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Abstract. When a unbraced flexural steel beam is subjected to a ununiform moment
distribution, a simplified moment modification factor (denoted as Cp) should be evaluated for
the design of the buckling resistance of that member. However, typical standards for the
buckling design of steel structures (e.g., American AISC A360, Australian AS-4100,
Canadian CSA S16, Eurocode 3 and Japanese standards) currently recommend different
design equations for the factor. Also, such equations are based on simplified expressions those
are not exact solutions. Thus, the present study firstly revise the standard equations to discuss
their advantages and disadvantages in application. Also, a numerical solution based on a finite
element analysis package is then conducted in the present study to predict the Cy factor. The
numerical solution is successfully validated against available research results. Based on the
comparison of the modification factors between of the present numerical study and those
based on the design standards, it is observed that the modification factors based on the current
design standards maybe not safety enough to predict the buckling resistances in several
loading cases. The present study finally recommends a new modification more on the safe
side for the Cp factor to ensure a conservative design.
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1. INTRODUCTION

Steel beams often possess high resistances against tensioning, shearing, bending, and twisting
loads. Thus, they are widely applied to build civil structures such as bridges and buildings.
However, steel beams are often made in thin-walled forms. When not braced and subjected to
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bending loads, steel beams may have relatively complicated elastic lateral-torsional buckling
responses. Many researchers and design specifications have paid a lot of attention to the
design of the elastic buckling problem for the steel beams. Typical standards for the design of
steel members (e.g, American AISC A360 [1], Canadian CSA S16 [2], Australian AS-4100
[3], Eurocode EC3 [4], Japanese JSCE [5]) recommended a simple procedure for the
evaluation of the elastic buckling resistances in a given beam with arbitrary boundary and
loading conditions. For a beam with a double symmetrical cross-section and with loads
applied at the shear center, the procedure includes two steps in which the first step is to
evaluate the elastic buckling resistance of a simply supported beam subjected to uniform
bending moment (denoted as M, ,;), and the second step is to evaluate the elastic buckling

resistance of the given beam (denoted as M_ ) which equals to a product of a moment
modification factor (denoted as C,) and the obtained M, . Factor C, depends on the

moment distribution of the beam under different boundary and loading conditions. However,
the typical standards proposed very different equations for the evaluation of the C, factor.

Based on a review, it is observed that Vietnamese standard TCVN 5575-2018 [6] does not
even provide a factor of C, for the design. Instead, it only provides basic solutions for the case

in which loads are applied at the top or bottom flange centroids. Based on such scenarios,
there have been several studies conducted to discuss the moment modification factors as well
as to give warnings for design of steel structures. Hermanus [7] performed a comparative
study of the moment modification factors between international steel design specifications.
However, the study did not consider the Australian AS-4100 standard [3] and the Japanese
JSCE standard [5]. Also, it did not consider the buckling response of fixed beams. Bresser et
al. [8] developed a general formulation of equivalent moment factor for the elastic lateral
torsional buckling of slender rectangular sections and I-sections. However, this study did not
compare/discuss the difference of moment modification factors in the typical standards. The
buckling of fixed beams was also not considered in their study. Manarin et al. [9] summarized
the moment gradient factors for lateral-torsional buckling of T-shaped beams. Secer and Uzun
[10] conducted a numerical investigation for the elastic lateral torsional buckling of simply
supported beams under the combination of concentrated load and linear moment gradient.
Again, the study did not consider the difference of the modification factor among various
standards. Therefore, the present study is going to fill in the gap by performing a review on
the typical standard equations for the moment modification factors of simply supported beams
and fixed beams subjected to an arbitrary point load. Also, a detail comparison between the
equations will be discussed and key warnings will be made. A numerical study will be
conducted to have a further view on the modification factor. Finally, a new recommendation
will be proposed to improve the standard equations for the moment modification factor.

2. DESCRIPTION OF THE PROBLEM

The present study is going to investigate the effect of internal moment distributions on the
elastic lateral-torsional buckling load of a steel beams. A simply supported beam (Fig. 1a) and
a fixed beam (Fig. 1b) with a double symmetric cross-section and subjected to a point load P
applied at the sectional shear center are considered. The point load is applied a distance of x
from the left support. It is required to evaluate the moment buckling resistance, to compare
the moment modification factors of such systems under different distance of x based on 5
typical standards for the design of steel structures [1-5] and based on a the present numerical
solution, so as to introduce a new recommendation for the moment modification factor.
11
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Figure 1. Beams under a point load P (a) Simply supported ends, (b) Fixed at both ends.
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3. MOMENT MODIFICATION FACTOR BASED ON STANDARDS [1-5]

The first step for the evaluation of the elastic lateral-torsional buckling resistance based on the
design standards [1-5] for a given thin walled steel beam with arbitrary boundary and loading
conditions is to evaluate the buckling resistance M of a simply supported beam under the

cr,uni

application of a uniform moment (Fig.2 and Eq. (1)).
M M=
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Figure 2. Simply support beam under a uniform moment.
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in which l, is the moment of inertial about the weak axis, J is the St.Venant torsional

constant, C,, is the warping constant, E is the elastic modulus, G is the shear modulus of the
simply supported beam under uniform moment.

The second step is to evaluate the buckling resistance M, of the given beam. Because the

given beam may has a non-uniform bending moment diagram, typical standards of steel
structures [1-5] propose moment modification factors C, and they recommend to relate the

buckling resistance M, with the resistance M through C, as follows

M o = Cb M cr,uni (2)

The following sub-sections are going to revise the C, factors proposed in the typical
standards for steel member designs [1-5].

3.1. Moment modification factor based on American standard

Kirby and Nethercot [11] proposed a simplified equation for the evaluation of the moment
modification factor C,. The equation can be applied for beams with single span, with double
symmetric cross-section. The equation is currently presented in Chapter F of AISC A360-10
(Equation C-F1-2) [1] and it is recalled in Eq. (3) in the following.

12.5M

Cb — max (3)
2.5M ,, +3M, +4M; +3M
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where M, is the absolute value of maximum moment in the unbraced segment, M, is the
absolute value of moment at quarter point of the unbraced segment, M, is the absolute value
of moment at centerline of the unbraced segment, M. is the absolute value of moment at
three-quarter point of the unbraced segment.

3.2. Moment modification factor based on Australian standard

The Australian AS-4100 standard [3] provides a general simplified expression for the beams
that are laterally bending and warping free as presented in Eq. (4) in the following

1L7M,,

C, = (4)
SN VRN YERIVE:
whereM__ ,M,, M, M. are determined in a similar manner as presented in Eq. (3).
3.3. Moment modification factor based on Canadian standard
The Canadian CSA S16 standard [2] provides the following simplified solution for C,
M <25 (5)

C, = 2 2 2 2
JIMZ, +4M2 +TMZ +4M?

whereM,__ ,M,, M,, and M. are similar to those presented in Eq. (3).

max !

3.4. Moment modification factor based on Eurocode 3 and Japanese standards

Eurocode 3 and Japanese standards [4,5] don’t provide a simplified equation for the
determination of the moment modification factor. Instead, Eurocode 3 gives several values for
different loading cases in its Table 6.6 of Clause 6.3.2. For a simply supported beam subjected
to a midspan point load P, the modification factor is given as 1.365. For a fixed beam
subjected to a midspan point load P, the factor is given as 1.565. Also, Japanese standard [5]
only provides 2 factors for two cases of midspan loading in its Table C4.3.6 of Section 5.3.3.
For a simply supported beam subjected to a midspan point load P, the modification factor is
given as 1.365. For a fixed beam subjected to a midspan point load P, the factor is given as
1.736 (Table 1). Both standards [4,5] don’t provide the factors for other positions of the point
load P.

Table 1. Summarization of the moment modification factors based on Eurocode 3 [4] and Japanese
standard [5] when load P is applied at midspan.

Standard Simply supported beams | Fixed beams
Eurocode 3 [4] 1.365 1.565
Japanese standard [5] 1.365 1.736

3.5. Evaluations of the moment modification factors based on Standards [1-5]

Based on Figs. la,b, by setting x at points distanced atL /16, by plotting internal moment
diagrams, and by evaluating values of M . ,M,, M, M. for Egs. (3,4,5), one obtains the
values of C, for the simply supported and fixed beams based on the American AISC standard

[1] (denoted as AISC), those based on the Australian AS-4100 standard [2] (denoted as AUS),
those based on the Canadian CSA S16 standard [3] (denoted as CAN), as summarized in
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Table 2a,b. The modification factor based on Eurocode 3 [4] is denoted as EC3, while that
based on Japanese standard [5] is denoted as JAP (Table 2a,b). It can be observed from Table
2 that C, factors based on the standards are relatively different to each other. For example at

distance x/L =0.375of the simply supported beam (Table 2a), the C, factor based on the AISC
is 1.404, while that based on the AUS is 1.524, corresponding to a difference of 8.6%.

Table 2. Evaluation of the moment modification factors based on typical standards.

x/L AISC EC3 AUS CAN JAP x/L AISC EC3 AUS CAN JAP
0.0625 1.596 1.704 1.656 0.0625 2.052 2.238 2.123
0125 1522 1.590 1.563 0125 1923 1.999 1.949
0.1875 1.444 1477 1467  Not 0.1875 1.786 1.768 1.766
0.25 1.364 gkllga 1.363 1.368 given 0.25 1.642 g!\\llza 1.546 1577 .Not
0.3125 1.404 1.490 1.433 03125 1.968 2.357 2.020 @grven
0375 1.404 1524 1.423 0.375 2.095 2.492 1.978
0.4375 1.373 1.483 1.362 0.4375 2.065 2.136 1.720
05 1316 1365 1.388 1.265 1.365 05 1923 1565 1700 1.414 1.736
05625 1.373 1.483 1.362 05625 2.065 2.136 1.720
0.625 1.404 1524 1.423 0.625 2.095 2492 1.978
06875 1404 | 1490 1433 06875 1.968 2.357 2.020
0.75 1364 gjen 1.363 1368 gjen 075 1642 Not 1546 1577 Not
08125 1444 1477 1.467 08125 1786 9V€N 41768 1766 IV
0.875 1.522 1590 1.563 0.875 1.923 1999 1.949
0.9375 1.596 1.704 1.656 0.9375 2.052 2.238 2.123
(@) Simply supported beams (b) Fixed beams

4. MOMENT MODIFICATION FACTOR BASED ON A NUMERICAL SOLUTION

Because the moment modification factors based on the typical standards [1-5] are
relatively different to each other as discussed above, a numerical study is conducted to
evaluate the moment modification factors so as to have better discussions for the factor. The
numerical solution is based on ABAQUS software. A 5m-span steel beam with a cross-
section W250x45 is considered. The steel beam model is created in very similar way as done
in [12], i.e., the beam is meshed by using C3D8R elements through 5 independent numbers of
elements n, to n, (Fig. 3). A mesh sensitivity is conducted and the mesh, with it the

convergence of the moment resistances are obtained, includes n, =20, n,=n,=4, n, =40,
n, =400 elements.

.’.1}. }:l.j‘.,..”

n5
Figure 3. Independent numbers of elements controling the mesh of the beam.
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Boundary conditions of simply supports are modelled as presented in Figs. 4a,b, while
those of the fixed supports are presented in Fig. 4c. The beam is subjected to the load as
presented in Fig. 2 and Figs. 1a,b. The buckling resistances M, . and M_ can be obtained

from the finite element analyses. Factor C, of the numerical study can be then obtained by

using Eq. (2). The buckling configurations of a simply supported beam and a fixed beam
subjected to a midspan point load P in the present numerical study are depicted in Figs. 5a,b.

zoomed in I <>/’
zoomed in -
h
(@) Pin support (b) Roller support (c) Fixed support

Figure 4. Boundary condition of the problem.
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Figure 5. Buckling configuration of (a) simply supported beam and (b) fixed beam when load P is
applied at the midspan.

Validation of the numerical study: Based on the present numerical solution, M . can be
evaluated as 123kN.m. Meanwhile, M_ for x/L =0.50of the simply supported beam is 166.6
kN.m, corresponding to a C,,, factor of 1.355. Also, M, for x/L=0.25 of the simply
supported beam is 179.1 kN.m, corresponding to a C, ,, factor of 1.456. Based on the well-
known study of Nethercot and Trahair [13], C, factor for the case of x/L=0.5is 1.353 and
that for the case of x/L =0.25is 1.445. By comparing the C, factors obtained from the present

numerical solution and the previous study [13], the difference for the case of x/L=0.5is only
0.1% and that for the case of x/L=0.25is 0.8% (Table 3). The small differences indicate that
the present numerical solution can excellently capture the buckling resistances of the given
beams.

Table 3. Comparison of Ch between the present 3D FEA solution against Nethercot and Trahair [13].

Present 3D FEA Nethercot and .
x/L solution Trahair [13] % difference
1) (2) 3) (4) = (3-2)*100%/(2)
0.5 1.355 1.353 0.1
0.25 1.456 1.445 0.8
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5. DISCUSSIONS AND RECOMMENDATIONS FOR THE MOMENT
MODIFICATION FACTORS

Figure 6 presents the relationship between the moment modification factor C, and the non-

dimensional load position ratio x/L for the simply supported beam, as obtained from AISC,
CAN, AUS, EC3 and JAP standards (Section 3.5 above) and from the present numerical
solution (Section 4 above). It is observed that (i) the C, curves based on AISC, CAN and

AUS standards are divided into 4 segments, in which the first and the forth segments (i.e.,
0.0625<x/L<0.25; 0.25<x/L<0.9375) are almost linear, while the second and the third
segments (i.e., 0.25<x/L<0.5;0.5<x/L<0.75) are concave down. Meanwhile, the present
numerical solution predicts a continuous curve for the C, factor and the curve is concave up.

It is noticed that the present solution is consistent with the research results reported by the
thesis of Hermanus [7], and it is believed that there maybe no reason that the standard
C, curves at the third and the fourth segments are concave down. It is recalled that

factors C, of the AISC, CAN, AUS standards are based on simplified equations (i.e., Egs. (3),
(4), (5)) and thus the concave-down segments may not reflect the correct C, factor.

From Fig. 6, it is also observed that (ii) when the load is applied at x/ L =0.375, the C, factor

based on the present numerical solution is 1.378, while that based on the AISC standard is
1.404, that based on the CAN standard is 1.423 and that based on the AUS standard is 1.524.
Therefore, the C, factor based on the present numerical study is the smallest value, while that

based on the AUS standard is the highest value, among the four solutions. This suggests that
the C, factors based on the AISC, CAN, AUS standards may not be conservative enough

when load is applied at the middle of the second and third segments (e.g.., x/ L =0.375).

1.8
L7
1.6
L5
1.4
1.3
1.2
1.1

1.0
0

AISC — —=CAN AUS
O EC3,JAP - X 3D FEA “

Cb factor

1

0.2 4 0, .0
Non-dimens%nal load posnélon ratio x/L

Figure 6. Relationship between Cy, and x/L for the given simply supported beam.

Figure 7 presents the relationship between the moment modification factor C, with the non-

dimensional load position ratio x/L as obtained from AISC, CAN, AUS, EC3 and JAP
standards (as presented in Section 3.5) and from the present numerical solution (as presented
in Section 4) for the fixed beam. It is again observed that the C, factors based on the

numerical study is a continuous concave-up curve, while those based on the AISC, CAN,
AUS standards include four segments in which the second and third segments are concave
down. The C, factors based on the numerical study are relatively higher than those of the

AISC, CAN solutions. Also, the solutions based on the AISC and CAN standards are much
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more conservative than that based on the AUS standard. However, factor C at x/L=0.375

of the numerical solution is 2.400, while that of the AUS standard is 2.492. This means that
the AUS standard may not be conservative enough for prediction of the C, factor when the

point load is applied at x/L=0.375.

3.5

AISC — ——-CAN AUS
...... % 3DFEA O EC3 O JAP
3.0 *.... X
. " X""-X.-I
g _ R R
o5 RS S
820 ~
o “
~ e o
L5 ~ &
1.0
0 0.2 0.4 0.6 0.8 1

Non-dimensional load position ratio x/L

Figure 7. Relationship between C;, and x/L for the given fixed beam.

Based on the observations for the simply supported beams in Fig. 6 above, it is found that the
CAN standard provides a lowest value (i.e., a conservative solution) for the moment
modification factors C, when the point load is applied at x/L=05. Also, the C, curve is
conservative for the simply supported beam, exempt the case in which load is applied around
x/L=0.3750r x/L=0.625. Hence, the present study recommends a small change for the
current CAN -C, curve. As discussed, the current CAN - C, curve includes four segments (i.e.,
the first one is almost linear for x/L<0.25, the second one is concave down from
0.25<x/L<0.5, the third one is concave down from 0.5<x/L<0.75, and the forth one is
almost linear for 0.75<x/L ). The recommendation of the present study is to make a
linearization for the second and the third segments while keeping the first segment, the forth
segment and the C, value at x/L=0.5 unchanged, as depicted in Fig. 8. This ensures a

conservative solution for the C, factor.

For the fixed beams, it is recommend to evaluate the C, factor based on CAN or AISC

standards because they are more conservative than other standards and the present numerical
solutions, as discussed in Fig. 7.

1.8
1.7
1.6
1.5
1.4
1.3

1.2 —— AISC ——-CAN
. e AUS o EC3.JAP

: 3¢ 3D FEA - - - - Recommended Cb
1.0

0 02 04 0.6 08 1
Non-dimensional load position ratio x/L

Cb factor

Figure 8. Recommendation of the Cb curve for the simply supported beams.
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6. CONCLUSION

The present study has performed a detailed review on the moment modification factors Cy, of
simply supported beams and fixed beams subjected to an arbitrary point load applied at the
section shear center. Five typical standards for the design of steel structures were considered
and they included the American AISC, Australian AS-4100, Canadian CSA-S16, Eurocode 3,
and Japanese JSCE standards [1-5]. Also, a numerical model implemented in a commercial
software was successfully developed in the present study to predict the Cp, factors.
Comparisons and discussions of the Cp factors based on the standards and the numerical
solution were then presented. Key conclusions of the present study are summarized in the
following:

(i) The Cp curves based on the AISC, CAN and AUS standards against the position x/L of
a point load are divided into 4 segments, in which the first and the forth segments (i.e.,
x/L <0.25 or 0.75 < x/L) are almost linear, while the second and the third segments (i.e.,
0.25 < x/L <0.5 or 0.5 < x/L <0.75) are concave down. Meanwhile, the present
numerical solution predicts a concave-up continuous Cy curve. It is believed that there
maybe no reason that the Cp curves at the third and the fourth segments of the AISC,
CAN and AUS standards are concave down and that the concave-down segments of the
AISC, CAN, AUS standards may not reflect the correct value of Cy, factor.

(i)  When the point load is applied at x/L=0.375 of a simply supported beam, the Cy, factor
based on the present numerical study was smaller than those of the AISC, AUS, CAN
standards. This suggested that the Cp factors based on the AISC, CAN, AUS standards
maybe not conservative enough for the case.

(ili) The present study recommends a small modification for the Cy factor of simply
supported beams based on the Cy curve of the current CAN standard. The modification
was to make a linearization for the second and the third segments while keeping the first
segment, the forth segment and the Cp value at x/L=0.5 unchanged, so as to ensure a
conservative solution for the Cy curve.

(iv) The present study recommends to evaluate the C, factors based on CAN or AISC

standards for the fixed beams, because they are conservative enough.
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