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Abstract

The current AASHTO LRFD provisions for flexural resistance of non-composite non-
longitudinally stiffened, welded steel box section members have a number of limitations. The
current AASHTO Article 6.12.2.2.2 does not address general singly symmetric box section
members. It does not have provisions for flange local buckling, web bend buckling and general
yielding of welded box section beams. It also does not address box section beams with hybrid
webs. This paper explains the development of design provisions for any general singly or doubly
symmetric non-composite non-longitudinally stiffened, homogeneous or hybrid welded box
section beam, covering all ranges of web and flange plate slenderness and addressing all relevant
limit states. An extensive parametric study via test simulations was performed to evaluate the
performance of the proposed equations. The finite element model was validated using existing
experimental data and a good agreement, within 5% of experimental test results, was obtained.
From the results of the parametric study, it was observed that for box section beams with
compact or noncompact webs the cross section resistance is larger than yield moment and up to
the plastic moment capacity of the effective cross section based on the effective width of the
compression flange taking into account its post-buckling resistance. It was also found that for
box section members the limit state of tension flange yielding is not required and the resistance is
captured accurately by the general yielding strengths up to the plastic moment of the effective
cross-section. The mean, median and standard deviation of the ratio of the beam strength from
test simulations to the strength predicted by the proposed equations were 1.06, 1.06 and 0.07
respectively; thus showing that the proposed equations give a good prediction of the flexural
resistance.

1. Introduction

Non-longitudinally steel box sections are used in various important areas of highway bridge
construction such as for truss members, arch ribs and ties, rigid-frame members, columns, steel
bent caps, edge girders, floor beams and steel tower legs. The current AASHTO (2015) Article
6.12.2.2.2 does not address general singly symmetric box section beams. It does not have
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provisions for flange local buckling, web bend buckling and general yielding of welded box
section beams. It also does not address box section beams with hybrid webs.

For lateral torsional buckling (LTB), the current AASHTO (2015) Article 6.12.2.2.2 assumes
that the resistance will be governed by inelastic LTB. This is a good assumption because the
unbraced lengths have to be very long for elastic LTB to govern and for longest practical box
section beams inelastic LTB will always govern instead of elastic LTB. Based on this
assumption the current provisions give an equation for predicting the inelastic LTB resistance
based on the CRC column equation. The maximum flexural resistance predicted by this inelastic
LTB equation is the yield moment of the gross cross section. However, in the test simulation
studies discussed later in this paper, it was found that for shorter box section members with non-
slender flanges and compact or noncompact webs, the flexural resistance is the cross section
resistance and is higher than the yield moment and up to the plastic moment of the gross cross
section. It was also found that for members with slender compression flange and noncompact
web, the cross section resistance is larger than the yield moment of the effective cross section,
and for members with slender compression flange and compact web, the cross section resistance
is equal to the plastic moment capacity of the effective cross section based on the effective width
of the compression flange.

One limitation of the Eurocode, CEN (2005) and CEN (2006), provisions is that they require
iterative or at least two step calculations for obtaining the effective cross section when dealing
with Class 4 sections. 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 4 but the actual
resistance is higher than the yield moment of the effective cross section and in some cases even
equal to the plastic moment capacity of the effective cross section based on the effective width of
the compression flange. An example of such a case is a box section member with slender
compression flange and compact or noncompact web.

For cross section resistance, the Eurocode accounts for the limit state of tension flange yielding
by calculating the section modulus for Class 3 and Class 4 sections corresponding to the flange
with maximum elastic stress. This leads to conservative predictions for singly symmetric Class 3
and Class 4 box section members with larger compression flange, as it was found in the
parametric study that for box section members the limit state of tension flange yielding is not
required and the flexural resistances are captured accurately by general yielding strengths up to
the plastic moment of the effective cross-section.

Thus, the existing approaches are inadequate and there is a need to gain a better understanding of
the behavior of non-composite non-longitudinally stiffened welded steel box section beams; and
have an improved quantification of the flexural resistance of these members. With this is mind,
the aim of this paper is to explain the development of design provisions for any general singly or
doubly symmetric non-composite non-longitudinally stiffened, welded steel box section beam
with hybrid or homogeneous webs, and covering all ranges of web and flange plate slenderness.
The work presented in this paper is part of an ongoing research project for developing unified
and improved provisions for design of longitudinally as well as non-longitudinally stiffened box



section members subjected to any general loading i.e. axial tension or compression, plus biaxial
bending, plus shear due bending and torsion; for potential adoption into AASHTO LRFD.

2. Proposed flexural resistance provisions

This section explains the proposed provisions for design of homogeneous and hybrid, non-
composite non-longitudinally stiffened, singly and doubly symmetric welded rectangular box-
section beams. Figure 2.1 shows a typical rectangular box cross section. Section 2.1 discusses the
limits on the cross section dimensions for which the provisions in Section 2.3 are applicable.
Section 2.2 explains the classification of web and flange plates, and provides equations for
various relevant factors. The equations in these design provisions are expressed in terms of the
effective cross-section, considering the post-buckling response of a slender compression flange.
Section 2.4 discusses provisions for service, fatigue and constructability limit states.
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Figure 2.1: Box cross section

2.1 Cross-section proportion limits
The following are the limits on the cross section dimensions for which the provisions in Section
2.3 are applicable:

= —<150, where #v is the thickness of the web. This is a practical upper limit on the
slenderness of webs without longitudinal stiffeners. In addition, this is a conservative
limit on the slenderness of non-longitudinally stiffened webs to avoid potential distortion-
induced fatigue considerations.

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

= b, /t, <100 where by is the clear width of the flange between the webs and # is the

thickness of the flange in flexural compression.



= b, /t, <150 where t: is the thickness of the flange in flexural tension.

= Length of the longest box section member considered is equal to the minimum of 200ry
and 30D, where ry is the radius of gyration about the minor axis. The limit of 30 times D
was set based on an extreme deflection limit and was slightly larger that L/D limit of 24
considered in the Commentary for Section F7 in AISC (2016). The limit of L/r,=200 was
set based on a practical upper limit on the slenderness of a column undergoing flexural
buckling.

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

= Ratio of thickness of thickest plate to thinnest plate being welded should not exceed
three.

= Ratio of area of webs to area of compression flange shall be less than or equal to12

= Ratio of area of webs to area of flanges shall be less than or equal to 6

= Flange extensions on welded box sections shall be proportioned such that

b/ 1,.<0.38 = where b is the clear projecting width of the flange under consideration
y

measured from the outside surface of the web. This ensures that the flange extensions are

not subject to any strength reduction associated with local buckling under flexural

compression.

2.2 Section classifications and equations for Rpc, Rb, Ry and R

2.2.1 Webs

The web slenderness is given by A4, = 2?"8 and the web is classified as:

w

: D, |E
* Compactif 4, <A, where 4, =3.1 D WE

cpe yc

* Noncompactif 4, <A, <A, where 4, =4.6 /Fi

ye

= Slenderifd > A4,

where Dce and Dcpe are depths of the web in compression in the elastic range and at the plastic
moment respectively, measured from the inside of the compression flange using the effective box
cross-section based on the effective width of the compression flange, be. The effective width of
the compression flange b. is calculated as explained below:
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in which:

¢, = effective width imperfection adjustment factor = 0.22

¢, = effective width imperfection adjustment factor = 0.075

¢, = effective width imperfection adjustment factor = 1.74 = (1 —J1-4¢ (1+¢,) ) / (2¢,)

2
F, = elastic local buckling stress (ksi) = (cz (;/’t)] F,

where:

A, = width-to-thickness ratio limit = 1.09 }Fi

ye

F,, =nominal compressive resistance of the member taken equal to F,_ (ksi)

It can be observed that the above provisions for calculating the effective width are slightly
different from the Winter’s classical effective width equation. Previous researchers (Dowling and
others in the 1970s, Schillo et al. (2015), BS 5400, Johansson and Veljkovic (2009), Clarin
(2007)) have found that for members composed of general welded plate assemblies, the plate
local buckling and post-buckling resistances are lower than that indicated by Winter’s classical
effective width equation. The authors also performed a small parametric study, using test
simulations, on non-longitudinally stiffened welded box stub columns with different
combinations of component plate slenderness. The results of the parametric study confirmed the
observations by previous researchers that Winter’s classical effective width equation gives
unconservative strength predictions for plates subjected to axial compressive stresses in welded
box section members. To account for this the authors are proposing 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. Different aspects related to the
various incarnations of the effective width equations are discussed in detail in White and
Lokhande (2017). Table 2.2.1.1 provides a summary of the box stub columns considered in the
parametric study and also shows the performance of the modified Winter’s equation. It can be
observed from Table 2.2.1.1 that even though in general the proposed effective width equations
give good predictions of the ultimate compressive strength, the predictions become overly
conservative for the extreme case when all the plates of the box section have slenderness close to
100.

Table 2.2.1.1: Summary of box stub columns considered in the parametric study and the performance of the
modified Winter’s equation

Member Flange Web Strength from test simulation / Strength predicted using
# slenderness slenderness 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




Ryc and R» are the web plastification factor and web load-shedding factor respectively. R»
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. An advantage of using the web load-shedding
factor is that it helps to avoid iterative or two step calculations for obtaining the effective cross
section which is required as per Eurocode. The values of Ryc and R» for different web slenderness
are given in Table 2.2.1.2 where:

Mpe = plastic moment capacity calculated using the effective box cross-section based on the
effective width of the compression flange (kip-in.).

Myce = yield moment of the effective cross-section with respect to the compression flange taken
as FycSxce (kip-in.).

Rx 1s the hybrid factor and is calculated using AASHTO LRFD (2015) Eq. 6.10.1.10.1-1 with A

t.
taken as one-half of the total effective flange areaeTf‘.

Table 2.2.1.2: Values of R, and R,

R, R,
Compact M e 1
web M,
compact {1_[1_&MWJ(%—%W H My M, 1
Web MPB ﬂ"‘W - ﬂpW Myce MyCC’
Slender R AASHTO LRFD (2015) Eq. 6.10.1.10.2-3, with

™w

web E
A.,=4.6 e and ay. determined with b7, taken

betfc
as 2 —, D, taken as D..

Compact web sections can develop plastic moment resistance on the effective cross-section, My
contingent on the satisfaction of other plate slenderness and member unbraced length
requirements necessary to develop the plastic moment. The limiting web slenderness ratio, Apw, is
somewhat larger than the value specified for doubly symmetric non-composite box sections in
AISC (2016), and is slightly larger than the Class 2 limit for non-composite box sections
specified in CEN (1992). The web plastification factor for noncompact webs provides a smooth
transition in the nominal flexural resistance from RRrMyce to RiMpe, where Ry is the compression-
flange slenderness factor defined later in Section 2.2.2. The slenderness limit for a noncompact
web, 4w, assumes simply-supported boundary conditions at the web-flange juncture, and is the
same as the limit given by AASHTO LRFD (2015) Eq. 6.10.6.2.3-1 for I-sections in the limit
that the area of the I-section flanges is small relative to the web area. This limit is a reasonable
approximation of the Class 3 limit for non-composite box sections specified in CEN (1992),
which 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. Sections with slender webs may rely upon significant



web post bend-buckling resistance at the strength limit state. As such, the maximum nominal
flexural resistance of a slender web section is limited to RRrM)ce.

2.2.2 Flanges

b,
The compression flange slenderness is given by 4, = — and the flange is classified as:
fe

* Non-slender if 4, <4, where 4, =1.09 £ ,
’ \/ F

ye

. E
» Slenderif 1, <A, <4, where 4, =1.7 /F—
yc

= Ultra-slender if A > A 2

where:

Ry is the compression-flange slenderness factor and accounts for the influence of the

compression-flange slenderness on the box-section flexural resistance for slender and ultra-
A=A

slender box section flanges. R, =1.0 for non-slender flange, R, = {1 —O.IS(ﬁH <1.0
2 Tarl

for slender flange and R, =0.85 for ultra-slender flange.

In the test simulation studies discussed later in this paper, it was found that box section members
with compression flanges traditionally classified as noncompact are capable of developing a
cross-section flexural resistance close to the full plastic moment, M,, if the webs are compact and
the member is adequately braced. Therefore, the traditional compact, noncompact and slender
flange classifications was not utilized in quantifying the flexural resistance.

2.3 Flexural resistance of a non-longitudinally stiffened box section member
The nominal flexural resistance based on general yielding, compression flange local buckling
and lateral torsional buckling shall be taken as:

If L < L,, then M, = R,RR M, (1)
Otherwise,
L-L,
Mn = ChRbe RpcMyce - (RpcMyce - Everce) L _ L = RthRpcMyce (2)
r P
in which:
J = St.Venant torsional constant (in.*) = i 3)
’ ’ (2bm 2h, )
—mn + —m
t t



Ly = limiting unbraced length to achieve the nominal flexural resistance as given in Eq. 1 under

: : 156.M ,+GJ
uniform moment (in.)=0.21 |El , ———5—— 4)
M
pe
L, = limiting unbraced length for calculation of the lateral torsional buckling resistance (in.)
BES .  +GJ
(Fyerce)
1 t,
pxZY{ﬁ;aJﬁ+E{h;—h;)—h;agﬁj—zyo (6)

pB.1s the monosymmetry parameter on the gross cross-section and is calculated fundamentally

from . :IL .[ y(x2 + yz)dA—2 v, (Pekoz, 1969). S, is equal to zero for a doubly symmetric
x A
cross section and is a positive value when the larger flange is in compression.

Yo = distance between the shear center and the centroid of the gross cross-section
b’ t,b 12(h,+tb,/t, t,
(in.)= by b O +-L ( n by f) -D L (7)
121, h, 2hm/tw+bm/tﬁ +bm/tfc 2
Eq. 7 is from Young (2002). y, is a negative value when the larger flange is in compression.
bm = bfo —tw (8)
t t
h =D+ 4+ L 9)
2 2
L
2
Ly
hsz—Q+3- (11)
4, =b,h, (12)
where:

A = gross cross-sectional area of the box-section member (in.?)

bm = gross width of flange plate of the box-section member taken between the mid-thickness of
the adjacent web plates (in.)

C» = moment gradient modifier determined as specified in AASHTO LRFD (2015) Article
A6.3.3

D. = depth of the web in compression in the elastic range for the gross box cross-section taken
from the inside of the compression flange (in.)

Fy» = 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, taken as 0.5F)c
(ksi)

Fyw = specified minimum yield strength of the web (ksi)

G = shear modulus of elasticity for steel = 0.385E (ksi)



hm = depth of the web plate of the box-section member taken between the mid-thickness of the

adjacent flange plates (in.)

I: = moment of inertia of the box-section member about the major principal axis of the gross

cross-section (in.%)

Iym = moment of inertia of the box-section member 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 (in.*)

b (t.+1,) L Lhb) 13)
12 2

Ly = unbraced length (in.)

ry = radius of the gyration of the box-section member about the minor principal axis of the gross

cross-section (in.%)

Sxce = effective elastic section modulus about the axis of bending to the compression flange

determined using the effective width of the compression flange, be.

Provisions for tension flange yielding are not included because it was found from the test
simulation studies discussed later in this paper, that the limit of tension flange yielding is not
required and the flexural resistances are captured accurately by general yielding strengths up to
the plastic moment of the effective cross-section. The length of the box section beams have to be
so long for elastic LTB to govern that for all practical purposes there is no need to be concerned
about elastic LTB. Equation 2 can be used for calculating the inelastic LTB resistance. L, given
by Eq. 4 is calculated by solving for L, from the following theoretical elastic lateral torsional
buckling equation for a singly-symmetric box section member (Pekoz, 1969):

C,r’El ? 2
Mﬂ:# &4_ (&j _|_GLL/72 (14)
L, 2 2 El 7z

taking M.r equal to 15Mpe and Cb is equal to 1.0. The coefficient 15 is based on the ratio of the
elastic lateral torsional buckling moment, M., for doubly-symmetric box-section members
corresponding to L» = Lp in AISC (2016) provisions. The parameters Fy- and L, differ from the
AISC provisions. These parameters have been determined based on test simulation studies
discussed later in this paper, as well as consideration of the lateral-torsional buckling resistance
predictions of other standards such as CEN (2005). The limiting length, L, given by Eq. 5 is
calculated by solving for L, from Eq. 14 with M., taken equal to Fy»Sxce and C» taken equal to 1.0,
and taking 30 percent of that value.

2.4 Service and fatigue limit states and constructability

Since post-buckling resistance is assumed at the strength limit state in computing the nominal
flexural resistance of box-section members with slender webs and/or slender or ultra-slender
flanges, it should be ensured that shear buckling and/or local buckling due to flexural stresses do
not occur theoretically at the service and fatigue limit states, and for constructability. This
philosophy is the same as that adopted in AASHTO LRFD i.e. no theoretical buckling under
construction, service and fatigue loading. The webs should satisfy the provisions of AASHTO
LRFD (2015) Article 6.10.3.3 for constructability and the special fatigue requirement specified
in AASHTO LRFD (2015) Article 6.10.5.3.



3. Parametric study design

A parametric study was performed to develop and evaluate the performance of the flexural
resistance provisions. The parametric was divided into two parts- the first part focusing on
homogeneous beams and the second part on hybrid beams. The beams were chosen such that
they covered all practically possible combinations of flange and web plate slenderness and allow
the consideration of cross section resistance as well as inelastic LTB resistance. The length of the
box section members have to be so long for elastic LTB to govern that for all practical purposes
there is no need to be concerned about elastic LTB. Still, in order to verify the elastic lateral
torsional buckling equation for a general singly symmetric box section member, an elastic
eigenvalue buckling analysis was performed considering three cases. The three cases were
chosen such that they covered singly symmetric section with 5 >0, doubly symmetric section

B. =0and singly symmetric section with f <0. It was found that the elastic LTB equation
accurately predicts the elastic LTB moment.

Table 3.1.1 provides a summary of the box section beams studied in the parametric study.
Column 2 in Table 3.1.1 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 web. The nomenclature used in Column 2 of Table
3.1.1 is explained in Table 3.1.2. The dimensions of the different cross sections listed in Table
3.1.1 are provided in White et al. (2017). In addition to the cases in Table 3.1.1 the variation of
the flexural resistance with change in length of the beam was studied for cross section# 6 (C-N-
S) having an aspect ratio of 6.

Table 3.1.1: Summary of box section members considered in the parametric study

Cross Flange and web | Length=0.5L, " 0.5L,+L,,, | Length=L,,,
section # | slenderness (Cross section Length = 2 = min(2007,,30D)
resistance) (Inclastic LTB) | (inelasic LTB)

1 C-C-CW v v Y

2 C-CNW v v Y

3 C-C-SW v v Y

4 C-N-CW v v Y

5 C-N-NW v v Y

6 C-N-SW v v Y

7 C-S-CW v Y

8 C-SNW v v Y

9 C-S-SW v v Y

10 N-C-CW v v Y

11 N-C-NW v v v

B N-C-SW v v Y

13 N-N-CW v v Y

14 N-N-NW v v Y

5 N-N-SW v v 4

16 N-S-CW v 4

17 N-S-NW v v 4

18 N-S-SW v 4

19 S60-C-CW v i

10



Table 3.1.1 (continued): Summary of box section members considered in the parametric study

Cross Flange and web | Length=0.5L, 05L,+L,, | Length=L_,

section # | slenderness (Cross section Length = 2 = min(200r,,30D)
resistance) (Inelastic LTB) (Inelastic L;FB)

20 S60-C-NW v v v

21 S60-C-SW v v v

22 S60-N-CW v v

23 S60-N-NW v

24 S60-N-SW v v v

25 S60-S60-CW v v

26 S60-S60-NW v v v

27 S60-S60-SW v

28 S100-C-CW v v

29 S100-C-NW v v

30 S100-C-SW v v v

3] S100-N-CW v v

32 S100-N-NW v v

33 S100-N-SW v v v

34 S100-S100-CW v v

35 S100-S100-NW v v

36 S100-S100-SW v

37 C-S150-CW v v

33 C-C-HCW % v

39 C-C-HNW % v

40 C-C-HSW v v

41 N-N-HCW % v

4 N-N-HNW % v

43 N-N-HSW % v

44 S100-S100-HCW v v

45 S100-S100-HNW v v

46 S100-S100-HSW v

Table 3.1.2: Nomenclature used in Column 2 of Table 3.1.1

Compact flange 4, <1.1 fi

F,
Noncompact flange 1.1 £ <4,<14 £
ch » F:vc

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 web respectively, 4, <4
NW and HNW Homogeneous and hybrid noncompact web respectively. 4, <4, <4,
SW and HSW Homogeneous and hybrid slender web respectively. 4, >4

11




4. Finite element model
Sections 4.1 through 4.7 provide details of the finite element model used for the parametric
study.

4.1 General

The general purpose finite element analysis software ABAQUS version 6.13, Simulia (2013),
was used for the geometrically and materially nonlinear FE analyses for the parametric study.
The four-node S4R shell element was used to model both the flanges and the web of the member.
The S4R element is a general purpose large strain quadrilateral element which uses a single point
numerical integration over its area combined with an algorithm for stabilization of the
corresponding spurious zero-energy modes. A five point Simpson’s rule was applied for
integration of the stresses through the thickness of the shell element. The Riks method was used
to perform the incremental-iterative non-linear load-deflection analyses. Residual stresses were
implemented via a user-defined FORTRAN subroutine.

4.2 Material model

For homogeneous box section members the yield stress F, was taken equal to 50 ksi and ultimate
stress Fu was taken equal to 65 ksi for the flange as well as the web. For hybrid box section
members the yield stress Fy and ultimate stress F. were taken equal 50 ksi and 65 ksi
respectively for the flange; and 70 ksi and 90 ksi respectively for the web. The material was
modelled with a small tangent stiffness within the yield plateau region of £/7000 up to a strain-
hardening strain of &« = 10¢y, where ¢y is the yield strain of the material. Beyond this strain, a
constant strain-hardening modulus of E«=FE/50 was used up to the ultimate stress level. The
material was modelled as perfectly plastic beyond this point. Figure 4.2.1 shows the stress strain
curve used for steel with F) = 50 ksi in the test simulation studies.

70

F, =65 ksi —
60 1 ' ' ' E., = E/50 =580 ksi

Fy=50 ;.\ 50:45 ksi
2 40 - - N
a £/1000
£ 30 -
« E = 29000 ksi
10
O |
0 0.01 0.02 0.03 0.04 0.05
&ey=Fy/E £q=10¢, 0.04233
Strain (in/in)

Figure 4.2.1: Steel stress-strain curve assumed in the structural analysis

Since the S4R element in ABAQUS is a large strain formulation, this element actually interprets
the input stress versus plastic strain curve associated with Fig. 4.2.1 as the true stress versus log
strain response. However, for the maximum strains commonly experienced at the limit load of
the test simulations, the difference between the uniaxial true-stress versus log strain and

12



engineering stress versus engineering strain is small. The stress-strain curve shown in Fig. 4.2.1
is a reasonable representation of the true-stress true-strain response of structural steel for stresses
up to the level of Fu.

4.3 Boundary conditions and loading

The box section beam was flexurally and torsionally simply supported at the ends, and it was
subjected to uniform bending. The beam multipoint constraint in Abaqus (Simulia 2013) was
used for applying the end boundary conditions and loading.

4.4 Residual stresses

A modified form of the ECCS (1976) residual stress model was used in the parametric study.
This adopted residual stress model, shown in Fig. 4.4.1, accounts for the contributions from
flame cutting and welding of the box section component plates. In Fig. 4.4.1, gc.iw, oc.y; oc.rw and
oc.bf, denote the compressive residual stresses in the left web, top flange, right web and bottom
flange respectively. The model ensures that the compressive residual stress does not cause local
buckling of the plate. A limit on the minimum compressive residual stress has been specified in
the model and is 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). The model captures important trends such as decrease in
the compressive residual stress with increase in slenderness of the plate. This has also been
confirmed by comparing the residual stress predictions from the model with residual stresses
measured by other researchers. The residual stress model is explained in detail in White et al.
(2017).

fy fy

[+] oo [+]
o[+ [+ 1,

Oclw |- =| Ocrw

fy [ +] [+ |
\i Oc.bf j

fy fy

Figure 4.4.1: Residual stress pattern used in the parametric study

4.5 Geometric imperfections

Both global (Fig. 4.5.1) and local imperfections (Fig. 4.5.2) were modelled. For global
imperfection, the lateral displacement of the bottom flange was restrained and the top flange was
given a sweep. The magnitude of the global imperfection was taken as 1/1000 of the beam
length. For local imperfection, the transverse and lateral displacement of the corner nodes were
restrained and an eigenvalue buckling analysis was performed with the member subjected to

13



axial load. The magnitude of the local imperfection of each plate was taken as 1/200 of the plate
width.

il
ll I IIH'
I |H||”\ \HIH‘
1l ;\Il ‘
i |\| I

|||H i

Figure 4.5.1: Global imperfection Figure 4.5.2: Local imperfection

4.6 Validation of the FE model

The finite element model was validated using the experimental tests from Pavlovcic et al. (2012).
The experimental tests from Pavlovcic et al. (2012) were chosen for validating the FE model for
two reasons:

1) The box section members tested by them were susceptible to combined global buckling and
local buckling.

2) They had detailed measurements of initial imperfections, accidental load eccentricities and
residual stresses.

Table 4.6.1 shows a comparison between the results from the experiments and the test
simulations. It can be seen that the test simulations give a good prediction of the results from the
experimental tests.

Table 4.6.1: Validation of the FE model

Experiment | Description Eccentricity Length | Pmax_experiment Prax_simulation ) imlation

Number (mm) (m) (kN) (kN) F
max_ exp eriment

1 Column 0 3.65 706.5 699.4 0.99

2 Column 0 4.85 564 592.2 1.05

3 Beam-Column | 20 3.65 566.5 572.2 1.01

4 Beam-Column | 60 3.65 384.5 392.2 1.02

5 Beam-Column | 200 3.65 206.5 201.5 0.98
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4.7 Convergence study

A convergence study was performed to select a mesh density which would provide accurate
results with minimum computational effort. For the convergence study three different mesh sizes
were considered as mentioned in Table 4.7.1. For all the three mesh sizes, the width of the
element along the length of the member was taken equal to 1.1 times the width of the flange
element. Both, geometric and material nonlinear analysis, and buckling analysis were performed
for box section beams considering different lengths, flange plate slenderness, web plate
slenderness and mesh sizes.

Table 4.7.1 Mesh sizes considered in the convergence study

Mesh number Number of elements across Number of elements
the flange width through the web depth
1 6 12
2 12 25
3 24 48

For geometric and material nonlinear analysis, the peak strength as well as the load deflection
response considering different mesh sizes were compared. It was found that the mesh number 2
gave almost the same results as the much denser mesh number 3, and thus mesh number 2 was
used for the main parametric study.

5. Results and discussion

The following subsections discuss the results for the different homogeneous and hybrid box
section members considered in the parametric study. It was found that the provisions discussed
in Section 2 give a good prediction of the flexural resistance of the member with the mean,
median and standard deviation of the ratio of the beam strength from test simulation to the
strength predicted by the proposed equations being equal to 1.06, 1.06 and 0.07 respectively.

5.1 Homogeneous box section beams
The following subsections discuss the results for plateau resistance and inelastic LTB resistance
of homogeneous box section members.

5.1.1 Plateau resistance

Figure. 5.1.1.1 shows a comparison of the member strength from test simulation with the
strength predicted using the proposed provisions, current AASHTO (2015) Article 6.12.2.2.2
provisions and Eurocode provisions, for homogeneous box section members with length equal to
0.5Lp. The good performance of the proposed equations for cross sections 19 to 36, clearly shows
that for cases with slender compression flange and non-compact web, the cross section resistance
is larger than the yield moment of the effective cross section and going up to 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 slender flanges and compact webs (cross sections 19,
22, 25, 28, 31 and 34) the Eurocode provisions are overly conservative. As discussed earlier in
the introduction, the Eurocode provisions are overly conservative for these cases because they
classify a cross section based on the most unfavorable class of its compression parts and hence,
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end up limiting the predicted cross section resistance of box sections with slender flanges and
compact webs to yield moment of the effective cross section. Although box sections with slender
flange and compact or noncompact web are more unusual, they may be encountered when
considering biaxial bending, or when looking at the strength of a box girder, which will be
composite in the final condition, with slender top flange and under construction loading.

Good prediction of cross section resistance using the proposed provisions for extreme singly
symmetric sections with larger compression flange (cross sections 7, 8, 9 and 37), clearly shows
that for box section members the limit state of tension flange yielding is not required and the
resistance is captured accurately by the general yielding strength up to the plastic moment of the
effective cross-section. Also as discussed earlier in the introduction, the Eurocode gives
conservative cross section resistance predictions for singly symmetric Class 3 and 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 maximum elastic stress. This
can be seen by the conservative predictions using Eurocode for cross sections 8 and 9.
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Figure 5.1.1.1: Comparison of the member strength from test simulation with the strength predicted using the
proposed provisions, current AASHTO (2015) Article 6.12.2.2.2 provisions and Eurocode provisions, for
homogeneous box section members with length=0.5L,

It can be seen from the results in Fig. 5.1.1.1, that for members with non-slender flanges 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,
strength predicted using the AASHTO (2015) equations is conservative since the maximum
flexural resistance predicted by the inelastic LTB equation in AASHTO (2015) is limited to the
yield moment of the gross cross section. The inelastic LTB equation in AASHTO (2015) under-
predicts the strength of box section members with slender webs because it does not account for
web bend buckling.

5.1.2 Inelastic LTB resistance

Figures 5.1.2.1 and 5.1.2.2 show the comparison of the member strength from test simulation
with the strength predicted using the proposed provisions, current AASHTO (2015) Article
6.12.2.2.2 provisions and Eurocode provisions, for homogeneous box section members with
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0.5L,+L,,

lengths equal to and L . It can be observed that the inelastic LTB resistance

calculated by considering a linear interpolation using Eq. 2 gives good predictions and performs
much better than the current AASHTO (2015) Article 6.12.2.2.2 and Eurocode provisions.
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Figure 5.1.2.1: Comparison of the member strength from test simulation with the strength predicted using the
proposed provisions, current AASHTO (2015) Article 6.12.2.2.2 provisions and Eurocode provisions, for
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Figure 5.1.2.2: Comparison of the member strength from test simulation with the strength predicted using the
proposed provisions, current AASHTO (2015) Article 6.12.2.2.2 provisions and Eurocode provisions, for
homogeneous box section members with length= L, =min(200r,,30D)
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5.1.3 Representative inelastic LTB resistance curve

Figure 5.1.3.1 shows the variation of the flexural resistance with change in length of a box
section beam with cross section# 6 (C-N-S) having an aspect ratio of six. For this beam the
reduction in flexural resistance at Lmax is 22.4% compared to the plateau resistance. It can be seen
that the inelastic LTB resistance calculated by considering a linear interpolation using Eq. 2
gives reasonably good predictions.
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Figure 5.1.3.1: Variation of the flexural resistance with change in length of a box section beam with cross section# 6
(C-N-S) having an aspect ratio of six

5.2 Hybrid box section beams

Figure 5.2.1a and b, show the comparison of the member strength from test simulation with the
strength predicted using the proposed provisions for hybrid box section members with lengths
equal to 0.5L, and L . Figure 5.2.1a and b, clearly show that the proposed equations

incorporating the hybrid factor Ri, perform well in predicting the cross section resistance and
inelastic LTB resistance of hybrid box section members.
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Figure.5.2.1a and b: Comparison of the member strength from test simulation with the strength predicted using the
proposed provisions for hybrid box section members with lengths 0.5L, and L, respectively
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6. Summary and concluding remarks

This paper explains the development of design provisions for any general singly or doubly
symmetric non-composite non-longitudinally stiffened, homogeneous or hybrid welded box
section beam, covering all ranges of web and flange plate slenderness and addressing all relevant
limit states. The performance of the proposed provisions was evaluated via an extensive
parametric study performed using test simulations and it was found that the proposed provisions
give a good prediction of the flexural resistance and perform significantly better than the current
AASHTO (2015) and Eurocode provisions. The proposed provisions allow the consideration of
cross section resistance larger than yield moment and up to the plastic moment of the effective
cross section, for box section beams with compact or noncompact webs. It was found from the
test simulation studies that for box section beams the limit state of tension flange yielding is not
required and the resistance is captured accurately by the general yielding strengths up to the
plastic moment of the effective cross-section.
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