equivalent bracing stiffness is given
in terms of Equation 3.2.

1 1 1 1
— = + + (3.2)

keq k:purlin kstabilizing—bay kconnections

In Paper 3, the potential consequences of slip in the bracing systems of both a
timber beam and a truss were investigated. A few additional remarks concerning
potential sources of such slip and/or of very low stiffness at the beginning of load-
ing than what was given in the paper are presented here (mostly valid for timber
structures). These effects are also illustrated in Figure 3.5.

1. The most important potential source of slip in purlins is very likely the con-
nections involved, especially bolted ones, as was shown by Dorn et al. [5] to be
the case. The slip in question can for instance be related to over-sized holes.

2. Another type of slip, defined here instead as a movement that occurs with a
low degree of stiffness, can be the initial crookedness of the purlins working in
tension. That means that the purlins need to straighten out a bit before they
are able to resist loading to the intended degree; see Figure 3.4. This can be
compared to the action of a cable, the stiffness of which is zero when it is slack.

Before loading

]

\

At loading %

F
— =

) 4

L1--

6

Figure 3.4: An illustration of how initial crookedness can prevent a bracing system from
resisting load directly after it is applied.

3. Still another type of slip is the relaxation of the cables used in the stabilizing
bay as well as in connection with creep of the timber in the stabilizing bay. In
order for the stabilizing bay to immediately resist lateral loading, the cables

14



need to have a prestress to some degree. Over time, such prestress usually
becomes reduced in size due to relaxation. In addition, if the cables are highly
stressed, the timber can tends to creep in that direction and thus to contribute
to the slacking of the stabilizing bay.

1\ A Initial perfect
stiffness
F No sli F
With sli Low initial
stiffness
> )
6slip

T Initial perfect
F | stiffnessand no
sli

s

r— =
[ |

Slip and low
initial stiffness

N\ 4

. <
6slip

Figure 3.5: a) The response in a bracing system that require a certain slip dsi;p prior to its
being activated. b) The response in a bracing system that is of low initial stiffness. ¢) The
response in a bracing system that has both slip and low initial stiffness.

3.2 Columns

In order to introduce the concept of ideal stiffness, a simple example is provided
below.

The most simple case of column bracing is probably that of a single column that
is pinned at its base and is supported by a translational spring (bracing) at its top;
see Figure 3.6. Such a column can basically buckle in two different modes, namely
as i) a rigid bar (Figure 3.6a) if the bracing is weak, and ii) as an Euler 2 column
(Figure 3.6b) if the bracing is strong (i.e. sufficiently stiff).

15



a) b)

Figure 3.6: Two different buckling modes of a simple column. a) Weak bracing resulting in
a pendulum buckling mode. b) Strong bracing forcing the column to buckle in a sine-shaped
mode.

The buckling load P of the column presented in Figure 3.6a can be calculated on
the basis of equilibrium considerations (small displacement theory), in accordance
with Equations 3.3-3.4 below.

The moment equilibrium about the base point of the column:

Myasepoint = P6 — FL =0 (3.3)

where P is the buckling load, ¢ the displacement at the top, F' the force that occurs
in the spring and L the length of the column.

Inserting F' = kd (force = bracing stiffness x the displacement) in Equation 3.3
and equating for P results in Equation 3.4.

P=kL (3.4)

where k is the stiffness of the bracing.

If the limit of stiffness k;4e04; that enables the column to buckle in a half sine wave
(Euler 2), as shown in Figure 3.6b, is of interest to calculate, one can note that it
is simply to equal the expression in Equation 3.4 to the Euler 2 buckling load, one’s
solving then for k£ as shown in Equation 3.5.

EIxn? I B EIxn?

where E1T is the bending stiffness of the column in question.

In order to rewrite in terms of the buckling load P of the column, for all values of
k, P is obtained in accordance with Equation 3.6. A plot of Equation 3.6 is shown
in Figure 3.7. In this example, one can see that the ideal stiffness is simply defined
as the stiffness for which an increase in stiffness would not generate an additional
(elastic) buckling capacity.

P=kL =

(3.5)

KL, ifk < kigea
P:{ S Nideal (3.6)

ElIx? .
5y if k> kigeal
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Figure 3.7: A plot of Equation 3.6, where P is the buckling load and P. is the Euler 2
buckling load. The ideal stiffness k;qcai, i.€. the stiffness for which an increase in bracing
stiffness would not generate a higher degree of buckling capacity, is indicated by the arrow
in the figure.

For more complicated systems, such as columns with several intermediate brac-
ings, it is not possible to obtain the ideal stiffness on the basis of equilibrium con-
siderations only (if closed form solutions exist at all). For instance, Trahair [17],
Al-Shawi [3] and Plaut et al. [14,15], have all done important analytical work (such
as involving kinematics and/or constitutive relations) on solving the problem of a
column pinned at both ends having one or more intermediate bracing. These solu-
tions (not shown here) are rather involved and for more complicated systems they
may not even exist.

Rigid link model

Due to the complexity of the solutions to the problem at hand, as described in
the section above, approximate solutions are quite in order. In 1958, Winter [19]
presented a simple yet powerful rigid link method that can be used in designing any
pinned columns having an arbitrary number of brace points. The method can be
used both for calculating the ideal stiffness as for taking the strength of the bracings
into consideration in determining the adequate bracing dimensions. The method is
briefly explained below.

In using the rigid link method, one assumes the bracings to be perfectly effec-
tive, and places fictitious links in these points. Thereafter, by assuming there to
be an Euler 2 buckling mode between successive bracings, i.e. the maximum axial
load that the system can possibly withstand, equilibrium considerations can be used
then to calculate the required stiffness, k;geqi, for obtaining the maximum buckling
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capacity in question. In order to study this equilibrium, a fictitious (infinitesimal)
perturbation has to be given to the system, i.e. a very small displacement at the
bracing point, so as to be able to obtain an expression for the bracing force. From a
moment equilibrium about, for instance, one of the links, an expression for the ideal
stiffness can now be readily calculated; see Figure 3.8 for an example of a simple
pinned column having one intermediate bracing.

P P P

¥ v F/2 .
<EE @ —> F% -ps=0 'Link
Give a small
perturbation, §, L F=ké
"Insert” fictitio- k at Fhe bracing =>k = 2P
us link point, F=kb =>K = L
AW T o ——> | «<—
/ assume Euler 2 2p
. buckling between
Link the bracings and L => kideal= i
study equilibrium
F/2 p _ Ein’
77577 17577 e~ L2

Figure 3.8: The rigid link model for a column pinned at both ends having one interme-
diate bracing. P. is the Euler 2 buckling load, F the force in the bracing, § the assumed
displacement of the bracing and k;qeq; the ideal bracing stiffness of the system in question.

In order to be able to study the strength requirements of bracings, Winter [19]
introduced an initial imperfection, dg, into the solution of his rigid link model. This
means that the total displacement at the bracing point is (dp + 4). In solving the
example shown in Figure 3.8, in which there is an initial imperfection of dg, moment
equilibrium about the link, is obtained by the use of Equation 3.7:

Lks 2P 4,
T—P(50+5)<:>k’— L(5

Substituting §; = dg + 0 (where d; is the total displacement) into Equation 3.7

and noting that k;jeq = 21;@7 solving for J; gives the expression shown in Equation
3.8.

+1) (3.7)

) 0
515 — 02p — [k — kideal] - OP
— 3L ]__P_e

(3.8)

where P, is the Euler buckling load of the column in question.The applied force P at
the normalized bracing displacement d;/dy is plotted in Figure 3.9a.

The force F' in the bracing can be found through combining Equation 3.7 with
the relationship between the bracing stiffness, the bracing force and the displacement
that the bracing results in, according to Equation 3.9.
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Assuming ideal stiffness, k;jeq;, and combining Equation 3.9 with Equation 3.8,
the expression of F' can be obtained in accordance with Equation 3.10. Note that
the equation is only valid for F/P > 26y/L.

2P G p 126
F:—— —:1——_ 1
r1--Z 7R F/P L (3.10)

The normalized bracing force F'/P is plotted against the normalized applied load
P/P. (Equation 3.10) in Figure 3.9b. The magnitude of the bracing force is depen-
dent, however, on the magnitude of the initial imperfection. In the plotting carried
out, the magnitude of the initial imperfection was chosen to be L/500.

If the bracing stiffness is two or three times the ideal stiffness, the relationship
between P/P, would instead be according to Equations 3.11 and 3.12, respectively.

These relations also are plotted in Figure 3.9. The equations are only valid for

For two times the ideal stiffness:
P 4 6y

— =92 _—_ A1
P, F/P L (3.11)

where P is the load applied and P, the Euler 2 buckling load between successive
restraints, F' the force in the bracing and g the initial imperfection.

For the case of three times the ideal stiffness:

P 6 o
—=3-——2 12
P TFPL (3-12)

where P is the load applied and P, the Euler 2 buckling load between successive
restraints, F' the force in the bracing and 0y the initial imperfection.
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Figure 3.9: The rigid link model for a column pinned at both ends with one intermediate
bracing. a) The displacement at the bracing point for a load level of P for different bracing
stiffnesses k. b) The bracing force as a function of P for different bracing stiffnesses. P. is
the Euler 2 buckling load, F the force in the bracing, § the displacement in the bracing, do
the initial displacement at the bracing point, d; the total displacement at the bracing point
and kiqeqr the ideal stiffness of the bracing in question.

Figure 3.9 illustrates two of the most important features of bracing, namely i)
if the bracing is equal to the ideal stiffness, the displacements in the bracing will
be 7infinitely” large as the buckling load is approached, and ii) to keep the bracing
forces at reasonable levels, the stiffness of the bracing should at least be 2 times the
ideal one.

Yura [20] later developed Winter’s model to also hold for bracing stiffnesses of
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less than the ideal stiffness. That approach, not presented here, is particularly usable
when there are multiple intermediate bracings, meaning that the buckling shape does
not necessarily need to be described in terms of there being one half sine wave between
successive bracings.

Finally, regarding the rigid link model, it should be emphasized that it is both an
approximate and a conservative model. It is conservative since it neglects the bending
stiffness contribution of the column itself by its putting frictionless joints at the brace
points. For the special case of evenly distributed bracings, however, when studying
the perfect column, i.e. without initial imperfections, the method is more or less
7exact” since the displacements at bracing points would be zero at buckling, the real
buckling load being exactly the one of Euler 2 buckling between successive bracings.
For uneven spans, however, the rigid link model, in certain cases, underestimates the
buckling capacity considerably, as discussed, for example, in a paper by Mehri et
al. [13].

Energy approach

The energy concept was used in the thesis in order to be able to study more complex
systems without having to neglect the stiffness contribution of the column, such as
one needs to do in the case of the rigid link method, and in order to provide a tool
for validating the results of FE-analyses. The new refinement of the energy method
that was developed in the thesis is to make use of a shape function that can describe
many different buckling shapes. This is done by means of an ordinary sine-function
that contains a factor that controls how many waves are generated over a specific
length, in this case the column length. This is described further later.

The energy method is based on the idea of there being a balance between the loss
of potential energy, AT, and the gain of internal energy, AU at buckling, i.e that
AT = AU, see e.g. Timoshenko et al. [16]. In the case of column buckling, the loss
of potential energy is derived from the vertical movement of the applied axial load, P,
such that AT = P§,, where 9, is the vertical shortening of the column in question.
The gain in internal energy in the case of braced column buckling consists both of
the increase in energy of the bracings and the strain energy required to deform the
column into a given shape (usually a sine-shaped one).

Paper 2 presents bracing and imperfection studies of two different columns; see
Figure 3.10. The first column was sway-prevented and was equipped with one in-
termediate bracing. The second column was sway-permitted and was equipped with
two bracings: one at its top and one at its midpoint. The energy method was used
to derive the theoretical elastic buckling capacity of the two columns under the as-
sumption of sine-shaped buckling modes; see Equations 3.14 and 3.13, respectively.
The equations here, however, are a bit more general than those presented in Paper 2.
This because they are valid for an arbitrary number of evenly distributed bracings,
controlled by the parameter n, of the same stiffness k.
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Akc* L3 YT (sin?(21) — Eln3(sin(4Z)c + 4m)
L2mc2(4m + csin(4%))

Psyst2 —

(3.14)

where n is the number of evenly distributed bracings, ¢ a shape factor (in the ex-
pression sin(Zy)), L half the column length, k the spring stiffness, ' the modulus of
elasticity and I the moment of inertia.

There are, of course, a vast number of other column systems that could be of
interest to analyze in the same manner as was done for System 1 and 2, but not
all can be dealt with in the thesis. Examples of variations of the systems that are
studied could be achieved by use of differing end conditions, such as rigid or semi-
rigid, unequally spaced bracings, columns with non-constant EI, and both horizontal
and vertical loading and bracings with different stiffness values. However, in order to
demonstrate the refined method developed in the thesis, one additional system will
be analyzed. The system can be considered as being common among real structures
and will be referred to here as System 3.

System 3 is a column with a number of bracings having different stiffness values
that have a non-linear distribution, derived in this case from the deflection formula
of a cantilever beam, shear deformations being neglected as a simplification. Figure
3.11 exemplifies System 3 for the case of four bracings. The buckling shape of the
column is assumed to be described by the function n(x) = A, sin(%f). This function,
as shown in Figure 3.12, can describe many different buckling modes of the column.
A load, of P is assumed to be acting on the column at each floor level, meaning that
the accumulated load on the column on the highest floor is 1P, on the second highest
floor level is 2P and so forth.
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Figure 3.12: Potential buckling modes for System 3, each described by the shape formula
n(z) = Aypsin(Zf), A, being the magnitude of the function. Depending upon the c factor,
which is selected, the buckling shape of the column can be everything from a straight bar
(c>>4) to a half sine wave between successive bracings (c=1), as indicated in the figure.

For the generalized case of System 3, i.e. there being arbitrary numbers of brac-
ings and arbitrary stiffness values, an energy solution of the buckling load, P, was
derived in accordance with Equations 3.15-3.19 below.

The first step is to calculate the loss of potential energy AT

AT = zn: PA!) = Z/ (3.15)

where P is the axial force acting on each floor level, A% the vertical shortening of the
column on the i:th floor level, n the number of successive bracings, L the distance
between the bracings and n(z) the buckling mode shape. For further information
regarding the integral describing the vertical shortening, see e.g. Timoshenko [16].
The second step is to calculate the gain in internal energy, AU, in the column:
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ET nL
AUcolumn - 7/ (77”(33)2d3§') (316)
0

where E1 is the bending stiffness of the column (assumed constant), n the number
of bracings and n(z) the buckling mode shape.
The third step is to calculate the energy gain in the bracings:

1 n
AUbracings - 5 Z kﬂ](ZL)Z (317)
0

where k; is the stiffness of the i:th bracing, n(iL) the horizontal displacement at the
7:th bracing and n the number of bracings.

The fourth step is to equate all the lost energy (AT) to all the gained energy
(AUcotumn + AUpracings) and to check the equilibrium, i.e. to assume that the gain
of energy is equal to the lost energy:

AT — Aljcolumn - AUvbracings =0 (318)
The final step is to solve Equation 3.18 with respect to the buckling load P:

_ pests _o 2o O (@)% ) + § S (hin(GiL)?)
S fy (0 (w)2d)
L[ (@) de) + S0 (kin(iL)?)
Sy o o (w)2de)

where P®Y5%3 is the buckling load acting on each floor level, n is the number of
evenly distributed bracings, L the distance between the bracings, k; the stiffness of
the 2:th bracing, E the modulus of elasticity and I the moment of inertia of the
column.

For the particular case of System 3 in which n = 2 (number of bracings), the
solution of Equation 3.19 would develop in accordance with Equations 3.20-3.23
below.

The assumed shape function:

(3.19)

™

= Apsin(— 3.20
1) = Aysin(=7) (3.20)
The number of bracings:
n=2 (3.21)
The assumed expression for the variation of the bracing stiffness:
3ET

k(z) = (3.22)

3
Inserting Equations 3.20-3.21 into Equation 3.19 gives Equation 3.23 below:
syst3
= PV
_ 32L%EImsin(w/c)cos(m/c)(2cos(m/c)* — 1) + 24cL* Elsin(w /c)? + 3cL* Elsin(2m /c)?
B 8cL™(2 — cos(m/c)? — cos(27/c)?)

(3.23)
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Non-linear analysis

In order to also study the strength requirements of the columns (not only viewing
them as elastic, as was done in the sections above) and investigate how they are af-
fected by different imperfection shapes and bracings, non-linear incremental analyses
are normally required. Paper 2 investigated how slender columns and their bracing
requirements were affected by the shape of the imperfections. This was investigated
by the use of the commercial finite element program Abaqus. In the paper it was
shown that the results are highly sensitive to the input regarding the shape of the
imperfections. Most importantly, different shapes should be used for obtaining con-
servative results for the bracing requirements and for the load-bearing capacity of the
column itself. For a conservative estimate of the bracing requirements, the imperfec-
tion shape should have its maximum value at the brace points. For a conservative
estimate of the strength requirements of the column itself, the maximum value of the
imperfection shape should instead be located between the bracings.

Other instabilities

Other important instabilities for columns, not dealt with in the thesis, include twist
modes (that can occur, for instance, when a bracing is attached to only one side of
the cross-section), local buckling (e.g. shear buckling of webs) and combinations of
different buckling types.

3.3 Beams

Generally, lateral torsional buckling of beams is a more complicated topic than col-
umn buckling, due to the fact that it involves both bending and torsion (see Figure
3.13), whereas most cases of column buckling involve primarily bending around only
one axis [16,21].

gl >

Figure 3.13: The principle of lateral torsional buckling of a beam.

The critical moment of a beam can be solved analytically for certain simple cases
by means of beam theory equations [4]. For instance, for the beam shown in Figure

25



3.13, when loaded only by end moments M, (q is assumed to be zero), M, will,
according to Equation 3.24, be:

T EC, 7?2
z\/EI,,GJ(l + Iz ) (3.24)

where ET, is the bending stiffness (weak axis), GJ the torsional rigidity, EC,, the
warping rigidity and L the span.

As can be seen in Equation 3.24, the span L between the restraint points is
important in terms of the buckling capacity M., this being why bracing along the
span is an important method for increasing the buckling capacity. Bracing a beam
along its span is similar to reducing the span, i.e. the effective buckling length (the
length between successive bracings). In order to illustrate this, Equation 3.24 has
been plotted with respect to L in Figure 3.14.
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Figure 3.14: How the critical moment of a simply supported beam loaded with end moments
varies with the span L. Mo is the critical moment when the span is Lg. As can be seen,
the critical moment is strongly affected by the span L and thus by the distance between
successive bracings.

The concept of the bracing of beams and the aim of bracing them are basically
the same as for columns and will thus not be discussed to such extent here. Winters
rigid link method [19] can also be used for beams, the compression flange of the beam
being considered as an equivalent column. Further information regarding the bracing
of beams can be found in Paper 1.

Paper 1 presents various basic principles regarding the requirements that apply
to the bracing of beams. Both numerical and laboratory experiments were carried
out. It is stated in the article that it could not be verified that an increased bracing
stiffness leads to lower bracing forces. However, with use of a different plot design
than the one used in connection with the paper in question, this could easily have
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been shown. For that reason, a numerical analysis using Abaqus was carried out,
enabling a better plot to be presented here; see Figure 3.15.

As shown in Figure 3.15, the bracing forces in bracings of slender beams for a
given load, generally decrease with increasing bracing stiffness. For stocky beams,
however, or for beams with a loading substantially lower than the critical load, the
bracing force increases with an increase in bracing stiffness, up to a certain limit,
above which it converges to a particular value related to the magnitude of the initial
imperfection. The value of the bracing force is also dependent upon the magnitude
of the initial imperfection, in the same manner as was mentioned for columns. The
larger the initial imperfection is, the larger the bracing force will be. The initial
imperfection used in the study presented in Figure 3.15 was L/1000, its maximum
value being located close to the bracing point.
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Figure 3.15: Bracing forces of a simply supported beam braced at mid-span. M, is the
moment capacity of the beam, whereas M., is the elastic buckling moment. P is the applied
load, k the current bracing stiffness, and k;q4eq; the ideal stiffness.

In Paper 3, certain specific concerns regarding the properties of the bracing system
were also investigated. It was shown in Paper 3 that slip in bracings that can occur is
of considerable importance in regard to the expected buckling capacity of the braced
beam (and trusses). Further information regarding slip is to be found in Section 3.1.
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4 Summary of appended papers

Paper 1

Slender timber beams subjected to gravity loads may buckle in the out-of-plane direc-
tion. Normally, the same bracing system that is used to prevent lateral movements
of the beams, caused by external transversal loading such as wind, also serves to
increase the buckling resistance of the beams. For the idealized case of a perfectly
straight beam with bracing, no force develops in the braces since the lateral displace-
ment remains zero. However, since real beams are not perfectly straight, bracing
forces develop during loading. This paper describes experimental and analytical
studies performed on discretely braced and slender glue-laminated-beams subjected
to gravity loads. In particular, the effects of relevant parameters such as i) bracing
stiffness, ii) bracing position and iii) shape and magnitude of initial imperfections
are reviewed. The results indicate i) that an increase in bracing stiffness leads to an
increase in bracing forces (for stocky beams), ii) that a beam should be braced on
the compression side in order to maximize the effects of the bracing, and iii) that an
increase in the magnitude of the initial imperfections increases the need for bracing.

Paper 2

Finite-element-based programs can be used to design both columns and their bracing
systems. As is well known, however, the output obtained is highly dependent upon
the input. In the present study, the effects of imperfections on the predicted strength
and stiffness requirements of the steel columns involved and of their bracing systems
are investigated. Two different systems are analyzed: 1) a braced non-sway column
and 2) a braced sway column. It was found that a poor choice of the shape of
imperfections can lead to unrealistic results in terms of both the buckling load on
the columns and the predicted reactions of the bracings, and that superimposing
different imperfection shapes can contribute to obtaining realistic and trustworthy
results. It was also shown that the shapes both of the initial imperfections that lead
to the lowest buckling loads and of those that result in the strongest forces being
directed at the bracings are generally not the same.
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Paper 3

This study investigates the consequences of potential slip in the bracing systems of
timber members of two different kinds. The first case is that of a simply supported
timber beam braced at one point at mid-span. The second case is that of a truss
braced at multiple points along its top-chord. A potential source of slip in the
bracings can be that of there being oversized holes in the connections. It was shown
in the study that slip in the bracing system can reduce the load-bearing capacity of
the braced members both through the stresses being greater the elastic limit being
reduced. The study also shows that members less stiff in terms of movements in out-
of-plane directions (in the direction of the bracings) are less sensitive to the occurence
of slip in their bracing systems.
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5 Conclusions

The conclusions listed here are taken both from the appended papers as well as from
the thesis itself.

e Most of the structural failures that occurred in the past were related to major
errors made in the design. The same type of errors can be seen in buildings
built 40-60 years ago that then failed in the 1970ties, just as in buildings built
after 1980 that failed more recently. An example of an error of this sort is a
lack of bracing of the compressed side of beams and columns. It is important
to emphasize the significance of learning from the past in order to avoid the
repeating of errors. This can for example be achieved through the education of
engineers and through use of databases in which information regarding collapses
is open to everyone.

e Numerical analyses and laboratory tests on slender glue-laminated timber beams
have showed how effective bracing is in reducing lateral displacements in load-
ing (Paper 1). It was found that an increase in bracing stiffness leads to an
increase in the bracing force in the case of loads much less than the critical
load. This could be due to a greater degree of stiffness attracting greater force
in that region of loading. It was also shown that an increase in the magnitude
of the initial imperfections results in an increase in the need of bracing.

e It was shown in Paper 2 that a poor choice of an imperfection shape can lead to
unrealistic results when nonlinear FE analyses of slender columns are carried
out. Examples of imperfection shapes that lead to unrealistic elastic buckling
modes were demonstrated. These conclusions probably also hold for other
structural elements.

e A method in which imperfections are assessed by superimposing a number of
different buckling mode shapes was shown to be rather successful in terms of
generating realistic results when non-linear analyses are carried out (Paper 2).
The specific approach proposed here defines one particular mode shape as being
a major imperfection and a number of other modes as being minor disturbances
occurring on top of that one. With this approach, the appearance of an imper-
fect shape is clearly defined by the major shape, making the approach easy for
engineers to employ. The minor shapes do not affect the appearance very much,
yet they are highly important in enabling the element in question to buckle in
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the correct manner, given bracing properties that are present, this serving to
ensure that the behavior found is realistic. Eurocode 3, e.g., states that the
worst combinations of imperfections should be used in the design. The results
obtained in Paper 2 provide guidance concerning how that can be realized in
practice.

In Paper 2 it was shown that an imperfection shape that generates a large
initial displacement between the bracings led to higher bending moments in
the column at loading than an imperfection shape did for which the maximum
initial displacement was at the bracing points. This means that an imperfection
shape having its maximum amplitude between the bracings is needed when a
conservative estimate of the column strength is aimed at. At the same time,
an imperfection shape generating a large initial displacement at the bracing
points was found to be associated with there being a higher level of forces
in the bracings at loading. Such an imperfection shape should thus be used
in order to obtain a conservative estimate of the required bracing strength
and stiffness. Accordingly, different imperfection shapes should be used for a
conservative design of the bracing system and of the columns, respectively.

In Paper 3 it was shown that slip in bracing systems has the potential of
reducing the expected load-bearing capacity of braced structural members. For
a truss braced at several points along its top-chord, the expected buckling
capacity was found to be reduced significantly by a slip in the bracing system
occurring. Such a slip also led to there being higher stresses in the members
due to greater bending around the minor axis. Interestingly enough, it was
shown that larger initial imperfections made the members less sensitive to slip.
Large imperfections are normally not tolerated, yet for other reasons, such as
those of aesthetics and functionality. The same conclusions probably hold as
well for other structural elements, such as columns.
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6 Further research

Further research which is needed includes other types of buckling than those inves-
tigated in connection with the thesis (such as torsional buckling and local buckling),
as well as other types of structures (such as arches and frames) and questions of how
different elements in a structure interact in connection with buckling (such as in the
case of global buckling).

Three important areas of activity that call for further research are the following:

1. In view of the fact in looking at structural failures that occurred in the past,
it clearly appears that the most common causes of failure are those related to
ignorance and carelessness rather than to lack of research, one can note that
one such area of activity is that aimed at determining, in a scientific manner,
how different engineers deal with stability-related problems. This can involve
determining different engineers’ level of theoretical knowledge, and how they
use different design tools. Such activity can lead to proposals concerning both
improvements in the education of engineers and possible post graduate courses
for engineers who design slender structures in their profession. Such activity
can also be aimed at assessing whether ”third-party” reviews of construction
drawings or of other design-related documentation would be an effective method
of discovering design errors and thus preventing future potential building col-
lapses. Today there is no requirement in Sweden for the external review of
design documents of buildings (not the case for bridges though). A method of
investigating both the state of knowledge of engineers generally and the poten-
tial benefit of third party review could be to let a number of engineers review
blueprints from a number of different projects, some of these blue-prints being
of buildings that had collapsed and others of buildings that had been more
adequately designed.

2. In view of its having been shown in the present investigations that the buckling
capacity of a slender member is highly affected by both the stiffness of brac-
ing systems an the imperfection shapes these possess, another area of research
activity needed would be that of measuring both the stiffness of different com-
mon details in existing buildings and the imperfections these possessed, as well
as conducting laboratory tests on certain common structural elements. For
example, as shown in Paper 3, slip in bracing systems has the potential of re-
ducing the expected buckling capacity of the braced elements involved. Thus,
measurements that can either confirm or contradict such slip in real structures
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would be valuable as future design input. The results of this activity could be
used to refine the rules contained in the building codes.

. Still another activity that can be seen as important is that of developing a
method that can be used to measure or evaluate the stiffness of the bracing
system both in already existing buildings and buildings that are being con-
structed. A trend on the building market would appear to be to build with use
of more slender structures, perhaps partly due to hard competition between
the different entrepreneurs. At the same time the more slender a structure
is, the more prone it is likely be to become instable. It is thus important to
develop a method of the type just referred to so as to be able to build slender
structures and at the same time ensure that they possess sufficient stability. A
methodology that describes such a process could, for example, be implemented
in the building code.
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