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SUMMARY

The various existing methods for design of welded steel box-section members have
major drawbacks with respect to their ability to represent the limit state responses, their
generality in terms handling practical dimensions of box-section members, the ease of their
application in real world designs, and the correlation between the resistance predicted by
these methods and results from experimental tests and finite element test simulations. The
objective of this research is the conceptual and theoretical development and improvement
of methods for characterization of the flexural and axial compressive resistance of non-
composite welded steel box-section members, and the evaluation of the performance of
these methods using data compiled from existing experimental tests and generated from

parametric studies performed using finite element test simulations.

An important aspect of the calculation of flexural and axial compressive resistance
of box-section members is obtaining a good quantification of the ultimate compressive
resistance of longitudinally stiffened and non-longitudinally stiffened component plates.
The proposed method for calculating the axial compressive resistance of longitudinally
stiffened plates is derived using an orthotropic plate idealization, but is expressed as an
intuitive and easy-to-use column on elastic foundation model. This model considers the
contributions from the longitudinal bending stiffness, transverse bending stiffness, and
torsional stiffness of the plate. The proposed methods for characterization of the flexural
and axial compressive resistance of non-composite welded box-section members are
comprehensive in terms of their handling of limit state responses of practical box-section

members, and have a strong theoretical background, yet are simple and design-friendly.

xviii



The strength predictions using the proposed methods show a good correlation with the
results from experimental tests and from parametric studies performed using finite element

test simulations.
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CHAPTER 1. INTRODUCTION

Steel box-section members are highly efficient in resisting loads and are used in
various important areas of highway bridge construction as well in building construction.
The applications include but are not necessarily limited to truss members, arch ribs and
ties, rigid-frame members, columns, edge girders, floor beams and steel tower legs. Some
of these applications are highlighted in Figure 1-1 through Figure 1-3. Welded steel box
sections can range from relatively small sections with nonslender or slender plates not
containing any stiffeners, to relatively large sections composed of thin plates with multiple

transverse and longitudinal stiffeners.

) 4
- .
— \
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Figure 1-1 Akashi Kaikyo Bridge (Chou, 2011)



Figure 1-2 Lupu Bridge (GSG, 2013)

Figure 1-3 Inside view of the 14’ tall x 4’ wide - transversely and longitudinally
stiffened tie girder of Hoan Bridge, courtesy of Dr. Francesco Russo (Michael Baker
International).

There is great potential for improvement of existing methods for a better

representation of the limit states responses, greater generality and ease of design

application, and a better correlation with results from experimental tests and finite element



test simulations. Additionally, the fundamental consistency between many of the existing
methods for design of these members, where the underlying mechanics and design behavior

are essentially the same, needs to be improved.

Especially in the design-build arena, there is tremendous pressure for designers to
optimize initial construction cost. For steel compression elements, this can lead to a
preference for the use of thinner stiffened plates (i.e., plates containing longitudinal
stiffeners) in larger structural components. At present, the AASHTO (2017) Specifications
provide limited guidance regarding the design of bridge components containing stiffened
plate elements. This lack of guidance can easily lead design engineers to misinterpret or
inadvertently misapply important considerations. This can lead to either unsafe or overly

conservative inefficient designs.

Thus, the objectives of this research are:

(1) The conceptual and theoretical development and improvement of methods for
characterization of the flexural and axial compressive resistance of non-composite welded

steel box-section members, and

(2) The evaluation of the performance of these methods using data compiled from existing
experimental tests and generated from parametric studies performed using finite element

test simulations.

The primary and supporting contributions to the body of knowledge from this

research are as follows:



Primary contributions:

(1) Development of new methods and improvement of existing methods for a conceptually
unified characterization of the flexural and axial compressive resistance of non-
longitudinally stiffened welded box-section members, and ensuring a good correlation with

results from experimental tests and finite element test simulations.

(2) Development of new methods and improvement of existing methods for a conceptually
unified characterization of the flexural and axial compressive resistance of longitudinally
stiffened welded box-section members, and ensuring a good correlation with results from

experimental tests and finite element test simulations.

Supporting contributions:

(1) Improved quantification of the postbuckling resistance of non-longitudinally stiffened

plates subjected to uniform axial compression in welded box-section members.

(2) Improved characterization of the ultimate compressive resistance of longitudinally

stiffened plates.

At the present time (2018), there is no experimental or finite element simulation
data in the literature investigating the interaction between flexural and local buckling in
longitudinally stiffened welded steel box columns. Hence an important new development,
as a part of the second primary contribution, is the development of finite element test
simulation data for these types of components considering the interaction between global

(flexural) and local buckling.



The organization of this document is as follows:

Chapter 2 discusses an improved quantification of the ultimate compressive
resistance of non-longitudinally stiffened plates.

Chapter 3 provides a detailed explanation of a method for improved
characterization of the flexural resistance of non-longitudinally stiffened box-
section members.

Chapter 4 provides a detailed explanation of a method for improved
characterization of the ultimate compressive resistance of longitudinally stiffened
plates.

Chapter 5 discusses an improved quantification of the axial compressive resistance
of non-longitudinally stiffened as well as longitudinally stiffened welded box-
section members.

Chapter 6 provides a detailed explanation of a method for improved
characterization of the flexural resistance of longitudinally stiffened box-section
members.

Chapter 7 provides a summary of the key contributions from this research, and

gives recommendations for future work.



CHAPTER 2. ULTIMATE COMPRESSIVE RESISTANCE OF

NON-LONGITUDINALLY STIFFENED PLATES

A good prediction of the postbuckling resistance of non-longitudinally stiffened
plates is essential for a good quantification of the axial compressive resistance and flexural
resistance of non-longitudinally stiffened box-section members. This chapter discusses an
improved quantification of the postbuckling resistance of non-longitudinally stiffened

plates subjected to uniform axial compression in welded box-section members.

2.1 Need for improvement

It is widely known that slender unstiffened plates, in welded box sections subjected
to axial compression, have significant postbuckling resistance. Schillo (2017a), and White
and Lokhande (2017) provide a historical background of the calculation of local buckling
and postbuckling resistance. A common way of considering the postbuckling resistance is

via the use of effective widths as shown in Figure 2-1.

Research ranging back to the early work by Dowling and others in the 1970s and
reflected in BS 5400-3:2000 (BSI 2000) indicates that for members composed of general
welded plate assemblies, the plate local buckling and postbuckling resistances are lower
than that indicated by Winter’s classical effective width equation (Winter, 1970).
Johansson and Veljkovic (2009), and Schillo (2017a) have also found Winter’s effective

width equation to be unconservative for unstiffened plates in welded box-section members.
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Figure 2-1 Representative physical longitudinal stress distribution across the width
of a post-buckled simply supported plate versus idealized equivalent stress
distribution acting on the plate effective width.

Figure 2-2 from Lindner et al. (1994), shows the results of local buckling tests

/ F
compared with Winter’s resistance curve. 4, =, [—— where o, is the elastic critical plate
O-CI

buckling stress. Figure 2-3 from Schillo (2017a) shows a comparison of test data to the

strength prediction using Winter’s classical effective width equation. In Figure 2-3, the
partial safety factor, y,, , for Winter’s equation is 1.3, and the partial safety factor, y,, , for
Schillo’s equation is 1.06 (Schillo and Taras 2018). This safety factor is used with
resistance curves (representing mean reduction values) to ensure a defined level of failure

probability and fully comply with the safety standard EN 1990. The safety factor is for

material and geometric properties.



It can be observed that the predictions using Winter’s effective width equation are
slightly unconservative for higher plate slenderness values, and reasonably good for plate
slenderness values closer to the nonslender plate limit. However, the predictions are
unconservative in the range of intermediate plate slenderness values. As pointed out by
Schillo (2017a), “....... the so-called Winter-curve, which was derived by George Winter
using a semi-empirical approach in 1947. This design curve reproduces the mean
reduction values achieved in the experiments conducted by Winter and other researchers
at that time. More recent tests on welded, squared box sections from steel grades S275 up
to S960, and also the 34 experiments conducted within this study, showed the un-
conservativeness of the Winter-curve with increasing local slenderness, independently of

steel grade.”
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Figure 2-2 Results of local buckling tests, compared with the Winter resistance
curve; from Lindner et al. (1994)
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Figure 2-3 Comparison of test data to the strength predictions using Winter’s
effective width equation, and predictions using the local buckling resistance curve
proposed by Schillo (2017a) using an improved best-fit exponential function using

least square method (Schillo 2017a)

Schillo (2017b) points out a reason for the un-conservativeness of Winter’s
effective width equation when applied to non-longitudinally stiffened plates in welded box-
section members- The design formulae do not take into account the fact that the tests used
by Winter for the derivation of the resistance curve used cold-formed sections, where the
strengthening effect of the cold forming process in the corners leads to higher capacity.
This strengthening effect is absent in welded box-section members, resulting in

unconservative predictions using Winter’s effective width equation.

Johansson and Veljkovic (2009) discuss the optimism of the Winter’s effective
width equation for plates with large residual stresses, i.e., for plates in welded boxes with
large welds, by pointing to the work by Clarin (2007). Taras et al. (2013) found that the
strengths from FE test simulations of unstiffened plates correlate with the strength

predictions using the Winter’s curve when the amplitude of the local imperfection is taken



as plate width/400 in the simulations. This imperfection amplitude is much smaller than
the EN 1090 tolerance which is equal to plate width/200. Thus, they found that even for
simply supported plates subjected to uniform axial compression (plate buckling coefficient
equal to four) Winter’s curve can be approximated only if the amplitude of plate
imperfections in the FE simulations is taken to be much lower than the tolerance; Winter’s
equation would be optimistic for imperfection amplitudes closer to the tolerance (Taras
2016). Therefore, Winter’s effective width equation is not correct for all levels of plate
slenderness, residual stresses and geometrical imperfections that are encountered in

modern steel construction (King 2017b).

Additionally, a small parametric study was performed by Lokhande and White
(2017), using FE test simulations, on non-longitudinally stiffened welded box stub columns
with different combinations of component plate slenderness. The amplitude of plate
imperfection used in these tests was plate width/200. Table 2-1 gives the cross-section
dimensions of the stub columns considered in this parametric study. Figure 2-4 illustrates
the variables used in Table 2-1. The lengths of the stub-columns were taken between 1.5
to 2.5 times the widths of the box-section component plates. The results of the parametric
study are shown in Table 2-2, and are consistent with the observations from Figure 2-3
expect the predictions using Winter’s effective width equation are conservative for very
high plate slenderness values, i.e., the predictions using Winter’s effective width equation

arc:

» Unconservative in the range of intermediate plate slenderness values
» Reasonably good for plate slenderness values closer to the nonslender plate limit

» Conservative for very high plate slenderness values
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Figure 2-4 Non-longitudinally stiffened box cross-section
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Table 2-1 Cross-section dimensions of the stub columns considered in the
parametric study

Member b, (in.) | t,(in) | b,(in) | 1,(in) D(in.) | ¢ (in.) | Length (ft.)
number

1 23.0 1.2 23.0 1.2 23.0 0.5 3.1

2 25.0 1.5 25.0 1.5 50.0 0.5 4.8

3 22.0 0.5 22.0 0.5 22.0 0.5 29

4 50.0 1.5 50.0 1.5 50.0 0.5 6.6

5 50.0 0.5 50.0 0.5 50.0 0.5 6.8

Table 2-2 Summary of box stub columns considered in the parametric study and
the performance of the Winter’s effective width equation as given in AISC (2016)

Member Flange Web Strength from test simulation / Strength predicted
number | slenderness | slenderness | using classical Winter’s effective width equation
as given in AISC (2016)

1 18 46 0.95

2 16 100 1.03

3 42 44 0.88

4 33 100 0.83

5 98 100 1.11
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The plate buckling curves used in AASHTO (2017) and Eurocode [CEN (2006)]
are based on the classical Winter’s curve and are almost identical. For unstiffened plates in
welded boxes, BS 5400-3:2000 (BSI2000) recommends the use of BS5400 Curve 2 which
is below the curves in AASHTO and Eurocode. However, a drawback of the curves in
BS5400-3:2000 (BSI 2000) is that they have many change points (King 2017b), as can be
seen from the equations given in Annex G.5 of BS 5400-3:2000 (BSI 2000). This is
inconvenient for design. Schillo (2017a) has proposed a local buckling resistance curve
using an improved best-fit exponential function using least square method, as shown in
Figure 2-3. However, due to the familiarity of design engineers with Winter’s curve, a
simple modification to the Winter’s classical effective width equation is considered a better
choice to capture the observed lower strengths, instead of using a new plate buckling curve.
Different aspects related to the various incarnations of the effective width equations are

discussed in detail in White and Lokhande (2017).

2.2 Improved estimate of the postbuckling resistance

A simple downward shift of the Winter’s curve along with a corresponding
reduction in the width-to-thickness limit at which plates are fully effective up to the yield
strength of the material is proposed. In comparison to Winter’s curve and Schillo’s (2017a)

curve, this shifted curve is as shown in Figure 2-5.
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Figure 2-5 Proposed modified form of Winter’s curve

The proposed modified form of Winter’s classical effective width equation is explained

below:
F
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in which:

o ¢, = effective width imperfection adjustment factor = 0.22

e ¢, = effective width imperfection adjustment factor = 0.075

o o=(1-{im4q(1+6))/(2q) (3)

= effective width imperfection adjustment factor = 1.74

A

e F,= [02 (b/lt)j F, 4)

= elastic local buckling stress (ksi)

e b= gross width of the plate

e ). = effective width of the plate

. 4 -100 5 (5)
F,

= width-to-thickness ratio limit
e F_ =Uniform compressive stress on the plate. For axial compressive resistance of
box-section members, this is equal to the flexural buckling stress calculated using

gross cross-section properties. For flexural resistance of box-section members, F,,

is conservatively taken equal to the yield strength of the compression flange.

Table 2-3 compares the modified Winter’s equation to the test simulation results
generated in this research. It can be observed that, although in general the proposed
effective width equation gives a good prediction of the ultimate compressive strength, the
prediction becomes substantially conservative for the extreme case of member number 5,

where all the component plates of the box-section have very high slenderness. As seen

15



from Table 2-2 and Table 2-3, the shift in Winter’s equation has a significant impact on

the axial compressive resistance of a welded box-section member.

Table 2-3 Summary of box stub columns considered in the parametric study and
the performance of the proposed modified Winter’s equation

Member Flange Web Strength from test simulation / Strength
number | slenderness | slenderness | predicted using the modified Winter’s equation
1 18 46 0.99
2 16 100 1.08
3 42 44 1.05
4 33 100 0.94
5 98 100 1.41
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CHAPTER 3. FLEXURAL RESISTANCE OF RECTANGULAR
WELDED NON-LONGITUDINALLY STIFFENED BOX

SECTION MEMBERS

This chapter provides a detailed explanation of a new method for an improved
characterization of the flexural resistance of welded non-longitudinally stiffened box-
section members. A review of the current codified methods and prior research related to
the calculation of flexural resistance of welded non-longitudinally stiffened box-section
members is provided in Section 3.1. The proposed method is explained in Section 3.2.
Section 3.3 discusses the evaluation of the performance of the proposed method. The

salient features of the proposed method are discussed in Section 3.4.

3.1 Literature review

Sections 3.1.1 and 3.1.2 highlight the motivation for this thrust of the research.

3.1.1 Codified methods

Sections 3.1.1.1, 3.1.1.2 and 3.1.1.3 discuss the shortcomings of the AASHTO
(2017), Eurocode (CEN 2005; CEN 2006) and AISC (2016) methods for calculating the
flexural  resistance  of  non-longitudinally  stiffened  welded  box-section

members.

17



3.1.1.1 AASHTO

The AASHTO (2017) method for calculating the flexural resistance has the

following shortcomings:

1) AASHTO (2017) Article 6.12.2.2.2 does not address general singly-symmetric welded

box-section beams.

2) This article does not address flange local buckling and web bend buckling in welded

box-section beams.

3) This article also does not address welded box-section beams with hybrid webs.

4) For lateral torsional buckling (LTB), Article 6.12.2.2.2 assumes that the resistance is
governed by inelastic LTB. This is a good assumption because the unbraced lengths have
to be very long for elastic LTB to govern. For practical box-section beams, inelastic LTB
will always govern instead of elastic LTB. Based on this assumption, AASHTO (2017)
gives an equation for predicting the inelastic LTB resistance based on the traditional CRC
(Column Research Council) column equation. The maximum flexural resistance predicted
by this inelastic LTB equation is the yield moment of the gross cross section. However, in
the studies discussed in Section 3.3, it is found that for shorter box-section members with
compact flanges and compact or non-compact webs, the flexural resistance is largely
governed by the cross-section capacity which is higher than the yield moment and up to
the plastic moment of the gross cross-section. It is also found that for members with a
noncompact or slender compression flange and non-compact webs, the cross-section

resistance is larger than the yield moment of the effective cross-section, and for members
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with a noncompact or slender compression flange and compact webs, the cross-section
resistance is only slightly smaller than the plastic moment capacity of the effective cross-
section based on the effective width of the compression flange taking into account its
postbuckling resistance. Box sections with these characteristics are encountered in
applications where the member is subjected to biaxial bending. The relatively slender webs
become flanges when the box is subjected to bending about the other principal axis. Thus,
there is large reserve strength that is not taken into account by the AASHTO (2017)
equations. The definitions of compact, non-compact, slender webs; and compact,

noncompact and slender flanges are discussed in Section 3.2.1.

3.1.1.2 Eurocode

The Eurocode (CEN 2005; CEN 2006) method for calculating the flexural

resistance has the following shortcomings:

1) The Eurocode method requires an iterative or at least a two-step calculation to determine
the effective cross-section for Class 4 sections. As per Eurocode (CEN 2005; CEN 2006),
“Class I cross-sections are those which can form a plastic hinge with the rotation capacity
required from plastic analysis without reduction of the resistance; Class 2 cross-sections
are those which can develop their plastic moment resistance, but have limited rotation
capacity because of local buckling,; Class 3 cross-sections are those in which the stress in
the extreme compression fiber of the steel member assuming an elastic distribution of
stresses can reach the yield strength, but local buckling is liable to prevent development of
the plastic moment resistance; Class 4 cross-sections are those in which local buckling

will occur before the attainment of yield stress in one or more parts of the cross-section.”
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2) Another limitation of the Eurocode is that it classifies a cross-section based on the most
unfavorable class of its compression parts. This can lead to overly conservative predictions
in some cases, where the cross-section is classified as Class 3 or Class 4, but the actual
resistance is larger than the yield moment of the effective cross-section and in some cases
just slightly smaller than the plastic moment capacity of the effective cross-section. An
example of such a case is a box-section member with a noncompact or slender compression
flange and compact or non-compact webs. The practicality of this type of member is
explained above. Thus, there is large reserve strength that is not taken into account by the

equations in the Eurocode (CEN 2005; CEN 2006).

3) For cross-section resistance, the Eurocode accounts for the limit state of tension flange
yielding in Class 4 sections by calculating the section modulus of the effective cross section
corresponding to the flange having the maximum elastic stress. It has been found in the
parametric studies discussed in Section 3.3 that for Class 4 (e.g., slender web) singly-
symmetric cross-sections with a larger effective compression flange than the tension
flange, the cross-section resistance is larger than that corresponding to the limit state of
tension flange yielding. That is, these types of sections have significant reserve strength
beyond the first yielding of the tension flange. The Eurocode equations under-predict the

resistance of such cross sections.
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3.1.1.3 AISC

The AISC (2016) method for calculating the flexural resistance has the following

shortcomings:

1) For box sections with compact webs and a slender compression flange, the cross-section
resistance predicted by AISC (2016) is the yield moment of the effective cross-section.
However as mentioned earlier, for these box sections the cross-section resistance is larger
than the yield moment and just slightly smaller than the plastic moment capacity of the
effective cross-section. Thus, there is large reserve strength which is not taken into account

by the equations in AISC (2016).

2) For box sections with slender webs and a slender compression flange, the cross-section
resistance predicted by AISC (2016) is RyeFrSye, Where Fe, is the local buckling stress of
the compression flange. This representation does not account for the post-buckling

resistance of the compression flange.

3) According to AISC (2016), the flexural resistance is the minimum of the strengths
corresponding to the limit states of yielding (plastic moment), flange local buckling, web
local buckling and lateral torsional buckling. This approach does not account for the

interaction between local buckling and global buckling (lateral torsional buckling).

4) In AISC (2016), the compression flange stress at the onset of nominal yielding within
the cross-section, including residual stress effects, is taken as 0.7 times the yield strength
of the compression flange, F).. Additionally, the equation for the length L, is calculated by

solving for the unbraced length by equating the elastic lateral torsional buckling moment
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equal to 0.7F)cSxe. In the proposed method, the length L, is calculated as only 30% of the
length obtained by solving for the unbraced length by equating the elastic lateral torsional
buckling moment to 0.5F)Sxce. As discussed in Section 3.3, the strengths predicted using
the proposed method correlate well with the inelastic LTB resistances obtained from test
simulations. Thus, this research indicates that the inelastic LTB resistance calculated in
AISC (2016) by considering a linear interpolation between L, and the AISC L, expression

over-predicts the inelastic LTB resistance of welded box-section members.

5) There is a significant discontinuity in the resistances predicted by AISC (2016) equations
F7-6 and F7-9 for cases with a slender flange when the webs transition from non-compact

to slender.

It should be noted that the 2022 draft AISC provisions avoid the drawbacks in point #2 and
point #5, by not allowing box-section members with a slender compression flange and

slender webs.

3.1.2 Prior research

Kim and Yoo (2008) built on the work by Nakai et al. (1990) to propose improved
predictor equations for the flexural resistance of rectangular box-section members. These
equations have been developed using regression analysis considering the following

parameters:

e Aspect ratio of the box cross-section
e Yield stress

e Width-to-thickness of the compression flange
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Width-to-thickness of the web plate

Interaction between flange and web plates

These equations have the following shortcomings:

These equations predict only the cross-section resistance. There is no dependence
of the resistance on the length of the box-section member. Hence, there is no
consideration of any reduction in the resistance due to inelastic lateral torsional
buckling of the box-section member. In the parametric studies discussed in Section
3.3, it is found that for longest practical box-section beams the inelastic lateral
torsional buckling resistance can be as small as 76.3% of the cross-section
resistance.

Also, the 64 hypothetical box-section members studied by Kim and Yoo (2008) had
aspect ratios between 1 and 1.8. However, practical box-section members can be
much narrower and deeper than the one’s studied by Kim and Yoo (2008).

These equations do not address any interaction between local buckling (i.e., flange
local buckling or web bend buckling) and global buckling (lateral torsional
buckling).

These equations are not applicable to hybrid box-section members.

There is no consideration of the postbuckling resistance of the compression flange.

Therefore, based on the discussion in Sections 3.1.1 and 3.1.2, clearly there is a

need to gain a better understanding of the behavior of non-longitudinally stiffened welded

steel box-section beams, and to develop a method for an improved characterization of the

flexural resistance of these types of members.
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3.2 Proposed method

This section explains the proposed method. Section 3.2.1 explains the classification
of web and flange plates, and provides equations for various strength factors. The
calculation of cross-section flexural resistance and the member inelastic lateral torsional
buckling resistance using the proposed method are explained in Sections 3.2.2 and 3.2.3
respectively. Section 3.2.4 discusses the limits on the box cross-section dimensions for

which the proposed method is applicable.

The equations of the proposed method are expressed in terms of an effective cross-
section (denoted by the subscript e) based on the effective width of the compression
flange, b, taking into account the post-buckling response of a noncompact or slender
compression flange (or the full width of a compact compression flange). The calculation

of the effective width of the compression flange, b., was explained in CHAPTER 2.
3.2.1 Section classification: Flanges and Webs

The following sub-sections explain the classification of web and flange plates, and

provide equations for various strength factors in the proposed method.

3.2.1.1 Webs

In the proposed method, the web slenderness is given by A = 2D, and the webs

are classified as:

e Compactif 4, <A, where
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e Noncompactif 4, <A, <4, , where

A, =4.6 £ (7)
\ F,

e Slenderif 4, >4,

where D, and D,, are the distances of the elastic and plastic neutral axis from the inside

surface of the compression flange in the effective cross-section respectively.

The limiting web slenderness ratio, A,w, is somewhat larger than the value
specified for doubly symmetric noncomposite box sections in AISC (2016), and is
slightly larger than the Class 2 limit for noncomposite box sections specified in CEN
(2005). Compact web sections can develop the plastic moment resistance of the cross-
section, M), contingent on the satisfaction of other plate slenderness and member unbraced
length requirements necessary to develop the plastic moment. The slenderness limit for a
noncompact web, A, is slightly larger than the Eurocode Class 3 limit for non-composite
box sections and is intended to ensure that the yield moment of the cross-section can be
developed, contingent on the satisfaction of other plate slenderness and unbraced length

requirements necessary to develop the yield moment.

The parameters Ryc, Ry and R are defined as the web plastification factor, web load-
shedding factor and hybrid factor respectively. The web load-shedding factor, R, is

calculated using the provisions in AASHTO (2017) Article 6.10.1.10.2, with
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A, =46 /Fi , and with ay. determined with byt taken as one-half of the total effective
yc

bt,
compression flange area ETIC . This factor accounts for the reduction in the section flexural

resistance caused by the shedding of compressive stresses due to bend buckling of the
slender web, and the corresponding increase in the flexural stress within the compression

flange. The hybrid factor, R, is calculated using AASHTO (2017) Eq. 6.10.1.10.1-1 with

Ay taken as one-half of the total effective compression flange area—=L if D =D,, and

ce?

byt

A taken as if D, =D —D,,. This factor accounts for the early yielding of the webs

in a hybrid box-section. The values of R, and R, for different web slenderness are given

in Table 3-1. In Table 3-1:

e S 1is the elastic section modulus of the effective cross-section about the axis of

xce

bending to the compression flange.

e M, = Plastic moment capacity of the effective cross-section.
e M, =F.S (8)

where F),_is the yield strength of the compression flange.
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Table 3-1 Values of R, and Rp

Web Rpc R,

classification

Compact web M R =1

’ R, =" Ol
Myce
Noncompact RM 4, -4 M R, =1
web R,.=|1-]1- — - £
Mpe ﬂ’rw - 2’pw Myce
< Mp -
Myce
(10)

Slender web | R =R, (11) | R, calculated using
AASHTO (2017) Eq.
6.10.1.10.2-3,  with
2,,=4.6,E/F, and
awe determined with

bt,
b.t, taken as T ,
D, taken as Dee.

3.2.1.2 Flanges

b
The compression flange slenderness is given by 4, = —£  where b,=b,-2t, as
fe

shown in Figure 2-4. The flange is classified in the proposed method as:

e Compactif 4, <A  where,

[E
A, =1.09 . (12)

e Noncompactif 4, <A, <4, where,
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A, =17 |— 13
if Fivc ( )

e Slender if /1]. > /1rf

A, is the same as the nonslender limit for a plate subjected to uniform axial compression

(see Eq. 5). 4, specified in Eq. 12 is comparable to the compact flange limit in AISC

P
(2016), and to the Class 1 flange limit in CEN (2005), which is intended to ensure that the
section can form a plastic hinge with a rotation capacity sufficient for plastic analysis,
contingent on the satisfaction of other necessary plate slenderness and unbraced length
requirements. This more restrictive limit is also related to the shift in Winter’s classical
plate effective width curve discussed earlier in Section 2.2. Unlike noncompact and slender

flanges, there is no reduction in the compressive resistance of compact flanges due to local

buckling. R, is a compression flange slenderness factor that accounts for the inability of a

noncompact or slender compression flange to:

o Develop large inelastic strains without a reduction in the flange force contribution,
when the webs are nonslender,

o Accept stress shed due to the bend buckling of slender webs.

The significance of R, is explained in Section 3.4. It is defined as follows:

e R, =1.0 for a compact flange

A=A
° Rf = l:l - O.IS(MH <1.0 for a noncompact flange (14)
f pf
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* R, =0.85 foraslender flange.

3.2.2 Cross-section resistance

Tables 3-2 and 3-3 explain the calculation of cross-section flexural resistance, M

. In these tables, S_, is the elastic section modulus of the effective cross-section about the

axis of bending to the tension flange.

Table 3-2 Cross-section flexural resistance when S < S (elastic stress in the
flange in flexural compression is greater than or equal to the stress in the flange in

flexural tension)

Web
slenderness

Flexural resistance

Simplified flexural
resistance equation

Compact web

Noncompact
web

Slender web

Mcs = RthRhMyce

Mcs = RbeRpcMyce

(16)
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Table 3-3 Cross-section flexural resistance when S > S (elastic stress in the
flange in flexural compression is smaller than the stress in the flange in flexural

tension)

Web slenderness

Flexural resistance

Compact web M, =R M, (19)
Noncompact web 1 -2
Mcs = Rf Mpe B ﬂ, - ﬂp (Mpe B Mya) (20)
rw pw
where M, is the flexural resistance corresponding to the stress

distribution shown in Figure 3-1

Slender web

The flexural resistance is calculated as R P times the moment

corresponding to the stress distribution shown in Figure 3-2

In Figure 3-1 and Figure 3-2, F, = F,_ as both flanges are assumed to have the same yield

strength.

Flexural \ﬁq
compression ‘ Fy ‘
S
Dyct
Flexural Fy
exu yf
tension F

Figure 3-1 Stress distribution for calculation of M/
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Figure 3-2 Stress distribution employed for calculation of A/ _ for a slender-web

cross-section (4, >4 )

Unlike the case with § ,<S_,, it is recommended that the AASHTO R,
expression should not be used to address hybrid box sections for cases shown in Figure 3-1
and Figure 3-2. This is because R, is derived considering the first yield of the flange; it
does not account for the spread of yielding in the tension zone of the cross-section due to
early yielding of the tension flange. A strain-compatibility analysis is recommended to
account for web bend buckling, hybrid web effects and inelastic strength reserve

corresponding to the spread of yielding in the tension zone. The closed form equation for

M, corresponding to the stress distribution in Figure 3-1 is

Fodt, Fud(beyt,+bit,) FJd%, F,(beyte—bit,)
_ Ity Py @ Opeple TOM)  Fp dE feeplse

M _ Tw s
vt 2 2 6Fyf2 24¢,
i , i : (21)
. Ey (bﬁnefftfc B bﬁtﬁ) I Ey, d (bﬂf-efftfc B bﬁtﬁ)
8F, 1, 6F,
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where:

In the above equation the variation of stresses between the upper face and lower
face of the flanges is neglected, and the top and bottom flange are assumed to be

separated by a distance

t t
d=D+-L+ L (22)
2 2
breey = by +21, (23)
b ., 1s calculated using the modified Winter’s effective width equation explained

in Section 2.2, with b = b, and b, =b,

Equation 21 is only applicable when D, >0, where

D

yct

F b, —F b, .t.+2F, dt,

wPnls feeff* fe (24)

4F t

ywww

If D, <0,then M =M,

3.2.3 Inelastic lateral torsional buckling resistance

When the unbraced length, L, is less than L,, the flexural resistance is the cross-

section resistance, calculated as explained in Table 3-2 and 3-2; where L is the limiting

unbraced length to achieve the cross-section flexural resistance under uniform moment.

_0.16

L

p

2 JEL (208.M,, +GJ) (25)

yce
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This length is calculated by solving for L, after equating the theoretical elastic
lateral torsional buckling moment of a singly-symmetric box-section member (Pekoz,
1969), M.+, to 15M,., taking C, equal to 1.0 and approximating M. as 1.3M,c.. The
coefficient 15 is based on the ratio of the elastic lateral torsional buckling moment, M., to
the plastic moment, M,, for doubly-symmetric box-section members corresponding to Ls
= L, in AISC (2016). The theoretical elastic lateral torsional buckling moment of a singly-

symmetric box-section member is,

C.7°El 2 GJI
Mo==T %+J(%) o 2
‘b y7[

When L, is greater than L,, the inelastic lateral torsional buckling resistance is

expressed as follows:

L-L
Mn = Cb |:MCS _(MCS _Fyerce)(ﬁj} < MCS (27)
r p

where:

e M, is the cross-section resistance. It is calculated as explained in Tables 3-2 and
3-3.

e F,=05F, (28)
Fy, 1s the compression flange stress at the onset of nominal yielding within the

cross-section, including residual stress effects, for moment applied about the axis

of bending. This value is determined based on test simulation studies discussed in
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Section 3.3. Since F, =F,, for practical box cross-sections, the moment £ .S

P xee
corresponds to a stress state when the tension flange has not yielded.

Ly denotes the unbraced length. The maximum practical unbraced length is taken
as the smaller of 30D and 200r,, for all box-section members satisfying the cross-
section proportion limits given in Section 3.2.4. The limit of 30 times D is slightly
larger than the L/D limit of 24 considered in the Commentary for Section F7 in
AISC (2016), which is an extreme deflection limit. The limit of L/,=200 is set
based on a practical upper limit on the slenderness of a column undergoing flexural
buckling. This maximum practical unbraced length is much smaller than the
unbraced length corresponding to the transition between inelastic LTB and elastic
LTB. Therefore, elastic lateral torsional buckling need not be considered for box-

section members satisfying the cross-section proportion limits in Section 3.2.4.

[ =04 \/Ezy(ﬂF S,..+GJ) (29)

X yr— xce

L, is the limiting unbraced length for calculation of the lateral torsional buckling

resistance. It is calculated by solving for L, with M., taken equal to F .S, Cp taken

yxce s
equal to 1.0 and taking 30 percent of that value. This value is determined based on
test simulation studies discussed in Section 3.3.

C» is the moment gradient modifier determined as specified in AASHTO (2017)

Article A6.3.3.

4.4
(bm b 2h J
g g
th tfl tW

It is the St. Venant torsional constant.

J= (30)
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L 1s the mono-symmetry parameter of the gross cross-section. It is equal to zero
for a doubly symmetric cross-section and is a positive value when the larger flange

is in compression. It is calculated fundamentally (Pekoz, 1969) as,

—ijy x +y° dA—Zy 31
X I / o
Figure 3-3 shows a singly-symmetric non-longitudinally stiffened box cross-

section. For a rectangular box-section, S may be expressed as

h t.b 2 h t b
B. = 1[—”"’1§M+h,mbmzf,+b"’“(h2—h2)+%(h;tf—h:,tc) ’"“'””—/fbtJ 2y,

[x 12 mc~m"” fe
(32)
b,
e
5 I
th
X
+ Centroid
Sheayr center
/- Y
— |— tW
X I tfi

Figure 3-3 Singly-symmetric non-longitudinally stiffened box cross-section
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Neglecting terms involving b’ and b’ since they are relatively small for box

sections with large bﬂ (King 2016); B may be expressed as
e

ﬂx = Ii(hitbmtft + %(h:tt - h::tc ) N hrizcbmt_f‘cj - 2)7(, (33)

X

v, 1s the distance between the shear center (Young 2002) and the centroid of the

gross cross-section. The term y, is a negative value when the larger flange is in

compression.
2p2 t.b 12(h, +t Db, /t, t,
v, = hmbm 9tw+fzm_ (m w /f) _|:DC+£:| (34)
121, h,  2h,/t,+b,/t,+Db,/t, 2
where:
> bmzbfc_tw (35)
e Ln
» h =D+—+— 36)
2 2
tﬁ:
> hmc:Dc+? (37)
Ly
> h,=D-D+2 (38)
> A, =bh (39)

b, (te+1,) | Luhb)”

1 40
- 12 2 (40)

is the moment of inertia about the minor principal axis of the gross cross-section,
calculated neglecting the contribution of the moment of inertia of the webs about

their centroidal axis parallel to the minor principal axis of the gross cross-section. .
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e A is the gross cross-sectional area of the box-section.

e D, is the depth of the web in compression in the elastic range for the gross box
cross-section taken from the inside of the compression flange.

e (G is the shear modulus of elasticity for steel = 0.385E.

e /. is the moment of inertia about the major principal axis of the gross cross-section.

e 1y, 1s the radius of gyration about the minor axis.

In lieu of calculating L, and L, using Eq. 33 for £, as a simplification L, and

L. can be calculated using . =0, i.e.,

0.1Er N JA
L=—"2"" (41)
Myce
and
0.6Er N JA
L = ZORINIA (42)
Fyerce

The maximum difference in M, calculated using Eqgs. 41 and 42 for L, and L,, and M,

calculated using Egs. 25 and 29 for L, and L, is only 0.54% (0.54% lower and 0.24%

higher than that obtained using Egs. 25 and 29), for the box-section members considered

in the parametric study discussed later in Section 3.3. The parametric study in Section 3.3

considers large D/ b, ratios (within the box-section proportion limits discussed in Section

3.2.4) and longest practical lengths for inelastic lateral torsional buckling. Thus, for

practical box-section members the parametric study considers all the extreme cases for
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lateral torsional buckling, and therefore it is safe to use the above discussed simplification,

Le., using Eqgs. 41 and 42 for L, and L, . If the limit of the ratio of thickness of thickest

plate to thinnest plate being welded should be less than or equal to 3.0, is removed (This
limit is applied for the parametric study design discussed in Section 3.3.1), then the

following three extreme singly-symmetric box-section members (with shear center below

the centroid) and with L =L _, =30D are possible:

» Member 1: b, =b,=64 in., ¢,=0.64 in, {,=4 in, D=180 in, 7,=4 in,

L =30D =5400 in.

» Member 2: b,=b,=64 in, t,=0.64 in, t,=4 in., D=360 in, ¢, =4 in,

L=30D=10800 in.

» Member 3: b, =b,=64 in, t,=0.64 in, t,=4 in., D=384 in,, ¢, =2.56 in,
L=30D=11520 in.

The largest difference between the flexural resistance calculated using Eqs. 41 and 42 for

L, and L, , and using Eqs. 25 and 29 for L, and L, , is only 0.98% (corresponding to

member 2). Thus it is safe to use Eqs. 41 and 42 for L, and L, based on B, =0. Therefore,

the proposed method recommends the use of Eqs. 41 and 42 for calculating L, and L,

respectively.
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3.2.4 Box section proportion limits

The proposed method is applicable to box-section members whose cross-section

dimensions are within the following limits:

D 150 (43)

This is a practical upper limit on the slenderness of webs without longitudinal

stiffeners, and is the same as that for I-sections in AASHTO (2017)

b, > D/6 (44)
This is a practical minimum limit for the outside width of box sections.

b,/t, <90 (45)

This limit is set to avoid the following issues that could be encountered when using
a very thin flange plate, pending further research:

» Vibration of excessively thin plates during transportation.

» Localized plate bending stresses induced by handling and erection
operations.

» Vibration of excessively thin plates due to in-service loadings on the
completed bridge.

» Localized plate bending stresses due to box-section distortion (i.e.,
distortion transverse bending stresses) as well as secondary stresses due to
out-of-plane deformation of the box-section bottom flange.

» “Bending reluctance” of excessively thin flanges, that is, the tendency for
excessively thin flanges to not bend fully along with the overall curvature

of the box-section member.
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» Localized out-of-plane deflection due to a concentrated transverse load
applied to the bottom flange, or to a plate panel within the bottom flange.

» Buckling of thin bottom flange plates intended to serve predominantly in
tension, due to unanticipated or accidental axial compression in the plates
during handling and transportation, erection, and in the final service
condition, particularly in the vicinity of inflection points in continuous-span
girders or near locations where longitudinal stiffeners are terminated.

» Perception of vertical vibrations, or general “sponginess” in bottom flanges
of box girders, by bridge inspection personnel. These vibrations may be due
to transient live loads on the bridge or due to the individual’s movements
when walking the inside of the box girder.

» Potential “oil canning” of thin plates in bottom flanges, i.e., snapping in or
out of the plates between edge supporting elements when pushed on by a
light force.

e Slenderness of flange extensions on welded box sections, less than or equal to

0.38 R This ensures that the flange extensions are not subject to any strength
y

reduction associated with local buckling under flexural compression.
3.3 Evaluation of the performance of the proposed method

The performance of the proposed method is evaluated via a parametric study
performed using finite element (FE) test simulations. Section 3.3.1 explains the parametric
study design. The results of the parametric study are discussed in Section 3.3.2. The finite

element modelling of these box-section members is explained in Appendix A. At the
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present time (2018), in the literature there is no experimental data for non-longitudinally

stiffened welded box-section members subjected to pure bending.

3.3.1 Parametric study design

The parametric study is divided into two parts, the first part focusing on
homogeneous beams and the second part on hybrid beams. The beams are selected such
that they address all practically possible combinations of flange and web plate slenderness,
and allow the consideration of cross-section resistance as well as inelastic LTB resistance.
Box-section members satisfying the section proportion limits of Section 3.2.4 are not

governed by elastic LTB for any practical unbraced length, as explained in Section 3.2.3.

Table 3-4 provides a summary of the box-section beams considered in the
parametric study. Column 2 in Table 3-4 provides a notation that summarizes the
slenderness of the different plates in the cross-section. In Column 2, the first letter
corresponds to the slenderness of the flange in flexural compression, the second letter
corresponds to the slenderness of the flange in flexural tension and the third letter
corresponds to the slenderness of the webs. The nomenclature used in Column 2 of Table
3-4 is summarized in Table 3-5. The compact and noncompact flange limits in Table 3-5
are slightly different from those specified in Section 3.2.1.2 because the limits in Section
3.2.1.2 have been finalized after taking into consideration the results of the parametric
study. The third through the fifth columns of Table 3-4 show the different member lengths
considered in the study. The cross-section dimensions and lengths of the various cases

listed in Table 3-4 are provided in Appendix B. In Table 3-4 the gray cells indicate the
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lengths considered for each cross-section. The following practical limits were considered

while finalizing the cross-section dimensions:

e Minimum and maximum plate thickness equal 0.5 in. and 4 in. respectively.

e Ratio of thickness of thickest plate to thinnest plate being welded, less than or equal
to 3.0.

e Ratio of the total area of the two webs to the area of compression flange, less than
or equal to 12.

e Ratio of area of the two webs to the total area of the flanges, less than or equal to

6.

In addition to the cases in Table 3-4, the flexural resistance of a box-section member
with cross-section 6 (C-N-S) having an aspect ratio of 6 is studied for a larger number of
member lengths to obtain a detailed evaluation of the performance of the proposed
equations in capturing the variation of the flexural resistance with changes in length of the

box-section member.
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Table 3-4 Summary of box-section members considered in the parametric study
(gray cells indicate the lengths considered for each cross-section)

Cross- | Flange and web
Section | slenderness
Number

1 C-C-CW

2 C-C-NW

3 C-C-SW

4 C-N-CW

5 C-N-NW

6 C-N-SW

7 C-S-CW

8 C-S-NW

9 C-S-SW

10 N-C-CW
11 N-C-NW
12 N-C-SW
13 N-N-CW
14 N-N-NW
15 N-N-SW
16 N-S-CW
17 N-S-NW
18 N-S-SW
19 S60-C-CW

Length~ 0.5L,
(Cross-Section
resistance)
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Table 3-4 (continued) Summary of box-section members considered in the
parametric study (gray cells indicate the lengths considered for each cross-section)

Cross- Flange and web
Section | slenderness
Number

20 S60-C-NW

21 S60-C-SW

22 S60-N-CW

23 S60-N-NW

24 S60-N-SW

25 S60-S60-CW
26 S60-S60-NW
27 S60-S60-SW
28 S100-C-CW

29 S100-C-NW

30 S100-C-SW

31 S100-N-CW

32 S100-N-NW

33 S100-N-SW

34 S100-S100-CW
35 S100-S100-NW
36 S100-S100-SW
37 C-S150-CW

38 C-C-HCW

Length ~0.5L,
(Cross-Section
resistance)
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2
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Table 3-4 (continued) Summary of box-section members considered in the
parametric study (gray cells indicate the lengths considered for each cross-section)

Cross- | Flange and web Length =0.5L, | Length = Length = Ly =

Section | slenderness (Cross-Section | 0.5L + L, min(200r,, 30D)

Number resistance) 7 (Inelastic LTB)
(Inelastic LTB)

39 C-C-HNW

40 C-C-HSW

41 N-N-HCW

42 N-N-HNW

43 N-N-HSW

44 S100-S100-HCW

45 S100-S100-HNW

46 S100-S100-HSW

Table 3-5 Nomenclature used in Column 2 of Table 3-4

Notation Explanation
¢ E
Compact flange 4, <1.1 —
ye
N

E E
Noncompact flange 1.1 | — <4, <14 |—
£, £,

S60, S100, S150

Slender flange with bs/tr= 60, 100 and 150 respectively, where ¢ is
the thickness of the flange

CW and HCW | Homogeneous and hybrid compact webs respectively, 1, <4,

NW and HNW | Homogeneous and hybrid noncompact webs respectively,
Apw <A, <4,

SWand HSW | Homogeneous and hybrid slender webs respectively, A1 > A
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3.3.2 Results and discussion

The predictions using the proposed method (using Egs. 41 and 42 for L, and L,

and using strain-compatibility analysis for cases with S, >S§ ) show a good correlation

with the results of the parametric study performed using finite element simulations. The
mean, median and coefficient of variation of the ratio of the flexural resistance from test
simulation to the strength predicted using the proposed method are equal to 1.06, 1.05 and
0.06 respectively. Figure 3-4, Figure 3-5 and Figure 3-6 show a comparison of the member
strengths from test simulation with the strengths predicted using the proposed method, the
method in the Eurocode (CEN 2005; ;CEN 2006), the method in AASHTO (2017) Article
6.12.2.2.2 and the method in AISC (2016), for homogeneous box-section members with

0.5L +L : ;
9L, F P and L respectively. Figure 3-7

max

lengths approximately equal to 0.5L,,

shows a comparison of the member strength from test simulation with the strength
predicted using the proposed method for hybrid box-section members with lengths

approximately equal to 0.5L, and L, .
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Figure 3-4 Comparison of the member strength from test simulation with the
strength predicted using the proposed method, the method in Eurocode, the method
in AASHTO (2017) Article 6.12.2.2.2 and the method in AISC (2016), for
homogeneous box-section members with length ~ 0.5
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Figure 3-5 Comparison of the member strength from test simulation with the

strength predicted using the proposed method, the method in Eurocode, the method

in AASHTO (2017) Article 6.12.2.2.2 and the method in AISC (2016), for

The good performance of the proposed equations for cross-sections 19 to 36 in
Figure 3-4, clearly shows that for cases with a noncompact or slender compression flange
and non-compact webs, the cross-section resistance is larger than the yield moment and up
to Ry times the plastic moment capacity of the effective cross-section for box sections with
compact webs. This point is reinforced by observing that for cases with noncompact or

slender compression flanges and compact webs (cross sections 19, 22, 25, 28, 31 and 34)

homogeneous box-section members with length =

0.5L, +L

max
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in Figure 3-4, the predictions using the Eurocode method are overly conservative. As
discussed in Section 3.1.1.2, the predictions using the Eurocode method are overly
conservative for these cases because they classify a cross-section based on the most
unfavorable class of its compression parts and hence end up limiting the predicted cross
section resistance of box sections with a noncompact or slender compression flange and
compact webs to yield moment of the effective cross-section. Although box sections with
a noncompact or slender compression flange and compact or non-compact webs are more
unusual, they may be encountered when considering biaxial bending as discussed earlier

in Section 3.1.1.2.

A good prediction of cross-section resistance using the proposed method for

b b
extreme singly-symmetric sections (t'—f" between 17.7 to 19.5, and t_ﬁ between 106 to
Je St

156) with a larger compression flange (cross-sections 7, 8, 9 and 37) in Figure 3-4, clearly
shows that for box-section members the limit state of tension flange yielding is not
required. Also as discussed in Section 3.1.1.2, the Eurocode method gives conservative
cross-section resistance predictions for singly-symmetric Class 4 box-section members
with larger compression flange, as it considers tension flange yielding by calculating the
section modulus corresponding to the flange with the maximum elastic stress. This can be

seen by the conservative prediction using Eurocode for cross-section 9.
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Figure 3-6 Comparison of the member strength from test simulation with the
strength predicted using the proposed method, the method in Eurocode, the method
in AASHTO (2017) Article 6.12.2.2.2 and the method in AISC (2016), for

homogeneous box-section members with length = L = min(200r,,30D)

It can be observed from Figure 3-4 that for members with a compact compression
flange and compact or non-compact webs, the cross-section resistance is higher than the
yield moment and up to the plastic moment of the gross cross-section. Thus for cross-
sections 1, 2, 13 and 14, the strength predicted using the AASHTO (2017) method is
conservative since the maximum flexural resistance predicted by the inelastic LTB

equation in AASHTO (2017) is limited to the yield moment of the gross cross-section. The
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inelastic LTB equation in AASHTO (2017) over-predicts the strength of box-section

members with slender webs because it does not account for web bend buckling.
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Figure 3-7 Comparison of the member strength from test simulation with the
strength predicted using the proposed method for hybrid box-section members with
lengths 0.5L and L

As mentioned earlier in Section 3.1.1.3, for box sections with slender webs and a
slender compression flange, the cross-section resistance predicted by AISC (2016) is
RyeFerSye, where Fe is the local buckling stress of the compression flange. This
representation does not account for the post-buckling resistance of the compression flange.
This is the reason for the conservatism in strength predictions for cross-sections 30, 33, 36

in Figure 3-4, and cross-sections 30, 33 in Figure 3-5 and Figure 3-6.

It can be observed from Figure 3-5 and Figure 3-6 that the inelastic LTB resistance

calculated by considering a linear interpolation between L, given by Eq. 41 and L, given
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by Eq. 42 gives good correlation with the strengths from the test simulations and performs
much better than the methods in AASHTO, Eurocode and AISC. Figure 3-7 clearly shows
that the proposed method performs well in predicting the cross-section resistance and

inelastic LTB resistance of hybrid box-section members.

Figure 3-8 shows the variation of flexural resistance with change in length of a box-
section member with cross-section # 6 (C-N-S) having an aspect ratio of six. For this
member, the reduction in flexural resistance at L 1s 22.4% compared to the plateau
resistance. It can be seen that the inelastic LTB resistance calculated by considering a linear

interpolation between L, and L, (using Eqs. 41 and 42 for L, and L, respectively) gives

reasonably good predictions. In the parametric study, the maximum reduction in flexural
resistance at L. compared to the plateau resistance is obtained for a box-section member

with cross-section 3 (C-C-S). The reduction for that case is equal to 23.7%.
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Figure 3-8 Variation of flexural resistance with change in length of a box-section

member with cross-section # 6 (C-N-S) having an aspect ratio of six

3.4 Salient features of the proposed method

The proposed method encapsulates a significant advancement in the understanding
of the behavior of rectangular non-longitudinally stiffened welded box-section beams, and
provides a conceptually unified characterization of their resistance which correlates well

with the results of the parametric study. The salient features of this method are as follows:

1) The proposed method better handles the following:

> It accounts for:
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Flange local buckling and the corresponding postbuckling resistance via
the use of an effective cross-section based on the effective width of the
compression flange. An improved calculation of the postbuckling
resistance of non-longitudinally stiffened plates subjected to uniform
axial compression in welded box-section members is proposed, as
discussed in CHAPTER 2.

Web-bend buckling and the corresponding postbuckling resistance via the
web-bend buckling factor or an effective web section. This avoids the
need to perform iterative or two-step calculations when obtaining an
effective cross-section.

Lateral torsional buckling: The method recognizes that for the longest and
narrowest practical non-longitudinally stiffened box-section beams the
reduction in the flexural resistance relative to the cross-section resistance
can be measurable. In the parametric studies discussed in Section 3.3, it
is found that for the longest practical box-section beams the inelastic
lateral torsional buckling resistance can be as small as 76.3% of the cross-
section resistance.

The proposed method addresses the interaction between local
postbuckling (i.e., flange local buckling or web bend buckling) and global
buckling (lateral torsional buckling). This interaction is considered via the
use of effective section properties and/or the AASHTO web bend
buckling factor, in the proposed inelastic lateral torsional buckling

equation.
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» The method addresses all practical ranges of web and flange plate slenderness, i.e.:
e Compact, noncompact and slender compression flanges.
e (Compact, noncompact and slender webs.

» In bridges it is common that fabricated boxes may be singly symmetric. The
proposed method can handle singly as well as doubly symmetric box-section
members. For lateral torsional buckling, this is accomplished via the mono-
symmetry parameter, which accounts for the fact that in singly-symmetric sections
the shear center and centroid do not coincide and the effect of this attribute on the
LTB resistance. The proposed method also provides an improved characterization
of the cross-section resistance of singly-symmetric box-section members as
discussed in point #2 and point #4 of this section.

» It is possible for steel box-section members subjected to flexure to have webs with
lower yield strengths than that of the flanges. The proposed method addresses

hybrid as well as homogenous box-section members. To accomplish this, the
proposed method uses the R, factor when calculating the flexural resistance for
cases with§ <S_ . However, the method uses the stress distribution
corresponding to the limit state of yielding of the compression flange of the

effective cross-section when calculating the flexural resistance for cases with

S..>S,. . This is because R, has been derived considering the first yield of a

flange. However, the proposed method recognizes the inelastic reserve strength
corresponding to the spread of yielding in the tension zone (including the hybrid

web effects) for cases withS > S, .
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Thus the proposed method better characterizes the flexural resistance of all practical non-

longitudinally stiffened welded box-section members.

2) The proposed method eliminates the need to consider a separate tension flange yielding

(TFY) limit state. For sections withS_, > S

xte 2

the member response is addressed

rigorously via the direct calculation of the yield moment of the compression flange,
considering early yielding of the section on the tension side of the neutral axis, and
considering hybrid web, slender web and noncompact or slender compression flange
effects as applicable. This allows the consideration of large reserve strengths up to 43%
higher than those predicted by the Eurocode equations, and correlates well with the

observations from the parametric study discussed in Section 3.3.

3) A study of the axial load versus axial shortening characteristics of a non-longitudinally
stiffened plate for different values of plate slenderness shows that except for plates with
width-to-thickness ratios less than or equal to approximately 20, the ability of a plate to
sustain load decreases with increase in inelastic axial compressive strains beyond the peak
load. The ultimate load carrying capacity of these plates is considered via the use of an
effective width. If such slender plates are used as a compression flange in a box-section
beam; then the flange plate should be able to sustain large inelastic axial compressive
strains so that the nonslender webs can plasticize. However, it is known that the flange
force contribution decreases with increase in the inelastic axial compressive strain. To

account for this behavior, a compression flange slenderness factor, R,, is used in the

o

proposed method. This factor accounts for:
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» The inability of a noncompact or slender compression to develop large inelastic
strains without a reduction in the flange force contribution when the webs are
nonslender.

» The inability of a noncompact or slender compression flange to accept stresses shed

due to the bend buckling of a slender web.

4) Development of a cross-section model based on an effective width of the compression
flange taking into account its postbuckling resistance. For box-section members with

compact or noncompact webs, the proposed method allows the consideration of cross-

section resistance larger than the yield moment and up to R, times the plastic moment

capacity of the effective cross-section. Box sections with compact or noncompact webs
and a noncompact or slender compression flange can be encountered when considering
biaxial bending. A box-section member with slender webs and compact flanges becomes a
box-section member with compact webs and a noncompact or slender compression flange
when considering bending about its other principal axis. The proposed method results in a
significant improvement in the characterization of the cross-section capacity, allowing the
consideration of large reserve strengths up to 37 % higher than those predicted by the
AASHTO (2017) method and 39 % higher than those predicted by the Eurocode [CEN

(2005); CEN (2006)] method.

5) The AISC plate slenderness limits for compact webs and compact flanges in box-section

box sections are based on ensuring that the cross-section flexural resistance is M, (plastic

moment capacity) and that the section has sufficient rotation capacity. For plastic design

these limits correspond to the Class 1 limits in Eurocode. However, if the only aim is to
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be able to achieve a resistance equal to M ,, these plate slenderness limits can be relaxed.

The proposed method utilizes relaxed plate slenderness limits for compact webs as can be
seen from Table 3-6, where D, and D are depths of the webs in compression in the elastic
range and at the plastic moment respectively, measured from the inside of the compression
flange of the effective box cross-section. These limits are intended to be Class 2 limits.
Although the aim is to relax the plate slenderness limit for compact flanges, this limit is
made stricter in order to address the unconservatism observed in the classical Winter’s
effective width equation for characterizing the compressive resistance of non-

longitudinally stiffened plates in welded box-section members, as discussed CHAPTER 2.

Table 3-6 Comparison of plate slenderness limits in AISC (2016) and the proposed

method
AISC (2016) Proposed method
Compact web limit
242 £ 3.1 D, | |£
F, D, J\F,

Compact flange limit
1.12 £ 1.09 £
Fy Fy
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CHAPTER 4. ULTIMATE COMPRESSIVE RESISTANCE OF

LONGITUDINALLY STIFFENED PLATES

A good quantification of the ultimate compressive resistance of longitudinally
stiffened plates is crucial for a good prediction of the axial compressive or flexural
resistance of longitudinally stiffened welded box-section members. Section 4.1 reviews the
current codified methods and prior research related to the calculation of the ultimate
compressive resistance of longitudinally stiffened plates. The proposed method is
explained in Section 4.2. Section 4.3 discusses the evaluation of the performance of the

proposed method. The salient features of the proposed method are discussed in Section 4.4.

4.1 Literature review

This section reviews the current codified methods and prior research related to the
calculation of the ultimate compressive resistance of longitudinally stiffened plates. This

highlights the motivation for this thrust of the research.

4.1.1 General

Any method for calculating the ultimate compressive resistance of longitudinally
stiffened plates should address the following potential failure modes of a longitudinally

stiffened plate subjected to uniform axial compression:

e Opverall buckling of a longitudinally stiffened plate with the plate subjected to

flexural compression (as shown in Figure 4-1a).

59



e Opverall buckling of a longitudinally stiffened plate with the longitudinal stiffener
tip subjected to flexural compression (as shown in Figure 4-1b).

e Local buckling of the plate subpanels between the longitudinal stiffeners (as shown
in Figure 4-1c¢).

e Tripping of the longitudinal stiffeners, i.e., torsional buckling of the stiffener about

the stiffener-plate boundary (as shown in Figure 4-1d).

Local buckling of the stiffener component plates.

In addition, generally there will be some interaction between these distinct failure modes.
Figure 4-2 shows a failure involving the interaction between local buckling and overall

buckling of a longitudinally stiffened plate.

—
NS
R

N

D

Figure 4-1 Typical buckling modes. (a) Overall buckling (plate in flexural
compression); (b) overall buckling (stiffener tip in flexural compression); (c) plate
buckling; and (d) stiffener tripping. (Sheikh et al. 2002).
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Figure 4-2 Representative failure mode involving interaction between local and
overall buckling of a longitudinally stiffened plate

The prediction of the compressive resistance of longitudinally stiffened plates

typically involves two steps:

1) Calculating the buckling strength,

2) Calculating the ultimate compressive strength.

Table 4-1 provides a broad summary of the existing methods for calculating the buckling
resistance, and the ultimate compressive resistance of longitudinally stiffened plates. The
various codified procedures use different combinations and forms of the methods listed in

Table 4-1.
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Table 4-1 Summary of existing methods for calculating the buckling resistance,
and the ultimate compressive resistances of longitudinally stiffened plates

Buckling resistance

Ultimate compressive resistance

1) Strut idealization:

The strut model is based on treating a
longitudinally stiffened plate as a series
of separate columns comprised of the
longitudinal stiffener and an associated
width of the plate, as shown in Figure
4-3.

2) Column on elastic foundation
(CEF) idealization:

The CEF model considers a longitudinal
stiffener strut (i.e., the longitudinal
stiffener and an associated width of the
plate) resting on an elastic foundation
representing the transverse bending
stiffness of the plate. Thus it avoids the
limitation of the strut idealization of
neglecting the bending
stiffness of the plate. This transverse
bending stiffness can be significant

transverse

especially in relatively narrow plates
with one or two longitudinal stiffeners,
which are commonly used in North
America.

3) Orthotropic plate idealization:

The orthotropic plate idealization
smears the stiffness characteristics of
the longitudinal stiffeners over the
entire plate. Thus, it takes into account
the longitudinal bending, transverse
bending, and torsional stiffness of the

stiffened plate.

1) Column strength curve:

Mapping to a column strength curve results in
no consideration of the plate postbuckling
resistance. Column strength curves have a
short plateau (see Figure 4-4).

2) Plate strength curve:

Mapping to a plate strength curve, e.g.,
Winter’s curve or von Karman’s curve, results
in a consideration of the postbuckling
resistance. Plate strength curves have a longer
plateau (see Figure 4-4). von Karman’s
equation is based on the assumption of an
ideal concentrically-loaded, perfectly flat
plate. However, in reality all plates have some
initial out-of-flatness because of which it is a
load-deflection problem rather than sudden
buckling at the theoretical bifurcation point.
This is taken into account in Winter’s curve.

3) Interpolation between column and plate
strength curves:

Because of the lack of an explicit compressive
strength curve for longitudinally stiffened
plates, the Eurocode (CEN 2006) requires an
interpolation between column and plate
ultimate strength curves. Figure 4-4 clearly
shows the higher compressive resistance for
plates, due to postbuckling, and also the
longer plateau for plate ultimate strengths
compared to column strengths.
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Figure 4-3 Longitudinally stiffened box and a stiffener strut

Slenderness = (F [F,

Figure 4-4 Axial compressive strength curves
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4.1.2 Codified methods

This section provides a review of the various codified methods.

4.1.2.1 AASHTO (2017) Article 6.11.8.2

Provisions for calculating the ultimate compressive strength of longitudinally
stiffened plates are given in Section 6.11.8.2 of AASHTO (2017). AASHTO (2017)
calculates the axial compressive strength of a stiffened plate as the axial compressive
buckling resistance of the subpanel between longitudinal stiffeners. It does not take into
account the post-buckling resistance of the subpanels. For plates with one or two
longitudinal stiffeners, the buckling coefficient is dependent on the moment of inertia of
the longitudinal stiffeners. The formulae for plates with one or two longitudinal stiffeners
assume infinitely long plates, i.e., no transverse stiffeners. White (2012) points out that
these equations “...which originate from Vincent (1969), are approximate equations that
give values close to theoretical elastic buckling solutions for infinitely long, longitudinally
stiffened plates from Goldberg and Levy (1957)”. The required moment of inertia of the
longitudinal stiffeners to achieve a desired value of the plate buckling coefficient begins to
increase dramatically as the number of stiffeners is increased beyond one. Hence,

AASHTO (2017) recommends not exceeding one longitudinal stiffener.

For plates with more than two longitudinal stiffeners, AASHTO (2017) suggests
adding transverse stiffeners to reduce the size of the longitudinal stiffeners. Article
C6.11.11.2 gives requirements for the rigidity and spacing of the transverse stiffeners.

However as pointed out by King (2017a), for plates with transverse stiffeners and more
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than two longitudinal stiffeners, the value of the plate buckling coefficient in AASHTO

(2017) is independent of the moment of inertia of the longitudinal stiffener.

The AASHTO (2017) method for calculating the ultimate compressive strength of

longitudinally stiffened plates has the following shortcomings:

1) For slender plate subpanels susceptible to local buckling, the strength is limited to elastic
buckling of the subpanel between the longitudinal stiffeners. This neglects the significant

postbuckling resistance of the longitudinally stiffened plate subpanels.

2) The longitudinal stiffeners in wide plates with more than two longitudinal stiffeners tend
to behave as unconnected struts. The key property influencing the compressive resistance
of these types of plates is the moment of inertia of their longitudinal stiffeners. However,
as pointed out by King (2017a), for these types of plates, the plate buckling coefficient in

AASHTO, and hence the stiffened plate resistance, is independent of this key property.

3) For plates with more than two longitudinal stiffeners, AASHTO suggests the use of
transverse stiffeners and requires the longitudinal stiffeners to satisfy a minimum moment
of inertia requirement. This limits the designer’s options in seeking the greatest design

economy.

4) AASHTO (2017) requires a spacing of transverse stiffeners less than three times the
width of the stiffened plate for the stiffeners to be considered effective. It would be better

to provide design engineers more flexibility in choosing the transverse stiffener spacing.

5) AASHTO (2017) does not recognize the larger resistance of subpanels adjacent to the

plate longitudinal edges. This aspect of the response is discussed in detail in Section 4.2.
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6) AASHTO (2017) does not provide any guidance to prevent tee and angle section
stiffener torsional buckling about the edge attached to the plate, i.e., “tripping” of the
stiffeners (shown in Figure 4-1d and Figure 4-5). A tripping failure involves a drastic

reduction in strength beyond the peak load; and hence such a failure must be avoided.

Figure 4-5 Tripping failure (Murray 1973)
4.1.2.2 AISI(2016)

The AISI (2016) method for calculating the ultimate compressive strength of

longitudinally stiffened plates has the following drawbacks:

1) The method is intended for plates containing formed stiffeners. It does not have any
provisions addressing stiffener local buckling, i.e., tripping of the stiffener or local

buckling of the stiffener component plates.
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2) The buckling coefficient is calculated as the minimum of the coefficients for buckling
of the plate between longitudinal stiffeners (as shown in Figure 4-6) and overall buckling
of the plate along with the longitudinal stiffeners (as shown in Figure 4-7). Thus it does not
account directly for any interaction between local buckling of subpanels and overall

buckling of the plate involving transverse displacement of the stiffeners.

Plate Sub-Element

- ™~ -~

-
S~ —— ——

Figure 4-6 Local buckling (AISI 2016)

Figure 4-7 Overall buckling of the plate along with the stiffeners (AISI 2016)

3) The ultimate compressive strength of the stiffened plate is calculated by considering its
postbuckling resistance using the Winter’s effective width equation for unstiffened plates.
It is inappropriate to count on this postbuckling resistance in all cases. For example, a wide
thin plate with a large number of longitudinal stiffeners, where the longitudinal stiffeners
and the tributary widths of the plate tend to behave as unconnected stiffener struts, will

tend to have limited postbuckling resistance.
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4.1.2.3 BS 5400 (BSI 2000)

BS 5400:3 (BSI 2000) uses a strut approach for calculating the ultimate
compressive resistance of longitudinally stiffened plates. As explained in Table 4-1, the
strut model is based on treating a longitudinally stiffened plate as a series of separate
columns comprised of the longitudinal stiffener and an associated effective width of the
plate. The effective width accounts for the postbuckling resistance of the subpanels
between longitudinal stiffeners. BS 5400:3 has charts for calculating the effective width of

the sub-panels.

The strength of the strut is calculated using a Perry-Robertson formula for a simply
supported, imperfect column. BS 5400: 3 (BSI 2000) requires the design engineer to
calculate an equivalent imperfection for the longitudinal stiffener strut which is related to
the slenderness of the strut, residual stresses, and to the load eccentricity that may be

present when evaluating the strength of stiffened flanges in box beams.

BS 5400:3 (BSI12000) checks the following limits states:

» Yielding of stiffener tip in compression and

» Postbuckling or yielding of the plate.

Checking for the first yield of the stiffener is consistent with the observations by previous
researchers (Murray 1973, Horne and Narayanan 1977) that there is little margin of
strength above the load at which yielding first occurs in a stiffener. King (2017b) gives a
possible reason for these observations, that many of the tests in the 1960’s and 70’s used

bulb-flat stiffeners which were very slender, thus being more susceptible to tripping once
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the bulb portion of the stiffener yields. In BS 5400:3 (BSI 2000), instability of the

longitudinal stiffener is prevented by imposing restrictions on its dimensions.

A major limitation of the BS 5400: 3 (BSI 2000) method is that it does not account
for the resistance offered by the transverse bending stiffness of the plate when the plate is
transversely stiffened. It also does not account for the contribution from the torsional

stiffness of the plate.

4.1.2.4 Eurocode (CEN 2006)

Eurocode aims to avoid the limitation of the strut approach of not accounting for
the resistance offered by the plate, by using a column on elastic foundation model for plates
with one or two longitudinal stiffeners. It recommends an orthotropic plate approach for

plates with three or more longitudinal stiffeners subjected to compression.

The Eurocode (CEN 2006) method for calculating the ultimate compressive

strength of longitudinally stiffened plates has the following limitations:

1) Because of the lack of availability of an ultimate compressive strength curve for
stiffened plates, the Eurocode provisions interpolate between a column strength curve (no
postbuckling resistance and a short plateau length) and a non-longitudinally stiffened plate
strength curve (consideration of postbuckling resistance and a longer plateau length). The
calculations associated with this interpolation approach are relatively long and
cumbersome. As a result the design engineer can easily lose track of the parameters
influencing the compressive resistance of the plate; hindering the ability to produce

optimum designs.
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2) The Eurocode method accounts for larger resistance of the half-width of the edge
subpanels closest to the edge supports by considering that they reach the yield stress.
However, as discussed later in this Section 4.2, the maximum resistance of the stiffened
plate typically occurs before the half-width of the subpanel closest to the edge support

reaches the yield stress.

3) For plates with one or two longitudinal stiffeners, the Eurocode calculations do not

account for the contribution from the torsional stiffness of the plate.

4) The Eurocode provisions use different approaches for plates with one or two longitudinal
stiffeners, and for plates with three or more longitudinal stiffeners. From the point of view
of conceptually consistency, it would be preferable to use the same approach for plates
with any number of longitudinal stiffeners. Section 4.2 and Appendix C provide
justification for the use of orthotropic plate approach for any number of longitudinal

stiffeners.

4.1.3 Prior research

There has been a large amount of research activity focussed on understanding the
behaviour and quantifying the resistance of longitudinally stiffened plates subjected to
uniform axial compression. Ziemian (2010) provides a summary of the prior research. The
recommendations from prior research have been adopted in the various codified methods

discussed in Section 4.1.2.

Timoshenko (1921) calculates the buckling stress of plates with one to three equally

spaced longitudinal or transverse stiffeners. He considers hinged plate edges, and uses the
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energy method for the solution. Chwalla (1936a and 1936b) considers a plate with one
longitudinal stiffener in the middle of the plate stressed by pure bending, compression, or
shear, and solves the problem using the energy method. Barbre (1939) develops complete
buckling conditions for stiffened plates subjected to uniform compression. Wittrick (1968)
performs a theoretical study to provide an approach for calculating the buckling stress of
stiffened panels subjected to uniform longitudinal compression. Timoshenko (1921),
Chwalla (1936a and 1936b), Barbre (1939), and Wittrick’s (1968) work focusses on
calculating the buckling stress of stiffened plates. As discussed in Section 4.1.1, the
prediction of the compressive resistance of longitudinally stiffened plates involves two
steps: 1) Calculating the buckling strength, and 2) Calculating the ultimate compressive

strength.

Wolchuk and Mayrbaurl (1980) provide a method to quickly calculate the ultimate
compressive strength of stiffened plates as a function of geometric parameters using an
interaction diagram. This method uses an easy to understand strut model and is based
largely on the theoretical work by Little (1976). The strut is comprised of the longitudinal
stiffener and full tributary width of the associated plate. Wolchuk and Mayrbaurl (1980)
account for the restraint provided by the transverse bending stiffness of the plate by
considering a reduced effective length while calculating the strength of the stiffener strut.
However, they do not account for the contribution from the torsional stiffness of the plate.
They also do not recognize the larger resistance of subpanels adjacent to the plate

longitudinal edges.

Yoo et al. (2001) and Choi et al. (2009) provide an equation for the minimum

moment of inertia of longitudinal stiffeners to ensure the failure mode shown in Figure 4-6,

71



which they refer to as the “anti-symmetric buckling mode”. This equation was derived
using regression analysis of a large quantity of data obtained from finite element analyses.
They also propose a plate strength curve that uses an inverse parabolic curve based on the
CRC (1960) column curve, for the transition region between the yield plateau and elastic
buckling. Their approach has many of the same shortcomings as the AASHTO (2017)
method. Their approach neglects the significant postbuckling resistance of the
longitudinally stiffened subpanels. It also does not recognize the larger resistance of

subpanels adjacent to the plate longitudinal edges.

Herman (2001) tested the validity of the AASHTO design equations using finite
element analyses and experimental tests. She recommends the use of approaches that allow
the consideration of initial imperfections, residual stresses and longitudinal stiffener
displacement, which better represents the observed behavior that longitudinal stiffeners do

not form straight nodal lines. Strut-based models allow the consideration of these effects.

Schafer (1997) proposes a method for calculating the buckling and postbuckling
resistance of longitudinally stiffened plates considering overall buckling of the plate along
with the longitudinal stiffeners (see Figure 4-7) and local buckling of the subpanels (see
Figure 4-6). The overall buckling of the plate along with the longitudinal stiffeners is based
on an orthotropic plate idealization of the longitudinally stiffened plate. The
recommendations by Schafer (1997) have been adopted in AISI (2016). The shortcomings
of the AISI (2016) method for calculating the compressive resistance of longitudinally

stiffened plates were discussed in Section 4.1.2.2.
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Therefore, based on the discussions in Sections 4.1.1, 4.1.2, and 4.1.3, there is a
need for a comprehensive yet designer-friendly (simple and intuitive) method for

characterizing the ultimate compressive resistance of longitudinally stiffened plates.
4.2 Proposed Method

The proposed method is based on the developments by King (2017a). Sections 4.2.1
and 4.2.2 explain the calculation of the buckling and ultimate compressive resistance of
longitudinally stiffened plates. Section 4.2.3 explains the restrictions on the longitudinal
stiffener cross-section dimensions to prevent local buckling and tripping of the stiffeners.
Section 4.2.4 explains the identification of five non-dimensional parameters that influence

the compressive resistance of longitudinally stiffened plates.
4.2.1 Elastic Buckling resistance

The proposed method is based on an orthotropic plate idealization. Thus it considers
all three contributions to the buckling resistance - longitudinal bending stiffness,
transverse bending stiffness, and torsional stiffness. The differential equation of
equilibrium for the orthotropic plate idealization of a longitudinally stiffened plate, simply
supported on all four edges and subjected to uniformly distributed compressive load in its
longitudinal direction, is

o' o' 0's P.0°5

D,C_4+2H 2 3 +D 7 :———2
ox Ox”0y " Oy b,, Ox

(46)

where:

¢ x is the longitudinal direction of the plate;
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y is the lateral direction of the plate;

O is the transverse displacement of the plate;

D, =" 47)

= flexural stiffness for bending about the y axis

Ry 2 48
s = x+m+whpcl (48)

As a conservative simplification one may instead calculate 7 as

3

wt
I =1+ 1;” +wi ¢! (49)

s X

I is taken as the moment of inertia of an individual longitudinal stiffener about an

axis parallel to the face of the longitudinally stiffened plate element and passing
through the centroid of the stiffener strut (the stiffener strut is composed of the
longitudinal stiffener plus the tributary width of the longitudinally stiffened plate
element under consideration).

¢, 1s the distance between the centroid of the longitudinally stiffened plate element

and the centroid of the stiffener strut.

Etsp3
Dy = m = E[p (50)

= flexural stiffness for bending about the x axis;
Equation 50 does not include any contribution from the transverse stiffeners
because it is assumed that the transverse stiffeners (if present) are designed to hold
a node line, i.e., buckling occurs between the transverse stiffeners and the

transverse displacement of the transverse stiffeners is zero.
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¢ 3

J =— % 51
P12(1202) Gl
Et?
e H=—_ __F] =D (52)

=) T
= torsional stiffness;
The torsional rigidity of the longitudinal stiffeners is neglected.
e FE is the modulus of elasticity;

e P is the buckling load of the longitudinally stiffened plate.

Figure 4-8 illustrates the dimensional and area variables employed above and in the

subsequent discussions for a representative longitudinally stiffened plate.

Figure 4-8 Illustration of variables for a longitudinally stiffened plate

The derivation of the differential equation of equilibrium for the orthotropic plate

idealization of a longitudinally stiffened plate simply supported on all four edges and
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subjected to uniformly distributed compressive load in its longitudinal direction can be
found in Brush and Almroth (1975) and Allen and Bulson (1980). The kinematic and
equilibrium relationships for the orthotropic plate are the same as that for an isotropic plate;
only the constitutive relations are different. Knowing this and taking into account the two
assumptions mentioned above, i) Transverse stiffeners (if present) are designed to hold a
node line, ii) Torsional rigidity of the longitudinal stiffeners is neglected; it can be shown
that the only difference between the differential equation of equilibrium for the orthotropic
plate and for an isotropic plate is that the orthotropic plate has a larger flexural stiffness for

bending about the y axis, D_, because of the presence of longitudinal stiffeners. In other
words, for an isotropic plate D =D, =H =EI,, whereas for an orthotropic plate

(assuming transverse stiffeners are designed to hold a node line, and torsional rigidity of

the longitudinal stiffeners is neglected) D, =H =EI, but D, is larger because of the

presence of longitudinal stiffeners.

The buckling mode of the stiffened plate is given by,

§=5_ sinsinZY (53)
¢ b

sp

where / is the buckling length, taken as the smaller of the transverse stiffener spacing, a,

and the characteristic buckling length, /., explained later in this section. This can be

justified as follows.
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The buckling mode may be considered generally to be represented by a complete
Fourier series Eq. 54 for a plate without intermediate transverse stiffeners, and Eq. 55 for

a plate with intermediate transverse stiffeners; where L is the total length of the plate.

0= Z Zé‘mn sin 222 sjn 2 (54)
m n L bsp

0= z z 0,,sin 72 sin n;z_y (55)
m n a

Assuming an infinitely long plate for plates without intermediate transverse stiffeners, the

buckled mode for plates with or without intermediate transverse stiffeners can be written

5=335,,sin ’”Zx sin 22 (56)

However, since we are only concerned with calculating a buckling load corresponding to
an overall buckling mode as shown in Figure 4-7 (the proposed method accounts for local
buckling, and the interaction between local buckling of subpanels and overall buckling of
the plate, by using effective section properties when calculating the ultimate compressive
resistance of the longitudinally stiffened plate), n should be equal to one and therefore we

have

o= Zé‘max sin m;rx sin? (57)

m Sp
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It is known that the buckled shape of a simply supported isotropic plate subjected to
uniform compression in the longitudinal direction is a double sine curve (Allen and Bulson
1980). Because the buckled shape of an orthotropic plate should also be a sine curve in the
longitudinal direction, m should be equal to one. Therefore the buckling mode of the

stiffened plate is as given in Eq. 53.
Next, let us consider the implications of the following two approximations:
1) Assuming an infinitely long plate for plates without intermediate transverses stiffeners.

This will result in slightly conservative strength predictions when L > ¢_ and L is
not an integer multiple of ¢ . For a plate without intermediate transverse stiffeners the
minimum buckling load corresponds to a buckling length equal to ¢, when L >/ (i.e.,
when L >/, for minimum buckling load the total length of the plate should be an integer
multiple of /). If L is not an integer multiple of /_, when L > ¢ _, then the actual buckling

load will higher than the buckling load predicted by the proposed method corresponding to

a buckling length equal to /_. This conservatism reduces for larger values of €£

c

2) Taking ¢ as the smaller of the transverse stiffener spacing, a, and the characteristic

buckling length, 7.

For plates with intermediate transverse stiffeners, this will result in slightly

conservative strength predictions when a > /_ and a is not an integer multiple of /. For

a plate with intermediate transverse stiffeners the minimum buckling load corresponds to
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a buckling length equal to 7/, when a > ¢_(i.e., when a > ¢ _, for minimum buckling load
a should be an integer multiple of /). If a is not an integer multiple of /_, when a > ¢,

, then the actual buckling load will higher than the buckling load predicted by the proposed

method corresponding to a buckling length equal to /. However, this is not considered to

be a drawback because a salient feature of the proposed method is that since designers

know ¢, they should be able to decide an optimum spacing of the transverse stiffeners.

Substituting the displacement solution given in Eq. 53, which satisfies the
differential equation of equilibrium and the specified boundary conditions, one can write

the solution to the governing equation as:

2 4
P (z\ EI,(;;)“ (”)2 s T
N2 == | 2 42ET | Z | | — | +EI | — 58
b_(ﬁ) w \/ ") by, " by, (5%)

b EI (7Y 7Y AVEAS
P, =ﬂ_(?j +2bEI, (b—] +b,EI, (b—] (—j (59)

2 2 4 2
T T T b4
P =(n+1)EI, (?) +2b EI, (b—] +b,EI, [b_J (—j (60)

Thus, we have calculated the elastic buckling load of a longitudinally stiffened plate using

the orthotropic plate idealization. Equation 60 when expressed as stress, is equivalent to

) 2
the distortional buckling stress calculated as &, #Ez)[éj in Appendix 1 of AISI
p— V A
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(2016). This elastic buckling load calculated using an orthotropic plate idealization can
also be expressed in a convenient and intuitive form using the column on elastic foundation

model along with the torsional stiffness of the plate, as explained below.

The buckling load per individual stiffener strut width, w, may be expressed as,

p . 2 1 e 2 1 T 4 / 2
* _=F[|Z| +2 b,EI | —| +b El|—||— 6l
(l’l+1) S(ﬁ) " (l’l+1) ¥ p[bspj " Sp(n+1) p(bspj (ﬂ.j ( )

Rearranging terms,

4 2 2
P 7Y 1 z\ (¢ 1 w
* _=FEl[|=| +b, El |—||—| +2 b _EI | — 62
(n+1) 8(6) ° (n+1) p(bsp] (7[) (l’l+1) » p(bspJ ( )
Simplifying,
> gt EL P2 t )} ’
(n+1) 0) (n+1) b, 27 T (n+1) T 120+v)A-v) Dy
p i . 4 EI 12 . Gt, 3
IPENE N, :
(n+l) / (n+l) b, x 3(n+1)(1_v) b,,
B 2 2 2 Gwi®
I e ) P S (65)
(n+1) | l b,, (1-v)b, 3
This can be written as,
Pes = PesF +PeST (66)

where:
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P
e P = X 67
“ = naD) (67)

= Buckling load of a stiffener strut (kip)

2 2
B = [” Pk, g—z} (68)

02 T

= elastic flexural buckling resistance of an individual stiffener strut (kip)

2 Gwt’
Py=—r— (69)
(1 — V) bsp 3

= plate torsional stiffness contribution to the elastic buckling resistance of an
individual stiffener strut (kip)

EI
e k =r‘w—2 (70)

P 4
sp

= plate transverse stiffness coefficient (kip/inch?)

For an infinitely long plate the characteristic buckling length, 7_, is the length that results

in the minimum value of P_. Therefore,

2 2
d(;z EL . j

€2 p 2
LA £ -0 (71)
dl, dl,
gives
El7z'4 1/4
(=] —= 72
) [ k, j 72
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It is commonly believed that the orthotropic plate idealization provides a good
representation of a longitudinally stiffened plate only for plates with three or more
longitudinal stiffeners. However, it can be shown that the orthotropic plate idealization
presented here works well even for plates with one or two longitudinal stiffeners. It is
shown in Appendix C that, for plates with one or two longitudinal stiffeners the buckling
load calculated by considering a column on elastic foundation model (where the column
represents the stiffener strut and the elastic foundation stiffness represents the transverse
bending stiffness of the plate) along with the consideration of torsional stiffness of the
plate, gives a buckling load approximately equal to that obtained using the orthotropic plate
idealization discussed above. This justifies the use of the orthotropic plate approach by the

proposed method for any number of longitudinal stiffeners.
4.2.2  Ultimate compressive resistance

Knowing the elastic buckling load P_=P , + P ., the ultimate compressive

esT

strength of a longitudinally stiffened plate can be calculated as
Pnsp = ZPI’LS + 2PnR (73)
where:

* Pns :PnsF +015P&5T SP

yes
= nominal compressive resistance of an individual stiffener strut composed of the

stiffener plus the tributary width of the longitudinally stiffened plate (kip);
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P

> » = nominal flexural buckling resistance of an individual stiffener strut

determined by mapping the elastic flexural buckling load P, via the

AISC/AASHTO column curve as shown below:

P
If = <225, then

esF

A ys

I)nsF = O658PLSF [)yes (74)
Otherwise,
P, = 0.877ﬁA€S (75)
A,
yes = Fy.vaes (76)

= effective yield load of an individual stiffener strut (kip);

P P P
P,= (1 —iJ[FW +A—’:JO.45AgR + (Py”; JPWR <P (77)
= compressive resistance provided by the half-width of a subpanel adjacent to a
transversely-restrained longitudinal edge of the longitudinally stiffened plate (kip).
This equation recognizes that the edge stress is larger than the ultimate stress of the
stiffener strut and it also takes into account the observations from the parametric
study discussed in Section 4.3.1, and the observations made by King (2017a) that
the edge stress is typically less than yield stress under the ultimate strength
condition.

This equation specifies a simple linear interpolation between (1) the yield load of

the edge, P).r, based on the plate effective width tributary to the edge, in the limit
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that Py is equal to Pyes, and (2) the compression force given by 0.45 (Fysp +P, / Aes)

acting on Agr, in the limit that P,; becomes small.

Figure 4-9 shows the stress distribution and the corresponding effective width when
Pys 1s equal to Pyes, which corresponds to a local buckling mode. Figure 4-10 shows
the stress distribution and the corresponding effective width when P,s becomes

small, which corresponds to an overall buckling mode.

F

ysp

ysp

—-

wJ/2

Figure 4-9 Stress distribution and the corresponding effective width when P, is
equal to Py

0.45(Fyg + (Puy/Aes))

—p

w/2

Figure 4-10 Stress distribution and the corresponding effective width when P,
becomes small

* PyeR = F Wf—’ tsp (78)

»pon

= effective yield load of the half-width of a subpanel adjacent to a transversely-

restrained longitudinal edge of the longitudinally stiffened plate (kip);
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P,=F_ %4 (79)

yR ysp E sp

= yield load of the half-width of a subpanel adjacent to a transversely-restrained
longitudinal edge of the longitudinally stiffened plate (kip);

P,=F,,A (80)

ysp“igs

= yield load of an individual stiffener strut (kip);

Aes = As + Wetsp (8 1)
= effective area of an individual stiffener strut (in.?);

w
Ay = Etsp (82)

= gross area of the half-width of a subpanel adjacent to a transversely-restrained
longitudinal edge of the longitudinally stiffened plate (in.?);

A, =4 +w, (83)
= gross area of an individual stiffener strut (in.?);

As = gross area of an individual longitudinal stiffener, excluding the tributary width
of the longitudinally stiffened plate element under consideration (in.?);

Fysp = specified minimum specified yield strength of the longitudinally stiffened
plate (ksi);

we = effective width of the plate between the longitudinal stiffeners or between a
longitudinal stiffener and the transversely-restrained longitudinal edge of the

longitudinally stiffened plate, as applicable. This width is calculated as follows:
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» For plates with one longitudinal stiffener, it is calculated using the modified

Winter’s effective width equation discussed in Section 2.2, with F,. taken

as Fysp and with A, taken as 1.09,/E/F,

ysp 2
» For plates with two or more longitudinal stiffeners, it is calculated using the

Winter’s effective width equation as given in AISC (2016), with F, taken

as Fysp and with A, taken as 1.49,/E / F,, . This is a simple, approximate way

of accounting for the larger available buckling and postbuckling resistance

due to the restraint from the adjacent subpanels.

The postbuckling resistance of non-longitudinally stiffened plates is directly
proportional to the middle surface strains present during bending, i.e., stretching of
the middle plane of the plate during bending. This is influenced by the constraints
along the unloaded edges of the plate. Allen and Bulson (1980) provide a good
discussion of the influence of the constraints along the unloaded edges of the plate.
Tensile lateral middle surface stresses stiffen the plate and provide larger resistance
to the transverse displacement of the plate. Figure 4-11 shows the alternative tensile
and compressive lateral middle surface stress distribution when the unloaded edges
are constrained to remain straight.

If the unloaded edges are not constrained to remain straight (free to move
laterally inwards or outwards), then there are no lateral middle surface stresses, as
shown in Figure 4-12. In the proposed method, the postbuckling resistance of the
subpanels between longitudinal stiffeners is calculated by treating them as non-

longitudinally stiffened plates. The adjacent subpanels provide lateral restraint,
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resulting in a larger postbuckling resistance. The proposed method accounts for this
larger postbuckling resistance in a simple, approximate way by using Winter’s
effective width equation instead of the modified Winter’s effective width equation

for plates with two or more longitudinal stiffeners.

Sides
remain

L straight

Figure 4-11 Postbuckled stress distribution when unloaded edges are constrained
to remain straight (Credit: Allen and Bulson 1980)
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Figure 4-12 Postbuckled stress distribution when sides are free to move laterally
inwards or outwards (Credit: Allen and Bulson 1980)

P, 1s multiplied by the calibration factor 0.15 to capture the plate torsional

stiffness contribution to the resistance of the stiffener struts. King (2017a) shows that as
the buckling resistance of a plate approaches yield stress, the torsional stiffness provides

much of the stability to the plate;

Unlike AISI (2016), the proposed method accounts for the interaction between local
buckling of subpanels and overall buckling of the plate involving transverse displacement
of the stiffeners, by using effective section properties (using effective widths of the
subpanels between longitudinal stiffeners, taking into account their postbuckling
resistance) while calculating the flexural buckling resistance of the individual stiffener

struts, P

n

- Also, the calculation of P, considers the possibility of a failure mode

involving the combination of local buckling of the subpanels and overall buckling of the

plate involving transverse displacement of the stiffeners.
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4.2.3 Restrictions on longitudinal stiffener cross-section dimensions

The proposed method is applicable to plates with longitudinal stiffeners that satisfy the

following requirements:

The specified minimum yield strength of the stiffeners shall not be less than the
specified minimum yield strength of the plate to which they are attached. This
ensures that the longitudinal stiffener does yield before the plate, avoiding a
situation where the early yielding of the longitudinal stiffener nullifies the stiffening
of the plate.

The slenderness of the longitudinal stiffener cross-section elements shall be such
that local buckling does not impact the resistance of the longitudinal stiffeners.
Additionally, tee and angle section stiffeners shall satisfy the following requirement
which ensures that torsional buckling of these stiffeners about the edge of the
stiffener attached to the plate is prevented:

}] <> 5.0% (84)

ps

In this equation, J; is the St. Venant torsional constant of the longitudinal stiffener
alone, not including the contribution from the stiffened plate and /s is the polar

moment of inertia of the longitudinal stiffener alone about the attached edge. For

flat plate stiffeners, this corresponds to a plate slenderness limit of 0.45,/E/F, ,

which is the nonslender plate limit specified in AASHTO (2017) Article 6.9.4.2.1.
Equation 84 is derived by imposing the limit

F

cr.tor

>1.923F, (85)
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S (86)

= elastic torsional buckling stress of the stiffener for buckling about the edge
attached to the plate. This is similar to the approach used in Eurocode (CEN 2006),
and is discussed in Johansson et al. (2007).

Bleich (1952) gives an equation for buckling stress for torsional buckling with
enforced axis of rotation (constrained axis torsional buckling). In many practical
cases the warping contribution to the torsional resistance tends to be small because
of the large distance between the locations of torsional restraint at transverse
stiffeners and/or diaphragms. Therefore, conservatively neglecting the warping

contribution to the torsional resistance we obtain the result in Eq. 86.

4.2.4 Identification of five non-dimensional parameters that influence the elastic

buckling resistance of longitudinally stiffened plates

The elastic buckling load is derived in Section 4.2.1 and is given by

EI_ /? 2 Gwt
P :L:P +P :{Elﬂ—+7z4w pg—}+ il My (87)

Replacing ¢ by (%)EC gives

c
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2 k 2 Gt 3
1)es = 1)esF + })esT = Els 2 z 1/2 P 2 £ + 4 -
¢ Y(ELx z 3(n+1)(1-v) b,
l, k, |
(88)
which simplifies to
2 Gt,’
Pes = PesF + PesT = + i - (89)
3(n+1)(1-v) b,,
The corresponding buckling stress is obtained by dividing by 4,
2 Gt,’
i = F;st + F:st = + L i 2 (90)
Ags Ags 3(n+1)(]—v) bsp
oD
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esF

esF =

esF =

4
1
L - w—LEl +\/{£J rtw—LEI
Agv £ sp gc sp
/€C
4
b, EI . EI
A, \/(q (n+1) b 0.) " (n+1) B?
EC

—_—
—_—

bt
7[2£2\/ 1 - sp”sp ]S
bsp 12(1-v )(n+1)

3

[ejz , E 1
+| — | T - 2
0 )7 BRA\12(1-y

wt
Multiplying and dividing by ——*—
12(1-v2)
1 7;_ Et), 12(1—%)1/ wr,, ;
| oY b 12(1-0? t,  w\12(1-?)*
F;vF__ g
v
()7 e [
)R 12) £ w\12(1-y2)
2
oot +(£j L 12(1-v2) 1

A, (
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Since b, = (n+1)w, F,, can be written as

1 ¢ Y 7°E £
FexF= 7T 2 - 2
VJ L) |12A=v)w (n+1) 4,

P 7’E 1 1 1
e

b) Second, focusing on the torsional stiffness component, F, .

1 I 7’ Gl,3i|

sp

o4 3(n+1)(1-v) b,

b1
FesT :L 1 - sp_sp 272.2£2:|
A [ 12(0=v?) (n+1) b,

F - sp
A b 12(1-y) (n+1)

1 [222 EZ b }

1 |22> Et

sp

Fp=— w
T4, by 12(1-07) }
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Since b, = (n+1)w, F, can be written as

esT

°E £ w
F= T, (104)
6(1—v2)w (n+1) Ay

7’E 1 1 1
FesT = 5 2 2 (105)
t, wi,,

Thus, the buckling stress can be written as,

i:F +F:st

esF

7E 11 I 1L (Y
:12(1_1/2)(714-1)2(“;}2 [AgsJ[ WIpJ [6]2+(£0j (106)

7’E 1 1 1

T6(—v) (n+1) (WY [ A
Bl

5 2
P,_ TE 1 2 12 1 I 12+(£] s (107
Ay 12(0=2) (n+1) (4, (AgsJ wil VJ ‘.
t, wi, L,

Based on the above development, the following five non-dimensional parameters can be

identified which influence the elastic buckling resistance of longitudinally stiffened plates:
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A
It can be noted that both — and _} provide a measure of the contribution of the
w.

wtsp »

stiffener strut compared to the contribution from the associated plate width. The subsequent

S

wl »

studies show that the influence of is relatively minor, however. This might be

S

anticipated, since this term appears under the radical.

p

4.3 Evaluation of the performance of the proposed method

The performance of the proposed method is evaluated using data from a parametric
study performed using finite element test simulations, as well as using available
experimental data. It is found that the predictions using the proposed method correlate well
with benchmark results, and are significantly better than the predictions using the methods

in AASHTO (2017), AISI (2016), and Eurocode (CEN 2006).
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4.3.1 Parametric study performed using finite element test simulations

Section 4.3.1.1 explains the parametric study design. Section 4.3.1.2 provides a
discussion of the parametric study results. The finite element modelling of the plates is

explained in Appendix A.

4.3.1.1 Parametric study design

A total of 118 cases are studied, considering various practical combinations of the
non-dimensional parameters affecting the compressive resistance of a longitudinally

stiffened plate, discussed in Section 4.2.4. The parametric study is divided into four groups:

Group 1: Long and narrow plates with one or two flat longitudinal stiffeners, and no
intermediate transverse stiffeners. These types of plates have significant transverse bending

stiffness, and are commonly used in North America.

Group 2: Same as Group 1, except Tee stiffeners are used in place of the flat longitudinal
stiffeners. The objective here is to compare the results with the corresponding Group 1

cases to determine the significance of the stiffener type, i.e., the influence of the parameter

N

w]p

on the compressive resistance.

Group 3: Short and wide plates with three or five flat longitudinal stiffeners, and three
intermediate transverse stiffeners. These plates have relatively small transverse bending

stiffness, and can be idealized as a series of disconnected stiffener struts.
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Group 4: Same as Group 3, except Tee stiffeners are used in place of the flat longitudinal
stiffeners. The objective here is to compare with the corresponding Group 3 cases to

determine the significance of the stiffener type.

A summary of various cases in Groups 1 and 2 is provided in Table 4-2 in terms of
the non-dimensional parameters that influence the strength. Similarly, a summary of
various cases in Groups 3 and 4 is provided in Table 4-3 in terms of these parameters. The

buckling length and the total length of the plate for Group 1 and 2 cases are taken as /,
and 57, respectively. The total length of the plate for Group 3 and 4 cases is taken as four

times the transverse stiffener spacing. For Group 3 and 4 cases the transverse stiffener
spacing is less than /_. The cross-section dimensions and lengths of the various Group 1
through Group 4 cases are provided in Appendix D. For the non-dimensional parameters
in Table 4-2 and Table 4-3, the longitudinal stiffeners are sized to just satisfy the minimum
requirements discussed in Section 4.2.3, to prevent local buckling of the stiffener

component plates and tripping of the stiffener.
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Table 4-2 Summary of Group 1 and Group 2 cases in terms of the non-dimensional
parameters; buckling length and the total length of the plate are ¢, and 5/,

respectively

Case # n w ﬁ Case # n w A,
Ly Wi, Ly, WL,
1 1 20 1.05 16 2 40 1.15
2 1 20 1.10 17 2 40 1.20
3 1 20 1.20 18 2 40 1.30
4 1 20 1.40 19 2 40 1.40
5 2 20 1.07 20 2 40 1.60
6 2 20 1.10 21 1 60 1.20
7 2 20 1.16 22 1 60 1.30
8 2 20 1.25 23 1 60 1.40
9 2 20 1.40 24 1 60 1.50
10 2 20 1.60 25 1 60 1.60
11 1 40 1.15 26 2 60 1.20
12 1 40 1.20 27 2 60 1.32
13 1 40 1.30 28 2 60 1.48
14 1 40 1.40 29 2 60 1.60

15 1 40 1.60
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Table 4-3 Summary of Group 3 and Group 4 cases in terms of the non-dimensional
parameters; total length of the plate is four times the transverse stiffener spacing

Case | n w s Buckling length, ¢
4 - | =
tsp Wtsp
1 20 1.10 P
{=a</(_suchthat —-~0.93F
yes
2 20 1.20 P
{=a</(_suchthat —-~0.93F
yes
3 20 1.30 P
{=a</(_suchthat —-~0.93F
yes
4 20 1.40 P
¢ =a</(_ suchthat - ~0.93F
yes
5 20 1.50 P
¢ =a</(_ suchthat -~0.93F
yes
6 20 1.10 P
¢=a</, suchthat == 0.75Fysp
yes
7 20 1.20 P
{=a</, such that ==~ 0.75Fysp
yes
8 20 1.30 P
{=a</(_suchthat = ~0.75F
ves
9 20 1.40 P
{=a</(_suchthat = ~0.75F
ves
10 20 1.50 P
{=a</(_suchthat = ~0.75F
yes
11 20 1.10 P
{=a</, suchthat =~ O.SSFW
yes
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12 20 1.20 P
¢=a</(, such that == ~0.55F
¢ P ysp
yes
13 20 1.30 P
¢=a</(, such that = ~0.55F
¢ P ysp
yes
14 20 1.40 P
¢ =a</, suchthat - ~0.55F
yes
15 20 1.50 P
¢ =a</_ suchthat - ~0.55F,
yes
16 60 1.20 P
¢ =a</_ suchthat - ~0.93F
yes
17 60 1.30 P
{=a</(_suchthat —-~0.93F
yes
18 60 1.40 P
{=a</(_suchthat =-~0.93F
yes
19 60 1.50 P
{=a</(_suchthat —-~0.93F
yes
20 60 1.60 P
{=a</(_suchthat =-~0.93F
yes
21 60 1.20 P
{=a</, suchthat =~ 0.75Fysp
yes
22 60 1.30 P
{=a</, suchthat =~ 0.75Fysp
yes
23 60 1.40 P
{=a</(_ suchthat "~ ~0.75F
yes
24 60 1.50 P
¢=a</(, such that == ~0.75F

ysp
ves
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25 3 60 1.60
¢=a</, such that b ~0.75F

ysp

yes

26 3 60 1.20
¢=a</, such that L ~0.55F

ysp
yes

27 3 60 1.30

P
¢{=a</, such that —~0.55F

sp
yes

28 3 60 1.40 P
¢{=a</, such that —~0.55F

sp
yes

29 3 60 1.50 P
¢{=a</, such that —~0.55F

sp
yes

30 3 60 1.60

P
¢{=a</, such that = ~0.55F

ysp

yes

4.3.1.2 Results and Discussion

Figure 4-13, Figure 4-14, Figure 4-15 and Figure 4-16 show the results for Groups
1,2, 3 and 4 respectively. It can be observed that the predictions using the proposed method
correlate well with the strengths from the test simulations, and are significantly better than
the predictions using the methods in AASHTO (2017), AISI (2016), and Eurocode (CEN
2006). The mean, median and coefficient of variation of the ratio of the resistance from test
simulation to the strength predicted using the proposed method are equal to 1.06, 1.03 and

0.1 respectively.
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Figure 4-13 Comparison of the strength from test simulation with the strength
predicted using the proposed method, the method in AASHTO (2017) Article
6.11.8.2, the method in Eurocode, and the method in AISI (2016), for Group 1 cases
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Figure 4-14 Comparison of the strength from test simulation with the strength
predicted using the proposed method, the method in AASHTO (2017) Article
6.11.8.2, the method in Eurocode, and the method in AISI (2016), for Group 2 cases
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Figure 4-15 Comparison of the strength from test simulation with the strength
predicted using the proposed method, the method in AASHTO (2017) Article
6.11.8.2, the method in Eurocode, and the method in AISI (2016), for Group 3 cases
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Figure 4-16 Comparison of the strength from test simulation with the strength
predicted using the proposed method, the method in AASHTO (2017) Article
6.11.8.2, the method in Eurocode, and the method in AISI (2016), for Group 4 cases
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Comparing the results of Group 1 and Group 2 cases (and also Group 3 and Group
4 cases) using the proposed method, it can be concluded that the compressive resistance of

the plate is only mildly dependent on the stiffener type. Table 4-4 and Table 4-5 show a

N

wlp

comparison of values for Groups 1 and 2, and Groups 3 and 4 respectively. It can be

observed from Table 4-4 and Table 4-5, and Figure 4-13 through Figure 4-16 that the

S

parameter has a very minor influence on the compressive resistance of longitudinally

P
stiffened plates. Another reason for the minor difference between the results for Group 1
and Group 2 (and also Group 3 and Group 4 cases) using the proposed method, is that the
proposed method uses the same AISC/AASHTO column curve for both Tee-section struts

(Flat stiffeners) as well as I-section struts (Tee stiffeners).

N

Table 4-4 Comparison of for Group 1 and 2 cases

w. p
Group 1 Group 2

Case number I, I,
wil, wl,

1 4.0 33
2 11.4 8.7
3 36.9 27.0
4 122.0 86.4
5 6.5 5.1
6 11.4 8.7
7 25.2 18.6
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8 543 39.3
9 122.0 86.4
10 242.7 168.7
11 41.3 30.0
12 68.8 49.5
13 141.0 99.8
14 233.4 163.4
15 469.3 323.0
16 41.3 30.0
17 68.8 49.5
18 141.0 99.8
19 233.4 163.4
20 469.3 323.0
21 100.1 71.3
22 206.7 145.4
23 343.4 239.2
24 506.6 349.8
25 693.6 475.3
26 100.1 71.3
27 231.8 162.7
28 472.0 326.5
29 693.6 475.3
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Table 4-5 Comparison of

N

for Group 3 and 4 cases

wl,
Group 3 Group 4
Case number I, I
wl, wi,
1 11.4 8.7
2 36.9 27.0
3 74.4 534
4 122.0 86.4
5 178.4 125.1
6 11.4 8.7
7 36.9 27.0
8 74.4 534
9 122.0 86.4
10 178.4 125.1
11 11.4 8.7
12 36.9 27.0
13 74.4 534
14 122.0 86.4
15 178.4 125.1
16 100.1 71.3
17 206.7 145.4
18 343.4 239.2
19 506.6 349.8
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20 693.6 475.3
21 100.1 71.3
22 206.7 145.4
23 343.4 239.2
24 506.6 349.8
25 693.6 475.3
26 100.1 71.3
27 206.7 145.4
28 343.4 239.2
29 506.6 349.8
30 693.6 475.3

. . w
It can be observed that the predictions become conservative for larger —. In
sp

Groups 1 and 2 (Figure 4-13 and Figure 4-14), cases 1 to 10 have AL 20, cases 11 to 20

t,

have — =40 , and cases 21 to 29 have 2~ 60. The reason for this under-prediction of

tsp tsp
the plate resistance is that the larger available buckling and postbuckling resistance of the
subpanels due to the additional restraint from the adjacent subpanels, is accounted for in
an approximate manner by using the Winter’s effective width equation instead of the
modified Winter’s effective width equation for plates with two or more longitudinal

stiffeners. However, the aim of simplicity and ease of design justifies the use of this
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approximate manner of accounting for the larger available buckling and postbuckling

resistance of the subpanels.

Figure 4-2 shows a representative failure mode involving interaction between local
and overall buckling in a longitudinally stiffened plate. The proposed method accounts for
this interaction by using effective section properties (using effective widths of the
subpanels between longitudinal stiffeners, taking into account their postbuckling
resistance) while calculating the flexural buckling resistance of individual stiffener struts,

P, .. The proposed method also considers the interaction between local and overall

buckling of the longitudinally stiffened plate while calculating the compressive resistance
provided by the half-width of the subpanels adjacent to the transversely-restrained

longitudinal edge of the longitudinally stiffened plate, P, . A good correlation between the

strength from test simulations and the strength predicted by the proposed method provides
evidence that the approach used for accounting for the interaction between local buckling

and overall buckling, works well.

The over-prediction of resistance using the AISI method can be attributed to:

e The lack of accounting for the interaction between local buckling of the plate panels
between the stiffeners and overall buckling involving the transverse displacement
of the stiffeners, in these provisions. This is because the buckling coefficient is
calculated as the minimum of the coefficients for buckling of the plate between
longitudinal stiffeners (as shown in Figure 4-7) and overall buckling of the plate

along with the longitudinal stiffeners (as shown in Figure 4-6).
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e The use of Winter’s curve and counting on the postbuckling resistance for cases

involving an interaction between local and global buckling.

The AISI method works better for cases where the failure modes are similar to those shown
in Figure 4-6 and Figure 4-7, and for cases where there is little local-global buckling
interaction and the plate resistance is close to the yield strength, i.e., Group 1 and 2 case
numbers 1, 2, 3, 4, 21, 22, 23, 24, 25 and Group 3 and 4 case numbers 1, 2, 3,4, 5, 16, 17,

18, 19, 20.

The longitudinal stiffeners in wide plates with more than two longitudinal stiffeners
tend to behave as unconnected struts. The key property influencing the compressive
resistance of these types of plates is the moment of inertia of their longitudinal stiffeners.
However, as discussed earlier in Section 4.1.2.1, for these types of plates, the plate buckling
coefficient in AASHTO, and hence the stiffened plate resistance, is expressed
independently from this key property. This is the reason why the predictions using the

AASHTO method do not show a good correlation with the results of the parametric study

for Group 3 and Group 4 cases. Furthermore, in certain cases with 2 —40and 2 =60

tsp tsp
where the failure mode is similar to shown in Figure 4-6, e.g., Group 3 case 30, the
solutions are conservative because the AASHTO method neglects the significant

postbuckling resistance of the longitudinally stiffened plate subpanels.

In general, it can be observed that there is less scatter in the data for the predictions
using the Eurocode method. As mentioned earlier, the Group 3 and 4 cases have short and

wide plates with 3 or 5 longitudinal stiffeners, and 3 intermediate transverse stiffeners.
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These plates have negligible transverse bending stiffness, and can be idealized as a series
of disconnected stiffener struts. For these cases Eurocode predicts column-type behaviour
(hardly any plate-type behaviour), and hence there is good correlation between the
simulation strengths and predictions using Eurocode. However, for Group 1 and Group 2

cases Eurocode over-predicts the resistance because:

e It uses Winter’s curve for calculating p (reduction factor corresponding to plate-
type behaviour) and thus counts on the postbuckling resistance for cases involving
the interaction between local and global buckling.

e It accounts for larger resistance of the half-width of the edge subpanels closest to
the edge supports by considering that they reach the yield stress. However, the
maximum resistance of the stiffened plate typically occurs before the half-width of

the subpanel closest to the edge support reaches the yield stress.

4.3.2 Comparison with experimental tests from the literature

In addition to the parametric study, 28 experimental tests from Choi et al. (2009),
Ghavami (1994), and Tanaka and Endo (1988) are used to evaluate the performance of the
proposed method for characterizing the ultimate compressive resistance of longitudinally

stiffened plates.
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Table 4-6 shows a comparison of plate compressive resistance from experimental tests with

the resistance predicted using the proposed method.

For the tests by Choi et al. (2009), the predictions using the proposed method
correlate well with experimental test results for cases with 2 or more longitudinal stiffeners
(Specimens R3, T1, T2), because for these cases the proposed method recognizes the larger
restraint from the adjacent subpanels while calculating the postbuckling resistance of a
subpanel between longitudinal stiffeners or between a longitudinal stiffener and an edge.
This is done via the use of Winter’s effective width equation instead of the modified

Winter’s effective equation, as explained in Section 4.2.

Except for Specimens D10, D11 and D12, the yield strength of the longitudinal
stiffener and the plate are different for the specimens tested by Tanaka and Endo (1988)
and Ghavami (1994). For the calculations using the proposed method, a single yield stress
value was used which was calculated as the weighted average of the yield strength of the
plate and the longitudinal stiffener. This ensures that the squash load is the same as that of
the tested specimen. The use of this single yield stress value is a possible reason for the
predictions using the proposed method not showing a good correlation with the results of

some of the tests by Tanaka and Endo (1988) and Ghavami (1994).

For specimen D11, the slenderness of the longitudinal stiffener plate (flat
longitudinal stiffener) is 2.1 times the limiting slenderness, 0.45 E/Fy , required to

prevent local buckling/tripping of the flat longitudinal stiffener. This explains the lower
observed strength from experimental test for this specimen. For case DOA the yield strength

of the longitudinal stiffener is significantly lower than the yield strength of the plate. For
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such cases the early yielding of the longitudinal stiffeners nullifies the stiffening of the
plate. For cases D1 and D2, the yield strength of the longitudinal stiffener is slightly lower
than the yield strength of the plate. The mean, median and coefficient of variation of the

ratio of P, /P, for all tests with equal yield strength plate and longitudinal stiffeners, are

test

1.24, 1.22 and 0.17 respectively.
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Table 4-6 Comparison of plate compressive resistance from experimental tests with
the resistance predicted using the proposed methods

Source Specimen P, /P
Choi et al. (2009) R1 1.28
Choi et al. (2009) R2 1.15
Choi et al. (2009) R3 1.09
Choi et al. (2009) T1 1.03
Choi et al. (2009) T2 1.02
Choi et al. (2009) T3 1.18
Choi et al. (2009) T4 1.67
Choi et al. (2009) TS 1.51
Choi et al. (2009) T6 1.38
Ghavami (1994) PIRIT* 1.28
Ghavami (1994) PILIT* 1.17
Ghavami (1994) PITIT* 1.21
Ghavami (1994) P2RI1T* 0.98
Ghavami (1994) P2L1T* 0.82
Ghavami (1994) P2TI1T* 0.89
Ghavami (1994) P2R2T* 0.89
Ghavami (1994) P2L2T* 0.94
Ghavami (1994) P2T2T* 0.98
Tanaka and Endo (1988) DO* 1.14
Tanaka and Endo (1988) DOA* 1.06
Tanaka and Endo (1988) DI1* 1.24
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Tanaka and Endo (1988) D2* 1.19
Tanaka and Endo (1988) D3* 1.33
Tanaka and Endo (1988) D4* 1.26
Tanaka and Endo (1988) D4A* 1.13
Tanaka and Endo (1988) D10 1.26
Tanaka and Endo (1988) D11 0.97
Tanaka and Endo (1988) D12 1.41

* For these specimens the yield strength of the longitudinal stiffener and the plate are

different

4.4 Salient features of the proposed method

The salient features of the proposed method are as follows:

1) It is derived using an orthotropic plate idealization and thus considers all three
contributions to the buckling resistance-longitudinal bending stiffness, transverse bending

stiffness, and torsional stiffness.

2) The buckling resistance obtained using the orthotropic plate idealization is expressed as
an intuitive and easy-to-use column on elastic foundation model. The elastic torsional
contribution from the plate is included directly in the ultimate strength calculation, with a
calibrated reduction factor of 0.15. As pointed out by King (2017), the plate torsional
stiffness provides much of the stability to plates with a buckling resistance close to the

yield stress.
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3) The explicit combination of the three contributions to the stiffened plate compressive
resistance facilitates design optimization since the relative importance of each effect is

clear.

4) The method is applicable to longitudinally stiffened plates with or without intermediate

transverse stiffeners.

5) The characteristic buckling length is familiar to the engineer. This allows the engineer
to make a good decision about whether transverse stiffening is needed, and at what spacing

to place transverse stiffeners if they are used.

6) The method recognizes that the edge stress is larger than the ultimate stress of the
stiffener strut, but it also takes into account the observation that the edge stress is typically

less than the yield stress at the ultimate strength condition.

7) The method recognizes the postbuckling resistance of the plate panels between the
longitudinal stiffeners, and/or between the longitudinal stiffeners and the transversely-

restrained longitudinal edge of the stiffened plate.

8) The proposed method accounts for the interaction between local buckling of subpanels

and overall buckling of the plate involving transverse displacement of the stiffeners.

9) Unlike Eurocode (CEN 2006), the method does not resort to an interpolation between
column-type and plate-type behavior to determine the extent of the plate-like or column-

like behavior.
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10) The method does not recognize extensive postbuckling resistance of longitudinally
stiffened plates with relatively weak longitudinal stiffener struts, which would fail at low
values of the compression stress. These types of configurations are a quite inefficient use
of the additional longitudinal stiffener material plus the fabrication cost in the context of

welded box-section member construction. Therefore, this is not viewed as a limitation.

11) The plate elastic buckling stress predicted by the proposed method can be related to
the non-dimensional parameters derived in Section 4.2.4. This facilitates the parametric
study of longitudinally stiffened plate responses. It has also been shown that the
compressive strength of longitudinally stiffened plates is largely independent of the type

of longitudinal stiffener.
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CHAPTERSS. AXTAL COMPRESSIVE RESISTANCE OF

RECTANGULAR WELDED BOX-SECTION MEMBERS

A good prediction of the ultimate compressive resistance of non-longitudinally
stiffened and longitudinally stiffened plates is crucial for obtaining a good quantification
of the axial compressive resistance of welded box-section members. A detailed explanation
of an improved characterization of the ultimate compressive resistance of these box-section

component plates was provided in CHAPTER 2 and CHAPTER 4.

AASHTO (2017) does not have any guidance for calculating the axial compressive
resistance of longitudinally stiffened box-section members. Thus, there is a need to develop
a method for calculation of axial compressive resistance of longitudinally stiffened welded
steel box-section members that is conceptually consistent with the method for non-
longitudinally stiffened box-section members and incorporates an improved prediction of

the ultimate compressive resistance of longitudinally stiffened plates.

At the present time (2018), there is no experimental or finite element simulation
data in the literature quantifying the interaction between flexural and local buckling on the
axial compressive resistance of longitudinally stiffened welded steel box-section members.
As a part of this research effort, a parametric study has been performed using FE
simulations to evaluate the performance of the proposed method. This has generated useful
data quantifying the interaction between global buckling and local buckling in

longitudinally stiffened welded steel box columns.
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Particularly when studying the characteristics of longitudinally stiffened box-
section members, experimental tests are quite expensive, if not prohibitive due to the size
of the members. Therefore, studying the behavior and understanding the influence of
different parameters on the behavior is not possible using physical experimental tests alone.
Finite element test simulations provide an economical and effective way to advance the

state of knowledge in these cases.

This chapter explains the development of the proposed method for an improved
quantification of the axial compressive resistance of welded box-section members, and the
evaluation of the performance of the proposed method via a parametric study performed

using finite element test simulations.

5.1 Proposed method

A commonly used approach for calculating the compressive resistance of columns
is the unified effective area approach (Pekoz 1986). As per this approach the axial

compressive resistance, P,

n?o

is given as follows:

P, =F, A4, (108)
where:

e [ is the flexural buckling stress based on gross cross-section properties.

e The yield load used in the calculation of F, , is the gross cross-section yield load.

r o

e /4

i 18 the effective area calculated at a stress level equal to £, .
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Ideally, F, should be calculated based on member effective cross-section properties.
However, this makes the calculations iterative as F is based on the effective cross-
section, and the effective cross-section is dependent on F, . Pekoz (1986) provides the

following justification for calculating F, using gross-section properties- “On the basis of

tests and analytical studies, DeWolf, Pekoz and Winter (1973, 1974), and Kalyanaraman,
Pekoz and Winter (1972, 1977) conclude that the overall buckling load can be calculated
using the effective radius of gyration and the effective area, both calculated at the overall
buckling stress. This results in an iterative procedure because the buckling stress depends
on the effective section properties which in turn depend on the buckling stress. The
reduction in the value of the radius of gyration resulting from local buckling is rather
small. For small slenderness ratios where the column buckling stresses are high compared
to the yield stress, the buckling stress is quite insensitive to the changes in the radius of
gyration. However, the effective area is influenced directly and significantly by local
buckling. For small stresses, namely large slenderness ratios, the local buckling is not
significant. Therefore, for both cases the behavior is well represented by ignoring the
reduction in the effective radius of gyration, but taking into account the reduction in the

effective area in finding the ultimate load of the column. ”

The Eurocode (CEN 2005) uses a somewhat different approach for calculating the

compressive resistance of columns. Per the Eurocode, the axial compressive resistance, P,

, s given as follows:

P =xF A, (109)
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where:

5.1.1

The effective cross-section yield load (equal to the gross cross-section yield load

for classes 1 to 3) is used in the calculation of the column strength factor y . The

Eurocode classification of cross-sections is explained in Section 3.1.1.2.

Ay

is the effective area calculated at a stress level equal to F .

Proposed method for calculating the compressive resistance of box-section

columns with non-longitudinally stiffened component plates

The proposed method for non-longitudinally stiffened box columns is based on the unified

effective area approach. The axial compressive resistance, P, , is given as follows:

P=F A4

n

creff

where:

(110)

F_ is the flexural buckling stress based on gross cross-section properties,

cr

calculated as follows:

If L <2.25 ,then
P

e

})US
Fo = [0.658”“ }Fy

Otherwise,
Fo= 0.877P,
A

g
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P =Y Fbt+) FA (113)

nlsp c

= yield load

A (114)

= member elastic buckling load;

L is the unbraced length of the column corresponding to the axis of buckling;
K is the effective length factor;

r. 1s the radius of gyration of the gross cross-section about the axis normal to the

plane of buckling;

A, 1s the gross cross-sectional area of the member;

Ay =D b+ 4 (115)
nlsp c
b. = effective width of the non-longitudinally stiffened element under

consideration, determined using the modified Winter’s effective width equation
explained in Section 2.2 (for nonslender non-longitudinally stiffened plate
elements, b. = b) and calculated at a stress level equal to F,_;

t = thickness of the element under consideration,;

A.= gross cross-sectional area of the corner pieces of a box-section;

nlsp = Number of non-longitudinally stiffened plates;

c =4 is the number of corner pieces in a box-section.
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5.1.2 Proposed method for calculating the compressive resistance of box-section

columns with longitudinally stiffened component plates

The proposed method for calculating the compressive of longitudinally stiffened
box columns is arrived at by modifying the method for calculating the strength of non-

longitudinally stiffened box columns based on the following considerations:

1) If 4, is calculated at a stress level equal to £, , then

s
Ay=> o (116)
Isp cr
giving

PR
P =F,A,=F, ~2—=%P_ (117)

crleff cr -
F;r Isp

where:

» P, is the nominal compressive resistance of the longitudinally stiffened plate

element under consideration, calculated using the proposed method explained in
Section 4.2.

» Isp is the number of longitudinally stiffened plates.

Therefore, the strength of the column becomes independent of the flexural buckling stress
of the column. This happens because the compressive resistance of the longitudinally

stiffened component plates, P, calculated using the proposed method in Section 4.2, is

sp 2
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independent on the flexural buckling stress of the column, F . This can be understood

better by considering two square box-section columns with the following characteristics:

» All the longitudinally stiffened component plates have one longitudinal stiffener
located at their mid-width, and have the same cross-section;
» There are no intermediate transverse stiffeners or diaphragms;

> The lengths of the two columns are ¢, and 2/ ; where ¢, is the characteristic

buckling length of the longitudinally stiffened component plates.

The proposed method in Section 4.2 predicts the same F,, for the component plates in

both these columns, without taking into consideration the flexural buckling stress of the
column, £ . One does not encounter this in the case of non-longitudinally stiffened box-
columns because the calculation of the plate effective width using the modified Winter’s

effective width equation is dependent on the flexural buckling stress of the column, F, .

Therefore, in the proposed method for box-section columns with longitudinally

stiffened plates the effective area, A4, , is conservatively calculated at a stress level equal

to F e,
B
Ay = ZF : (118)
Isp = ysp

This parallels the calculation of the effective area in the Eurocode provisions.
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2) The results from parametric studies show that the predictions obtained using

PHS
P=F Ay =F,Y " (119)

Isp = ysp

significantly under-predict the column resistance, if the flexural buckling stress, F, , is

calculated using the gross cross-section yield load. This over-conservatism is addressed by

using an effective yield load in the calculation of F , i.e.,

If £ <2.25 ,then

e

I)US
Fe {0.658’1 }Fy (120)
Otherwise,
F = 0.877P, (121)
Ag
where:
d B)s = EVAeff (122)
Pﬂ&'
o 4,= ZF_” (123)
Isp % ysp

This approach for calculating the compressive resistance of box-section columns with
longitudinally stiffened component plates is similar to the Eurocode (CEN 2005) approach

as it:
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e Performs the effective area calculations at a stress level equal to F,, and

e Uses an effective yield load in the calculation of the flexural buckling stress.

3) Local buckling-global buckling interaction: Using the above two modifications, it is
observed that the predictions using the proposed method correlate well with the results

from column flexural buckling parametric studies except for cases with large KL/r , and
large w/ t,, for the longitudinally stiffened plate parallel to the axis of buckling. In these

cases there is significant interaction between overall flexural buckling of the column and
local buckling of the longitudinally stiffened plate parallel to the axis of buckling and
subjected to uniform flexural compression corresponding to flexural buckling of the

column, as shown in Figure 5-1.

Figure 5-1 Global buckling-local buckling interaction for cases with large KL/r. ,
and large w/ t,, for the longitudinally stiffened plate parallel to the axis of buckling
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This happens because slender columns exhibit significant second-order bending as they
approach their maximum compressive resistance, which results in additional compressive

stress on one of the plates. This results in a significant reduction in the column strength.

This problem can be addressed by using a reduced flexural buckling stress in the prediction

calculations by:

1) Using a reduced elastic buckling load, based on a reduced effective cross-section, in the

calculation of P,

2) Using a column strength curve that is a function of:

> KL/r,,and
» The maximum w/ t,, of the plate parallel to the axis of buckling and subjected to

uniform flexural compression corresponding to flexural buckling of the column, or

3) Multiplying by a global buckling-local buckling interaction reduction factor dependent
on:

> KL/r, ,and

» The maximum w/ 1, of the plate parallel to the axis of buckling and subjected to

uniform flexural compression corresponding to flexural buckling of the column.

With the aim of simplicity, ease of design, and consistency with the method for non-
longitudinally stiffened box columns in mind, the third approach of using a global-local

interaction reduction factor is adopted in this research.
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5.1.3 Proposed method for calculating the compressive resistance of box-section
columns with non-longitudinally stiffened and longitudinally stiffened component

plates

The recommended calculation of the compressive resistance of steel box-section
columns with non-longitudinally stiffened and longitudinally stiffened component plates

1s as follows:

F)n = ZFcrAeff (124)
where:
o y= 1-— nr, (125)

= Global buckling-local buckling interaction factor
x =1 if the flange plate is non-longitudinally stiffened. A flange plate is defined

as the plate parallel to the axis of buckling and subjected to uniform flexural

compression corresponding to flexural buckling of the column.

[KL_SOJ

I,

S AN — 126
T (140-50) (126)

such that 0<7 <0.5. In AASHTO (2017), the maximum permissible slenderness

of secondary compression members is — =140. Therefore, 7 has a minimum
r

s

value of 0.5 for column designs permitted by AASHTO.

7 —M (127)
P90-4,
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such that 0<7, <1

A_.. 1s the maximum w/ t,, for the flange plate. As a practical upper limit, 4_

max

shall not exceed 90.

For a flange plate with one longitudinal stiffener,

2 =109 | £
£,

For a flange plate with two or more longitudinal stiffeners,

2 =149 | £
£

P
If =<2.25 , then
P

By
ko= [0.658@ }Fy
Otherwise,

» _087TR,

%)

P, =F, (ZbHZAc +Z(Aeff)s,,j

nlsp c Isp

= effective yield load;

Ay =D bt+> 4 +Z(Aeﬁ.)

K
nlsp c Isp P

(4. )SP = Fn -

ysp
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A (135)

= member elastic buckling load;

o b, = effective width of the non-longitudinally stiffened element under
consideration, determined using the modified Winter’s effective width equation
explained in Section 2.2 (for nonslender non-longitudinally stiffened plate

elements, b. = b) and calculated at a stress level equal to yF,. .

The above method for calculating the axial compressive resistance of longitudinally

stiffened box-section members is applicable for steels with yield strength up to 70 ksi.

5.2 Evaluation of the performance of the proposed method

The performance of the proposed method is evaluated below using the results of a
parametric study performed using FE test simulations. Table 5-1 summarizes the
parametric study design. The cross-section dimensions and lengths of the various cases
listed in Table 5-1 are provided in Appendix E. Three non-dimensional parameters are
investigated pertaining to each of the flange and web plates. All the box-section columns

studied are doubly symmetric. Also, the overall slenderness L/r, is varied for these

longitudinally stiffened box-section members (all the cases studied have simply supported
end conditions. Therefore, K =1). A range of column slenderness values are considered

to study the interaction between local buckling and global buckling (flexural buckling).
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The dimensions of the 42 box-section members are obtained by setting the

thickness of the flanges and webs as one inch. Flat plate longitudinal stiffeners are used,

and it is ensured that the slenderness of the stiffener plate does not exceed 0.45,/E/F, , ,

to prevent local buckling/tripping of the longitudinal stiffener.

Table 5-1 Summary of parametric study variables for evaluating the performance
of the proposed method for calculating the axial compressive resistance of
longitudinally stiffened box-section members

Case Web plates Flange plates Column

Numbers L/,
w / t, n A, / wi,, w/ , n A, / wt,,

1,2,3 20 1 1.1 20 2 1.1 50, 80, 110

4,5,6 20 1 1.1 20 2 1.4 50, 80, 110

7,8,9 20 1 1.1 60 1 1.1 50, 80, 110
10, 11, 12 20 1 1.1 60 1 1.4 50, 80, 110
13,14, 15 20 1 1.1 60 2 1.1 50, 80, 110
16,17, 18 20 1 1.1 60 2 1.4 50, 80, 110
19, 20, 21 20 2 1.1 60 1 1.1 50, 80, 110
22,23,24 20 2 1.1 60 1 1.4 50, 80, 110
25, 26,27 20 2 1.1 60 2 1.1 50, 80, 110
28, 29, 30 20 2 1.1 60 2 1.4 50, 80, 110
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31, 32,33 60 1 1.1 60 2 1.1 50, 80, 110

34, 35, 36 60 1 1.1 60 2 1.4 50, 80, 110
37,38, 39 60 1 1.4 60 2 1.1 50, 80, 110
40, 41,42 60 1 1.4 60 2 1.4 50, 80, 110

The finite element modelling of these longitudinally stiffened box-section members
is explained in Appendix A. Figure 5-2 shows a comparison of the member test simulation
strength to the strengths predicted using the proposed method as well as using the
corresponding procedures from AISI (2016) and Eurocode (CEN 2005).
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Figure 5-2 Comparison of the member strength from test simulation with the
strength predicted using the proposed method and using the corresponding
procedures from AISI (2016) and Eurocode (CEN 2005)

The unconservatism of the predictions using AISI (2016) and Eurocode (CEN

2006) methods can be attributed to their optimistic prediction of the ultimate compressive
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resistance of longitudinally stiffened plates. This has been clearly demonstrated and
discussed in Section 4.3. The drawbacks of the AISI (2016) and Eurocode (CEN 2006)
methods for calculating the ultimate compressive resistance of longitudinally stiffened

plates have been discussed in Section 4.1.

It has been found that the plate compressive resistance predictions using the
proposed method explained in Section 4.2, become conservative with increase in w/ t, -
The reason for this under-prediction of the plate resistance is that the larger available
buckling and postbuckling resistance of the subpanels between longitudinal stiffeners or
between a longitudinal stiffener and an edge, due to the additional restraint from the
adjacent subpanels, is accounted for in an approximate manner by using the Winter’s
effective width equation instead of the modified Winter’s effective width equation for

plates with two or more longitudinal stiffeners. This is why, in Figure 5-2, the predictions

using the proposed method are conservative for cases with w/ t,, = 60 . Another reason for
conservatism of all the results is that the effective area of the longitudinally stiffened plates

is conservatively calculated as 4,, = zﬂ , as explained in Section 5.1.2.

Isp ysp

Figure 5-3 shows a comparison of the member test simulation strengths to the

strengths predicted using the proposed method, and using the proposed method with y =1
. This highlights the significant interaction between overall flexural buckling of the column

and local buckling of the longitudinally stiffened flange plate for cases with large A__and
L/r., and the performance of the global buckling-local buckling interaction reduction

factor in capturing this effect. It can be observed that for cases 1 to 6 in which have
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... =20 (theoretically no local buckling of the subpanels between the longitudinal

stiffeners or between a longitudinal stiffener and a corner), the predictions using the
proposed method without the global buckling-local buckling interaction reduction factor,

correlate well with the test simulation strengths.
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Figure 5-3 Comparison of the member strength from test simulation with the
strength predicted using the proposed method, and using the proposed method with

x=1
Since the measure of local buckling in the calculation of y is only based on 4___,
a potential question could be, what if the longitudinal stiffeners on the flange plate are such

that 4_ <A _, but the longitudinal stiffeners are relatively weak such that the flexural

buckling of the column causes the flange plate to fail in an overall buckling mode with
almost no buckling between the longitudinal stiffeners (see Figure 4-7)? Does the proposed

method over-predict the resistance in such cases, since it would predict y =17

This is not a problem because, as mentioned in point #10 in Section 4.4, for such

cases with weak longitudinal stiffeners the calculation of (Aeff) 1s conservative as it does
+Jsp
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not take into account the postbuckling resistance corresponding to an overall buckling

failure of the flange plate. Therefore, a possible over-prediction of F is compensated by

the under-prediction of (A

L )Sp. Additionally, as pointed out in point #10 in Section 4.4,

these types of configurations are a quite inefficient use of the additional longitudinal
stiffener material plus the fabrication cost in the context of construction using welded box-

section members.

A study is performed to investigate additional potential cases where local-global
buckling interaction may cause the greatest unconservatism. These include cases with L/,
up to 120, which is the maximum limit in the AASHTO LRFD Specifications for primary
members, and with w/t, up to 90. Table 5-2 summarizes the study design, and Figure 5-4
shows a comparison of the member strength from test simulations with the strength

predicted using the proposed method, and using the proposed with y =1. The cross-section

dimensions and lengths of the various listed in Table 5-2 are provided in Appendix E.
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Table 5-2 Summary of parametric study variables for the additional cases

Case Web plates Flange plates Column
Numbers L/,
w/t, n A, wt, | ow/t, n A, /wt,
1,2 20 1 1.2 20 1 1.2 50, 80
3,4 40 1 1.2 40 1 1.2 50, 80
5 20 1 1.1 40 1 1.1 110
6 20 1 1.1 40 1 1.4 110
7 20 1 1.1 90 1 1.1 110
8 20 1 1.1 90 1 1.4 110
9 20 1 1.1 90 1 1.4 120
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Figure 5-4 Comparison of the member strength from test simulation with the
strength predicted using the proposed method, and using the proposed method with

x =1, for the additional cases

Figure 5-4 shows that the predictions using the proposed method show a good
correlation (accurate to slightly conservative) with the test simulation strengths. It can be
observed from Figure 5-4, that the predictions without the global buckling-local buckling

interaction reduction factor, i.e., with y =1 correlate well with the test simulation strengths
for cases with A4_, =20 or 40. However, the predictions with y =1 are too optimistic for
cases with large A, and large L/r,. The mean, median and coefficient of variation
P,./P, forthe 51 cases (42 cases from Figure 5-2 and 9 cases from Figure 5-4) are 1.16,

1.14 and 0.1 respectively.

It should be noted that for box-columns subjected to significant axial compression,
the maximum w/#;, will often be limited to values closer to 40, by AASHTO provisions
that disallow theoretical plate buckling under construction, service and fatigue loading

conditions. It should also be noted that generally large w/z, values will only be
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encountered in longitudinally stiffened box-section beams. These members may have a

small axial force and hence an engineer may need to calculate the axial compressive

resistance of these members with large w/ t,, values. However, because P, / P, is small, the

inaccuracy in the prediction of P will have a minor impact on the overall strength

prediction for combined axial compression and bending for these members.

A good to conservative prediction of the resistance for cases 1, 4, 7, 10, 13, 16, 19,

22,25,28,31, 34,37, 40 in Figure 5-2, which have F between 0.85Fy and 0.92Fy , and

have component plates with different ultimate stress capacity, shows that the proposed
method works well even for cases involving significant force redistribution between
relatively weak and relatively strong plate elements (One extreme example is Case 13 in
Figure 5-2, in which the ultimate stress capacity of the web plate is 1/4" of the ultimate

stress capacity of the flange plate).

The applicability of the proposed method for calculating the axial compressive

resistance of welded box-section members made up of Grade 70 steel is evaluated by

checking the L values for critical box-section members- Cases 11 and 12 in Table 5-1

n

and Case 9 in Table 5-2. % for Cases 11 and 12 in Table 5-1 are 0.98 and 0.92

n

: P . . . .
respectively. % for Case 9 in Table 5-2 is 1.06. Since these are extreme box-section

n

members, it can be concluded that the proposed method can be used for practical box-

section members made up of steels up to a yield strength of 70 ksi.
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CHAPTER 6. FLEXURAL RESISTANCE OF RECTANGULAR
WELDED LONGITUDINALLY STIFFENED BOX-SECTION

MEMBERS

This chapter explains the proposed method for an improved quantification of the
flexural resistance of longitudinally stiffened box-section members, and the evaluation of
the performance of the proposed method using data collected from existing experimental
tests, and parametric studies performed using finite element test simulations. Section 6.1
discusses the limitations of the various existing methods for calculation of the flexural
resistance of longitudinally stiffened welded steel box-section members and highlights the

motivation for the proposed method.

6.1 Limitations of existing methods and motivation

The AASHTO (2017) Specifications do not address non-composite box-section
members with longitudinal stiffening. These Specifications address longitudinal stiffening
in composite box girders; however they restrict the maximum flexural resistance of
composite box girders to the yield moment of the compression or the tension flange.
Similarly, the Eurocodes (CEN 2005; CEN 2006) limit the maximum flexural resistance
of Class 4 sections to a maximum of the first yield moment of the effective cross-section
in tension or compression. However, based on the observations for non-longitudinally
stiffened box-section beams, there is significant reserve strength beyond the first yield of
the tension flange. Section F2.4.1 of AISI (2016) allows the consideration of inelastic

reserve strengths considering partial plastification, subject to certain restrictions including:
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e The flexural resistance is not allowed to exceed 1.25 times the yield moment

e The ratio of the depth of the compressed portion of the webs to their thickness is

not allowed to exceed 1.11,/E / E, .

Based on the observations for non-longitudinally stiffened box-section beams, and

also noting that %’W for non-longitudinally stiffened webs (A, defined in Section 3.2.1)

is more than two times 1.11,/E / F, , it appears that the AISI rules are too prohibitive and

would result in a failure to consider larger available resistances.
In addition:

e AASHTO (2017) does not address the possibility of lateral torsional buckling.

e The Eurocode method requires an iterative or at least a two-step calculation for
obtaining the effective cross-section for Class 4 sections.

e According to AISI (2016), the flexural resistance is calculated using effective
section properties where the effective section is obtained using an effective width
of the flanges and webs, using the provisions in Appendix 1 of AISI (2016).
However, Appendix 1 does not specifically have provisions for longitudinally

stiffened webs subjected to a stress gradient.

Therefore, a more general method is needed that provides a good prediction of the
flexural resistance of practical longitudinally stiffened box beams and addresses the various
issues discussed above. The data from the parametric studies performed using finite

element test simulations and experimental tests discussed in Section 6.3 provides useful
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information to answer the following questions, and arrive at a comprehensive yet simple,

designer-friendly method:

1)

2)

3)

How well does the effective cross-section model (effective flange and/or effective
web, described in Section 6.2) work for capturing the buckling and postbuckling

resistance of flange and web elements?

The R, (web load-shedding factor) equation approved for the next release of the

AASHTO LRFD specifications in 2020 neglects the contribution of the web

d
longitudinal stiffeners when 35>0.76; where d, is the distance from the

c

centerline of the closest web longitudinal stiffener to the inner surface of the

compression-flange element, and D, is the depth of the web in compression. Can

the web longitudinal stiffeners provide any measurable enhancement of the web

: : d,
postbuckling resistance when D >0.76 2

c

It is not uncommon to have longitudinal stiffeners at the mid-depth of the web for

some types of members, e.g., arch ribs.

A key attribute of narrow boxes is that ay. (for box sections aw. 1s the ratio of two
times the web area in compression to half of the area of the compression flange)
can be relatively large; outside the bounds of prior developments of the R, equation
for I-section members. How does web bend-buckling influence the flexural

resistance of box-section members with large a.. values?
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4) In longitudinally stiffened box-section members where the neutral axis is closer to
the compression flange than to the tension flange, first yielding in flexure occurs at
the tension flange. Should the resistance of longitudinally stiffened box-section
members be limited to the first yield of the tension flange? Is there significant
available resistance beyond the first yield of the tension flange considering spread

of yielding in the tension zone?

5) It is common knowledge that box sections are torsionally stiff. So, is lateral
torsional buckling a concern for practical longitudinally stiffened box-section

members?

6.2 Proposed methods

The proposed procedure for calculating the flexural resistance of longitudinally
stiffened box-section members is slightly different depending on whether the compression
flange is longitudinally stiffened, with or without longitudinal stiffening of the web, or the
compression flange is non-longitudinally stiffened. Therefore, the calculations are
presented below for these two separate cases. These calculations are conceptually
consistent with each other and with the method for non-longitudinally stiffened box-section
members, discussed in Section 3.2. In some design situations, longitudinal stiffening may
be encountered on the tension flange. These cases are addressed as a subset of the above
two cases and the non-longitudinally stiffened box-section member design procedure
discussed in Section 3.2, simply by considering the additional contribution of the

longitudinal stiffeners to the tension flange area, as well as the shift in the location of the
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tension flange force through the depth due to the eccentricity of the tension flange

stiffeners.

6.2.1 Procedure for box-section members with a longitudinally stiffened compression

flange and with longitudinally or non-longitudinally stiffened webs

Unlike non-longitudinally stiffened plates, longitudinally stiffened plates are
typically unable to sustain large inelastic axial compressive strains beyond their maximum
resistance. Therefore, the flexural resistance of box sections with a longitudinally stiffened
compression flange is limited to the first yield of the compression flange of the effective
cross-section. A representative longitudinally stiffened box cross-section is shown in
Figure 6-1. The corresponding effective cross-section is shown in Figure 6-2. The
compression flange is represented by its effective area, located at the centroid of the
effective flange, including the area of the longitudinal stiffeners. AISI (2016) uses a similar

approach. In Figure 6-2,

A Fo (136)
([ ] L=
ecf
Fy
e P _ = nominal compressive resistance of the longitudinally stiffened compression

nsp
flange, calculated using the proposed method explained in Section 4.2
e ¢ = the distance of the centroid of the gross area of the flange plate and its

longitudinal stiffeners from the top of the web plates.

Variables corresponding to the effective cross-section, i.e., cross-section with the
compression flange represented by its effective area given by Eq. 136 (shown in Figure

6-2), are denoted by the subscript e.

142



L e

A T
tls.ﬂn_)H‘_ t hls.ﬂn hls,web d
- s

tls.web
D
-3 tw
Y : tﬁ
T

Figure 6-1 Representative longitudinally stiffened box cross-section

Aecf

Figure 6-2 Effective box-section considering the resistance of the stiffened
compression flange

The recommended calculation of the nominal flexural resistance, M, , of a welded box-

section member with a longitudinally stiffened compression flange is as follows:
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If L, <L, then,

M =M, (137)

- ﬂ <M, (138)

e M _ isthe cross-section resistance, calculated as follows.

cs

For homogeneous box-section members in which the compression flange of the

effective cross-section yields first (i.e., M, <M ,

), and when:
o R =1,0r
o a,, <8 andd,/D, <076

M, =RF,S (139)

veD xee
For all other cases M, is to be calculated via a strain-compatibility analysis using
the following effective cross-sections:
o Figure 6-3 shows the effective cross-section and idealized stress distribution
for a box section with noncompact or compact unstiffened webs (4, <4
).
o Figure 6-4 shows the effective cross-section and idealized stress distribution

for a box section with slender unstiffened webs (4, > 4 ).
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o Figure 6-5 shows the effective cross-section and idealized stress distribution
for a box section with longitudinally stiffened webs having 4 <A _ , such
that load shedding from the postbuckling response of the web in flexure

may be neglected.

o Figure 6-6 shows the effective cross-section and idealized stress
distribution for a box section with longitudinally stiffened webs 4, >4,

such that the postbuckling response of the web in flexure needs to be

captured.

.
F, /A

Figure 6-3 Effective cross-section and stress distribution for calculating A/ using

strain-compatibility analysis, for a box with unstiffened webs such that 4 <A
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]
Fyf

Figure 6-4 Effective cross-section and stress distribution for calculating A/ using

strain-compatibility analysis, for a box with unstiffened webs such that 4 >4

!
F, /A

Figure 6-5 Effective cross-section and stress distribution for calculating A/ __ using

strain-compatibility analysis, for a box with longitudinally stiffened webs such that
A, <A,
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Figure 6-6 Effective cross-section and stress distribution for calculating A/ _ using

strain-compatibility analysis, for a box with longitudinally stiffened webs such that
A, >4,

For homogeneous box-section members the calculation of M _ is based on the
limit state of first yield of the compression flange of the effective cross-section. In
Figure 6-3, Figure 6-4, Figure 6-5 and Figure 6-6, F,=F, =F,. Both flanges
are assumed to have the same yield strength. The influence of web postbuckling in
flexure, as well as early tension flange yielding in cases where §_,>S  1s

represented explicitly by the effective-cross sections and idealized stress

distributions shown in Figure 6-3 through Figure 6-6.

For box sections with two or more web longitudinal stiffeners in compression per
web, the above provisions may be applied by considering only the longitudinal
stiffener closest to the compression flange within each web (neglecting all other

web longitudinal stiffeners in compression). This conservatively neglects the
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benefit from multiple web longitudinal stiffeners in compression; however, the
predominant benefit of web longitudinal stiffening typically comes from the

longitudinal stiffener closest to the compression flange.

For hybrid box-section members, the strain compatibility based calculations
become more complex. Therefore, it is recommended that the cross-section

resistance be conservatively calculated as

M_=RRF.S._<RF,S (140)

h™ yc™ xce h™ yt™ xte

i.e., taking the cross-section resistance as the minimum of, the resistance
corresponding to the limit state of first yield of the compression flange, and the

resistance corresponding to the limit state of first yield of the tension flange.

In lieu of performing a strain compatibility analysis corresponding to Figure 6-3
through Figure 6-6 for homogeneous box-section members, the cross-section

resistance of all homogeneous box-section members (S, <S5, as well as

S..> S, ) can be conservatively calculated as
Mcs = RbEchxce = Fythte (141)

i.e., taking the cross-section resistance as the minimum of, the resistance
corresponding to the limit state of first yield of the compression flange, and the

resistance corresponding to the limit state of first yield of the tension flange.

L,, L, and F, are defined using Eq. 41, 42 and 28 respectively, except the

effective cross-section is as shown in Figure 6-2.
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44

J= (142)
{bm b,  2h, J
e 1ty 1L,

It is the St. Venant torsional constant neglecting the longitudinal stiffeners.

bn=B—ty (143)
Le L

h,=D+-—+— (144)
2 2

4,=>5,, (145)

2Dcetw

awce - ch (146)
2

A, = 2D., (147)

A 1s the limiting slenderness ratio for a noncompact web and is calculated as

w

follows:

For non-longitudinally stiffened webs,

E
A, =46 |— 148
7 (148)

w
yc

For longitudinally stiffened webs in homogeneous box sections,

A = (wcejo.% 23 (149)
D Fytf

where k is calculated using the provisions in AASHTO (2017)

Article 6.10.1.9.2.

For longitudinally stiffened webs in hybrid box sections,
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4, =57 L (150)
F,

e The web load-shedding factor, R, is calculated using the provisions recommended

by Subramanian and White (2017) for longitudinally stiffened webs, using a.

Aec_f

determined with bz, taken as , and D, taken as D... These provisions have

been balloted and approved for the next release of the AASHTO LRFD

Specification in 2020.

e The hybrid factor, Ry, is calculated using AASHTO (2017) Eq. 6.10.1.10.1-1 with

Ay .
Ap taken as one-half of the total effective compression flange area, %‘f, if
bty .
D, =D,,, and Ay taken as - it D, =D-D,.

In cases where compression flange longitudinal stiffeners are provided but are not
required for strength, the longitudinal stiffeners may be neglected and the flange may be
considered as non-longitudinally stiffened for purposes of calculating the member strength.
In such cases, the member strength should be calculated using the method discussed in
Section 3.2 if the webs are non-longitudinally stiffened, and using the procedure discussed

in Section 6.2.2 if the webs are longitudinally stiffened.
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6.2.2 Procedure for box-section members with a non-longitudinally stiffened compres-

sion flange and longitudinally stiffened webs

The proposed method for characterizing the flexural resistance of these member

types is the same as that for non-longitudinally stiffened box-section members (discussed

in Section 3.2) except,

The web load-shedding factor, Ry, is calculated using the provisions recommended

by Subramanian and White (2017) for longitudinally stiffened webs, using a.

A,
determined with b7, taken as ?ﬁ , and D, taken as Dc., where 4, is the effective

area of the compression flange calculated using the modified Winter’s effective
equation discussed in Section 2.2.

The hybrid factor, Ry, is calculated using AASHTO (2017) Eq. 6.10.1.10.1-1 with

A
Ap taken as one-half of the total effective compression flange area, 2eff , if

bﬁtft ;
D, =D,,, and Ay taken as - it D, =D-D,.

For cases with S > § . the cross-section flexural resistance is calculated using

the provisions in Table 3-3 but using the cross-section model and idealized stress
distribution in Figure 6-7 and Figure 6-8, instead of Figure 3-1 and Figure 3-2

respectively.

Web longitudinal stiffeners, if present, should be included in the calculation of elastic gross

and effective cross-section properties, and in the calculation of the moment corresponding

to first yield of the compression flange of the effective cross-section. However, any web
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longitudinal stiffeners subjected to compression should be neglected in the computation of
M ,, . This is due to the limited ability of the web longitudinal stiffeners to develop larger
inelastic strains necessary to develop yielding throughout the depth of the cross-section.
Any enhancement of the resistance of compact or noncompact web sections due to the

placement of web longitudinal stiffeners subjected to compression, other than the increase

in the moment corresponding to first yield of the compression flange of the effective cross-

section, is neglected.

F,
Flexural %
; F,
compression 3
””””” I T
Flexural b
. F, \a

tension F}W
2

Figure 6-7 Cross-section model and stress distribution for calculation of A/, for

box-section members with longitudinally stiffened webs and an unstiffened
compression flange, when A, <A
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Figure 6-8 Cross-section model and stress distribution for calculation of A/ for

box-section members with longitudinally stiffened webs and an unstiffened
compression flange, when 1 > /1

6.2.3 General box section proportion limits

The procedures discussed in Section 6.2.1 and 6.2.2 are applicable to box-section

members satisfying the following limits:

1) t_ <150 for webs without longitudinal stiffeners.

w

2) . <300 for webs with longitudinal stiffeners.

w

D D
3) — or 3 shall not exceed 6.

be
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4) For non-longitudinally stiffened compression and tension flanges, 5 , / t, orb, / t, shall

not exceed 90.

5) For longitudinally stiffened compression or tension flanges, w/z , shall not exceed 90.

6) Web longitudinal stiffeners should satisfy the proportioning requirements in AASHTO

(2017) Article 6.10.11.3.

6.3 Evaluation of the performance of the proposed method

The performance of the proposed methods is evaluated using the results of a
parametric study performed using finite element test simulations (discussed in Section
6.3.1), and using data collected from experimental tests in the literature (discussed in

Section 6.3.2).
6.3.1 Parametric study performed using finite element test simulations

This section explains the parametric study design, and discusses the results of the
parametric study. The finite element modelling of these box-section members is explained

in Appendix A.

6.3.1.1 Parametric study design

The parametric study is divided into 15 groups: Groups 1-8 are comprised of
homogeneous box-section members, and Groups 9—15 are comprised of hybrid box-section
members. Table 6-1 summarizes the parametric study design. The cross-section

dimensions and lengths of the various cases listed in Table 6-1 are provided in Appendix

154



F. All the box-section members in the parametric study have a non-longitudinally stiffened
tension flange. The box-section members used in the parametric study are designed to
satisfy the general box section proportioning limits in Section 6.2.3, as well as the

following practical limits:

1) ﬂg 1.2 where, A4, is the total area of all the web longitudinal stiffeners in
of

compression, and A4, is the area of the compression flange including longitudinal stiffeners

2) t, 0 <2 1n.

3) >3

Is.web

4y a. <20

5) Thickness of all box-section component plates (including longitudinal stiffeners) <4
in.
In Table 6-1:

* n,, are the number of longitudinal stiffeners on the compression flange
e n,, are the number of longitudinal stiffeners on each of the webs
e L is the length of the box-section beam

e [ =max [30D, 200ry:| is the maximum practical length of the box-section beam

e w is the width of the subpanels in the compression flange, as shown in Figure 4-8.

. Ag =wi,, +h/s.ﬂntls.ﬂn (151)
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Table 6-1 Summary of parametric study variables for evaluating the performance
of the proposed method for characterizing the flexural resistance of longitudinally

stiffened box-section members

Group | Case | §__ and Web Compression L
flange
# # Sxte
noen 2Dce and ds ntjﬂ” 1 Ag
tw Dce th Wtﬁ’
/lrw
1 1 S..<S., 1 2D, <i. 0.4 1 |30 ] 1.2 L,
tw
2 | s <s, | 1 2D 04 | 1 (30|12 +L
xce Xxte ce <ﬂ
t, " 2
3 S <8 1 2D 0.4 1 |30 ] 1.2 L
xce xte ce <ﬂrw max
tw
4 S <8 1 2D 0.39 1 |60 1.2 L
xce Xxte ce <ﬂrw p
tw
5 |s <sS 1 2D 039 | 1 |60 1.2 +L
xce xte ce <ﬂ
‘, " 2
6 S <8 1 2D 0.39 I {60 12 L
xce Xte ce <ﬂ/rw max
ZLw
2 7 S <8 1 2D <076 | 1 |30 | 1.2 L
xce xte ce >ﬂrw p
ZLw
8 | s <S8 1 2D <076 | 1 |30 | 1.2 +L
xce xte ce >i
t, ™ 2
9 | s <8 1 2D <076 | 1 [ 30|12 L
xce Xte ce >lrw max
ZLw
10 | s <8 1 2D <076 | 1 | 60|12 L
xce xte ce >i,w P
ZLw
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11

<0.76

60

1.2

12

<0.76

60

1.2

13

>0.76

30

1.2

14

>0.76

30

1.2

15

>0.76

30

1.2

16

>0.76

60

1.2

17

>0.76

60

1.2

18

>0.76

60

1.2

19

30

1.2

20

30

1.2

21

30

1.2

22

30

1.2

23

0.4

30

1.2




24

0.4

30

1.2

25

<0.76

30

1.2

26

<0.76

30

1.2

27

>0.76

30

1.2

28

>0.76

30

1.2

29

30

1.2

30

30

1.2

10

31

<0.76

30

1.2

32

<0.76

30

1.2

11

33

>0.76

30

1.2

34

>0.76

30

1.2

12

35

30

1.2

36

30

1.2




13 | 37 | S >5,| 0| 2D, .y - 1|30 12 L,
tw
38 | s >S,. | 0 | 2D - 1 [30] 12 L
xce xte ce >/1rw max
tw
14 39 S >8 1 2D <076 | 1 |30 | 1.2 L
xce xte ce >im p
tw
40 S >8 1 2D <076 | 1 |30 | 1.2 L
xce Xte ce >ﬂ’rw max
tw
15 41 S >8 1 2D >0.76 | 1 | 30| 1.2 L
xce xte ce >irw p
tw
42 S >8 1 2D >076 | 1 | 30| 1.2 L
xce Xte ce >ﬂ’rw max
tw

6.3.1.2 Results and discussion

Figure 6-9 and Figure 6-10 show the results for homogeneous (Groups 1-8) and
hybrid (Groups 9-15) cases respectively. For the results shown in Figure 6-9 and Figure

6-10 the cross-section flexural resistance is calculated as follows:

e Proposed method

- For homogeneous box-section members in which the compression flange of

the effective cross-section yields first (i.e., M, <M

e )» and when:

o R,=1,o0r

o a,,<8andd/D,<0.76

wce
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c ~ xce

M, =RF,S
- For all other homogeneous box-section members, M  is calculated using
strain-compatibility analysis (Figure 6-3 through Figure 6-6).

- For hybrid box-section members, M, =R R F S  <RF S

ye xce yt™ xte

e Simplified method

- For homogeneous box-section members, M =R F S _,<F S

yeT xee vt~ xte

- For hybrid box-section members, M, =RRF .S  <RF S

yc'T xce yt— xte

The mean, median and coefficient of variation of M using the proposed method

test n o

/M
for Groups 1-15, are 1.19, 1.14 and 0.15 respectively. The mean, median and coefficient
of variation of M, /M, , using the simplified method for all groups except Group 3, are

test n

1.22, 1.18 and 0.15 respectively. In general it can be observed that,

e For homogeneous cases, the predictions using the proposed method correlate well
with the strengths from the test simulations (accurate to slightly conservative).
Also, for the predictions using the proposed method the dispersion in results is
much less as compared to the use of the simplified (more conservative) method
which considers the limit state of tension flange yielding. This clearly shows the
ability of the idealized stress distribution and/or effective cross-section model
(effective flange and/or effective web) to capture the resistance corresponding to
the spread of yielding in the tension zone, as well as the local buckling and
postbuckling resistance of the compression flange and webs of the box-section

member.
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For hybrid cases, the predictions are more conservative and there is more dispersion
when using the proposed method, as compared to that for homogeneous cases. This
is because for hybrid cases the proposed method is the same as the simplified (more
conservative) method which considers the limit state of tension flange yielding. The
reason for adopting this simpler approach is that the strain-compatibility analysis
calculations using Figure 6-3 through Figure 6-8 become too complicated for

normal design practice when applied to hybrid box-section members.
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Figure 6-9 Comparison of the strength from test simulation with the strength
predicted using the proposed method and using the method considering tension

® Group 1-Simplified method
® Group 3-Simplified method
Group 5-Simplified method
® Group 7-Simplified method
X Group 1-Proposed method
X Group 3-Proposed method
X Group 5-Proposed method

X Group 7-Proposed method

Group 2-Simplified method
® Group 4-Simplified method
® Group 6-Simplified method
® Group 8-Simplified method
X Group 2-Proposed method
X Group 4-Proposed method

Group 6-Proposed method

Group 8-Proposed method

flange yielding, for homogeneous box-section members
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Figure 6-10 Comparison of the strength from test simulation with the strength

predicted using the proposed method for hybrid box-section members

The good correlation of the strengths predicted using the proposed method and the

strengths from the test simulations for Group 1 and Group 9 cases, clearly shows the

inability of longitudinally stiffened compression flange plates to sustain large inelastic

axial compressive strains beyond the peak load without a substantial reduction in their load

carrying capacity, and therefore provides a justification for limiting the flexural resistance

of box sections with a longitudinally stiffened compression flange to the first yield of the

compression flange in the effective cross-section.
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As discussed earlier in Section 6.1, for narrow box-section members a,_, can be
very large; outside the bounds of prior developments of the R, equation for I-section
members. Group 2 cases belong to this category, where a, , =10 for cases 7, 8, 9, and
a,. =19 for cases 10, 11, 12. It can be observed by comparing the predictions using the

proposed method and using the simplified method that, for cases with large a, . the

predictions based on strain-compatibility analysis using the effective web cross-section

model are better than those using the R, equation.

As mentioned earlier in Section 6.1, the R, equation approved for the next release

of the AASHTO LRFD specifications in 2020 neglects the contribution of the web

N

longitudinal stiffeners when > (.76 . It is not uncommon to have longitudinal stiffeners

at the mid-depth of the web for some types of members, e.g., arch ribs. Group 3 cases
belong to this category. It can be observed by comparing the predictions using the proposed
method and using the simplified method that, using the R, equation which neglects the
contribution of the web longitudinal stiffeners significantly under-predicts the resistance
of these cases, and that there is a much better correlation between the test simulation
strengths and the predictions based on strain-compatibility analysis using the effective web

cross-section model considering the contribution of the web longitudinal stiffeners.

A good correlation of resistance predicted using the proposed method and the test
simulation strengths for cases belonging to Groups 4 through 8 (all these cases have

S..>S.. ) clearly shows,
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e The existence of larger available resistance beyond the first yield of the tension
flange, and

e The ability of the proposed method using an effective cross-section model
(effective compression flange and/or effective web) and strain-compatibility

analysis, to predict the flexural resistance of these cases.

It can be observed from Figure 6-9 and Figure 6-10, that the inelastic LTB
resistance calculated by considering a linear interpolation gives good correlation with the
test simulation strengths. For the beams included in the parametric study, it is found that
for the longest practical box-section beam the inelastic lateral torsional buckling resistance

1s as low as 80.1% of the cross-section resistance.

Figure 6-11 shows the variation of the flexural resistance with change in length of
a box-section member having the same cross-section as that for Cases 7, 8 and 9. For this
member, the reduction in flexural resistance at Lmaxis 19.7% compared to the resistance at

0.5L, . It can be seen that the inelastic lateral torsional buckling resistance calculated by

considering a linear interpolation gives reasonably good predictions.
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Figure 6-11 Variation of flexural resistance with change in length of a box-section
member

6.3.2 Comparison with experimental tests from the literature

In addition to the parametric study, experimental data from Saad-Eldeen et al.
(2010), Gordo and Soares (2015a), Gordo and Soares (2015b), Gordo and Soares (2015c),
Gordo and Soares (2004), Gordo and Soares (2008), Gordo and Soares (2009) is used to
evaluate the performance of the proposed method for characterizing the flexural resistance

of longitudinally stiffened box-section members. All the box-section members in these
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tests are short enough that their flexural resistance is their cross-section resistance (i.e., no

influence of inelastic lateral torsional buckling).

Table 6-2 shows a comparison of flexural resistance from experimental tests with
the resistance predicted using the proposed method. It can be observed that the proposed
method gives an accurate to conservative estimate of the flexural resistance of these box-
section members. The experimental tests listed in Table 6-2 included initial loading cycles
allowing for residual stress relief. This explains the larger resistances observed in the
experimental tests than those predicted using the proposed method. The box-section
member tested by Saad-Eldeen et al. (2010) has webs with unequal thickness (3.95 mm
and 3.85 mm). In the calculations using the proposed method, both webs are assumed to
have the same thickness, equal to 3.85 mm. This explains the slightly conservative
prediction of the flexural resistance of the box-section member tested by Saad-Eldeen et
al. (2010). The box-section members tested by Gordo and Soares (2015b), Gordo and
Soares (2015¢) and Gordo and Soares (2004), all have stiffeners with a different yield stress
than that of the plate (yield stress of stiffener is greater than the yield stress of the plate).
In the calculations using the proposed method, both the stiffener and plate are assumed to
have the same yield strength, equal to the lower plate yield strength value. In addition to

this, the box-section members tested by Gordo and Soares (2015¢) and Gordo and Soares

d
(2004), have —— equal to 0.82 and 0.895 respectively, and S, <S_, . Thus both these
D A

cases belong to Group 3 as defined in Table 6-1. It is known from the results of the
parametric study (see Figure 6-9), that the predictions using the effective web cross-section

model of the proposed method is slightly conservative for Group 3 cases. This explains the
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conservatism of the flexural resistance predictions using the proposed method for box-

section members tested by Gordo and Soares (2015b), Gordo and Soares (2015c) and

Gordo and Soares (2004). The mean, median and coefficient of variation of M

/M,

test

using the proposed method, for all tests with equal yield strength plate and longitudinal

stiffeners, are 1.12, 1.12 and 0.12 respectively.

Table 6-2 Comparison of flexural resistance from experimental tests with the
resistance predicted using the proposed methods

Test # Source Ultimate bending | Ultimate bending | M,
moment from | moment predicted | s
experimental by the proposed !

test, M, method, M,
(kN-m) (kN-m)
1 Saad-Eldeen et al. (2010) 568.9 541.2 1.05
2 Gordo and Soares (2008) 643.0 638.7 1.01
3 Gordo and Soares (2009) 1526.0 1209.3 1.26
4 Gordo and Soares (2009) 1269.0 1035.1 1.23
5 Gordo and Soares (2009) 1026.0 861.2 1.19
6 Gordo and Soares (2015a) 328.0 345.2 0.95
7 Gordo and Soares (2015b) 452.0 416.5 1.09
8 Gordo and Soares (2015¢) 172.8 103.1 1.68
9 Gordo and Soares (2004) 349.1 247.7 1.41

6.4 Salient features of the proposed method

The proposed method encapsulate a significant advancement in the understanding

of the behavior of rectangular longitudinally stiffened welded box-section members
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subjected to flexure, and provides a conceptually unified characterization of their resistance

which correlates well with the results of a parametric study performed using finite element

simulations, and with results from experimental tests. The salient features of the method

are as follows:

1) The proposed method better handles the following:

» It accounts for:

The different failure modes of a longitudinally stiffened compression
flange plate. The method does this via an improved quantification of the
flange ultimate compressive resistance (discussed in CHAPTER 4), which
is then used to determine an effective cross-section. .

Web bend-buckling and the corresponding postbuckling resistance via the
web-bend buckling factor or an effective web section. This avoids the
need to perform iterative or two-step calculations when obtaining an
effective cross-section.

Lateral torsional buckling: The method recognizes that for the longest
practical longitudinally stiffened box-section beams the reduction in the
flexural resistance relative to the cross-section resistance can be
significant. In the parametric studies discussed in Section 6.3.1, it is found
that for the longest practical box-section beams the inelastic lateral
torsional buckling resistance can be as small as 80.1% of the cross-section

resistance.
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e The proposed method addresses the interaction between local
postbuckling (i.e. flange local buckling or web bend buckling) and global
buckling (lateral torsional buckling). This interaction is considered via the
use of effective section properties and/or web bend buckling factor, in the
inelastic lateral torsional buckling equation.

» The method addresses all practical ranges of component plate slenderness.
» It is possible for steel box-section members subjected to flexure to have webs with
lower yield strength than that of the flanges. The proposed method addresses hybrid

as well as homogenous box-section members.

Thus the proposed method better characterizes the flexural resistance of all practical

longitudinally stiffened welded steel box-section members.

2) Except for hybrid box-section members with a longitudinally stiffened compression
flange, the proposed method eliminates the need to consider a separate tension flange
yielding (TFY) limit state for box-section members. The member response is addressed
rigorously via the direct calculation of the yield moment to the compression flange,
considering early yielding of the section on the tension side of the neutral axis, and
considering web bend-buckling and flange buckling effects as applicable. Thus, the
proposed method recognizes the inelastic reserve strength corresponding to the spread of

yielding in the tension zone.

3) It recognizes the inability of longitudinally stiffened flange plates to sustain large
inelastic axial compressive strains beyond the peak load without a substantial reduction in

their load carrying capacity, and therefore limits the flexural resistance of box-section
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members with a longitudinally stiffened compression flange to the first yield of the

compression flange in the effective cross-section.

4) The proposed method for longitudinally stiffened box beams is conceptually consistent
with the method for determining the flexural resistance of non-longitudinally stiffened box-

section members, discussed in Section 3.2.
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CHAPTER 7. SUMMARY OF KEY CONTRIBUTIONS, IMPACT
OF THIS RESEARCH ON THE STATE-OF-THE-ART FOR
DESIGN OF WELDED BOX-SECTION MEMBERS, AND

RECOMMENDATIONS FOR FUTURE WORK

The key contributions from this research to the body of knowledge are discussed in
Section 7.1. The impact of this research on the state-of-the-art for design of welded box-
section members, and recommendations for future work are discussed in Sections 7.2 and

7.3 respectively.

7.1 Summary of key contributions from this research to the body of knowledge

In summary, the objectives of this research were:

(1) The conceptual and theoretical development and improvement of methods for
characterization of the flexural and axial compressive resistance of non-composite welded

steel box-section members, and

(2) The evaluation of the performance of these methods using data compiled from existing
experimental tests and generated from parametric studies performed using finite element

test simulations.
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The contributions to the body of knowledge from this research are as follows:

Primary contributions:

(1) Development of new methods and improvement of existing methods for a conceptually
unified characterization of the flexural and axial compressive resistance of non-
longitudinally stiffened welded box-section members, and ensuring a good correlation with

results from experimental tests and finite element test simulations.

(2) Development of new methods and improvement of existing methods for a conceptually
unified characterization of the flexural and axial compressive resistance of longitudinally
stiffened welded box-section members, and ensuring a good correlation with results from

experimental tests and finite element test simulations.

Supporting contributions:

(1) Improved quantification of the postbuckling resistance of non-longitudinally stiffened

plates subjected to uniform axial compression in welded box-section members.

(2) Improved characterization of the ultimate compressive resistance of longitudinally

stiffened plates.

Additionally, a particularly new development is the development of finite element test
simulation data considering the interaction between global (flexural) and local buckling in

longitudinally stiffened welded box columns.
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7.2 Research impact

This research effort has led to a significant advancement in the understanding of
the behavior of non-longitudinally stiffened as well as longitudinally stiffened welded steel
box-section members, further leading to an improved characterization of the resistance of
these members. It is hoped that the results of this research will lead to updates to the
following Articles/Sections of the AASHTO (American Association of State Highway and
Transportation Officials) and AISC 360 (American Institute of Steel Construction-

Specification for Structural Steel Buildings) provisions:

e AASHTO Article 6.12.2.2.2: Flexural resistance of non-composite box-section
members.

e AASHTO Article 6.9.4: Axial compressive resistance of non-composite box-
section members.

e AASHTO Article 6.11.8.2.2: Compressive resistance of longitudinally stiffened
flange plates.

e AISC Section F7: Flexural resistance of box-section members.

Thus, this research has led to a significant advancement of the state-of-the-art for design

of welded steel box-section members.

7.3 Recommendations for future work

The following are the recommendations for future work:

1) The focus of this research was on calculation of the flexural and axial compressive

resistance of box-section members. The most general loading on a box-section member
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involves axial load, plus biaxial bending, plus shear due bending and torsion. White et al.
(2018) provide interaction equations to predict the resistance of box-section members
subjected to combined loading. It is believed that these equations provide an accurate to
conservative estimate of the resistance of box-section members. It would be useful to
perform a parametric study to further evaluate the performance of these interaction

equations.

2) The flexural resistance equations in CHAPTER 3 and CHAPTER 6 count on the larger
available resistance corresponding to the spread of yielding in the tension zone. Additional
studies should be performed to evaluate the impact of the spread of yielding when
considering bending-shear interaction, when the shear strength is calculated by accounting
for the tension field action. Prior studies for [-section members considered by White et al.
(2008) suggest that these combined strengths are adequately predicted without the need for

consideration of moment-shear interaction.

3) White et al. (2018) provide valuable guidance for the design of transverse stiffeners in
longitudinally stiffened plates. It would be useful to perform a parametric study to further

demonstrate the performance of these recommendations.

4) Extension of this work to improve the composite box-girder design provisions in

AASHTO (2017) would be useful.

5) In many applications, box-section section members are non-prismatic. White (2015)
provides valuable guidance for design of non-prismatic members. It would be useful to
perform additional studies to demonstrate the performance of these recommendations for

non-prismatic box-section members.
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6) At the present time (2018), in the literature there is no experimental data for non-
longitudinally stiffened welded box-section members subjected to pure bending. In
addition to this, in the literature there is no experimental data for studying the interaction
between flexural buckling and local buckling of longitudinally stiffened box-columns. It
would be useful to have experimental data for these member types for further validation of

the proposed methods.
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APPENDIX A. FINITE ELEMENT MODELLING OF NON-
LONGITUDINALLY STIFFENED BOX-SECTION MEMBERS,
LONGITUDINALLY STIFFENED PLATES, AND

LONGITUDINALLY STIFFENED BOX-SECTION MEMBERS

This section discusses the finite element modelling of non-longitudinally stiffened
box-section members, longitudinally stiffened plates, and longitudinally stiffened box-

section members.

Al General

The commercial software ABAQUS version 6.13 (Simulia 2013) is used in this
research for finite element analysis of box-section members and plates. The four node shell
element S4R is used to model the box-section flange plates, web plates and longitudinal
stiffeners. S4R is a large strain quadrilateral shell element which uses a reduced (single
point) numerical integration with an algorithm for stabilization of the corresponding
spurious zero-energy modes. It is a general purpose shell element that allows transverse
shear deformation; using thick shell theory for thicker shells, and using the Kirchoff thin
shell theory for thinner shells. A five point Simpson’s rule is applied for integration of the

stresses through the thickness of the shell element.

Web transverse stiffeners in longitudinally stiffened box beams are modelled using
the B31 beam eclement in ABAQUS. B31 is a two-node linear Timoshenko beam element
(allows transverse shear deformation). The Modified Riks method in ABAQUS is used to

perform geometric and material nonlinear analysis of the box-section members and plates.

177



Figure A-0-1 shows a non-longitudinally stiffened box-section member subjected
to uniform bending, Figure A-0-2 shows a longitudinally stiffened plate subjected to
uniform axial compression, and Figure A-0-3 shows a longitudinally stiffened box-section

member subjected to uniform bending.
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Figure A-0-1 Non-longitudinally stiffened box-section member subjected to
uniform bending
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Figure A-0-2 Longitudinally stiffened plate subjected to uniform axial compression
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Figure A-0-3 Longitudinally stiffened box-section member subjected to uniform
bending

The material properties of steel are modeled in all the test simulation studies of this
research using the stress-strain curve shown in Figure A-0-4. The slope of the stress-strain

curve is,

e F in the elastic region (shown as Slope 1 in Figure A-0-4)

1000 in the yield plateau region (shown as Slope 2 in Figure A-0-4)
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o 5£ in the strain-hardening region (shown as Slope 3 in Figure A-0-4)

The modulus of elasticity, £ is taken as 29000 ksi. For homogenous box-section members
all the box-section component plates are modeled as Grade 50 steel. For hybrid box-section
members the flange plates are modeled as Grade 70 steel, and the web plates are modeled

as Grade 50 steel. Grade 50 steel has a yield stress, F, =50 ksi, and ultimate stress,

F =65 ksi. Grade 70 steel has a yield stress, F, =170 ksi, and ultimate stress, F, = 90

Y

ksi. In Figure A-0-4 the yield strain, & = I;

Slope 2

Stress

lope 1

T

A

€t = 10€y

Strain

Figure A-0-4 Steel stress-strain curve assumed in the finite element analysis
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A.2  Non-longitudinally stiffened box-section members

This section discusses the geometric imperfections, residual stresses, loading and
boundary conditions used in the FE modelling of non-longitudinally stiffened box-section

beams.

A.2.1  Geometric imperfection

Both global and local imperfections are modeled as shown in Figure A-0-5 and
Figure A-0-6. For global imperfection, the lateral displacement of the bottom flange is
restrained and the top flange is given a sweep. The maximum magnitude of the global
imperfection is taken as 1/1000 of the beam length. For local imperfections, the
displacement of the corner nodes is constrained within the plane of the cross-section and
an eigenvalue buckling analysis is performed with the member subjected to axial load. The
maximum magnitude of local imperfection of each plate is taken as 1/200 of the plate

width.
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Figure A-0-5 Global imperfection for non-longitudinally stiffened beams

Figure A-0-6 Local imperfection for non-longitudinally stiffened beams
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A.2.2  Residual stress

Previous researchers who have performed finite element simulations of welded
steel box-section members, e.g., Kim and Yoo (2008), Tao et al. (2009), used a constant
compressive residual stress value equal to 0.2F,. However in reality, the magnitude of
compressive residual stresses vary based on a number of factors, and in many situations
the compressive residual stresses in welded steel box sections are much higher than 0.2F),
as can be seen from Figure A-0-7. Thus, there is a need to develop a residual stress model

for FE simulations of welded steel box-section members.

0.9
0.8 @
0.7
0.6
0.5
0.4 ° o °
0.3 © o % °
0.2
0.1
0

'.0.00:5.‘ o? ‘e e

Compressive residual sress / Fy

0 50 100 150 200
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Figure A-0-7 Synthesis of measured residual stresses in welded steel box sections
from the literature
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Figure A-0-8 shows the residual stress pattern for a non-longitudinally stiffened
box-section. In Figure A-0-8, ocimw, 0cy; 0crw and ocir denote the compressive residual

stresses in the left web, top flange, right web and bottom flange respectively.

Fy Fy
+ +
Oc.if
F, + + | F),
O¢.lw | L Ocrw
F, + + | F),
Oc.bf
+ +
Fy Fy

Figure A-0-8 Residual stress pattern for a non-longitudinally stiffened box-section

In this research, a residual stress model has been developed which is a reasoned
modification, extension of the rules from ECCS (1976). ECCS (1976) has valuable
guidance for estimating the residual stresses in welded steel members considering the
influence of plate rolling, flame cutting and welding of component plates. ECCS (1976)

also provides the residual stress pattern for four cases:

1) Plate width to thickness = 20, and heavy weld
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2) Plate width to thickness = 20, and light weld

3) Plate width to thickness = 40, and heavy weld

4) Plate width to thickness = 40, and light weld.

However, it does not provide a residual stress pattern for other values of plate slenderness
and welding level. While performing a parametric study, different levels of plate
slenderness are encountered. Additionally, the weld level is unknown. Since the weld size
is unknown, using the ECCS (1976) equations for calculating the width of the tensile
residual stress block may give too large or too small values for the size of the tensile
residual stress block, thus giving unrealistic compressive residual stress values. Thus, there

1s a need to limit the width of the tensile residual stress block based on:

e Generally observed size of tensile residual stress block. For example, Dwight and
Moxham (1969) state that- “The area carrying this locked-in tension typically
extends two to four times thicknesses out from the weld on each side”.

e Ensuring the compressive residual stresses are realistic. For example:

» Ensuring that the compressive residual stress is limited such that it
is less than the local buckling stress of the box-section component
plates.

» By setting upper and lower limits on the magnitude of compressive

residual stresses.

For a parametric study, since the weld size, welding process and number of passes

during welding are unknown, there should be a reasoned way for using certain values for
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calculation of the width of the tensile stress block. For example, in the proposed model the
weld size is taken as an average of the minimum and maximum weld size from AWS
(2002); along with a limit that the weld size cannot exceed the thickness of the two plates

being welded.

The major features of this model are listed below:

e Tensile residual stress is present at the weld locations and is equal to F).
Compressive residual stresses are present in the remaining portion of the plate, as
shown in Figure A-0-8, such that equilibrium is satisfied.

e Residual stresses due to flame cutting and welding are considered, whereas residual
stresses due to plate rolling are neglected since there is an uncertainty about the
location from which the box-section component plate will be flame cut from a large
rolled plate. According to ECCS (1976), the plate rolling stresses have a parabolic
shape and are opposite in nature to the residual stresses due to welding or flame
cutting, i.e., tensile residual stress in the middle portion of the plate and
compressive residual stress at the corners. Therefore, neglecting the plate rolling
stresses is conservative. Another important point is that when a rolled plate is cut,
the residual stresses due to plate rolling are released. Thus there is a justification to
neglect the residual stresses due to plate rolling.

The contribution of flame cutting to the residual stress is generally much smaller
than that from welding. Additionally, if the plate is instead cut using plasma cutting
or water jet cutting the residual stresses due to plate cutting are even smaller.

e One of the unknowns while estimating the residual stresses in welded box sections

used in a parametric study, is the weld size. In this model, the weld size used in the
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calculation of the width of the tensile residual stress block is taken as an average of
the minimum and maximum weld size from AWS (2002); along with a limit that
the weld size cannot exceed the thickness of the two plates being welded.

The width of the tensile residual stress block is limited to four times the thickness
of the plate plus size of the weld. This is a thumb rule based on the observation by
Dwight and Moxham (1969).

The compressive residual stress is limited such that it is less than the local buckling
stress of the box-section component plates.

It is ensured that the compressive residual stresses are greater than or equal to 0.2F),
or 0.1F), depending on whether the critical buckling stress of the plate is greater
than or less than 0.2F). This sets a lower limit on the compressive residual stress.
Similarly as an upper limit, the compressive residual stresses are limited to 0.55F),.
The weld is assumed to be a continuous single pass weld. Since the weld size is
unknown there is a further uncertainty about the number of passes during welding.
A continuous single pass weld gives the largest value of residual stress for a given
weld size, using the ECCS equations for the width of the tensile residual stress
block.

Assuming that the welding process is submerged arc welding. Submerged arc
welding is assumed conservatively since it has the largest process efficiency factor
resulting in larger residual stresses for a given weld size as compared to other
welding processes. The assumed weld type is fillet weld.

The model captures important trends such as a decrease in the compressive residual

stress with an increase in slenderness of the plate. This has been confirmed by
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comparing the residual stress predictions from the model with residual stresses
measured by other researchers.

The model neglects a distribution of residual stresses in the plane of the plate,
shown in Figure A-0-9. These residual stresses are compressive below the surface
and tensile in the center of the plate thickness. King (2018) points out that for a
member made of very thick plate, welded with relatively small fillet welds, the
residual stresses from weld shrinkage are very small, but the through thickness plate
residual stresses remain large. For certain practical box-section members, King
(2018) performed non-linear finite element (FE) analyses modelling the through-
thickness residual stress pattern shown in Figure A-0-9. He found that the buckling
resistance obtained from the FE analyses was very close to that obtained using
column strength curves generated using the residual stress pattern shown in Figure
A-0-8. Therefore as a simplification, for practical box-section members, neglecting

the through-thickness variation of residual stresses is justified.
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Figure A-0-9 Through-thickness variation of residual stresses in quenched HSLA-
100 plate (Credit: Prime 2005)

The algorithm for computing residual stresses in a general welded box-section with equal
or unequal size of component plates is explained below. Figure A-0-10 explains the

nomenclature used in the algorithm for computing residual stresses. In Figure A-0-10,

e b,b,b, b and ¢, t,, t,, t, are the widths and thicknesses of the four box-

section component plates respectively.

WS . ori>s WS.ernorrs WS ororss WS......a denote the weld size at the four corners of
the welded box-section.
o Aw, . .., Aw, ., Aw, ., Aw . . denote the area of the weld at the four

corners of the welded box-section.

* ¢, denotes the width of the tensile residual stress block due to flame cutting.
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°
Ot final > Oc2. finat> O3, final

values in plates one through four respectively.

and o, ;. denote the final compressive residual stress

®  Ciwars Cognas Cipma A c, ;. denote the widths of the tensile residual stress

block in plates one through four respectively considering both welding and flame

cutting.

WS corner?
A Weorner2
thempZ

Plate 1
by, t;

WScomer[
chorner]

themp]

Plate 2
by, t;
C2 final C2 final
C1 final C3 final
C1 final C3 final
C4 final C4 final
Plate 4
b4} t4

WS corner3
A Weorner3
themp3

Plate 3
bs t3

WS cornerd
A Weornerd
themp4

Figure A-0-10 Nomenclature used in the algorithm for computing residual stresses
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Weld area algorithm

The weld area for the four corners is calculated as explained below:

Corner 1 (intersection of plates 4 and 1)

WS, e = min| max {4, +0.5(B, — 4,), 4, +0.5(B,— 4)}.t,.1, ]

cornerl

Aw = 0'6(WScomerl)2

cornerl

Corner 2 (intersection of plates 1 and 2)
WS, s = in| max {4, +0.5(B, — 4),4,+0.5(B, = 4,)}.1,.1, |

Aw, = 0'6(WScomer2)2

corner?2

Corner 3 (intersection of plates 2 and 3)

ws

corner3

— min| max {4, +0.5(B,— 4,), 4, +0.5(B,— 4)}, 1,1,

Aw

corner3

= 0'6(WScomer3)2
Corner 4 (intersection of plates 3 and 4)

WS

corner4

— min| max{4,+0.5(B,~ 4,),4,+0.5(B,— 4,)}.t,.t, ]

Aw

corner4

= 06 ( WScomer4 )2
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where:

o 4 is the minimum weld size per AWS = If [¢, < 20mm,6,8]

o B is the maximum weld size per AWS = If [, < 6mm,t,,t, — 2]

o A, is the minimum weld size per AWS = If [z, < 20mm,6,8]

o B, is the maximum weld size per AWS = If [t, < 6mm,t,,t, — 2]
o  A,is the minimum weld size per AWS = If [, < 20mm,6,8]

o Bis the maximum weld size per AWS = If[t, < 6mm,t,,t, - 2]

o A, is the minimum weld size per AWS = If [z, < 20mm,6,8]

o B, is the maximum weld size per AWS = If [t, < 6mm,t,,t, —2]
The residual stress calculations for left web plate are explained below.

Step 1: The width of the tensile residual stress block corresponding to flame cutting is

C

1100y,
A

y

(152)

Step 2: The widths of the tensile residual stress blocks corresponding to welding at the two

edges of the plate are calculated as follows,

12000 pA
Cw,lempl = p WCf’m(frl (153)
E(t,+1)
12000 pA
cw,temp2 = p WCUrneVZ (1 54)
F‘y (tl + t2)
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where p = 0.9 is the process efficiency factor for submerged arc welding.

cw.a = ]f‘ [b > 2cwtemp1 b min {cwtempl > (4 1Tlax(t4 > tl) + Wscornerl )} > 4 maX(t4 > tl) + Wscornerl :| (1 55)

¢y =1f| b>2c

wtemp2 min {thempZ 4 (4 max(tl 4 t2 ) + WScornerZ )} 2 4 max(tl 4 t2) + WScornerZ :| (1 56)

Step 3: Combining the residual stress due to flame cutting and welding at the two edges of

the plate,
!

ca.int = (cf4 +Cw.a4 )4 (157)
I

Cpimt = (Cf4 +C,, )4 (158)

Step 4: Calculating the compressive residual stress,

_ F;/(Ca.int + Cb.int)

o.. = 159
o by —(Coine * Chint) (159)
O e final is calculated as follows:
e If 0,202F,
O\ g = Min| 0.55F,, max[0.2F,, min(c,,, 0, ) ]| (160)
e If 0,<02F,
O-cl.ﬁnal = maXl:min{o-cr’O-cl.int}’O' 1F;;:| (161)

194



where,

o, = (162)

Step 5: Calculating the width of the tensile residual stress block,

et a1 (163)

2 (O-L-Lﬁnal + Fy)

o

cl . final =

The calculations for the other three component plates (top flange, right web and bottom

flange) are similar to the calculations explained above.

The predictions of the proposed residual stress model relative to measurements
made by other researchers is shown below in Figure A-0-11. It can be observed that the
model captures important trends such as a decrease in the compressive residual stress with

an increase in slenderness of the plate.
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Figure A-0-11 Predictions of the suggested residual stress model relative to the

A.2.3

Boundary conditions and loading

measurements made by other researchers

Non-longitudinally stiffened box beams are flexurally and torsionally simply

supported at the ends, and are subjected to uniform bending. The beam multipoint

constraint in ABAQUS is used to apply the end boundary conditions and loading.

A.3  Longitudinally stiffened plates

This section discusses the geometric imperfections, residual stresses, loading and

boundary conditions used in the FE modelling of longitudinally stiffened plates.
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A.3.1  Geometric imperfection

Both global and local imperfections are modeled as shown in Figure A-0-12 and

Figure A-0-13.

Figure A-0-12 Global imperfection for longitudinally stiffened plates

Figure A-0-13 Local imperfection for longitudinally stiffened plates
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Considering X as the longitudinal direction, Y as the transverse direction, Z as the
lateral direction of the longitudinally stiffened plate, and the origin at the corner of the
stiffened plate; the transverse displacement, 5 for the global imperfection is calculated

using the following equation:

0 =09 sin (@) sin (Ej (164)
L B

where,

e B is the width of the longitudinally stiffened plate
e L=min(/,a) (165)
e [ _is the characteristic buckling length explained in Section 4.2

e q is the transverse stiffener spacing

L
¢ J _0.8(4—80j (166)

where,

» The fabrication tolerance equal to 42%0 is from Section 11.4.13.3 of the

AASHTO LRFD Bridge Construction Specifications (2010)
» 80% of the geometric fabrication tolerance is used based on the

recommendation in Annex C.5 of the Eurocode (CEN 2006).

For local imperfections, the lateral and transverse displacement of the longitudinal

edges and the longitudinal stiffener nodes are constrained, and an eigenvalue buckling
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analysis is performed with the plate subjected to axial load. The maximum magnitude of

local imperfection is taken as 0.8( lid J where,

A.3.2

144\/5

1s from Section 11.4.13.2 of the

The fabrication tolerance equal to 1
t

sp
AASHTO LRFD Bridge Construction Specifications (2010)

w and ¢, are as shown in Figure 4-8.

80% of the geometric fabrication tolerance is used based on the recommendation

in Annex C.5 of the Eurocode (CEN 2006).
Residual stress

The self-equilibrating residual stress pattern shown in Figure A-0-15 and Figure A-

0-14 is used. A compressive residual stress value of 0.25F, has been used previously by

Chou et al. (2006). The residual stress pattern for flat longitudinal stiffeners is from

Subramanian (2015). In Figure A-0-14 and Figure A-0-15, a positive sign represents tensile

residual stress, and a negative sign represents compressive residual stress.

A4.3.3

Boundary conditions and loading

Intermediate transverse stiffeners are modeled by restraining the lateral and

transverse displacements of the nodes at the transverse stiffener locations. The boundary

conditions are modelled as follows:

Transverse displacements of nodes along both the longitudinal edges are restrained.
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Beam multipoint constraint in ABAQUS is used to apply the end boundary
conditions and loading. All degrees of freedom of both end reference nodes, except
longitudinal displacement of one end reference node, are restrained; and axial
compressive load is applied via the reference nodes. These boundary condition are
believed to be representative of the boundary conditions in a physical experimental
test. The end boundary conditions have a minor influence on the ultimate
compressive resistance of longitudinally stiffened plates because the failure is
farther away from the ends.

Lateral displacements of nodes at the mid-width of the stiffened plate along its

entire length are restrained.

200



2
3
F, F, F, F,
1
+ + + +
0.25F, 0.25F, 0.25F,
+ £y
2 0.25F, |1
+ F,
F, y
3 +
L =— 1
0.25F, 0.2by1s 0.25F,
bf.ls

Figure A-0-14 Residual stress pattern for longitudinally stiffened plates with Tee
longitudinal stiffeners
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Figure A-0-15 Residual stress pattern for longitudinally stiffened plates with flat
longitudinal stiffeners
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A4

Longitudinally stiffened box-section members

This section discusses the geometric imperfections, residual stresses, loading and

boundary conditions used in the FE modelling of longitudinally stiffened box-section

members.

A4.1

Geometric imperfection

Geometric imperfections for each of the four component plates of the box-section

member are modelled as shown in Figure A-0-12 and Figure A-0-13. In addition to that:

For longitudinally stiffened box columns, an overall sweep corresponding to a

flexural buckling failure mode is given with a maximum magnitude of global
: : L - :
imperfection taken equal to 0.8 1000 as shown in Figure A-0-16, where L is the

length of the box column. 80% of the geometric fabrication tolerance is used based
on the recommendation in Annex C.5 of the Eurocode (CEN 2006).
For longitudinally stiffened box beams, the lateral displacement of the bottom

flange is restrained and the top flange is given a sweep with a maximum magnitude

L
of global imperfection taken equal to 0.8( ] as shown in Figure A-0-17, where

1000

L is the length of the box beam. 80% of the geometric fabrication tolerance is used

based on the recommendation in Annex C.5 of the Eurocode (CEN 2006).
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Figure A-0-16 Global imperfection for longitudinally stiffened box columns

Figure A-0-17 Global imperfection for longitudinally stiffened box beams

A.4.2  Residual stress

The residual stress pattern for each of the longitudinally stiffened component plates

is the same as that in Figure A-0-14 and Figure A-0-15. The residual stress pattern for non-
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longitudinally stiffened component plates in longitudinally stiffened box-section members

is as shown in Figure A-0-18.

Figure A-0-18 Residual stress pattern for non-longitudinally stiffened component
plates in longitudinally stiffened box-section members

A.4.3  Boundary conditions and loading

Longitudinally stiffened box columns are flexurally and torsionally simply
supported at the ends, and are subjected to uniform axial compression. Similarly, the
longitudinally stiffened box beams are flexurally and torsionally simply supported at the
ends, and are subjected to uniform bending. The beam multipoint constraint in ABAQUS

is used to apply the end boundary conditions and loading.

A5 Comparison of results of experimental tests with the results from FE

simulations of the experimental tests

The performance of the FE models is evaluated by comparing the results of
experimental tests with the results from FE simulations of those experimental tests. The
experimental tests from Pavlovcic et al. (2012) are used to evaluate the performance of the
FE models of box-section members. A summary of the comparison is shown in Table A-
0-1. The tests from Pavlovcic et al. (2012) are selected for this purpose for the following

reasons:
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e Box-section members in these tests are susceptible to combined global buckling
and local buckling.
e Pavlovcic et al. (2012) provide detailed measurements of initial imperfections,

accidental load eccentricities, and residual stresses.

Similarly, the performance of the FE models of longitudinally stiffened plates is
evaluated by using experimental tests from Ghavami (1994) and Chou et al. (2006), and
are shown in Table A-0-2 and Table A-0-3. For tests by Ghavami (1994) without
intermediate transverse stiffeners, the plates were not continuously simply supported but
were closely discretized simply supported. Because of the uncertainty and hence the
difficulty in modelling these supports, only the tests by Ghavami (1994) with intermediate
transverse stiffeners are modelled as these had continuously simply supported boundary

conditions.

It can be observed from Table A-0-1, Table A-0-2 and Table A-0-3, that in general
the results from FE simulations of experimental tests show a good correlation with the
experimental test results. The poor performance of the FE simulations for specimens
P2RIT and P2TIT in Table A-0-2 can be attributed to the unavailability of enough
information about the actual geometric imperfection pattern and residual stresses, that they
could be properly modelled. Following the approach adopted by Ghavami and Khedmati
(2006), the complex pattern of residual stresses and initial deflection was considered by
only considering geometric imperfections with the magnitude of maximum deflection of
the plate taken equal to that measured by Ghavami and reported in Column 7 of Table 2 in

Ghavami (1994).
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Table A-0-1 Performance of the FE modelling of box-section members, using
experimental tests from Pavlovcic et al. (2012)

SpeCimen Description Length (m) max.experiment max.simulation Pmax.simulation
(kN) (kN) P max.experiment
W-S Column 3.65 706.5 699.4 0.99
W-L Column 4.85 564 592.2 1.05
W-E2 Beam- 3.65 566.5 572.2 1.01
column
W-E6 Beam- 3.65 384.5 392.2 1.02
column
W-E20 Beam- 3.65 206.5 201.5 0.98
column

Table A-0-2 Performance of the FE modelling of longitudinally stiffened plates,
using experimental tests from Ghavami (1994)

SpeCimen Number Of Number Of Pmax-exp erimen max .simulation Pmax.simulation
longitudinal intermediate (N) (N) P _
stiffeners transverse . experiment
stiffeners

PIRIT 1 1 119.2 109.1 0.92
PITIT 1 1 119.1 115.7 0.97
P2RIT 2 1 149.4 120.9 0.81
P2TIT 2 1 179.2 207.8 1.16
P2R2T 2 2 149.2 150.7 1.01
P2T2T 2 2 204.3 195.7 0.96
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Table A-0-3 Performance of the FE modelling of longitudinally stiffened plates,
using experimental test from Chou et al. (2006)

Specimen number | & (kst) | o

max.simulation

max.exp eriment (kSI) O-max.simulation

O

max.exp eriment

2 60 60.44 1.01

A.6 Verification of FE test simulation

A basic verification of the finite element models is performed to ascertain the
correctness of the FE models. The verification is done by considering three cases for which
analytical solutions are available, and comparing the predictions from finite element
analysis of these cases with the available closed form analytical solutions. This approach

is similar to that used by Subramanian (2015). The cases considered are as follows:

Case 1- Elastic lateral torsional buckling of a long simply supported box-section beam

subjected to uniform bending.

Case 2- A box-section beam with L, <Z, and subjected to uniform bending. The

slenderness of the box-section component plates are chosen such that they are not

susceptible to local buckling.

Case 3- Elastic buckling of a simply supported unstiffened plate subjected to uniform axial

compression in the longitudinal direction.

For Case 1, an elastic eigenvalue buckling analysis of a simply supported box-

section beam subjected to uniform bending is performed. The dimensions of the box-
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section beam are as follows: b, =10in., ¢, =0.5in., b, =10in., ¢, =0.5in., D =601in.,

t,=1.5in.,, L, =583.33ft; where b, t,, b,, t,, D, t, are as shown in Figure 2-4, and

fi2
L, is the unbraced length of the box-section beam. The elastic LTB moment from the FE

analysis is 45138.22 kip-in, which is just 1.0027 times the theoretical elastic lateral

torsional buckling resistance, M, = Ll EI GJ =45016.677 kip-inch.

b

For Case 2, the theoretical resistance is the plastic moment capacity of the gross
cross-section. It can be observed from the results for cases 1, 4, 7, 37 in Figure 3-4 that the

test simulation strength is equal to the plastic moment capacity of the gross cross-section.

For Case 3, an elastic eigenvalue buckling analysis of a simply supported
unstiffened plate subjected to uniform axial compression in the longitudinal direction, is
performed. The dimensions of the plate are as follows: width = 60 in., thickness =1in. and

length = 480 in. The elastic buckling load from the FE analysis is 1761.34 kips, which is

just 1.008 times the theoretical buckling load,
2
P = dn £ . > (width)(thickness) =1747.37 kips.
12(1_‘/2)( width j
thickness
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APPENDIX B. DETAILS OF THE PARAMETRIC STUDY
DESIGN FOR EVALUATING THE PERFORMANCE OF THE
PROPOSED METHOD FOR CALCULATING THE FLEXURAL
RESISTANCE OF NON-LONGITUDINALLY STIFFENED BOX

SECTION MEMBERS

Table B-0-1 gives the cross-section dimensions and lengths of the various cases

listed in Table 3-4.

Table B-0-1 Dimensions of members considered in the parametric study used for
evaluating the performance of the proposed method for calculating the flexural
resistance of non-longitudinally stiffened box-section members

Cross- | b te by ti D tw | Length | Length= Length
section | ‘ ‘ ‘ . ‘ = 0.5L,+L,,| =L
# (in.) | (in.) | (in.) | (in.) | (in.) | (in.) 0.5L, | > (in.)
(in.) (in.)

1 10.00 | 0.50 | 10.00 | 0.50 | 36.00 | 0.83 | 113.40 49541 877.42

2 10.00 | 0.50 | 10.00 | 0.50 | 52.60 | 0.57 | 88.95 494.67 900.40

3 12.50 | 0.75 | 12.50 | 0.75 | 75.00 | 0.50 | 94.85 607.97 1121.09

4 18.00 | 1.00 | 18.00 | 0.50 | 69.80 | 1.16 | 206.75 907.86 1608.97

5 18.00 | 1.00 | 18.00 | 0.50 | 90.00 | 0.90 | 175.05 903.46 1631.86

6 17.00 | 1.00 | 17.00 | 0.50 | 102.00 | 0.68 | 142.00 845.72 1549.43

7 53.00 | 3.00 | 53.00 | 0.50 | 132.50 | 1.50 | 735.90 - 3975.00

8 53.00 | 3.00 | 53.00 | 0.50 | 180.00 | 1.50 | 640.25 2672.82 4705.39

9 53.00 | 3.00 | 53.00 | 0.50 | 225.00 | 1.50 | 572.35 2675.18 4778.01
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10 18.00 | 0.50 | 18.00 | 1.00 | 54.00 | 1.00 | 222.80 906.80 1590.81
11 18.00 | 0.50 | 18.00 | 1.00 | 70.00 | 0.77 | 188.80 899.38 1609.97
12 17.00 | 0.50 | 17.00 | 1.00 | 87.46 | 0.58 | 144.30 838.58 1532.86
13 18.00 | 0.50 | 18.00 | 0.50 | 56.88 | 0.95 | 235.75 931.64 1627.53
14 17.00 | 0.50 | 17.00 | 0.50 | 70.00 | 0.73 | 188.55 870.24 1551.93
15 16.00 | 0.50 | 16.00 | 0.50 | 84.86 | 0.57 | 147.30 809.29 1471.28
16 53.00 | 1.65 | 53.00 | 0.50 | 106.00 | 1.50 | 888.75 - 3180.00
17 53.00 | 1.65 | 53.00 | 0.50 | 174.90 | 1.50 | 705.95 2775.12 4844.28
18 53.00 | 1.65 | 53.00 | 0.50 | 225.00 | 1.50 | 615.00 - 4904.14
19 33.00 | 0.50 | 33.00 | 1.50 | 70.74 | 1.40 | 498.20 - -

20 33.00 | 0.50 | 33.00 | 1.50 | 96.00 | 1.03 | 421.95 1650.98 2880.00
21 32.40 | 0.50 | 32.40 | 1.50 | 120.75 | 0.81 | 349.80 1620.87 2891.94
22 33.00 | 0.50 | 33.00 | 1.00 | 73.79 | 1.34 | 524.20 - 2213.70
23 33.00 | 0.50 | 33.00 | 1.00 | 99.00 | 1.00 | 447.80 - -

24 32.40 | 0.50 | 32.40 | 1.00 | 120.74 | 0.81 | 380.25 1663.85 2947.45
25 33.00 | 0.50 | 33.00 | 0.50 | 76.72 | 1.29 | 549.95 - 2301.60
26 33.00 | 0.50 | 33.00 | 0.50 | 100.00 | 0.99 | 483.85 1741.93 3000.00
27 32.40 | 0.50 | 32.40 | 0.50 | 120.75 | 0.80 | 418.25 - -

28 53.00 | 0.50 | 53.00 | 2.30 | 53.00 | 1.50 | 1117.50 - 1590.00
29 53.00 | 0.50 | 53.00 | 2.50 | 113.37 | 1.40 | 756.75 - 3401.10
30 52.00 | 0.50 | 52.00 | 3.00 | 153.00 | 1.02 | 585.50 2514.17 4442.85
31 53.00 | 0.50 | 53.00 | 1.65 | 53.00 | 1.50 | 1173.70 - 1590.00
32 53.00 | 0.50 | 53.00 | 1.65 | 118.46 | 1.34 | 814.55 - 3553.80
33 52.00 | 0.50 | 52.00 | 1.65 | 153.00 | 1.02 | 679.15 2634.58 4590.00
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34 53.00 | 0.50 | 53.00 | 0.50 | 79.50 | 1.50 | 1147.10 2385.00
35 53.00 | 0.50 | 53.00 | 0.50 | 125.40 | 1.27 | 926.90 3762.00
36 52.00 | 0.50 | 52.00 | 0.50 | 153.00 | 1.02 | 813.75 -

37 78.00 | 4.00 | 78.00 | 0.50 | 156.00 | 1.50 | 1153.70 4680.00
38 10.00 | 0.50 | 10.00 | 0.50 | 35.88 | 0.84 | 103.15 877.21
39 10.00 | 0.50 | 10.00 | 0.50 | 49.20 | 0.61 | 84.75 896.92
40 12.50 | 0.75 | 12.50 | 0.75 | 75.00 | 0.50 | 83.60 1121.09
41 16.00 | 0.50 | 16.00 | 0.50 | 48.00 | 1.00 | 193.25 1432.95
42 15.50 | 0.50 | 15.50 | 0.50 | 61.00 | 0.76 | 159.65 1406.36
43 14.00 | 0.50 | 14.00 | 0.50 | 79.38 | 0.53 | 110.25 1284.35
44 53.00 | 0.50 | 53.00 | 0.50 | 53.00 | 1.50 | 1230.45 1590.00
45 52.70 1 0.50 | 52.70 | 0.50 | 116.13 | 1.36 | 891.65 3483.90
46 52.40 | 0.50 | 52.40 | 0.50 | 153.54 | 1.02 | 772.90 -
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APPENDIX C. JUSTIFICATION FOR THE USE OF
ORTHOTROPIC PLATE IDEALIZATION FOR PLATES WITH

ONE OR TWO LONGITUDINAL STIFFENERS

This appendix shows that for plates with one or two longitudinal stiffeners the
buckling load calculated by considering a column on elastic foundation model (where the
column represents the stiffener strut and elastic foundation stiffness represents the
transverse bending stiffness of the plate) along with the consideration of torsional stiffness
of the plate, gives a buckling load approximately equal to that obtained using the
orthotropic plate idealization. This justifies the use of the orthotropic plate approach by the

proposed method for any number of longitudinal stiffeners.

Plates with one longitudinal stiffener:

For a column on elastic foundation model of the stiffener strut (where the column
represents the stiffener strut and elastic foundation stiffness represents the transverse
bending stiffness of the plate) along with the consideration of torsional stiffness of the

plate, the governing differential equation of equilibrium is

2GJ

EIS5"”—P5"+—2’”"’5"+ kp5:0 (167)
w
where:
wtsp3 ,
° ]s :[x+?+WlSPCI (168)
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k, is the foundation stiffness and is calculated by modeling the plate in the

transverse direction as a “wide beam” loaded by a concentrated force, # at the mid
width of the plate (i.e., at the longitudinal stiffener location). Therefore

LW El

3 3

" (we, b,
48EI,

The term %5" corresponds to the contribution from the resistance to
w

(169)

twisting of the plate associated with the transverse displacement of the longitudinal

stiffener. This resistance can be approximated as

d ( d@j d ( 1 dé‘j

—\ GJ, ., — —GJ , ——
dT/d tri tri )
w w w w

where:

B Wtsp3
J b _T (171)

tri

This is approximate because a simplifying assumption is made that the strip
considered above is pinned along the edge of the plate as well as along the
longitudinal stiffener. This neglects the continuity across the longitudinal stiffener

(King 2017a).

The buckled shape is given by

5=6_ sin% (172)
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where ¢ is the buckling length, taken as the smaller of the transverse stiffener spacing, a,

and the characteristic buckling length, 7.

Substituting the displacement solution § =96, sin%, which satisfies the

boundary conditions, in the above governing differential equation we obtain

Yorx > xx 2GJ > nx X
ELS. (Z) sin— - P5,__ (Zj sin— + =22 5 (Zj sin—+k 5__sin>—=0
‘ ] ¢ / 0 0 0 0

W p - max
(173)
Simplifying,
2 EI ¢* Gwt,’
P:{Eg”—ﬁ%w—jg—z}% : (174)
E sp T bsp 3

This is very close to the buckling load obtained using the orthotropic plate idealization

4 2
b, 7

2 EI ¢? 2 Gwt
P:[E]S”—zm“w p ! } T
¢ (1-v)b, 3

3

:{ > EI, ﬁ}m_og Gwt,,

T
El —+972w
K EZ 4 72_2 bfp 3

(175)

sp

The slight differences are because of the approximate calculation of the transverse bending

stiffness and torsion stiffness contribution.
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Plates with two longitudinal stiffeners:

For a column on elastic foundation model of the stiffener strut (where the column

represents the stiffener strut and elastic foundation stiffness represents the transverse

bending stiffness of the plate) along with the consideration of torsional stiffness of the

plate, the governing differential equation of equilibrium is

EI 5" -

where:

PS"+ %5% k&=0 (176)
Wtsp3 2
IS :IX+T+WZSPCI (177)

k, is the foundation stiffness and is calculated by modeling the plate in the

transverse direction as a “wide beam” loaded by a concentrated force, 7 at the mid
width of the plate (i.e., at the longitudinal stiffener location). Therefore

w 162EI,

k= -
" swe,’ 5b,,
1621,

(178)

GJ,, o . .
The term —2Z2- 5" corresponds to the contribution from the resistance to twisting
w

of the plate caused by the transverse displacement of the longitudinal stiffener.

This resistance can be approximated as

d ( d@j d ( 1 d§j
G| | G
dT / d b A
( X) — dx dx — dx w dx — GJtZrzb S" (179)
w w w w
where
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WI ’
T = (180)

tri

This is approximate because a simplifying assumption is made that the strip
considered above is pinned along the edge of the plate as well as along the
longitudinal stiffener. This neglects the continuity across the longitudinal stiffener

(King 2017a).

The buckled shape is given by
5=6_ sin% (181)

where ¢ is the buckling length, taken as the smaller of the transverse stiffener spacing, a,

and the characteristic buckling length, /.

Substituting the displacement solution § =96, sin%, which satisfies the

boundary conditions, in the above governing differential equation we obtain

4 2 2
ELS (Zj sinZ>— Ps, (Zj sin” 4 o 5 (Zj sinZE+k 5. sinZE =0
( ; ‘ ( ‘ ( (

s max W2 max p~ max
(182)
Simplifying,
2 EI [ Gwt, >
P:{Elsﬂ—z+97.2w jﬁ—z}r ) DMy, (183)
1 . 7| b, 3

This is very close to the buckling load obtained using the orthotropic plate idealization
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2 EI /> 2 Gwt
P=|EL " watwin L My
E bsp T (I_V)bsp 3
2 EI /* | 14.08 Gwt (159
4%
:l:E]Sﬁ—Z+97.2w 4”—2} L
/ bl x b, 3

The slight difference is because of the approximate calculation of the torsion stiffness

contribution.

Thus it can be seen that for plates with one or two longitudinal stiffeners the
buckling load calculated by considering a column on elastic foundation model (where the
column represents the stiffener strut and elastic foundation stiffness represents the
transverse bending stiffness of the plate) along with the consideration of torsional stiffness
of the plate, gives a buckling load approximately equal to that obtained using the
orthotropic plate idealization. This justifies the use of the orthotropic plate approach by the

proposed method for any number of longitudinal stiffeners.
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APPENDIX D. DETAILS OF THE PARAMETRIC STUDY
DESIGN FOR EVALUATING THE PERFORMANCE OF THE
PROPOSED METHOD FOR CALCULATING THE ULTIMATE
COMPRESSIVE RESISTANCE OF LONGITUDINALLY

STIFFENED PLATES

The cross-section dimensions and lengths of the various cases in Groups 1
through 4 are provided in Table D-0-1 through Table D-0-4 respectively. In Table D-0-1

through Table D-0-4:

e &, 1is the depth of a flat longitudinal stiffener or the depth of the web of a Tee
longitudinal stiffener;

e ¢, 1is the thickness of a flat longitudinal stiffener or the thickness of the web of a
Tee longitudinal stiffener;

e b, isthe width of the flange of a Tee longitudinal stiffener;

* ¢, is the thickness of the flange of a Tee longitudinal stiffener;

L is the total length of the longitudinally stiffened plate;

n is the number of intermediate transverse stiffeners.

transstiff’
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Table D-0-1 Cross-section dimensions and lengths of Group 1 cases

Case # bSP tbP hw.ls tw,ls bf'ls tf'ls L
(in) | (in) (n) | (n) | (@n) | (in) (in.)
1 60.00 | 1.50 5.087 | 0.442 - - | 425.840
2 60.00 | 1.50 7.194 | 0.626 . ; 553.876
3 60.00 | 1.50 10.173 | 0.885 . ; 745.178
4 60.00 | 1.50 14.387 | 1.251 - -] 1009.209
5 90.00 | 1.50 6.019 | 0.523 . ; 719.755
6 90.00 | 1.50 7.194 | 0.626 - - 828.883
7 90.00 | 1.50 9.099 | 0.791 . - | 1010562
8 90.00 | 1.50 11.374 | 0.989 - - ] 1226.159
9 90.00 | 1.50 14.387 | 1.251 - -] 1502.902
10 | 90.00 | 1.50 17.621 | 1.532 . - | 1786.418
11 | 120.00 | 1.50 12.460 | 1.083 - - | 1529.807
12 | 120.00 | 1.50 14.387 | 1.251 . ~ | 1741.036
13 | 120.00 | 1.50 17.621 | 1.532 - - | 2088.674
14 | 12000 | 1.50 20.347 | 1.769 . ~ | 2373616
15 | 120.00 | 1.50 24.920 | 2.167 . | 2833.642
16 | 180.00 | 1.50 12.460 | 1.083 - - | 2286.851
17 | 180.00 | 1.50 14.387 | 1.251 . - | 2600.188
18 | 180.00 | 1.50 17.621 | 1.532 _ ~ 3114522
19 | 180.00 | 1.50 20.347 | 1.769 . - | 3535.054
20 | 180.00 | 1.50 24.920 | 2.167 - _ | 4212.829
21 | 180.00 | 1.50 17.621 | 1.532 . - | 2867.898
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22 180.00 | 1.50 21.581 | 1.877 - - 3446.848
23 180.00 | 1.50 24.920 | 2.167 - - 3920.955
24 180.00 | 1.50 27.861 | 2.423 - - 4327.491
25 180.00 | 1.50 30.520 | 2.654 - - 4686.078
26 270.00 | 1.50 17.621 | 1.532 - - 4283.202
27 270.00 | 1.50 22.289 | 1.938 - - 5290.041
28 270.00 | 1.50 27.298 | 2.374 - - 6325.563
29 270.00 | 1.50 30.520 | 2.654 - - 6967.243
Table D-0-2 Cross-section dimensions and lengths of Group 2 cases
Case # b,, Ly Ry i Ly by Lyis L
(in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 60.00 1.50 2912 | 0416 | 2.496 | 0.416 | 405.243
2 60.00 1.50 4.119 | 0.588 | 3.530 | 0.588 | 518.044
3 60.00 1.50 5824 | 0.832 | 4992 | 0.832 | 689.694
4 60.00 1.50 8237 | 1.177 | 7.060 | 1.177 | 927.130
5 90.00 1.50 3446 | 0492 | 2954 | 0492 | 678.513
6 90.00 1.50 4.119 | 0.588 | 3.530 | 0.588 | 775.170
7 90.00 1.50 5209 | 0.744 | 4465 | 0.744 | 937.749
8 90.00 1.50 6.512 | 0930 | 5.582 | 0.930 | 1131.475
9 90.00 1.50 8237 | 1.177 | 7.060 | 1.177 | 1379.627
10 90.00 1.50 10.088 | 1.441 8.647 | 1.441 | 1632.230
11 120.00 | 1.50 7.133 1.019 | 6.114 | 1.019 | 1413.557
12 120.00 | 1.50 8237 | 1.177 | 7.060 | 1.177 | 1604.251
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13 120.00 1.50 10.088 | 1.441 8.647 1.441 | 1917.824
14 120.00 1.50 11.649 | 1.664 | 9.985 1.664 | 2174.136
15 120.00 1.50 14.267 | 2.038 | 12.229 | 2.038 | 2585.704
16 180.00 1.50 7.133 1.019 | 6.114 1.019 | 2112.477
17 180.00 1.50 8.237 1.177 | 7.060 1.177 | 2394.956
18 180.00 1.50 10.088 | 1.441 8.647 1.441 | 2858.043
19 180.00 1.50 11.649 | 1.664 | 9.985 1.664 | 3235.427
20 180.00 1.50 14.267 | 2.038 | 12.229 | 2.038 | 3839.996
21 180.00 1.50 10.088 | 1.441 8.647 1.441 | 2637.280
22 180.00 1.50 12.355 | 1.765 | 10.590 | 1.765 | 3160.061
23 180.00 1.50 14.267 | 2.038 | 12.229 | 2.038 | 3586.705
24 180.00 1.50 15951 | 2.279 | 13.672 | 2.279 | 3951.157
25 180.00 1.50 17.473 | 2.496 | 14.977 | 2.496 | 4271.515
26 270.00 1.50 10.088 | 1.441 8.647 1.441 | 3937.159
27 270.00 1.50 12.761 | 1.823 | 10.938 | 1.823 | 4844.425
28 270.00 1.50 15.629 | 2.233 | 13.396 | 2.233 | 5772.316
29 270.00 1.50 17473 | 2.496 | 14.977 | 2.496 | 6343.849
Table D-0-3 Cross-section dimensions and lengths of Group 3 cases
C;se b, Ly n nssir |y i Ly i L
(in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 120.00 | 1.00 5 4.80 | 0.42 - - 150.10
2 120.00 | 1.00 5 6.78 0.59 - - 260.52
3 120.00 | 1.00 5 8.31 0.72 - - 352.78
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4 120.00 | 1.00 9.59 | 0.83 431.19
5 120.00 | 1.00 10.72 | 0.93 491.78
6 120.00 | 1.00 4.80 | 042 264.89
7 120.00 | 1.00 6.78 | 0.59 455.90
8 120.00 | 1.00 8.31 0.72 620.89
9 120.00 | 1.00 9.59 | 0.83 766.57
10 ] 120.00 | 1.00 10.72 | 0.93 913.31
11 120.00 | 1.00 4.80 | 042 379.67
12 1120.00 | 1.00 6.78 | 0.59 663.13
13 120.00 | 1.00 8.31 0.72 959.56
14 | 120.00 | 1.00 9.59 | 0.83 1245.67
15 120.00 | 1.00 10.72 | 0.93 1615.86
16 | 240.00 | 1.00 11.75 | 1.02 380.18
17 1240.00 | 1.00 1439 | 1.25 510.74
18 |240.00 | 1.00 16.61 | 144 621.51
19 1240.00 | 1.00 18.57 | 1.62 730.79
20 ]240.00 | 1.00 2035 | 1.77 815.31
21 | 240.00 | 1.00 11.75 | 1.02 714.74
22 1240.00 | 1.00 1439 | 1.25 984.99
23 | 240.00 | 1.00 16.61 | 144 1222.31
24 1240.00 | 1.00 18.57 | 1.62 1438.75
25 |240.00 | 1.00 2035 | 1.77 1630.61
26 | 240.00 | 1.00 11.75 | 1.02 1018.89
27 1240.00 | 1.00 1439 | 1.25 1422.77
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28 ]240.00 | 1.00 3 3 16.61 | 144 - - 1781.67

29 1240.00 | 1.00 3 3 18.57 | 1.62 - - 2101.03

30 ]240.00 | 1.00 3 3 2035 | 1.77 - - 2371.80

Table D-0-4 Cross-section dimensions and lengths of Group 4 cases

C;se b,, te n Moanssit | R f Ly " L
(in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 120.00 | 1.00 5 3 2.746 | 0.392 | 2.353 | 0.392 | 132.103
2 120.00 | 1.00 5 3 3.883 | 0.555 | 3.328 | 0.555 | 219.080
3 120.00 | 1.00 5 3 4.755 | 0.679 | 4.076 | 0.679 | 298.773
4 120.00 | 1.00 5 3 5491 | 0.785 | 4.707 | 0.785 | 351.702
5 120.00 | 1.00 5 3 6.139 | 0.877 | 5.262 | 0.877 | 417.947
6 120.00 | 1.00 5 3 2.746 | 0.392 | 2.354 | 0.392 | 231.188
7 120.00 | 1.00 5 3 3.883 | 0.555 | 3.328 | 0.555 | 388.868
8 120.00 | 1.00 5 3 4.755 | 0.679 | 4.076 | 0.679 | 526.101
9 120.00 | 1.00 5 3 5491 | 0.785 | 4.707 | 0.785 | 652.113
10 | 120.00 | 1.00 5 3 6.139 | 0.877 | 5.262 | 0.877 | 755.520
11 ]120.00 | 1.00 5 3 2.746 | 0.392 | 2.354 | 0.392 | 330.269
12 | 120.00 | 1.00 5 3 3.883 | 0.555 | 3.328 | 0.555 | 558.655
13 | 120.00 | 1.00 5 3 4.755 | 0.679 | 4.076 | 0.679 | 779.409
14 |120.00 | 1.00 5 3 5491 | 0.785 | 4.707 | 0.785 | 981.834
15 |120.00 | 1.00 5 3 6.139 | 0.877 | 5.262 | 0.877 | 1173.467
16 |240.00 | 1.00 3 3 6.725 | 0.961 | 5.765 | 0.961 | 321.459
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17 |240.00 | 1.00 8.237 | 1.177 | 7.060 | 1.177 | 434.442
18 |240.00 | 1.00 9.511 | 1.359 | 8.153 | 1.359 | 530.073
19 |240.00 | 1.00 10.634 | 1.519 | 9.115 | 1.519 | 624.753
20 | 240.00 | 1.00 11.649 | 1.664 | 9.985 | 1.664 | 697.123
21 1240.00 | 1.00 6.725 | 0.961 | 5.765 | 0.961 | 600.989
22 1240.00 | 1.00 8.237 | 1.177 | 7.060 | 1.177 | 818.755
23 1240.00 | 1.00 9.511 | 1.359 | 8.153 | 1.359 | 1022.283
24 1 240.00 | 1.00 10.634 | 1.519 | 9.115 | 1.519 | 1187.031
25 1240.00 | 1.00 11.649 | 1.664 | 9.985 | 1.664 | 1349.270
26 |240.00 | 1.00 6.725 | 0.961 | 5.765 | 0.961 | 866.543
27 1240.00 | 1.00 8.237 | 1.177 | 7.060 | 1.177 | 1186.360
28 1240.00 | 1.00 9.511 | 1.359 | 8.153 | 1.359 | 1476.631
29 1240.00 | 1.00 10.634 | 1.519 | 9.115 | 1.519 | 1728.484
30 |240.00 | 1.00 11.649 | 1.664 | 9.985 | 1.664 | 1956.441
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APPENDIX E. DETAILS OF THE PARAMETRIC STUDY
DESIGN FOR EVALUATING THE PERFORMANCE OF THE
PROPOSED METHOD FOR CALCULATING THE COMPRESSIVE
RESISTANCE OF LONGITUDINALLY STIFFENED BOX-SECTION

MEMBERS

Table E-0-1 and Table E-0-2 give the cross-section dimensions and lengths of the
various cases listed in Table 5-1 and Table 5-2 respectively. Figure E-0-1 illustrates the
variables used in Table E-0-1 and Table E-0-2. The cross-sections for all cases are doubly

symmetric. In Table E-0-1 and Table E-0-2, n,, and n,,, are the number of longitudinal

web

stiffeners on each flange and web respectively, and L is the length of the box column.

B
L b
A
tls.ﬂ " e”(— t hls.ﬂn
- & by.web
hl .web
D et
t
tls.web
' H

Figure E-0-1 Illustration of variables used in Table E-0-1 and Table E-0-2
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Table E-0-1 Dimensions of members listed in Table 5-1

Case | B | ¢, o P | e | D b | Paen | Proser | Bowe | L8
#on) | (n) (in) | @n) | )] (in) (in) | (in)

1|41 | 1 4796 | 0417 | 59 | 1 | 2 | 4796 | 0.417 | 70.71
2 |41 | 1 4796 | 0417 | 59 | 1 | 2 | 4796 | 0.417 | 113.13
30|41 | 1 4796 | 0417 | 59 | 1 | 2 | 4796 | 0.417 | 155.56
4 | 41| 1 4796 | 0417 | 59 | 1 | 2 | 9592 | 0.834 | 69.61
5 |41 | 1 4796 | 0417 | 59 | 1 | 2 | 9592 | 0.834 | 111.37
6 | 41 | 1 4796 | 0417 | 59 | 1 | 2 | 9592 | 0.834 | 153.13
7 | 41 | 1 4796 | 0417 | 119 | 1 | 1 | 8307 | 0.722 | 75.25
8 | 41 | 1 4796 | 0417 | 119 | 1 | 1 | 8307 | 0.722 | 120.41
9 | 41| 1 4796 | 0417 | 119 | 1 | 1 | 8307 | 0.722 | 165.56
10 | 41 | 1 4796 | 0417 | 119 | 1 | 1 |16.613 | 1.445 | 72.88
1| 41 | 1 4796 | 0417 | 119 | 1 | 1 |16.613 | 1.445 | 116.62
12 | 41| 1 4796 | 0417 | 119 | 1 | 1 |16.613 | 1.445 | 160.35
13 | 41 | 1 4796 | 0417 | 179 | 1 | 2 | 8307 | 0.722 | 77.16
14 | 41| 1 4796 | 0417 1179 | 1 | 2 | 8307 | 0.722 | 123.46
15 | 41 | 1 4796 | 0417 1179 | 1 | 2 | 8307 | 0.722 | 169.76
16 | 41 | 1 4796 | 0417 | 179 | 1 | 2 |16.613 | 1.445 | 73.70
17 | 41| 1 4796 | 0417 | 179 | 1 | 2 |16.613 | 1.445 | 117.92
18 | 41 | 1 4796 | 0417 | 179 | 1 | 2 |16.613 | 1.445 | 162.14
19 |61 | 1 | 2]479% [0417|119] 1 | 1 | 8307 | 0.722 | 109.12
20 | 61 | 1 | 2| 479 |0417 | 119] 1 | 1 | 8307 | 0.722 | 174.59
21 | 61 | 1 | 2] 479 [0417 |119| 1 | 1 | 8307 | 0.722 | 240.07
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22 61 4.796 | 0417 | 119 16.613 | 1.445 | 107.23
23 61 4.796 | 0417 | 119 16.613 | 1.445 | 171.57
24 61 4.796 | 0417 | 119 16.613 | 1.445 | 235.90
25 61 4.796 | 0417 | 179 8.307 | 0.722 | 112.98
26 61 4.796 | 0.417 | 179 8.307 | 0.722 | 180.76
27 61 4.796 | 0417 | 179 8.307 | 0.722 | 248.55
28 61 4.796 | 0.417 | 179 16.613 | 1.445 | 109.89
29 61 4.796 | 0417 | 179 16.613 | 1.445 | 175.82
30 61 4.796 | 0.417 | 179 16.613 | 1.445 | 241.75
31 | 121 8.307 | 0.722 | 179 8.307 | 0.722 | 212.73
32 | 121 8307 | 0.722 | 179 8.307 | 0.722 | 340.36
33 | 121 8.307 | 0.722 | 179 8.307 | 0.722 | 468.00
34 | 121 8307 | 0.722 | 179 16.613 | 1.445 | 212.29
35 | 121 8.307 | 0.722 | 179 16.613 | 1.445 | 339.67
36 | 121 8307 | 0.722 | 179 16.613 | 1.445 | 467.04
37 | 121 16.613 | 1.445 | 179 8.307 | 0.722 | 206.95
38 | 121 16.613 | 1.445 | 179 8.307 | 0.722 | 331.12
39 | 121 16.613 | 1.445 | 179 8.307 | 0.722 | 455.29
40 | 121 16.613 | 1.445 | 179 16.613 | 1.445 | 207.09
41 | 121 16.613 | 1.445 | 179 16.613 | 1.445 | 331.35
42 | 121 16.613 | 1.445 | 179 16.613 | 1.445 | 455.60
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Table E-0-2 Dimensions of members listed in Table 5-2

Case | B | ¢, o Mg | e | D b | e | Prenes |t | L (1)
#on) | (n) (in) | @n) | )] (in) (in) | (in)

1| 4| 1 6.584 | 0608 | 40 | 1 | 1 | 6.584 | 0.608 | 68.21
2 | 42| 1 6.584 | 0608 | 40 | 1 | 1 | 6.584 | 0.608 | 109.13
30| 82| 1 9311 | 0.859 | 80 | 1 | 1 | 9311 | 0.859 | 135.13
4 | 82| 1 9311 | 0.859 | 80 | 1 | 1 | 9311 |0.859 | 216.21
5 | 42| 1 4656 | 0430 80 | 1 | 1 | 6.584 | 0.608 | 163.92
6 | 2| 1 4656 | 0430 | 80 | 1 | 1 |13.168 | 1.215 | 160.48
7 | 42| 1 4656 | 0430 | 180 | 1 | 1 | 9.876 | 0.911 | 174.00
8 | 42| 1 4656 | 0430 | 180 | 1 | 1 |19.752| 1.823 | 167.38
9 | 42| 1 4656 | 0430 | 180 | 1 | 1 |19.752 | 1.823 | 182.60
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APPENDIX F. DETAILS OF THE PARAMETRIC STUDY
DESIGN FOR EVALUATING THE PERFORMANCE OF THE
PROPOSED METHOD FOR CALCULATING THE FLEXURAL
RESISTANCE OF LONGITUDINALLY STIFFENED BOX SECTION

MEMBERS

Table F-0-1 and Table F-0-2 give the cross-section dimensions and lengths of the
various cases listed in Table 6-1. Figure 6-1 illustrates the variables used in Table F-0-1

and Table F-0-2. In Table F-0-2, n,__ is the number of equally spaced web transverse

trans

stiffeners, b is the width of the transverse stiffener, and ¢ is the thickness of the

trans trans

transverse stiffener.

Table F-0-1 Dimensions of the tension and compression flange of the box-section
beam cases listed in Table 6-1

Case # B (in.) t, (in.) te (in.) by (in.) L fn (in.)
1 62.00 1.90 1 8.064 0.744
2 62.00 1.90 1 8.064 0.744
3 62.00 1.90 1 8.064 0.744
4 123.10 2.50 1 11.404 1.052
5 123.10 2.50 1 11.404 1.052
6 123.10 2.50 1 11.404 1.052
7 61.90 3.00 1 8.064 0.744
8 61.90 3.00 1 8.064 0.744
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9 61.90 3.00 8.064 0.744
10 122.40 4.00 11.404 1.052
11 122.40 4.00 11.404 1.052
12 122.40 4.00 11.404 1.052
13 61.90 3.00 8.064 0.744
14 61.90 3.00 8.064 0.744
15 61.90 3.00 8.064 0.744
16 122.30 4.00 11.404 1.052
17 122.30 4.00 11.404 1.052
18 122.30 4.00 11.404 1.052
19 62.60 0.70 8.064 0.744
20 62.60 0.70 8.064 0.744
21 61.68 0.69 8.064 0.744
22 61.68 0.69 8.064 0.744
23 60.96 0.68 8.064 0.744
24 60.96 0.68 8.064 0.744
25 60.80 0.68 8.064 0.744
26 60.80 0.68 8.064 0.744
27 60.82 0.68 8.064 0.744
28 60.82 0.68 8.064 0.744
29 64.74 3.20 7.413 0.809
30 64.74 3.20 7.413 0.809
31 61.74 3.10 7.413 0.809
32 61.74 3.10 7.413 0.809
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33 61.94 3.10 1 7.413 0.809
34 61.94 3.10 1 7.413 0.809
35 62.74 0.70 1 7.413 0.809
36 62.74 0.70 1 7.413 0.809
37 61.66 0.69 1 7.413 0.809
38 61.66 0.69 1 7.413 0.809
39 61.68 0.70 1 7.413 0.809
40 61.68 0.70 1 7.413 0.809
41 62.00 0.70 1 7.413 0.809
42 62.00 0.70 1 7.413 0.809

Table F-0-2 Dimensions of the web, and length of the box-section beam cases listed
in Table 6-1

Case D t d h[s .web Is.web ntrans btrans ttrans L (ln')

# | (0) | Gn) | (in) | Gn) | (in) (in) | (in)

1 250 | 1.00 | 50.95 |20.049 | 1.850 | 2 10.40 0.65 1178.55

2 250 | 1.00 | 50.95 | 20.049 | 1.850 6 10.40 0.65 3291.27

3 250 | 1.00 | 50.95 |20.049 | 1.850 | 10 10.40 0.65 5404.00

4 345 | 1.55 | 76.25 | 21.675 | 2.000 8 13.60 0.85 3764.47

5 345 | 1.55 | 76.25 | 21.675 | 2.000 | 16 13.60 0.85 7057.24

6 345 | 1.55 | 76.25 | 21.675 | 2.000 | 24 13.60 0.85 10350.00

7 285 1 0.95 | 72.75 | 20.591 | 1.900 1 11.52 0.72 1061.97

8 285 | 0.95 | 72.75 [20.591 | 1.900 | 5 11.52 0.72 3184.96

9 285 1 0.95 | 72.75 ] 20.591 | 1.900 9 11.52 0.72 5307.95
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10 | 359 | 1.20 | 107.00 | 21.675 | 2.000 6 14.08 0.88 3470.42
11 359 | 1.20 | 107.00 | 21.675 | 2.000 | 11 14.08 0.88 6867.33
12 | 359 | 1.20 | 107.00 | 21.675 | 2.000 | 17 14.08 0.88 10264.24
13 | 285 | 0.95 | 126.50 | 20.591 | 1.900 2 11.52 0.72 1161.22
14 | 285 | 0.95 | 126.50 | 20.591 | 1.900 5 11.52 0.72 3234.59
15 | 285 | 0.95 | 126.50 | 20.591 | 1.900 9 11.52 0.72 5307.95
16 | 344 | 1.15 | 173.00 | 21.675 | 2.000 6 13.60 0.85 3779.47
17 | 344 | 1.15 | 173.00 | 21.675 | 2.000 | 11 13.60 0.85 6972.25
18 | 344 | 1.15 | 173.00 | 21.675 | 2.000 | 17 13.60 0.85 10165.02
19 126 | 1.30 - - - - - - 2066.19
20 126 | 1.30 - - - - - - 3780.00
21 126 | 0.84 - - - - - - 1798.80
22 126 | 0.84 - - - - - - 3780.00
23 124 1 048 | 21.84 | 9.645 | 0.890 5 6.24 0.39 1316.12
24 124 | 048 | 21.84 | 9.645 | 0.890 | 15 6.24 0.39 3720.00
25 120 | 0.40 | 15.84 | 8.562 | 0.790 4 6.08 0.38 1198.29
26 120 | 0.40 | 15.84 | 8.562 | 0.790 | 15 6.08 0.38 3600.00
27 123 | 0.41 | 42.84 | 8.887 | 0.820 5 6.24 0.39 1291.09
28 123 | 041 | 42.84 | 8.887 | 0.820 | 15 6.24 0.39 3690.00
29 194 | 2.37 - - - - - - 1344.49
30 194 | 2.37 - - - - - - 5749.69
31 260 | 0.87 | 74.55 | 20.591 | 1.900 1 10.72 0.67 810.28

32 | 260 | 0.87 | 74.55 | 20.591 | 1.900 9 10.72 0.67 5193.88
33 | 290 | 0.97 | 127.55 | 20.591 | 1.900 1 11.68 0.73 852.00
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34 | 290 | 0.97 | 127.55 | 20.591 | 1.900 9 11.68 0.73 5319.40
35 126 | 1.37 - - - - - - 1581.18
36 126 | 1.37 - - - - - - 3780.00
37 124 | 0.83 - - - - - - 1383.10
38 124 | 0.83 - - - - - - 3720.00
39 | 252 | 0.84 | 57.35 | 20.591 | 1.900 1 10.40 0.65 896.23
40 | 252 | 0.84 | 57.35 | 20.591 | 1.900 | 10 10.40 0.65 5470.27
41 300 | 1.00 | 110.35 | 20.916 | 1.930 1 12.00 0.75 935.09
42 | 300 | 1.00 | 110.35 | 20.916 | 1.930 9 12.00 0.75 5621.17
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APPENDIX G. SAMPLE CALCULATIONS

This Appendix provides sample calculations for calculating the following:
1) Ultimate compressive resistance of longitudinally stiffened plates
2) Flexural resistance of non-longitudinally stiffened welded box-section members
3) Axial compressive resistance of welded box-section members

4) Flexural resistance of longitudinally stiffened welded box-section members
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Compressive resistance of longitudinally stiffened plates
Group 1 Case # 6 (See Table D-0-1)

Proposed method

b := 90in t:= 1.51n nlong = 2 Dyrans = 0
E = 29000ksi Fy = 50ksi hw_T = 7.194in
Pns
b )
w:= —— =301n
nlong +1
t hW_T
by T'tw T3+ '
cp = =041n

(w-t) + (hw_T'tw_T)

t hw_T .
Cy = §+ > —01:3.95111

— _ 2
AS = hW_T.tW_T =45i1n

3
t -h
w T w_ T 2 4
[ -
| £ 031.in
= ———— = 0.31-in
P (1-03Y
I = (wel)+| wet-(cg)? |+ = 106.052in"
§ 3= (Wlp) +[Weto(e1) 1 = 1060521
E-
k.:= 11'4-w-—p = 0.4ksi
p o4

236

Liota] = 828.883in

tw_T = 0.626in



4 0.25

E-lg-m , Liotal ,
L. = = 165.511n a:=——— = 828.881n
kp O¢rans +
L= min(L¢,a) = 165.51in
ﬂz.E.IS L2
Pogp = ——— +kp'—5 = 2216.09191 kip
L T
E
Ni= =20 XNi= 149 [— = 3588
t F
y
2
| A -
Fep= | 131 | -Fy = 276.22ksi
F For) [Fol
We 1= if{kﬁ M\ F—y,w,w-|:(1 ~0.18 F—e] F—eﬂ — 30in
y y)A Ty
Aggi= Ag+Wort =49.5in> A := A +w-t =49.5in
€S - S € . gs S :
Pyes = Fy-Agg = 2475.1722kip Py = Fy-Ag = 2475.1722kip
P P Pogp
Poop = if] = < 2.25,[0.658" F/|.p_ . 0.877.—— A, | = 1550.8877kip
P yes A €S
esF gs
G, £ 11153.85ksi
= = . S1
2-(1+0.3)
. w2 Gw-t> )
PegT = S—— = 655.2622kip
(1-0.3)-b
Ppg = min(Ppep + 0.15-Pegr, Pyeg) = 1649.177kip
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PnR

A = Y= 225in?  Puog = oSt = 125K
gR.—z-_ Dm yeR'— y.2._ ip
. . Pns Pns PnS '
yes cs yes
Ph plate = Plong Pns t 2PpRr = 5360.5129kip |
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AISI

b := 90in t:= 1.51n nlong = 7 Dyrans = 0 Ltotal = &28.8829in
E = 29000ksi Fy = 50ksi hw_T = 7.1937471n tw_T = 0.6255431n
b
bp = =301in
Mong *
2
b
kloc = 4(b—j = 36
p
3 2
. tw_T'hw_T t hW_T .4
ISp = T + tw_T'hw_T' 5+ > = 104.4351in
10.92-1Sp
Ni=—"7"—=3.755
3
b-t

1

Btemp . I:l +’\{'(nlong+ 1):|4 = 1.871

L
total
Ly, = _ O £28.883in

Dgrans +

— Ly
B = if| Ly < Brempb> > Bremp | = 1871

. . .2
Ag = tW_T'hw_T =4.5in
Ag
=— =0.033
) b-t
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2
kg = (120 (1 o ~ 8.185

62.[1 +8:(1+njong)

Assuming R :=2

k = min(R-kq.kjoc) = 16371

7T2-E t 2
Fop = k-—z-(—) = 119.19ksi
12 (1 -0.3 )
Fy
A= P, = 0.648 Assuming f=Fy
022)
1
b
p = [X< 0.673,1, N =1

P, = be-t-Fy = 7199.9998 kip
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Eurocode

b := 90in t:= 1.5in nlong =7 Dyrans = 0 Ltotal = 828.8829in

E := 29000ksi Fy = 50ksi

Flat stiffener or T longitudinal stiffener
hw_T = 7.193747in

ty T = 0.625543in

bf_T = 0in

te = Oin

Type of stiffener  Type :=1 1 if Flatand 2 if T-Stiffener

A) Ultimate compressive strength of a stiffened plate

Effective area of a stiffener (Asl_eff)

Pi=1

For flat stiffeners

Longitudinal stiffener web

hw_T
W T
ko flat web = 043 No_flat web = >35MPa =0.75
284 F kG_ﬂat_vveb
y
—0.188
: . >‘p_ﬂat_web
pﬂat_web = if >‘p_ﬂat_web < 0.748,1,min =1

2
>‘p_ﬂat_web

.2
Asl eff flat = Mong Pflat weblw T'tw T = 9in

2
Asl eff = Asl eff flat = 210
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Effective width of subpanel (bc_loc, p_loc)

b
b = = 30in
¢ loc
- Nong +1
bc_loc
t
ko be loc =4 Np_be_loc = SRV =043
28.4- f Fy W kO‘_bC_lOC
. . >‘p_bc_10c —0.055-(3+)
Ploc = if >‘p_bc_loc < 0.5+4/0.085 - 0.055-4, 1 ,min 3 111 =1
>‘p_bc_loc
Reduction for overall buckling (p_c)
a) Plate type behavior (o_crp, p)
L
total
Lipans = —— = 828.88in
Ntrans + 1
Column on elastic foundation
For one longitudinal stiffener
) b . ) b .
b1 onestiff = 1 30in 52 onestiff = 1 30in
Dong Dong
b .
Flange of the column  fl; := = 30in
n +1
long

Centroid of the column relative to the top of the plate

h t
t w T fT
(ﬂcol't' 5) + |:hw_T' tw_T'(t Y ﬂ + [bf_T'tf_T'(t +hy T+ Tﬂ
= 1.15in

(fleort) + (hw Ttw )+ (bf Tt 1)

Ceol =
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3

fleort t 2 4
Isll_onestiff = 12 + ﬂcol't'(g - Ccol) = 105.14in
3 2
tw Thy T hy T
+ —12 + tw_T'hw_T' t+ —2 ~Ceol
3
be Ttp T
5 hE T | By TS Ceol

Asll_onestiff = (ﬂcol't) + (tw_T'hw_T) + (tf_T'bf_T) = 49.5in”

B b = 90in

star_onestiff =

! 2

2
Iy 1_onestift” by _onestiff 'b2_onestiff

A onestiff = 4.33. 3 = 99.64in
t 'Bstar_onestiff
1.05-E / I t3 B
0B sl tiff " st tiff
temp var 1 = s o e 122.15ksi
Agl 1_onestiff 'bl_onestiff 'b2_onestiff
712 E-1
sl tiff
temp_var 2 := s o S — 4202.43ksi
Agl 1_onestift” Litrans
3 2
E-t-B star_onestiff" Lirans

+
2

2 2 2
4m '(1 - 03 )'Asll_onestiff'bl_onestiff 'b2_onestiff

Ocr sl onestiff = if (Ltrans > ac_onestiff’temp—var—l ,temp_var_Z) = 122.15ksi

For two longitudinal stiffeners

Case 1

b . b .
D) twostiff casel = 1 30in b) twostiff casel = T 30in
Dong Dong

.4
I$11_twostiff casel = Is1_onestiff = 105.14in
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.2
Agl1_twostiff casel = Asll_onestiff = 49-51n

2-b .
Btar twostiff casel = E 60in
4 2 2
) Isll_twostiff_casel'bl_‘twostiff_casel 'b2_twostiff_casel .
A twostiff casel = 433 3 = 110in
t Bstar_twostiff_case 1
1.05-E- |1 3 B
temp_var 3 = 05-E- sll_twostiff_casel't "Pstar_twostiff casel — 99.73ksi
Agl 1_twostiff casel’ b 1_twostiff casel’ b2_tw0stiff_case 1
2
T Elg)1 twostiff casel
temp var 4 = = =
2
Agl 1_twostiff casel "Ltrans
E-t3~B 2

star_twostiff casel’ Lirans

+
2 2 2 2
4 '(1 -03 )'Asll_twostiff_casel'bl_twostiff_casel 'b2_twostiff_casel

o_cr_sl_twostiff_casel = if(Ltrans 2 aC_tWOStiff_casel ,temp_var_S,temp_var_4) = 99.73ksi

Case 2

For uniformly spaced stiffeners case 1 and case 2 are the same

Ter sl twostiff case2 = Tcr sl twostiff casel = 99-73Ksi

Case 3
_b , b ,
bl_twostiff_caseS =57 45in b2_twostiff_case3 == 45in
. 4
Isll_twostiff_caseS = 2'Isll_twostiff_casel = 210.29in

.2
Asll_twostiff_case3 = 2'Asll_twostiff_casel = 99in

Bgtar twostiff case3 = b = 90in
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4

2

2
Iy 1_twostiff case3’ b 1_twostiff case3 ° b2_tw0stiff_case3

4.33. = 178in

A twostiff case3 =

3
t 'Bstar_twostiff_case3
3
LOS-E- [ 1511 twostiff case3't ‘Bstar twostiff case3 .
temp var 5 = = = = = = 38.39ksi
Agl 1_twostiff case3’ b 1_twostiff case3’ b2_tw0stiff_case3
2
T Elg)1 twostiff case3
temp_var 6 = = =
2
Agl 1_twostiff case3’ Ltrans
3 2
E-t Bstar_twostiff_case3 ‘Lirans

+
2

2 2 2
4m '(1 -03 )'Asll_twostiff_caseS'bl_twostiff_case3 'b2_twostiff_case3

Ocr sl twostiff case3 = if(Ltrans Z 2 twostiff case3>temp_var_S ,temp_var_6) = 38.39ksi

Ocr sl twostiff = min(o_cr_sl_twostiff_casel ’Gcr_sl_twostiff_caseZ’o_cr_sl_twostiff_case3) = 38ksi

g = if( 1

or p ) = 38.39ksi

Dong = 1% sl onestiff>%cr sl twostiff

A= (nlong'bc_loc't) + (nlong{(hw_T'tw_T) + (bf_T'tf_T)—H = 991112

Ac eff loc = (nlong'ploc'bc_loc't) + (Asl_eff ) - 99in”

Ac_eff_loc 3

BAc platelike =, =
Y Ac

=114

Ocr p

BAc _platelike'Fy

- e

)\p —0.055-(3 +1)
2

*p

p =if )\p < 0.5+4/0.085 - 0.055-1, 1, min ,11]=0.71
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b) Column type behavior (o_crc, xc)

.4 .2
Is11 = Ls11_onestiff = 105.14in Asll = Asll_onestiff = 49-51n

7T2-E~Is11
o =, = 0.88ksi

Asll 'Ltrans

A
| off
L 49.5in”

Asll_eff = (ploc'ﬂcol't) .
long

Al eff
BAc_columnlike T A =1
sl

=752

/ BAc_columnlike Fy
>‘c = =

Ocr ¢

t hW_T
ploc'ﬂcol'tz + hw_T'tw_T' t+ 5

= L 0.4i
! (ploc'ﬂcol't) + (hw_T'tW_T) 2 "

h
T
ey = [t+ L J =3.95in
2
h
t w_ T
(ploc'ﬂcol't'zj+{hw_T'tw_T'(t+ 2 ﬂ

+ —
(ploc'ﬂcol't) + (hW_T'tw_T)
0, = 0.49 + % =0.73 b = 0.5[1 + OLC-(>\C - 0.2) + >\02—| =31.44
sll
Agll
max(el ,62)
. 1
Xe =minf l,—————|= 0.02

o+ /d>2—>\02
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c) Interpolation (o_crc, xc)

o]
¢ := max| 0, min a.p -1,1||=1
Ocr ¢

pei=(P—Xc) &2 -8 +X = 0.71

Final

.2
ADeveffidos = Asl eff + (nlong'ploc'bc_loc't) = 99in

Ag eff = (pc'Ac_eff_loc) + (ploc'bc_loc't) = 115.02in’

|Pn.p1ate = A eff Fy = S751.18kip |
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AASHTO

b := 90in t:=1.5in Njong = 2 N¢rans == 0 Liotal = 828.88291n

E := 29000ksi1 Fy := 50ksi

Flat stiffener or T longitudinal stiffener
hW_T = 7.193747in

tw_T = 0.6255431n

Ultimate compressive strength of a stiffened plate

3 2
) tw_T'(hw_T ) hw_T L4
b :
W= =30in
Mong +

1

1
81\ (0.894.1)°
keqn =1if Nong = 1, 3] 3 =0.88

w-t w-t

k:= max(l ,min(keqn,4)) =1 Fyr = (1 - O.3)-Fy = 35ksi

A=

E-k E-k
A\, = 0.57 [— =13.73 A\, =095 |[— =27.35
p F r F
y yr
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Fep 1=Fy

—— (1 1—0.3) A=
cb 27Ty 1 A= Xp

0.9-E-k
FCb_3 = 2
Af

Fep = if(\ < Np-Fep 1-if(A < Nr-Fep 2-Fep 3))

Fpe = Fop = 43.09ksi

= 6205.1kip

nc’ (b't) + :nlong'(hw_T'tW_T)
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Flexural resistance of non-longitudinally stiffened box-section members
Cross-section # 34 and length= Lmax (See Table B-0-1)

Proposed method

Fyf =50 wa =50 bg = 53 tee := 0.5 bg == bg tg = 0.5

tyi= 1.5  Ly:= 2385

_ T g

I

Flange effective width and Rf

29000 29000
= 26.251 Nt = 1.7

yf yf

Nt = 1.09 = 40.941

bfi = bpe =2ty = 50 = 28 100

tfe

. . . >\f_>\pf
Re = if| A < Npf» 1, if| Ap < Mg, min 1,1-0.15-| ———— [],0.85|| = 0.85
>\rf_>\pf
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29000
N = 1.09

2
A
= 26.251 _ r ~
" Fol = (1'74'Tj Fyp = 10.432

f

Fye Fel Fel
bﬁ eff == if| >\f < >\r' e ,bﬁ,bﬁ . 1-022. |— |- |— | —=0.075|| =16.793
- Fyf Fyf Fyf

Effective section properties

tfc tfe
bei eff - tie - = 2ty -t —

. [P )( D] oa-te- (10 2|

(b efr - trc) + (2 tw - tre) + (2- D~ tw) + (bs - tgy)

—tg = 42.166

(2- Dty Fyy) + (bs - tr - Fyr) — (bfi_efr - tre - Fyr) = (2 tw - tre - Fyf)

Dene = = =42.517
cpe 4ty Fyy
3 2

bei e - tec tee
Le = T +bﬁ off * tfe * | Dee + ? = 182245.718

i 3 2

+|2 b U +ty -t
12 W i)

3

ty - D 2
+(2- T +D -ty | Dee — 5 .

3 2
by - th th
+ T +bft'tft' D—Dce—l—? |

Ixe

Sxce = 70— = 4271455
xee (Dce + tfc)

Myee := Fyp - Syce = 213572.775
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tee tee
Mpe = |:bﬁ_eff e Fyf . (Dcpe + ?j:| +2 '|:tw e Fyf . Dcpe + ?jj| ... =308653.878
o] 2 [Dege- - By - 22
cpe " tw Fyw ™ ™5
D = Depe
+[2-| (D — Depe) tWwa(Tﬂ

L
+ bft'tft'Fyf' D_Dcpe+3

Gross section properties

i tee tee |
bﬁ'tfc'? + 2'tw'tfc‘?
D b
+{12-D-ty- th+3 +| b -t - tfc+D+3

D. = - = 39.75
c (bri - tre) + (2t tgs) + (2D 1) + (bg - ) ffe

Dcp _ (2 Dty wa) + (bft i I:;yf)t —.(lljﬁ e Fyf) - (2 tw et Fyf) _ 3975
w ' Fyw

3 2
b - tee tee
I, = +bg ot | Dt — | | .. = 210416.073

Syc i= = 5227.729

(Dc + tfc)
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My = Fyp - Sy = 261386.426

tr
M, {bﬁ tg - F ( Dep + j [ -t - Fyp (Dcp+?°ﬂ .. = 343009.375

+ 2'(Dcp tW'FyW'T

D-D
+|2- (D_Dcp)'tw'wa'( ) ij:|

L
+ bft'tft'Fyf' D_Dcp+3

3 2 3 3
D-ty b — ty tee - bre th - by
Iy =2 +D-ty- + + = 170591.542
12 2 12 12

Rh
Ry:=1 Since this is a homogeneous section
Rb

2-D
Ay = ——— = 56.221

A%
Dee 29000 29000
Now = 3.1- : = 74.041 Arw = 4.6 =110.783
P D
cpe yf yf
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2 Dee - ty

Ayce = = 25.564
W (bp_ efrtit2trety)
2
a 2D
Ry == if| Ay < N\py, 1,min| 1,1 — ik 1= ]| =1
1200 + 300 - ayce tw
Rpc

£z . Mpe M
,1

M 1 Ry- M, Sy — N
Rpo= if{)xw < D f{\w > )xm,,Rh,min|: B EE -{1 —[1 = “e]-[ T ]ﬂﬂ = 1.445
Myce 1\’I}'cc M}-’ce Mpe >\rw a >\pw

Inelastic lateral torsional buckling

by = bge — ty = 51.5 hy = D+ 0.5 tg + 0.5ty = 80 Ay = by - hy = 4120
tfe th
hine = Do+ — = 40 hing := D= Dg + — =40
3 2
bm™ - (tfc + tft) tw - hm - by
Iym = + = 170517.573
12 2
4-A2
= =217156.503
=700 (omY (B (B
— |+ — |+ —|+]| —
tfc tft tW tW
G:=0.385-29000 = 11165 Fyr =0.5- Fyf =25

Lo 0.1-29000-ry-/J-A

" =2613.469
Myce
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_ 0.6-29000 - ry-+/J-A

T -

= 31361.622
Fyr' che

Ixe Ixe

Svce, = 70— = 4271.455 Sxte = 7————~ = 4816.977
S (Dce + tfc) xte (D — Dge + tft)

Since Sxce < Sxte, compression flange of the effective cross-section yields first

Mcs = R+ Ry - Rpe - Myce = 262355.796

Ly—-L
M, = if| L < Lp,MCS’ Mcs - (MCS - Fyr' che) | (L _ ij = 262355.796
r—Lp /]
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AASHTO

Fyr:= 50 Fyy =50 bg = 53 te. := 0.5 bg == bg tg := 0.5 D:= 795

tw = 1.5 Ly := 2385

AASHTO equation is only applicable to homogeneous doubly symmetric box-section
members

bg = b —2 -ty =50

tee tee
bﬁ'tfc'7 + 2'tw'tfc'7

D L
+1|12-D-ty- tfc+? +| b - tg th+D+5

(bﬁ . tfc) + (2 O tfc) + (2 -D- tw) + (bft . tft)

—tge = 39.75

X

|

+

R (

3
b - tee

12

|

2

Ix

D, + tfc)

+bﬁ'tfc'(DC+_

ty, D’

12
3
by - tg

+D-tw-(DC—

= 5227.729 or

K

3 2
tw - e te
2 +ty ot Dc"'?

Rz (D—D, + tp)

= 210416.073

Ix
= 5227.729

b = bge —ty = 51.5

3 2 3
tw bfc —tw tfe - bfc
+D -ty +
2 2 12
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hy = D+0.5 - tg +

A= by, -hy, = 4120

0.5-tg = 80

0.064 ‘Fyf S Ly .

tfe

M, = Fyp- S| 1-

A - 29000

= 257617.878
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Axial compressive resistance of longitudinally stiffened box-section members
Main study Case # 9 (See Table E-0-1)

Proposed method

B = 4lin tp == lin ngp, =1 hls_ﬂn = 4.796in
tls fln = 0.417in D := 119in tweb = lin  ngap =1
his wep = 8.307in tls web = 0.722in L= (165.56-12)in
Ki=1 E := 29000ksi
- B >
s

tls.ﬂn 9He ¢ hls. fin

aF tw. web

D hls. web

tls. web

Py, flange = 1948.24kip

Obtained using the proposed method for calculating the
ultimate compressive resistance of longitudinally stiffene«

Pn_web = 2335.231kip plates
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A dteptg) o[ g onflange | () Fnoweb) oo
— (4. . = i -0 . = 175.34in
eff ( web f) 50ksi 50ksi

3 3
Temp varl := 2 B tn his fin'ts fin
\% = .
P- 12 fln B
3 2
Temp var2 := mLeb LDt B tweb
pvae= 12 web’| 5 >

_ t . \ .
Is web™"ls_web
Temp_var3 := ny,qp- 5

h 2
B Is_web
+ hls_web'tls_web' DR tweb ~ B

Iy := Temp_varl +[2-(Temp _var2 + Temp var3) | = 109600.78 in?

Ag = 2'{(B'tf) +(finhs_fin'tis_fin) + (D-tweb) } — 336in°
+ (nweb his webtls web

I
ro= |-~ = 18.06in
A

S
g

P = 50ksi| (4t q-te) +] 2 Pn_flange +]2 "n_web 8766.94 ki
— 1 (4. . . : = 94ki
0s (4tweb ) 50ksi 50ksi p
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2
. T -E .
Pe = ———A, = 7947.64 kip

KL 28
Iy

Fos
| Py P 0.877-P,
Fop = if| —— < 2.25,]0.658 50, ——— | =31.51

Pe Pos
50
E
.= 1.09- =26.25
r \ 50ksi

_ _ KL _
Iy
rq := max| 0, min| 0.5-————,0.5|| = 0.33
_ _( D _
nweb+ 1
t— _ >\1‘
I~ := max| 0, min web 1] =0.52
2 . 5 90 _ >\r 5 .

X =1-ry-19) =033

Py = X-Fop Agpp = 4564.47in’
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Flexural resistance of longitudinally stiffened box-section members
Case # 19 (See Table F-0-1 and F-0-2)

Proposed method

Top flange
P, flanee = 2778.26kip Ultimate compressive strength of the stiffened flange plate
ge )
- calculated using the proposed method.
— 0 cis the distance of the centroid of the gross area of the flange plate and its
&= Vmn longitudinal stiffeners from the top of the web plates.. Itis very small...
approximately equal to zero
tf TF = lin
Web dimensions D:= 126in t, := 1.3in

w

Bottom flange dimensions B:= 62.6in tr gg:= 0.7in

Yield strength Fyf := 50ksi

As mentioned in Table 6-1, unbraced length = Lp. Therefore, Mn = Cross-section flexural resistance

B
LU

y T
tis.fin %J“ ¢ hls.ﬂn his.wep d
- $

s.web
D
- & tw

v =
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b
Ey
. Pn_ﬂange 9
Aeff_compﬂange T T F . + 2'tw'tf_TF = 58.17-1n
yf

81 = Fyf
Fy:= (Sl)'(Aeff_compﬂange)

1
F2:2 33 (Fy (s )

1
F3:= 2_5 -(Fyf) -(Dce-tw)}
Fyi= 2{(Fyf) {(D 2 Dec) ]
Fi+Fy—F3—F4—F5 =0 solve,D,, — 60.241-in
D, = 60.241in

if(D > 2:D¢e,"OK","NOT OK") = "OK"
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Sgui= Fyf = 50ksi

K= (Sl)'(Aeff_compﬂange) = 2908.26 kip

Fy:=2 %-(Fyf)-(Dce-tw)} = 3915.66kip

F3:=2 %-(Fyf)-(Dce-tw)} = 3915.66kip

= 679745.2 in"kip
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APPENDIX H. GLOSSARY

¢,, ¢, ¢, are effective width imperfection adjustment factors
A 1s the element width-to-thickness or slenderness ratio limit for a plate subjected

to uniform axial compression

F,, 1s the elastic local buckling stress
b, is the effective width of a non-longitudinally stiffened plate with gross width »

F . yield strength of the compression flange

ve
F, yield strength of the tension flange

A, 1s the web slenderness

A 1is the compact web slenderness limit

A is the noncompact web slenderness limit

D_ is the distance of the elastic neutral axis from the inside surface of the

compression flange in the effective cross-section

D_  1is the distance of the plastic neutral axis from the inside surface of the

cpe
compression flange in the effective cross-section

R, is the web plastification factor

R, 1is the web load-shedding factor
R, is the hybrid factor
S 1s the elastic section modulus of the effective cross-section about the axis of

xce

bending to the compression flange
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S

Xte

1s the elastic section modulus of the effective cross-section about the axis of
bending to the tension flange

M ,, is the plastic moment capacity of the effective cross-section

A . 1s the compression flange slenderness

S

A . 1s the compact flange slenderness limit

f

A, is the noncompact flange slenderness limit

I

R, is the compression flange slenderness factor

M  1is the cross-section flexural resistance

Ly is the unbraced length for lateral torsional buckling
Lax 1s the maximum practical unbraced length for lateral torsional buckling

L, is the limiting unbraced length to achieve the cross-section flexural resistance

under uniform moment
L, is the limiting unbraced length for calculation of the lateral torsional buckling
resistance

F,, is the compression flange stress at the onset of nominal yielding within the

cross-section

C» 1s the moment gradient modifier

J is the St. Venant torsional constant

L is the mono-symmetry parameter of the gross cross-section

v, 1s the distance between the shear center and the centroid of the gross cross-
section

E is the modulus of elasticity for steel
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G is the shear modulus of elasticity for steel

I is the moment of inertia about the major principal axis of the gross cross-section
ry is the radius of gyration about the minor axis

o 1s the transverse displacement of the plate

D flexural stiffness of the longitudinally stiffened plate for bending about the y
axis

D, flexural stiffness of the longitudinally stiffened plate for bending about the x
axis

H torsional stiffness of the longitudinally stiffened plate

I is taken as the moment of inertia of an individual longitudinal stiffener about an
axis parallel to the face of the longitudinally stiffened plate element and passing
through the centroid of the stiffener strut

¢, 1s the distance between the centroid of the longitudinally stiffened plate element
and the centroid of the stiffener strut

P is the buckling load of the longitudinally stiffened plate

¢ 1s the buckling length, taken as the smaller of the transverse stiffener spacing,
and the characteristic buckling length

a is the transverse stiffener spacing

¢, 1s the characteristic buckling length
P, is the buckling load of a stiffener strut

P, . is the elastic flexural buckling resistance of an individual stiffener strut
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P

esT

is the plate torsional stiffness contribution to the elastic buckling resistance of

an individual stiffener strut

k, is the plate transverse stiffness coefficient

P, 1is the nominal compressive resistance of a longitudinally stiffened plate

subjected to uniform axial compression

P is the nominal compressive resistance of an individual stiffener strut composed

ns

of the stiffener plus the tributary width of the longitudinally stiffened plate

P . is the nominal flexural buckling resistance of an individual stiffener strut
P,, 1s the effective yield load of an individual stiffener strut

P . is the compressive resistance provided by the half-width of a subpanel adjacent

to a transversely-restrained longitudinal edge of the longitudinally stiffened plate

P

oz 18 the effective yield load of the half-width of a subpanel adjacent to a
transversely-restrained longitudinal edge of the longitudinally stiffened plate

P, is the yield load of an individual stiffener strut

S

A, 1s the effective area of an individual stiffener strut

A, 1s the gross area of an individual stiffener strut

A 1s the gross area of an individual longitudinal stiffener, excluding the tributary
width of the longitudinally stiffened plate

F,  is the specified minimum specified yield strength of the longitudinally

sp

stiffened plate
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w, is the effective width of the plate between the longitudinal stiffeners or between
a longitudinal stiffener and the transversely-restrained longitudinal edge of the
longitudinally stiffened plate, as applicable

Js 1s the St. Venant torsional constant of the longitudinal stiffener alone, not
including the contribution from the stiffened plate

I,s 1s the polar moment of inertia of the longitudinal stiffener alone about the

attached edge

F, .. 1s the elastic torsional buckling stress of the stiffener for buckling about the
edge attached to the plate

K 1is the effective length factor

r, is the radius of gyration about the axis normal to the plane of buckling

A is the gross cross-sectional area of the corner pieces of a box-section

nisp is the number of non-longitudinally stiffened plates

Isp is the number of longitudinally stiffened plates

y 1s the global buckling-local buckling interaction reduction factor

A_.. 1s the maximum slenderness of a subpanel (between longitudinal stiffeners or

max

between a longitudinal stiffener and a corner) on the flange plate

P is the yield load of a box-section
P 1s the member elastic buckling load

d_ 1s the distance from the centerline of the closest web longitudinal stiffener to the

inner surface of the compression-flange element

M, is the nominal flexural resistance of a box-section member
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o is the number of longitudinal stiffeners on the compression flange

nqﬂn

e n,, arethe number of longitudinal stiffeners on each of the webs

we
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