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Buckling of Frame Braced by Linear Elastic Springs
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In the design codes and specifications, simplified formulae or diagrams are given for
determining the buckling lengths of frame columns based on the ruling criterion of con-
sidering frames as sway or non sway. Due to the fact that, the code formulae utilize only
local stiffness distributions, these formulae may yield in certain cases rather erroneous
results. In most code formulas a case of weakly braced frames is usually not considered.
In this paper the classical Winter model, developed originally for columns is applied
for frame structures and compared with the results of parametric study of frame with
bracing. Sensitivity analysis of critical loads of frame due to bracing stiffness variations
is carried out and the method for calculation of the threshold bracing stiffness condition
for frames is proposed.
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1. Introduction

Determination of the buckling (effective) lengths of frame columns is one of the most
important phases of frame design. The effective length of frame columns has great
influence in the design of cross—section profiles. Even small changes in effective
length may cause significant changes in bearing coefficient of the cross—section.
Various braces may reduce the frame columns effective length. In many practical
frame design problems the buckling length is not calculated but it is assumed by the
designer. In design codes [1-2] the effective lengths of frames are based on the sway
classification into to groups: sway and non—sway frames. In the design codes only
simplified formulae and diagrams are given for determining the buckling lengths of
frame columns. In many braced framed structures, where the lateral stiffness of the
bracing system is less than condition for non-sway frame (weakly braced frame),
the effect of the bracing stiffness on the lateral stability of the frame is entirely
neglected.
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Only very limited research work on the buckling of braced multistorey frames
may be found in the literature. In the research [3] it was shown that simplified
formulas for determining buckling length of frame columns may yield erroneous
results, especially for irregular frames. Application of code formulas on several
numerical examples have shown that the erroneous results may be encountered for
both sway and non—sway buckling modes. This problem occurs mainly because, only
local stiffness distributions are considered in the code formulae, while the general
behavior of the frame is not taken into account.

The research [4] was focused on the determination of simplified formulas of
the buckling loads of dual structural systems where frames are braced by vertical
columns. In this research approximated formula of the threshold rigidity for the
vertical bracing column sufficient to make the frames buckle in a non—sway mode
was proposed.

In this paper a study of the buckling of braced frames is presented. The frame
structures with braces modeled by elastic springs are considered. A relationship
between the frame critical load, effective length of the frame columns and the bracing
rigidity are established. In order to obtain a safe lower limit of the buckling load
of the braced frame in function of the bracing stiffness, the classical Winter model
[6—7] is developed. The results are compared with the parametrical study of braced
frames.

The sensitivity analysis method [8-9] is used to establish the variations of a few
lowest buckling loads due to the bracing stiffness variations. The changes of buckling
modes with the increase of bracing stiffness are analyzed. In worked numerical
example functions describing the influence of location of a unit stiffness brace on the
first variation of critical loads of the frame are found. The linear approximations of
the exact relation of the buckling loads due to the variations of the bracing stiffness
are determined.

The threshold rigidity of bracing is also under consideration. The threshold
rigidity that is defined as bracing stiffness which is sufficient to make the frames
buckle in a non-sway mode is found. A method based on the sensitivity analysis
for the estimation of the threshold bracing stiffness for full bracing of the frames
is proposed. The threshold bracing stiffness determined by the proposed method
is compared with the stiffness found by means of parametrical study of the frames.
The advantage of the proposed method is that the maximal magnitude of the frame
first buckling load in the function of the bracing stiffness may be determined for the
unbraced frame. Another advantage of the proposed method is that the threshold
bracing condition can be found in a few approximation steps and labour—consuming
parametrical stability analysis for the frame with various bracing stiffness is not
necessary. It is worth noting that application of sensitivity analysis is present in
many applications [11] but its application in the analysis of threshold condition of
full bracing of frames is not present in literature. The above described method
was efficiently used to predict the threshold bracing stiffness for the full bracing
condition in the case of out—of-plane buckling of a truss [10].
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2. Sensitivity analysis of critical forces due to bracing stiffness

The equilibrium equation for finite-dimensional structural system can be written
as:

(K—PK¢)z=0 (1)

where K is the stiffness matrix, K¢ is geometrical matrix, and z denotes the nodal
displacement vector. Equation for first variation of critical load with respect to
variation of vector of design variables u was derived in work [9] in the following
form:

6P, = P, you=z" (K,u —PKg,u) zdu = Ap_, you (2)

Where the vector Ap,, . describes the influence of the unit change of the design
variable, for example bracing stiffness, on the buckling load. It allows to determinate
parts of construction where possible applying of bracing may cause the largest
variation of buckling load, and allows to calculate approximate buckling load due
to bracing stiffness variation.

3. Parametric study of a frame
3.1. Model description

As the parametric study consider the two storey frame presented in Fig. 1. All
beams and columns have constant cross—sections. The frame columns are loaded at
their top by equal forces P. The storey height is i, and the beam span is [. The
frame is supported by horizontal linear springs at each floor level. It is assumed
that the stiffness of bracing at each floor is constant and that the bracing force—
displacement characteristics is linear.

P¢ ¢P 4

|
<
i

El=const

=y

Figure 1 Frame with horizontal bracing
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3.2. Results of numerical simulation
3.2.1.  Determination of bracing requirements for frame according Winter method

At first the frame is modified to obtain a Winter — type model. In the beam and
column joints a fictitious hinges are introduced (Fig.2). The purpose of development
of Winter—type frame model is to calculate a safe lower limit of necessary stiffness
of braces that allow to obtain maximal possible critical load of the frame. In the
case of columns it was presented that the relation between critical force and bracing
stiffness obtained for that model is lower than for similar column without hinges so
the model allows to obtain a save lower limit of relation between critical load and
bracing stiffness of columns [5-7]. The fictitious hinges at column and beam joints
introduced in the Winter—type model of the frame allow to consider that the frame
beams and columns are rigid. The total potential energy for Winter—type model of
the frame consist of increase in the strain energy stored in the elastic springs and
decrease in the potential energy of the external forces P:

V= %k&f + %k(sg — 2P (2h — h x cos(6; — hcos 6y)) (3)

P i P P P
_®2
El=const | k k
_‘qh_‘ 3, ‘ El=const _q/\/—’
> <«
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~N X

Figure 2 Winter—type model of frame with bracing and laterally distributed position of the frame

At the equilibrium position variation of total potential energy vanish, thus:

IR @

The determinant of above matrix is equal zero:

_ 4P 2P
k }:0
I I

det |: 2P h h op
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We arrive at two critical loads that correspond to the buckling modes of the Winter—
type frame. The buckling modes are shown in Fig. 3.

P.,1 = 0.19098 x hk
P..5 = 1.30902 x hk (6)
m2EI

PCT‘lSPCTO Pcr2§Pcr0:7

—An—F

a) PC” b) sz C) Pcro

Figure 3 Buckling modes corresponding to calculated buckling loads and to the maximal buckling
load for Winter—type model of frame

The Winter poly-line that describes the relation between buckling load and the
bracing stiffness is constructed by means of construction lines. Assuming that the
brace stiffness increases we obtain the increase of the critical forces given by Eq.
(6). When that forces are equal to the buckling force for the simply supported
column of length h, then the buckling mode changes to the mode shown at the Fig.
3c and the critical load is constant with further increase of the bracing stiffness.
This idea allows one to find the endpoints of constructions lines of the Winter
poly—line. The coordinates of the end points of the lines are (5.236, 1) and (0.764,
1) (see Fig. 4). The starting points of constructions line are set out as first two
critical loads of analyzed frame without bracings and without hinges: (0.1845, 0),
(0.6111, 0). The poly-line calculated for Winter-type model of frame is compared
with the exact relationship between critical force and bracing stiffness parameter
(Fig. 4.). Buckling loads are related to critical force of simply supported column
of length h(P..9). The above presented analysis allows to conclude that for bracing
stiffness parameter o between 0.4-1.2 the buckling load predicted by means of
Winter method is greater than calculated for frame model without fictitious hinges,
so for this stiffness of bracing Winter method doesn’t provide a safe lower limit of
critical load of frame.

3.2.2.  Sensitivity analysis of buckling load of a frame braced by elastic springs

The sensitivity analysis of the buckling load due to the bracing stiffness variation is
also carried out. According to Eq. (2) the first variation of critical load of flexural
buckling due to the variation of the stiffness of braces is found.
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Figure 4 Relationship of relative critical load due to bracing stiffness parameter a
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Figure 5 Influence lines of the relative variation of critical load of flexural buckling due to the
location of new unit stiffness bracing for various initial bracing parameter o

The analysis was performed by means of commercial structure analysis program
[12] that allows to find buckling mode and spreadsheet program [13]. The design
sensitivity analysis allows to predict the buckling load variation due to location
of a new unit stiffness brace along the columns length. The influence lines of the
variation of the flexural buckling load due to the location of unit stiffness brace
for different initial stiffness of braces in the frame are presented in (Fig.5). The
influence lines are related to the critical load of simply supported column of length
h, that is 98.7 kN (EI/h?=10). It is worth noting that the lines magnitude depends
on the initial bracing stiffness. In the case of frame without bracing the influence
line has maximal value at the top of the frame so location of new brace near the
top of the frame is most effective in increasing of buckling load. Then the same
analysis is carried out for the case of frame with bracing of stiffness k=20 kN/m
(0=2.0264). It is found that in this case most effective increase of buckling load
may be obtained after location of brace at the coordinate y=7.5 m measured from
the bottom of the frame. The third influence line is found for the frame with bracing
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of stiffness k=110 kN/m (a=11.145). One can conclude that increasing stiffness of
bracing at the joints between beams and columns doesn’t cause increase of buckling
load. These line shows that further increase of buckling load would be attained
when additional bracing was located in the middle of unbraced part of the columns.
The parametrical analysis of relation between the first three critical buckling loads
and the coefficient of bracing stiffness is presented in Fig. 6.

2.5

OP,, /P,

o =kLy /P,

LA R A [ [ [ [ [
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Figure 7 Relative variation of the first buckling load vs. bracing stiffness parameter o«
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The first variation of the second and third buckling load due to the stiffness variation
of the brace located in the frame joints is also carried out. The relation between
the first variation of buckling loads and the bracing stiffness are presented in Figs
7-9 for the first, second and third buckling load respectively. It is interesting to
note that when the rigidity of the bracing is low (o <0.82) the third buckling load
is not sensitive to the increase in the bracing stiffness, than the second buckling
load becomes insensitive to the increase in the bracing stiffness at bracing stiffness
parameter between 0.82 < a < 6.2, and finally when initial stiffness of bracing is
greater than k > 62 kN/m (a > 6.28), the first buckling load becomes insensitive
to the chances in bracing stiffness. This stiffness is the threshold value of stiffness
required for non-sway buckling mode of the frame.

—o— OP,, /P,

o =KL/P,,

o 1 2 3 4 5 6 7 8 9 10 11 12

Figure 8 Relative variation of the second buckling load vs. bracing stiffness parameter «
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Figure 9 Relative variation of the third buckling load vs. bracing stiffness parameter o
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An interesting observation is, that increasing the bracing stiffness causes an increase
in the first buckling load, but the maximal critical force that may be reached is equal
to that of critical buckling loads of higher order of initially an unbraced frame,
that is not sensitive to the changes in bracing stiffness. So when the maximum
of the first buckling load need to be determined it can be obtained by means of
sensitivity analysis as that buckling load for unbraced frame that is insensitive
to the location of the new unit stiffness brace. The level of the critical buckling
load, that is not sensitive to the bracing stiffness variations is constant. It is also
interesting to explain the insensitivities of buckling loads due to the initial stiffness
of frame bracing. These relation between buckling loads and bracing stiffness may
be explained as changes of the overall mode of frame buckling. At the low bracing
stiffness the first mode of the frame buckling is sway mode. The third mode of
buckling is non-sway buckling mode. Then with increase of the bracing stiffness
non—sway buckling mode corresponds to the second buckling load and finely to the
first buckling load when the buckling load for sway buckling is greater than that for
the non-sway buckling mode (Fig. 10).

N

\
1) H

Figure 10 The three first buckling modes for a) =0, b) a=1.1, ¢) a=6.5
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3.2.3.  Threshold bracing condition for a frame braced by elastic springs

Sensitivity analysis may be helpful in calculation of the full bracing condition that
is defined as a threshold bracing stiffness that allow to obtain maximal critical
load of the frame. These condition may be also interpreted as non-sway condition
of the frame. In order to calculate the threshold bracing stiffness the following
method is introduced. At the beginning of the analysis, the frame without bracing
is considered. The first variation of the first few buckling loads should be calculated.
Two important results should be found out from the sensitivity analysis. The first
information is which buckling load is insensitive to the changes of bracing stiffness.
That load value is the maximal magnitude of the first buckling load that may
be reached due to an increase in bracing stiffness. The second result is the first
variation of the first buckling load due to a variation of bracing stiffness. Then a
linear approximation of the exact relation between the buckling load and bracing
stiffness k can be found by means of following relation:

a}Dcrl
Py = Py ok
1 -r1,0 + ok (7)
1.50
1.25 /
1 /
1.00 | /
< 1 // Pcr1 /'DcrO
Q 0.75
~ 1 /
Q° 1y == approximation 1
0.50 ¢ —— - —— - approximation 2
————— approximation 3
0.25 imati
————— approximation 4
0.00 ] o =KkL,/P,,
AR E N N R T IR DR
0 1 2 3 4 5 6 7

Figure 11 Relative first buckling load vs. relative bracing stiffness and its approximations con-
structed to find the threshold bracing stiffness condition

The first increment of bracing stiffness can be found after assuming that the required
value of the first buckling load is equal to the magnitude of the higher buckling loads
for an unbraced frame that is not sensitive to the bracing variation. Then the first
buckling load and its first variation for new bracing stiffness need to be found and
next increment of the bracing stiffness can be calculated. The calculation may be
repeated until required accuracy is reached. In that way the threshold value of brac-
ing stiffness for full bracing condition of the examined frame was determined. The
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approximation procedure is graphically illustrated in the Fig.11. The calculation
results are presented in Table 1. The coefficient of bracing stiffness required for full
bracing condition is «=6.161 at bracing stiffness £=60.803 kN/m.

Table 1 Frame with horizontal bracing
k Pcrl Pc7'3 5Pc7'1 ok
0.000 18.213 | 129.03 | 10.703 | 10.354
10.354 | 66.275 | 129.03 | 1.825 | 34.394
44.354 | 113.64 | 129.03 | 1.106 13.910
58.264 | 127.03 | 129.03 | 0.813 2.460
60.724 | 128.97 | 129.03 | 0.759 0.079
60.803 | 129.03 | 129.03 | 0.758

2.5
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Figure 12 The effective length factor vs. bracing stiffness parameter

3.2.4. Buckling length factor

When the buckling load P.. is determined, the buckling length of an individual
column can be computed. The buckling length related to the storey heigh of the
frame columns due to the bracing stiffness was also investigated (Fig. 12). The
effective length factor for non—sway frame is 0.875 and in the case of sway frame
is 2.328. According the design codes for weakly braced frames the effective length
is calculated as for sway frames. This approach gives a save value of the buckling
length but is not precise and may cause not economical design.
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4. Conclusions

The effect of bracing stiffness on the critical buckling load of regular frame was
investigated. The results of the numerical analysis and sensitivity analysis allow
one to draw some conclusions regarding the effect of bracing stiffness on the critical
buckling load.

e The critical buckling load of the frame depends on the stiffness and position
of braces.

e Winter type model of the frame with fictitious hinges doesn’t provide a safe
lower limit of critical load of the frame for the whole range of bracing stiffness.

e The sensitivity analysis allows one to obtain the influence lines of the buckling
load variation due to location of a new unit stiffness brace.

e The relationship between the buckling load and the bracing stiffness allows
to conclude that it is possible to account for positive effect of bracing also for
weakly braced frames, classified according code requirements as sway struc-
tures.

e Buckling length factor for columns of weakly braced frames is lower than for
sway structures and this effect is neglected in simplified code formulas.

e The threshold bracing stiffness of the regular frame can be determined by
means of the sensitivity analysis. The higher-order critical load, calculated
for the frame without bracing, that is insensitive to the change in bracing
stiffness is the maximum of the first buckling load that may be reached due to
the increase in bracing stiffness. At the threshold bracing stiffness the braced
frames buckle in a non-sway mode.

e In the calculation of the threshold bracing stiffness the effect of various imper-
fections must be considered before it can be used in practice because bracing
carries also the horizontal loading that induce stresses both in the bracing
member and in the frame. This load may cause decrease of the stiffness of
the bracing member. When the bracing column is loaded by vertical forces,
part of its lateral stiffness must be used to prevent buckling by the axial force,
so the stiffness used to strengthen the lateral stability of the frame decreases.
Above mentioned effects should be taken into account and verified before the
proposed method for calculation of the threshold bracing condition could be
used in practice.
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