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SUMMARY

Recent research studies have confirmed that curved I-girders are capable of
developing substantial shear postbuckling resistance due to tension field action and have
demonstrated that the AASHTO LRFD equations for the tension field resistance in
straight |- girders may be applied to curved |- girders within specific limits.  However,
the corresponding demands on intermediate transverse stiffeners in curved I-girders are
still largely unknown.  Furthermore, a number of prior research studies have
demonstrated that transverse stiffeners in straight I-girders are loaded predominantly by
bending induced by their restraint of web lateral deflections at the shear strength limit
state, not by in-plane tension field forces. Thisis at odds with present Specification
approaches for the design of transverse stiffeners, which are based on (1) providing
sufficient stiffener bending rigidity only to develop the shear buckling strength of the
web and (2) providing sufficient stiffener areato resist the in-plane tension field forces.
In this research, the behavior of one- and two-sided intermediate transverse stiffeners in
straight and horizontally curved stedl I-girders is investigated by refined full nonlinear
finite element analysis.  Variations in stiffener rigidity, panel aspect ratio, panel
denderness, and stiffener type are considered. New recommendations for design of
transverse stiffenersin straight and curved I-girder bridges are developed by combining

the solutions from the above FEA studies with the results from prior research.
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CHAPTER

INTRODUCTION

1.1 Background and Problem Statement
Existing methods for the design of intermediate transverse stiffenersin steel bridge I-
girders vary widely in concept and in the resulting stiffener requirements. The AASHTO
(1998) provisions for the design of transverse stiffeners in straight I-girders are based on
two criteria:
(2) A moment of inertia requirement developed to ensure that the stiffener is able to
maintain a line of near zero lateral deflection at the web shear buckling load, and
(2) For webs that are designed including tension-field action, an area requirement based
on an estimate of the in-plane forces transmitted by the postbuckled web plate to the
transverse stiffeners. This requirement is intended to ensure that the stiffeners are able
to act as the vertical members of an effective Pratt truss in resisting shear forces
larger than the web shear buckling load.
Neither of these requirements addresses the effects of out-of-plane forces on the
transverse stiffeners caused by initial imperfections within fabrication tolerances (at pre
or postbuckling load levels), nor do they address the effects of out-of-plane forces on the
transverse stiffeners due to the shear postbuckling response of the web panels. Various
independent research studies (Horne and Grayson 1983; Rahal and Harding 1990a, 1990b
and 1991; Stanway et al. 1993 and 1996; Xie 2000; Lee et al. 2002 and 2003) have
demonstrated that, at least for webs with a slenderness up to about D/t, = 250, the

stiffeners are loaded predominantly by bending induced by their restraint of web lateral



deflections at the shear strength limit state, not by in-plane tension field forces. Each of
these investigations propose models and/or design equations that address the lateral
bending effects in different ways and with different results. Refined finite element
solutions from the above studies show that in some cases, stiffeners designed according
to AASHTO (1998) are deformed substantially at the limit load and the shear strengths
associated with tension field action are not fully realized. Unfortunately, only a few
experimental studies have been conducted to quantify the demands placed on transverse
stiffeners in straight I-girders (Rockey et al. 1981; Tang and Evans 1984; Lee et al. 2003).
Typically, the transverse stiffeners in experimental shear tests are designed
conservatively to ensure that the transverse stiffener size is not a significant parameter
influencing the test results.

For curved I-girder design, the AASHTO (2003) transverse stiffener design
provisions are based solely on the AASHTO (1998) moment of inertia requirement
multiplied by an additional factor, X > 1, whichaccounts for larger demands on the
stiffenersin certain cases to develop the larger elastic shear buckling strengths of curved
web panels (Mariani et a. 1973). However, in al the cases considered by Mariani et al.
(1973), a curved web is able to develop the smaller elastic buckling strength of an
equivaent flat web panel using a smaller stiffener stiffener rigidity than that required for
the flat web. Stated alternately, for a given stiffener rigidity, the elastic buckling strength
of a curved web panel is always greater than the corresponding buckling strength for an
equivalent flat panel. The equationfor X in AASHTO (2003) isvalid only for panels
with the aspect ratio do/D < 1.0 (Mariani et al. 1973), where d, is a distance between

stiffeners Also, X is specified as 1.0 for do/D < 0.78.



The AASHTO (2003) rules for the shear design of curved I-girders limit the nominal
shear resistance to the AASHTO (1998) shear buckling strength Hence, it can be
guestioned whether the additional requirement of X > 1 for curved girders with 0.78 <
do/D < 1.0 is strictly necessary.

Recent research studies (Lee ard Y 00 1999; White et a. 2001; Zureick et al. 2002;
Jung and White 2003; White and Barker 2004) have demonstrated that there is some
reduction in the maximum shear strength of transversely stiffened I-girders dueto
horizontal curvature. However, these investigators have observed that this reduction is
small and may be neglected within the following limits:

do/D < 3,

D/ty < 160, and

Lp/R< 0.1 in the fina constructed configuration where Ly is the arc length

between the brace locations and R is the radius of the curvature.
The last limit ensures that do/R < 0.1 for all curved I-girders, since the web is stiffened by
connection plates at cross-frame locations. Based on these findings, the unified
AASHTO LRFD (2004) provisions use the tension field action shear resistance equations
of AASHTO (1998) for the design of both straight and curved I-girder bridges. Also,
based on assessment of prior research and the fact that the AASHTO (1998) provisions
for the shear design of longitudinally stiffened straight girders assume that longitudinal
stiffeners are ineffective at strength load levels, the AASHTO (1998) tension field action
shear resistance equations have been extended to longitudinally stiffened curved I-girders
aswell. The AASHTO (1998) shear resistance equations were originally developed by

Bader (1961), with the exception that a simplified equation is used for the shear buckling



coefficient. The AASHTO (1998) shear buckling coefficient was first proposed by
Vincent (1969).

Although the above research studies demonstrate that the AASHTO (1998) straight I-
girder shear resistance equations are applicable for the design of curved I-girders, the
corresponding demands on intermediate transverse stiffeners are largely unknown. Inthe
experimental studies by Zureick et a. (2002), the intermediate transverse stiffeners were
designed conservatively to ensure that the shear strength limit state was not influenced by
afailure of these components. Nakai et al. (1985) conducted analytical studies of the
demands placed on transverse stiffenersin curved |- girders for development of the web
shear postbuckling strength. Nakai and Y oo (1988) give a summary of the model
development. These researchers created a beam-column model to estimate the axial force
and bending moment in transverse stiffeners of curved girders, including the influence of
aradial loading component from the web tension field. They estimated this radial
loading effect by assuming that the web tension field acts along a chord between
transverse stiffeners. They compared their analytical predictions to the results from
experiments conducted by Nakai et al. (1984), in which premature failure of atransverse
stiffener occurred in one of the tests. However, the transverse stiffener in this test does
not satisfy the AASHTO (1998) rigidity requirements for straight I-girders. Also, the
influence of the stiffener size was studied only for do/D = 0.5 in the studies by Nakai et al.

(1984).



Based on their studies, Nakai et al. (1985) recommended a multiplier on the
transverse stiffener rigidity for straight I-girders from JSHB (1980), applicable for do/D <

1. For the largest value of the curvature parameter®

d2
c=—2
8Rt,,

(1.1)

equal to 1.31 and web panel aspect ratio do/D = 1.0 considered in their research, this
multiplier requires a stiffener moment of inertia of 23 times that required by AASHTO
(1998) for an equivaent flat web panel. Nakai and Y 00 (1988) state that the required
rigidity of the transverse stiffenersis too large for use in design when do/D is greater than
1.0 and indicate that this conclusion was also reached by Mariani et a. (1973). The
Mariani et al. paper does not contain any evidence of this conclusion.

The assumptionby Nakai et a. (1985) that the transverse stiffeners are subjected to a
radial load based on the web tension field forces acting along a chord between the ends of
the panelsis likely to provide a conservative estimate of the lateral bending inthe
transverse stiffeners due to horizontal curvature. However, in the limit of a straight
girder, the predicted lateral bending effects are equal to zero in the model proposed by
Nakai et al. (1985). Based on the research studies by Horne and Grayson (1983), Rahal
and Harding (1990a, b and 1991), Stanway et al. (1993 and 1996), Xie (2000) and Lee et
al. (2002 and 2003), the demands on the transverse stiffeners are dominated by lateral
bending effects in straight girders.

Research is needed to better understand the demands on intermediate transverse

stiffeners in both straight and curved bridge |- girders. Ideally, the resulting transverse

! The parameter c isasmall angle approximation of the out-of-flatness of the web panel dueto the
horizontal curvature divided by the web thickness.



stiffener requirements should address both straight and curved cases as a continuum.
The requirementsin both transversely as well as longitudinally stiffened curved I-girders
should be tested up to the maximum limits allowed by AASHTO (2004). These limits
are do/D = 3 and D/t,, = 150 for transversely stiffened girders and do/D = 1.5 and D/t,, =
300 for longitudinally stiffened members. This thesis addresses this need by the
execution of and interpretation of the results from refined full nonlinear finite element
analyses (FEA) for arange of representative straight and curved I-girders. The solutions
from these FEA studiesare combined with results from prior research to arrive at
recommendations for the design of intermediate transverse stiffeners in straight and
curved I-girder bridges.

1.2 Organization

Chapter 11 provides adetailed review of prior research and the present state-of-the-art
(2004) with respect to the behavior and design of intermediate transverse stiffenersin
straight and horizontally curved |- girders.

Chapter 111 summarizes the design and organization of the parametric studies
conducted in this research Also, the detailed attributes of the finite element models used
in thiswork are described, and their effectiveness for predicting the strength limit states
in one set of experimental tests is demonstrated.

In Chapter 1V, the results of the parametric studies are presented. The influence of
stiffener size on the girder maximum shear strengths and the strength limit states
behavior are considered. Chapter IV concludes with recommendations for the design of
intermediate transverse stiffeners. Chapter V summarizes the results of this researchand

discusses additional research needs.



CHAPTER I

BACKGROUND

2.1 Transverse Stiffener Rigidity Requirementsfor Web Shear Buckling Strength
2.1.1 AASHTO (2004)

AASHTO (2004) requires that the moment of inertia of the transverse stiffeners must

satisfy:
IS 3 Iﬂ:f (21)
where
I, = dt,’J (2.2)
and
J= 2'52- 203 05 (2.3)
at, 0
eDg

This requirement is carried forward from prior AASHTO Specifications including
AASHTO (1998). Equation (2.1) ensures that transverse stiffeners have sufficient
rigidity to maintain a line of near zero lateral deflectionthroughout their height for loads
up to the elastic shear buckling load. For panel aspect ratios less than one, the value of J
increases substantially with decreasing do/D, while for panel aspect ratios greater than
one, Jisconstant at 0.5. The moment of inertia of the transverse stiffener |5 istaken
about the edge in contact with the web for one-sided or single-plate stiffeners and about

the mid-thickness of the web for two-sided stiffeners (i.e., stiffener pairs). Therefore,

_ bt

IS
3

(2.49)



for single-plate stiffeners, and

|, @—== (2.4b)

for two-sided plate stiffeners (neglecting the small contribution from the thickness of the
web). Unless noted otherwise, the moment of inertia for the transverse stiffenersis
computed in thisway in al of the approaches considered in this thesis.
2.1.2 Bleich (1952)

Equations (2.1) to (2.3) are based on the research by Stein and Fralich (1949) on the
elastic shear buckling of simply-supported, infinitely long plates reinforced by
equidistant transverse stiffeners of equal bending rigidity. Bleich (1952) explains that the
solutions by these investigators are significantly more accurate than other approximate
solutions available prior to their work, and develops the following expression for the

required normalized rigidity of transverse stiffeners as a curve fit to their results (valid for

do/D < 1):
o
g= (k- 53ap_€&%D) 0 (2.5)
€ 55 U
& v You
&d,/Df T q
where
_ 2
12(1- ud)l, (2.6)

td,
and k is the shear buckling coefficient. Bleich also presents an equation for the shear
buckling coefficient k as afunction of the normalized stiffener rigidity g, based on the

solutions from Stein and Fralich. However, Equation (2.5) is the relevant expression for

the required transverse stiffener moment of inertia. The stiffener rigidity necessary to



develop the AASHTO (2004) shear buckling load may be determined by substituting the

AASHTO (2004) shear buckling coefficient (originaly proposed by Vincent (1969)),

2.7)

into Equation (2.5).

Bleich (1952) also presents equations that address the demands on the intermediate
transverse stiffeners for them to hold a line of near zero lateral deflection in plates that
are loaded above their proportional limit (taken equal to 0.8V, in AASHTO (2004) and
0.76V, by Bleich (1952)), i.e., for plates governed by inelastic shear buckling. However,
the calculations required by these equations are somewhat elaborate and involve subtle
interpretations. To the knowledge of the author, neither AASHTO (2004) nor any other
international standards for steel design implement these equations. AASHTO (2004)
simply reduces the shear buckling strength of the plate-stiffener assembly relative to the
elastic shear buckling load to account for inelastic actions. Furthermore, AASHTO
(2004) requires atransverse stiffner moment of inertia sufficient to develop the
theoretical elastic shear buckling strength of a simply-supported web panel, V¢ o, even
for combinations of D/t and do/D such that Vi g is more than three times V,. The
conservatism of this approach is discussed further in Sections 2.2.1, 4.6 and 4.10.

It is useful to express Equation(2.5) in the form of a J requirement, where J isthe

required value of 14dotw>, for comparison to Equation(2.3). This form is

¢ 7 0
k- 534 §d./DF § 28)
31-u*) ¢ 55 o '
€d./DF 06“



Equations (2.3) and (2.8) are compared in the following discussions.

The Engineer should note that even for an initially perfect flat plate, there is no finite
stiffener rigidity for whichthe stiffener lateral displacement is zero within the buckling
mode of the plate-stiffener assembly. Correspondingly, the solutions by Stein and Fralich
(1949) for the shear buckling coefficient k, which is proportional to the shear buckling
load, approach their maximum values asymptotically as the specified J or g values
approach infinity. These maximum values, denoted by the symbol ky, are generally
greater than the k values specified by Equation(2.7). For do/D = 0.5, ky = 28.71 whereas
Equation (2.7) gives k = 25, and for do/D = 1.0, ky = 10.86 whereas Equation (2.7) gives
k = 10. For J= IJd.t,> values larger than specified by the combination of Equatiors (2.7)
and (2.8), the shear buckling strength is for al practical purposes constant with any
increase in the stiffener rigidity.

2.1.3 Stanway et al. (1993)

Stanway et al. (1993) studied the elastic shear buckling of simply-supported plates
with asingle intermediate transverse stiffener subdividing the plate into two equal-width
panels. They generated FEA solutions as well as series solutions retaining alarge
number of terms, and obtained converged results from each approach that were within
one percent of one another. They studied the influence of the stiffener flexural rigidity,
with the torsional rigidity of the stiffener set equal to zero (note that the solutions by

Stein and Fralich (1949) also do not account for any torsional resistance of the transverse
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stiffeners)®. Stanway et al. present their results in the form of the g required to obtain

different values of the parameter my,, defined as

(2.9)

where ky is the shear buckling coefficient for the plate withls = ¥ and ko is the shear
buckling coefficient for the plate with Is= 0. Figures2.1aand 2.1b compare the results
from Stanway et al. (1993) for m, = 0.95, 0.90 and 0.80, written in terms of the required J
= 1Jdots>, to Equation (2.3) from AASHTO (2004) and to Equation (2.8) from Bleich
(1952). These figures show the same solutions, but Figure 2.1a has a larger scale for the
Jaxisto illustrate the large required J value determined by Stanway et a. for do/D = 0.5
and m; = 0.95 whereas Figure 2.1b has a smaller scale to emphasize the J requirements
for do/D > 1. The requirements specified by Timoshenko and Gere (1961) are also
shown in these figures.

One can observe that the AASHTO (2004) J expression (Equation(2.3)) matches well

with Bleich’ s approximate equation. Bleich’ s equation also matches well with the
required J values for m; = 0.90 determined by Stanway et al. (1993) at d,/D = 0.5 and 1.0.
Furthermore, it can be seen that the AASHTO (2004) J curve given by Equation (2.3)
generally fals between the required J values for m; = 0.90 and m, = 0.95 from Stanway
et d. (1993). In contrast, the k values from Equation (2.7) of 25 for do/D = 0.5 and 10 for
do/D = 1.0 both correspond to m; = 0.84 in Equation (2.9), using the ky values from Stein
and Fralich (1949) along with their ko value of 5.34. This indicates that possibly the

AASHTO (2004) equation is dightly more conservative than necessary.

! Stanway et al. (1993) also considered the effect of transverse stiffener torsional rigidity in aseparate
section of their studies.
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A Stanway et al. (1993), m, = 0.95
12 ®m  Stanway et al. (1993), m = 0.90 N
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Figure 2.1a. Required J vaues for development of the shear buckling strength
emphasizing the requirements at do./D = 0.5.

12



16 0

A Stanway et al. (1993), m, = 0.95
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Figure 2.1b. Required Jvalues for development of the shear buckling strength

emphasizing the requirements for do/D = 1.
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The stiffener rigidity requirements specified by Timoshenko and Gere (1961) are
substantially smaller than those specified by Bleich (1952) and by AASHTO (2004),
particularly for do/D = 0.5. Bleich comments on the solutions presented by Timoshenko
and Gere, and indicates that considerable errors are possible because the limited number
of terms employed in the series expansion used in their development is not suitable to
represent the deformation of the stiffened plate.

It is gpparent that the demands on the transverse stiffeners for Equation (2.7) to be
valid are significantly larger for do/D < 1, where d, is the smaller dimension of the web
panels, whereas these demands are more minor for do/D > 1, where the smaller dimension
of the web panels is the distance between the flanges D. Thisis because the shear
buckling waves within the web plate are modified by the transverse stiffeners to a lesser
extent as do/D increases above one. In fact, at do/D = 3, Equation(2.7) givesk = 5.56
whereas Bleich (1952) shows that k = 5.34 is applicable for a simply-supported infinitely
long web plate without any transverse stiffeners at al. The difference between these two
shear buckling coefficients is compensated for easily by the most minor restraint from the
flanges and/or torsional rigidity of the transverse stiffeners. Therefore, for do/D = 3, one
can conclude that the required Jvalue is zero. Furthermore, for do/D = 2, k = 6.25 from
Equation (2.7). Leeet a. (1996), Bradford (1996) and White et al. (2001) show that
typical I-girder webs with do/D = 2 have k values close to 10 due to the restraint provided
by the flanges (assuming adequate transverse stiffeners).

Also, from Figure 2.1b, one can observe that the implied m, value from the AASHTO

(2004) equation for do/D = 2 is dightly more conservative (i.e., larger) than the implied
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my value for do/D = 1 and 0.5. In as such, it is worthwhile to consider a potential

modification of Equation (2.1) to the form

I3 1 (2.10a)
where

I¢. = bt, X (2.10b)

b =min (do, D) (2.10c)

and Equation (2.3) is still employed to calculate J (the prime on Jis used to emphasize
the different values determined by rigorous solutions for this coefficient if Equation
(2.10a) is used rather than Equation (2.1)). Figure 2.2 shows the required J = I¢4bt,>
values based on Stanway et a. (1993) versus Equation(2.3). Assuming that my between
0.80 and 0.90 is acceptable, Equation (2.10a) is a better (more liberal) expression for the
gtiffener rigidity requirement for do/D = 2. The acceptability of Equation(2.10a) for
do/D > 1 is addressed further in Section 2.2.1 and also subsequently in Sections 4.6 and
4.10.

2.1.4 Mariani et al. (1973)

Mariani et al. (1973) studied the required stiffener rigidity to develop the elastic shear
buckling strength of along simply-supported curved plate, subdivided into panels of
equal width by intermediate transverse stiffeners of equal bending rigidity. They found
that for 0.78 < do/D < 1.0, the stiffener rigidity necessary to develop an eastic shear
buckling strength equal to that of an isolated simply-supported curved web panel of the

same dimensions increases with the curvature approximately by the ratio:

1 agly (7605 (2.12)

X = 1+ g__
1775eD o
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A Stanway et al. (1993), m, = 0.95
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Figure 2.2. Required J values for development of the shear buckling strength
emphasizing the requirements for do./D = 1.

16




where Z is a curvature parameter defined as

J1- n? =8cyf1- n? (2.12)

(the parameter c is defined by Equation (1.1)). They aso found that the above ratio is

d,

2
Rt,

Z =

less than one if the panel aspect ratio do/D is less than 0.78. However, it was decided that
curved girder stiffener requirements should not be less than the requirement s for straight

girders. Thereforefor d,/D £ 0.78 , they recommended X = 1. This study was limited

to0O£ Z£10 (or0<c<1.31).

Although their design recommendations were limited to do/D < 1, Mariani et al.
(1973) aso considered panel aspect ratios up to do/D = 1.5 in their research. The
suggested limit of do/D < 1 appears to be related to: (a) the fact that the AASHO Standard
Specifications in effect at the time of their work limited the panel aspect ratios of
transversely-stiffened I-girders to this value, and (b) the research indicated that a function
much different than Equation (2.11) would be needed for d,/D = 1.5. Mariani et a.
(1973) found that for aweb with d/D = 1.5, a maximum rigidity of 2.4 times that
required for the corresponding straight-girder was necessary, and that this requirement
occurred at Z = 5. However, the required rigidity for do/D = 1.5 reduces to the value for
straight girders as Z approaches 0 or 10. Equation (2.11) gives a maximum required
vaueof X =224 a do/D =1 and Z = 10. Therefore, the maximum rigidity requirement
determined by Mariani et a. (1973) for panels with do/D = 1.5 is not significantly larger
than the maximum for do/D = 1.

It should be emphasized that Equation(2.11) is based on the development of an

elastic shear buckling strength (V¢ «) inalong curved plate divided into panelsby N
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transverse stiffeners equal to the corresponding Vo 0f a comparable isolated simply-
supported curved web panel. Mariani et al. (1973) show that in al cases, the elastic shear
buckling load of an isolated simply-supported curved web panel is larger than the elastic
shear buckling load of an isolated simply-supported flat web panel of the same
dimensions. Also, the elastic buckling strengths obtained from their models of long
stiffened plates are always increased for larger panel curvatures. Of key importance to
the requirements for the transverse stiffeners, the stiffener rigidity necessary to develop a
given buckling load is always smaller in curved stiffened plates than in the correspording
flat stiffened plate. AASHTO (2003) adopts Equation(2.11) as an additional requirement
on intermediate transverse stiffeners in curved I-girders. However, these Specifications
neglect the increase in the elastic shear buckling strength due to the horizontal curvature
in that they use the AASHTO (1998) shear buckling equationsin all cases. Since the
AASHTO (2003) Specifications do not rely on larger elastic buckling capacities for
curved web panels, it can be questioned whether the additional requirement of X > 1 for
0.78 < do/D < 1.0is dtrictly necessary. In any case, Equation(2.11) is not applicable for
do/D > 1.0.
2.2 Transverse Stiffener Rigidity Requirementsfor Web Shear Post-Buckling
Strength
2.2.1 Stanway et al. (1993 and 1996)

The above studies address only the development of the web shear buckling strength.
The development of postbuckling strength i.e., tension field action, and its influence on
the transverse stiffenersis not considered. However, Stanway et al. (1993) aso

conducted full nonlinear finite element analyses to quantify the required rigidity of
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transverse stiffeners to devel op the shear post-buckling strengths of flat web panels. The
geometrical characteristics of the panels studied are the same as those used in their elastic
buckling solutions. That is, the plate is Simply-supported along its exterior edges and is
subdivided into two equal width subpanels by an intermediate transverse stiffener.
Uniform shear tractions are applied along the exterior edges of the plate. Its left and right
sides are constrained to remain straight but these edges are otherwise free to trandate and
rotate within the plane of the problem. Thetop and bottom sides of the plate are free to
displace within the plane of the problem, i.e., there is zero in-plane restraint normal to the
edge of the plate. The yield strength of the plate and the stiffener are taken as 245 MPa
(36 ks). Isoparametric shell finite elements are used for the web and beam elements are
used for the stiffener.

The results from Stanway’ s finite element analyses are presented in Table 2.1. These
results are shown in aform similar to that used in Figures 2.1 and 2.2. The stiffener J

vaues (J = IJdot®) necessary to develop different values of the parameter m, defined as

m, = —u_—uo (2.13)

tu¥ - t uo
are considered, wheret , is the maximum strength of the plate expressed in terms of the
applied uniform edge tractions for a given stiffener flexural rigidity, and t v and t o are

the corresponding maximum strengths for Is= ¥ and Is = O respectively?. Table2.13

2The prior solutions are presented in the form J = I/dt,” to facilitate comparison to the AASHTO (2004)
transverse stiffener requirements. The corresponding J values, where J is the required value of I/ bt,,> from
the rigorous solutions and b is given by Equation (2.10b), are as follows:

J=Jford,<D
J =J(do/D) for do, > D.
3 Stanway et al. (1993) also consider webs with do/D assmall as0.2. Values of do/D lessthan 0.5 are not

considered as practical for bridge |-girders, but are believed to address very deep girders such as may be
used in offshore structures.
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shows solutions for three different web slenderness ratios b/t, = min(d,, D)/ty. The
solutions in Figures 2.1 and 2.2 are independent of the web slenderness. Also, Table 2.2

showstheratio of the Jrequired to achieve p, = 0.9 to Jrequired to achieve g = 0.9.

Table 2.1. Required J values for development of shear postbuckling strength from
(Stanway et al. 1993).

do/D b/t J for given , from Finite Element Analysis
m = 0.8 0.9 0.95
0.5 180 21 30 57
120 12 18 36
80 5.0 7.3 13
1 180 2.1 3.2 5.4
120 0.69 1.1 2.0
80 0.13 0.21 0.55
2 180 0.99 1.2 1.7
120 0.33 0.56 1.1
80 0.11 0.26 0.41

Table 2.2. Ratio of Jrequired to achieve u, = 0.9 to Jrequired to achieve per = 0.9, based
on the solutions from (Stanway et a. 1993)

blty J(y = 0.9) / I = 0.9)
do/D = 0.5 1 2
180 4.2 8.1 3.7
120 2.5 2.7 1.7
80 1.0 0.5 0.8

One can observe from Table 2.2 that for the stockier plates with b/t,, = 80, the
JHu=0.9) / Juer = 0.9) necessary to develop the maximum shear strength, including the
contribution from postbuckling or tension field action, islessthan or equal to 1.0. Thisis
logical since for Fyy = 245 MPaand do/D = 0.5, the AASHTO (2004) shear buckling

provisions predict that the web is able to develop its fully plastic shear strength V,
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without the need for any postbuckling strength at b/t,, = 80 (or D/t,, = 160), that isC =
Ve/Vp = 1.0. Also, for Fyy =245 MPaand do/D = 1, the AASHTO (2004) shear buckling
provisions give C = 1.0 at D/t = b/ty = 100. Finaly, for Fy = 245 MPaand do/D = 2,
the AASHTO (2004) provisions give C = 1.0 at b/t, = D/t,, = 80. Since no postbuckling
shear resistance is needed in these cases, no additional demands are placed on the
transverse stiffener. Furthermore, for do/D = 1 and b/t,, = 80, the theoretical elastic
buckling resistance of the web panels, V¢, is equal to 2V, based on the AASHTO (2004)
eguations. In as such, the stiffener rigidity necessary to develop the maximum shear
strength is smaller than that required to develop the theoretical elastic shear buckling
resistance, i.e.,, Jm,=0.9) / Jm; =0.9) =0.5in Table 2.2. The transverse stiffener
rigidities required to develop m, = 0.8 are substantially smaller (see Table 2.1).
Conversealy, for the larger web slenderness values (b/t,, = 120 and 180), significantly
larger stiffeners are required to develop the shear postbuckling strengths. The largest
additional demands are observed for the panels with do/D = 1. For the case with b/t,, =
D/tw = 180 and do/D = 1, the stiffener moment of inertia must be increased 8.1 times
relative to J(my = 0.9) to ensure that the panels are able to develop m, = 0.9. The question
of whether J values this large are necessary is addressed subsequently in thisthesis.
Based on their findings in (Stanway et al. 1993), Stanway et a. (1996) recommend an
analytical model for calculation of the demands ontransverse stiffeners in straight |-
girders designed based on tension field action An important attribute of this model is

that it is based on two separate criteria:
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(1) Stiffness—the provision of sufficient flexural rigidity of the transverse stiffeners
such that the stiffener lateral deflections are small enough to “ ensure effective
subdivision of the plate.”

(2) Strength— the provision of an elastic section modulus for the transverse stiffeners
sufficient to ensure that the stiffeners do not yield prior to the failure of the web
panels.

Both of these criteria stem from the observations by Stanway (1993 and 1996) and others

that transverse stiffenersin straight |- girders are loaded predominantly by the bending

induced by their restraint of the web lateral deflections at the shear strength limit state,
not by in-plane tension field forces.

A detailed discussion of Stanway’ s strength criterion is presented in Section2.3.3.1.
Stanway’ s stiffness (or flexura rigidity) requirement is based on an explicit estimate of
the magnitude of the stiffener and web panel lateral deflections at the strength limit state,
represented by the symbols ws and w,, respectively. Given these estimates, Stanway et al.

(1996) require

w 0.125w, 213)
1- co apk, b':9'
2D g
where
D
k, = 0375~ +0.625 (2.14)

for do/D > 1/3, with the exception that ws is not required to be any smaller than D/1000
nor isit alowed to be any larger than D/200. For do/D = 1, Equation(2.13) amountsto a
requirement that the stiffener lateral deflection must be less than or equal to one-eighth of

the panel lateral deflection. The term within the denominator of Equation (2.13) relaxes
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this limit for do/D < 1. For do/D = 0.5, Equation (2.13) requires that the stiffener lateral
deflection must be less than or equal to approximately one-quarter of the panel latera
deflection.

Table 2.3 compares the required values for J = /oty based on Stanway’ s analytical
model, as well as the J values to obtain a specified p, using Stanway’ s FEA solutions
(from Table 2.2), to the J values specified by Equation(2.3) from AASHTO (2004). The
required J values from Stanway’ s analytical model closely match Stanway’ s FEA results

for py=0.95. All of Stanway’ s solutions are based on Fys = Fyw = 245 MPa.

Table 2.3. Comparison of required J values for development of the web postbuckling
strength from Stanway et a. (1996 and 1993) to the J requirement in AASHTO (2004)
for development of the web shear buckling load.

J values from
Stiffener Analytical . J from
J values from FEA for a given | AASHTO
do/D || bty Model
(Stanway et al. My (Stanway et al. 1993) (2004),
1996) % Eq. (2.3)
NN Jmax My, = 0.8 0.9 0.95
0.5 || 180 1.18 58 21 30 57 8
120 1.11 29 12 18 36 8
80 1.72 14 5.0 7.3 13 8
1 180 1.21 5.7 2.1 3.2 5.4 0.5
120 1.30 2.8 0.69 1.1 2.0 0.5
80 1.65 1.1 0.13 0.21 0.55 0.5
2 180 0.69 2.9 0.99 1.2 1.7 0.5
120 0.74 1.5 0.33 0.56 1.1 0.5
80 1.16 0.62 0.11 0.26 0.41 0.5
@

J, = The Jrequired to satisfy Stanway’ s stiffness criterion; J, = The Jrequired to satisfy Stanway’ s
strength criterion; Jyax = max (J, k).

For b/t,, = 80, one can observe that the required Jm, = 0.9) from Stanway’ sFEA
solutions is smaller than the J requirement specified by AASHTO (2004) for each of the
do/D vaues considered. If Equations (2.10) are used as an alternative representation of

the gtiffener moment of inertia needed to develop the web shear buckling strength, the J
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values are unchanged relative to the values reported in Table 2.3 for do/D = 0.5 and 1, but
all the J values in the fourth through seventh columns are increased by a factor of two for
do/D = 2. Therefore, if Equations (2.10) are used, one can conclude that the AASHTO
(2004) expression (Equation (2.3)) is an accurate to somewhat conservative
representation of the J requirement to achieve m, = 0.9 for webs with b/t,, = 80. Equation
(2.3) isthe most libera relative to J(m, = 0.9) for do/D = 2, where Equaton (2.3) gives a
valueof 0.5and J(m,=0.9) =2 * 0.26 = 0.52. However, as noted previously,
significantly larger J or J values are necessary for larger b/t,.

2.2.2 Leeet al. (2002 and 2003)

Leeet a. (2002 and 2003) also observed that larger stiffener rigidities are needed for
the web to devel op postbuckling strengththan to develop the shear buckling strength
Leeet a. (2002) conducted FEA studies of web panels with D/t,, = 200 and do/D = 1
using single plate stiffeners with three different projecting widths. They aso varied the
stiffener thickness for each of these widths. Furthermore, Lee et a. (2002) studied one
example involving atwo-sided stiffener. Also, Lee et al. (2003) present the results of six
experimental tests with D/t,, = 187 and 150, do/D = 1 and 0.75, and in which the
transverse stiffeners violate the AASHTO (2004) arearequirement®. Also, they
conducted additional FEA parametric studies of webs with one-sided stiffeners and D/t,,
=125t0 250, do/D = 0.51t0 3.0, and Fyy = 345 to 690 MPa. For each combination of
these parameters, they considered three different stiffener widths and varied the stiffener
thickness for each of these widths (asin (Lee et a. 2002)). Based on their two studies,

Lee et a. (2003) concluded that in general:

* The AASHTO (2004) area requirement is reviewed within Section 2.3.1.
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In I-girders designed based on the shear postbuckling strength, the rigidity of the
transverse stiffeners must be larger than that specified by the AASHTO (2004)
rigidity requirement (Equation(2.1)),

The AASHTO (2004) arearequirement can be violated substantially without having a

significant impact on the web maximum shear strengths, as long as the stiffeners have

sufficient bending rigidity, and

The stiffener responses at the strength limit state are dominated by bending actions

due to lateral loading from the web panels, and not by axia loading effects associated

with tension field action.

Leeet a. (2003) recommend that a J requirement of six times that specified by
Equation (2.3) is necessary and sufficient to develop the web shear postbuckling strength
in cases in which the web shear buckling is elastic, i.e., C = V/V <0.8. For websin
which C is greater than 0.8, they suggest that the AASHTO (2004) rigidity requirement
given by Equation (2.3) is sufficient. Also, they recommend that the AASHTO (2004)
area requirement is not needed if these rigidity requirements are satisfied.

2.2.3 Horne and Grayson (1983)

Interestingly, Horne and Grayson (1983) also proposed a transverse stiffener rigidity
requirement targeted at ensuring the development of the web shear postbuckling strength.
They developed an empirical formulafrom full nonlinear FEA parametric studies that

may be written in terms of a J requirement as

e F u ® F o]
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This equation istargeted at ensuring that nominaly flat web panel postbuckling strengths
are not less than that of an isolated simply-supported web panel of the same dimensions.
Also, Horne and Grayson (1983) sudied the influence of single versus multiple
transverse stiffeners, concentric (two-sided) versus eccentric (single-sided) stiffeners,
residual stresses, various patterns for the web plate out-of-flatness, and the effect of
potential anchorage of the tersion field by the flanges. They offer the following
observations regarding these factors:
The maximum strength for a given stiffener rigidity and panel dimensionsis virtualy
the same in plates with one and three stiffeners as long as the stiffener rigidity is large
enough such that the strength is essentially unchanged for larger stiffener moments of
inertia.
The ratio of the maximum strengths for panels with one-sided versus two-sided
stiffeners with the same stiffener bending rigidity had a difference in mean strengths
of only about three percent with a standard deviation of about one percent.
The effect of residual stresses on the required stiffener rigidities can be neglected in
all cases.
The pattern of out-of-flatness assumed within the web panels has a discernable
although small effect on the maximum shear strength.
Anchorage of the tension field from the flanges has virtually no effect on the value of
the stiffener rigidity required to achieve the target web panel capacities.
Also, Horne and Grayson (1983) show solutions for the stiffener axial force and bending
moment at the mid-depth of their shear panels. Even in cases where the stiffeners are

substantially larger than required to attain an approximate plateau in shear strength versus
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stiffener rigidity plots, the stiffener responses are dominated by bending rather than axial
compression from the tension field.  Of further note, Horne and Grayson state that
parametric studies conducted for applied loading conditions other than pure shear show
that their proposed design formula may be used as a safe estimate of the required stiffener
rigidity for al possible combinations of web loading. Horne and Grayson (1983) show
solutions for D/t,, ranging from 160 to 240 and d./D = 0.5 and 1.0, but unfortunately, they
do not present any resultsfor do/D > 1. Therefore, additional studies that consider the
behavior for wider stiffener spacings would be useful.

2.2.4 Nakai et al. (1984 and 1985)

Nakai et a. (1984 and 1985) studied the demands placed on transverse stiffenersin
horizontally curved |- girders necessary to develop the curved web postbuckling strength.
These researchers developed an analytical beam-column model to estimate the axial force
and bending moment developed in transverse giffeners of curved I-girders. Their model
includes aradia loading component from the tension field estimated based on the
assumption that the tension field acts along a chord between the transverse stiffeners.
Nakai and Y 0o (1988) give a summary of the model development. Using their beam
column model for the transverse stiffeners along with a strengthlimit equal to the
nominal first-yield strength of the stiffeners under bending and axial compression, Nakai
et a. (1985) derived amultiplier applicable to the base stiffener rigidity requirement in
JSHB (1980) for development of the web postbuckling strength.  This multiplier may be

written as

_110+(a- 0.69)Z[9.38a- 7.67- (L47%-1.78)Z]  for 0.69£a£10

- 2.16
“ 7110 for a<0.69 (210

for one-sided stiffeners, and as
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w 10+(a- 065)Z[1267a- 1042 (1.9% - 2.49)Z]  for 0.65£a£10

el (2.17)
110 for a<0.65

for two-sided stiffeners, wherea = do/D and Z is given by Equation(2.12). Furthermore,

the JSHB (1980) base stiffener rigidity requirement is equivaent to

3=25 (2.18)
o, 0
€D

2

which is dightly larger than Equation (2.3) for d,/D > 0.94 but is substantially less than
Equation (2.3) at d,/D = 0.5. For the largest value of Z considered in their research (Z =
10, or ¢ = 1.31 from Equation (1.1)) and d,/D = 1.0, Equation (2.16) gives X, = 15.6.
Thisresultsin arigidity requirement that is 23 times that of Equation(2.1). However, for
Z =10 and do/D = 0.5, Equatiors (2.16) and (2.18) require a stiffener moment of inertia
that is only 0.36 of the value specified by AASHTO (2004) for development of just the
shear buckling strength.

Nakai and Y 0o (1988) state that the required rigidity of the transverse stiffenersis too
large for use in design when do/D is greater than 1.0 and indicate that this conclusion was
also reached by Mariani et al. (1973). The Mariani et a. paper does not contain any
evidence of this conclusion. The assumption by Nakai et al. (1985) that the transverse
stiffeners are subjected to aradial 1oad based on the web tension field forces acting along
achord between the ends of the panelsislikely to provide a conservative estimate of the
lateral bending in the transverse stiffeners due to horizontal curvature. However, in the
limit of astraight I-girder, the predicted lateral bending effects are equal to zero in the
model proposed by Nakai et al. (1985). Based on the research studies by Horne and

Grayson (1983), Rahal and Harding (1990a, b and 1991), Stanway et al. (1993 and 1996),
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Xie (2000) and Lee et al. (2002 and 2003), the demands on the transverse stiffeners are
dominated by lateral bending effects in straight I-girders.
2.3. Explicit Transverse Stiffener Strength Requirements

Although stiffness or deflection considerations may govern in certain structural
design situations, structures in general cannot be designed solely based on stiffness. The
Engineer must in general also ensure that structures and their components have adequate
strength to resist the internal forces induced at the strength load levels. For instance, it is
well established that the stability bracing for beam and column members must satisfy
both stiffness and strength criteria (A1SC 1999; Galambos 1998; Y ura 1993 and 1995).

In steel I-girders where the applied shear force does not exceed the shear buckling
load of the web panels, it is generaly accepted that the intermediate transverse stiffeners
need not be checked for separate strength requirements. That is, AASHTO (2004)
assumes implicitly that if the stiffeners satisfy Equation (2.1) and if the applied shear
force is less than the shear buckling resistance of the web panels, the stiffener strengths
are large enough such that lateral bending stresses induced by their restraint of web out-
of-plane deflections are small enough to be neglected.

Conversdly, for I-girders designed to take advantage of the inherent web postbuckling
strength associated with tension field action, the majority of the prior research studies
conclude that explicit transverse stiffener strength considerations need to be addressed in
addition to stiffness criteria.  To the knowledge of the author, all of the present
international standards for the design of I-girders for tension field actionspecify a
stiffener area requirement of some sort. This requirement is generally based on an

estimate of the in-plane forces transmitted by the postbuckled web plate to the transverse
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stiffeners such that the tension diagonal of the web and the transverse stiffeners act as a
Pratt truss in resisting forces larger than the shear buckling load. To the knowledge of
the author, none of the international standards consider the influence of lateral loading on
the transverse stiffeners due to the restraint they provide to the lateral deflection of the
web panels. However, as noted previously, multiple research studies indicate that thisis
a predominant effect, that is, postbuckled web panels load the transverse stiffeners more
in bending than in axial compression at least up to a web slenderness of about D/t, = 250
(approximately the maximum limit of these investigations). In afew of these research
studies, models have been developed for checking stiffener strengths explicitly in terms
of bending resistance or section modulus.

The following two sections review the basis for the area requirement in AASHTO
(2004) as well as other similar requirements in Eurocode 3. Thisisfollowed by an
overview of several models that consider the stiffeners as flexural elements.

2.3.1 AASHTO (2004) Area Requirement

The tension field theory adopted by AASHTO (2004) is based on the seminal
research by Bader (1961). Badler developed afree body diagram at the location of an
intermediate transverse stiffener that alows the calculation of the stiffener axial

compression caused by the tension field (see Figure 2.3). This axial force is

o a,d, 65 d/p U
P, = (s.t,d,SnqQg)snq =s, ¢c+2+€ - ———U (2.19)

t ‘€2 g8 .[1+(d,/DY§

where s is the tension field stress, given by the approximation
st=(1-C) Rw (2.20)
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Figure 2.3. Free-body diagram at an intermediate transverse stiffener location.

and q is the orientation of the tension field determined by Badler’ stheory. The
corresponding increase in the shear resistance above the web shear buckling load is
represented by the symbol Vpg in the figure. The parameter C in Equation (2.20) is the
ratio of the shear buckling load (elastic or inelastic) to the fully-plastic shear resistance of
the web, i.e., C = V/Vp. After substituting Equation (2.20) and performing some minor

algebraic manipulation, Equation (2.19) can be written as

1 €d (d,/D) Y
P ==F,tDé&2- o -/ (f1-C) (2.21)
2" @b  1+(d,/Df{

Vincent (1969) suggests a simplification to Equation(2.21) by considering that the

expression within the brackets varies between 0.21 and 0.3 for the practical range of do./D
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between 1/3 and 1.5. He uses do/D = 0.8 within this expression, which gives the
maximum (conservative) value equal to 0.3. Interestingly, in current practice (2004), itis
not uncommon for I-girders with do/D of 2 to 3 to be designed including tension field
action. For do/D = 3, the expression within the brackets of Equation (2.21) is equal to
0.15, only one-half of the maximum value.

Furthermore, Vincent (1969) states that when the tension field is not fully devel oped,
the force Ps is reduced by the ratio V/V,, where V is the applied shear at the strength
load level and V,, is the nominal shear resistance of the web based on tension field action
Thisis an ad hoc liberalization of Bader’ sorigina equation, which is expected to be
conservative since the in-plane axial forces from the tension field tend to increase at a
higher rate as the maximum strength of the web is approached and the tension field
develops. Badler (1961) originally suggested that Ps could be assumed to increasein
proportionto (Vy— V) / (Vhn—Ve). Therdtio Vy/Vy is conservative relative to Bader’ s
recommendation. Given the above adjustments, Equation (2.21) becomes

vy

P, = 0.15F,,Dt,, (1- C)V (2.22)

Badler (1961) assumed that when the tension field has formed, the web is already
yielded in the vicinity of the transverse stiffener such that it cannot support any additional
stresses associated with the stiffener axial force Ps. Therefore, according to Basler, the
axid force Ps can only be resisted by the actual area of the transverse stiffener, As.
However, Vincent (1969) indicated that Bader’ s arearequirement could be liberalized by
assuming that a portion of the web acts with the stiffener in resisting the force Ps, which

was the practice in AASHO (1969) at the time of hisresearch.
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Based on the assumption that Psis resisted by the stiffener and a portion of the web,
and that the material is stressed to its yield point as shown in Figure 2.4, force
equilibrium along the line of the stiffener requires that

Ps= Awaw + Ales - (As - Al)Fys = (2A1 - As)Fys + AwaW (2-23)

At A-A

ys

ys

Figure 2.4. Stress Distribution in a stiffener.

By equating this expression to Equation (2.22), the required area of the stiffener canbe

written as
> uk
A, = Q.15F,Dt,(1- C)e- A, B (2.24)
é g Vn u Fys
where
B= Al (2.25)
2—1-1
A

If two stiffeners are placed symmetrically, one on each side of the web plate, thereis no

eccentricity of Ps with respect to the stiffener area and thus A; = A and B = 1.0. However,
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for aone-sided plate stiffener, moment equilibrium based on the application of Ps at the
centerline of the web plate requires A, = A/ 2, and therefore B = 2.4. Thisvalue for B
is independent of the area of the web that participates with the stiffener.

Vincent (1969) suggests that

_ 18t}

AW
B

(2.26)

can be assumed to act with the stiffenersin resisting the force Ps. He explains that very
little information is available on the effective width of the web that works with the
stiffener in resisting Ps, but that the contribution of the web is thought to be lessfor a
one-sided stiffener. He shows a table that compares the theoretical stiffener axia force Ps
from Equation (2.22) to the axial force calculated as the measured stress on the stiffener
adjacent to the failed panel multiplied by the stiffener area (s4As) in eight of the tests
from Badler (1960) as partid justification of Equation (2.26). Theratio s sAd4Ps ranges
from zero to 0.56. More recently, Xie and Chapman (2003) have recommended an
equation for the axial force transferred by the actual stiffener area that is applicable for a
wide range of girder geometries. Thelr equation typicaly predicts stiffener axial forces
significantly smaller thanthe more rigorous theoretical estimate of the forces from

Bader s Equation (2.21). Interestingly, they find that the axial force in a stiffener with
infinite rigidity is close to the result from Equation (2.21). Also, Yoo et al. (2004)
provide FEA solutions thet illustrate the devel opment of significant normal stresses along
the line of the stiffener within a representative web panel. These solutions confirm the
assertion that a portion of the web adjacent to the stiffener participates significantly with

the stiffener in transferring the tension field forces.



Two other modificatiorsto Basler’ sorigina derivation are invoked to obtain the
AASHTO (2004) equation for the transverse stiffener area. AASHTO allows stiffener
width-to-thickness ratios bdts up to 16. However, particularly for transverse stiffeners
with large Fys, potential local buckling (or “tripping”) of the stiffener is a concern at this
high of awidth-to-thicknessratio. To guard against local buckling of these types of
transverse stiffeners, AASHTO (2004) uses a conservative expression for the stiffener
local buckling stress

F =03Ep (2.27)

ars .y g
&5

in place of Fyswithin its equation for the area requirement. This equation is based on a
conservative elastic buckling coefficient of ks = 0.35. This conservative solution for the
stiffener elastic local buckling stress intersects the yield strength Fys at a value of bd/ts that
isan accepted limit in AISC (1999) for which an unstiffened plate can develop its yield
strength in uniform compression. For byts = 13.5, which corresponds to the AISC (1999)
width-to-thickness limit for Fys = 345 MPa (50 ksi), Equation (2.27) limits Fsto this
value of theyield strength. That is, for atransverse stiffener with bdts = 13.5, there is no
advantage to using ayield strength grester than Fys= 345 MPa. The effective yield
strength of the stiffener is limited to Fes = 345 MParegardless of the actual yield strength
of the stiffener.

The last modification involves the use of the ratio V,/f V,, in place of V. /V, within

Equation(2.24). The resulting area requirement in AASHTO (2004) is written as

F e o
A 3t 01582 (1- ©)Yu . 182 (2.28)
FCFS tW an g
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2.3.2 Eurocode 3 Requirements
It is interesting to note that the rules for intermediate transverse stiffener design in
Eurocode 3 (CEN 1993) are quite similar in terms of broad concepts to the approach
taken in AASHTO (2004). That is, the stiffeners are designed by two criteria
(1) A moment of inertia requirement intended to ensure that the stiffener is able to
maintain aline of near zero lateral deflection at the web shear buckling load, and
(2) Anaxial force requirement (equivalent to an area requirement) based on an estimate
of the in-plane forces transmitted to the stiffeners by the postbuckled web plate.
Similar to the AASHTO (2004) provisions, the Eurocode 3 ideadlization does not address
the effects of out-of-plane forces on the transverse stiffeners caused by the shear
postbuckling response of the web panels. The Eurocode 3 rigidity requirement is similar
in magnitude to the AASHTO (2004) rule for 0.9 = do/D = 1.4, but it is increasingly more
liberal for do/D < 0.9 and do/D > 1.4. The Eurocode axia force requirement is based on
the simple approximation
Ps=Vy— Vg (2.29)
where V,, isthe shear force at strength load levels, and V. is the smaller web shear

buckling resistance of the two panels adjacent to the stiffener. An area of the web of
30t,, [235/ o is assumed to act with the transverse stiffenersin resisting this force
(with Fywexpressed in units of MPa), except at member ends or web openings, where

15t,, .[235/ F, istobeused. The stiffeners are required in general to be designed as

beam-columns with an effective length greater than or equal to 0.75D, recognizing the

eccentricity of the force Ps with respect to the effective stiffener cross section.
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One of the earliest investigations of an approach similar to the Eurocode 3 method
was by Rockey et a. (1981). These researchers considered the one-sided stiffener
behavior in 11 experimental shear strength tests, all with do/D = 1 and D/t,, = 300.
Rockey et d. found that an assumed participation from the web of 40t,, was necessary to
obtain a reasonable estimate of the axial forces from the experimental measurements
using the Cardiff theory (Porter 1975) to calculate V.. Also, significant bending strains
are apparent within plots they provide illustrating acceptable stiffener behavior (i.e., the
stiffener is* effectively straight” and the girders have a “ satisfactory post-peak w/d
curve’” wherew and d represent the applied mid-span load and mid-span vertical
deflection in their tests; however, the gradient in the strains across the stiffener is
significantly larger than the axial strain near the juncture of the stiffener with the web).
Lastly, Rockey et d. found that although part of the transverse stiffener has yielded, the
remaining elastic part of the stiffener still can be effective. In as such, they conclude that
it would be uneconomical to keep the transverse stiffeners elagtic at the shear strength
limit state of the web.

2.3.3 Strength Requirements Based on I dealization of the Transver se Stiffenersas
Flexural Elements
2.3.3.1 Stanway et al. (1993 and 1996)

As noted previously, Stanway (1993) observed that transverse stiffeners in typical
straight |- girders are loaded predominantly by bending effects induced by the lateral
forces transmitted from the web panels they restrain. Also, Stanway et al. (1996)
observed that similar web strengths and stiffener behavior are obtained when the

stiffeners are modeled as * unattached” components that restrain the out- of-plane
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deflection of the plate but have no in-plane attachment. In as such, Stanway et al. (1996)
proposed an analytical model based on combined stiffness and strength criteria that
idealizes the stiffeners solely as flexural components. In the previous Section 2.2, the
key attributes of Stanway’ s stiffness criterion have been described. This section
addresses Stanway’ s strength criterion.

Stanway et a. (1996) developed expressions for the stiffener bending moment Mg
caused by two distinct effects: (1) out-of-plane forces transferred from the web panels
due to out-of-plane bending and (2) overal buckling of the stiffener and web assembly.
They state that overall buckling is not amajor consideration for d,/D > 1/3. Given the
estimated stiffener moment, they proportion the intermediate transverse stiffeners for
strengthby providing an elastic section modulus such that the stiffeners are not yielded at
the maximum strength limit state of the web panels.

Stanway et a. (1996) provide the following expression to estimate the stiffener

moment caused by panel bending:

aM O
M = &2 2w F, (2.30)

Woer g
where Mgber/Wpcr 1S the ratio of the moment (Mpner) derived from a buckling analysis of
plates with arigid straight knife edge support at the intermediate transverse stiffener to
the corresponding maximum panel out-of-plane deflection (Wpcr), W is the maximum
panel out-of-plane deflection at the strength limit state, and Fn = Qpp/Cpber Where gpy IS the
distributed lateral force on the stiffener, derived from nonlinear FEA solutions with
straight knife edge supports at the stiffener, and gpncr represents the lateral distributed

force corresponding to Mpoer @nd Wyer in the above buckling analysis. The web panel
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deflection w, is given by an equation developed by curve-fitting nonlinear elastic FEA
results.

The stiffener moment from the overall buckling effect is expressed as.

s (2.31)

where V, is the shear strength of the idealized web panel considered by Stanway et al.
(1993 and 1996) in their FEA solutions, including the development of tension field action,
Wos IS the stiffener initial imperfection, and Ko is the overall buckling stress coefficient,
derived by idealization of the web panels as rigid links that are connected into the flexible
intermediate transverse stiffener.

Given the above two fundamental contributions to the stiffener bending moment, the

total stiffener moment Mis calculated as

M, +M ob
where
V.. =k_Dt, % 2.33)

is the buckling load of the idealized assembly of the stiffener along with the rigid link
representation of the web panels.
2.3.3.2 Rahal and Harding (1990a, 1990b and 1991)

Rahal and Harding (1990a, 1990b and 1991) performed extensive finite element
studies of transversely-stiffened girder webs, and recommended an approach in which the
stiffener is designed as a beam subjected to a transverse distributed force with a half sine

wave distribution. These investigators studied the influence of tension field anchorage
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from the flanges, geometric imperfection patterns, plate slenderness, panel aspect ratio,
stiffener size, and yield strength in flat panels subdivided by a single transverse stiffener.
In their (1990a) paper, they state conclusively that:
“... theimportant pane influence on the stiffener islateral loading induced by
panel buckling. For panels bounded by actual flange membersthereis
evidence of a significant tension field loading on the stiffener, but the effect of
this, even for the more dlender plates considered, islessthan the beneficial
effect resulting from the lateral stiffener bending restraint provided by the
flange. Thisindicatesthat bending rigidity rather than axial stiffnessisthe
most important parameter for the design of the stiffener, which supportsthe
emphasis placed on stiffener rigidity in the study by Horne and Grayson.”
Rahal and Harding (1990b and 1991) develop an empirical equation for the
magnitude of the transverse distributed force acting on the stiffeners from the web plate,
based on FEA solutions of plates with non-deflecting stiffeners over the ranges 0.5 =
do/D = 2 and 60 = D/t,, = 240. They consider the effects of not only the web shear force,
but also web stresses due to bending moment and axial force within the I-girder in their
solutions. Rahal and Harding (1990b) conclude:
“With this approach, thereis no need to introduce the modest effects of
tension field forces for the design of web stiffenerswith panel slender nesses
typical of those found in bridge structures.”
Similar to Stanway et al. (1996), the basic strength criterion adopted by Rahal and
Harding is that the stiffeners should remain elastic at the maximum shear strength limit

state of the web plate. Raha and Harding (1990b) observe that the peak shear capacity of
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stiffened web panels is extremely close to the point at which first yielding occurs within
the stiffener.

The approach taken by Rahal and Harding is very promising and appealing, but
unfortunately, their tranverse load equation has constants that have dimensions, and the
resulting stiffener strength requirements are girder size dependent. Therefore, the Rahal
and Harding (1990b; 1991) model is not considered further in this work. However, their
findings regarding the most critical geometric imperfection patterns are used as a point of
departure for the author’ s study in Section 3.2.4.2, and a number of their findings are
discussed in conjunction with the results from the current research study in Chapter 1V.
2.3.3.3 Xie (2000)

Possibly the most complete model for calculation of the demands on intermediate
transverse stiffnersis one developed by Xie (2000). Xie takes an approach similar to that
of Stanway et al. (1996) for calculation of stiffener bending moments. However, he
generalizes Stanway’ s equations to include web plates that are subjected not only to shear,
but aso plates that are subjected to shear, axial loading and bending. Furthermore, Xie
develops equations that provide an estimate of the axial loads within the stiffeners by
themselves. These equations, summarized in Xie and Chapman (2003), show that the
stiffener axial force is afunction of the ratio of the applied web shear force to the shear
buckling load (V/V¢), the web panel aspect ratio (do/D) and the area of the stiffener
relative to the corresponding web plate area (expressed by the parameter W = Ag/doty).
Xie (2000) utilizes the above stiffener moment and axial force to check the transverse
stiffeners as beam-columns based on afirst-yield condition for strength and based on

deflection limit equations similar to those developed by Stanway et a. (1996) for
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gtiffness. At the time of the writing of this thesis, improvements to the above model are
being evaluated (Xie 2004), and therefore the model has not been finalized as of yet.
Furthermore, although comprehensive in nature, Xie' s model is not amerable to basic
design calculations other than via the potential development of design charts or tables. It
is desirable to consider whether the design of transverse stiffeners in both curved and
straight |- girders can be achieved with a simpler approach such as that proposed by
Horne and Grayson (1983). Therefore, the model developed by Xie (2000) is not

considered further in this work.
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CHAPTER 11

DESIGN OF THE PARAMETRIC STUDY

3.1. Design of Test Girders
3.1.1. Test Configuration

The test configuration utilized for this researchis shown in Figure 3.1. All the girders
are laterally braced by idedlly rigid braces (zero lateral displacement) at the top and
bottom flanges at four locations, subdividing them into three equal unbraced lengths
denoted by the symbol Ly,. Both straight and curved I-girders are considered. For the
curved I-girders, L corresponds to the arc length between the brace locations and the
braces are oriented in the radial direction. All the girders are supported by an idealized
knife edge at position 1L and by aroller at position 2R They are loaded by a downward
load of P, = 3Pat location 2L and by a downward load of P; = P at location 1R. These
loading and support conditions produce a large shear force and a small maximum major-
axis bending moment, equal to 2P and PLy, respectively, within the center unbraced
length of the girders. All the girders are designed using the AASHTO (2004) provisions
such that their maximum capacity is governed by the shear resistance of the center
unbraced length. Bearing stiffeners are located at each of the loading and support points,
and an intermediate transverse stiffener is placed at the middle of each of the unbraced

lengths. Therefore, do = Ly/2, where d, is the width of the web panels. In Figure 3.1, the
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representative top views of straight and curved girders show the location of the stiffeners

along the length of the girders. Both double- and single-sided stiffeners are considered in

this research for al of the girder geometries. The location of single-sided transverse
stiffeners relative to assumed panel geometric imperfections, and/or the inside or outside
of the web with respect to the center of the horizontal curvature, isaddressed in detail in

Section 3.2.4.

3.1.2. Test Variables
This thesis focuses on the influence of the size and geometry (one- or two-sided) of

intermediate transverse stiffeners on the maximum shear strength for a range of girder

geometries. Specifically, these studies focus on the influence of the intermediate
transverse stiffener within the center unbraced length of the configuration shown in

Figure 3.1. The following girder geometry parameters are varied in these tests:

1. The web denderness, D/ty. Vaues of D/t = 150 and 300 are considered. The value
Dity, = 150 is the largest web slenderness allowed for transversely stiffened I-girders
in AASHTO (2004). The value D/ty, = 300 is the largest web slenderness allowed for
longitudinally stiffened I-girders in these Specifications. It is assumed that girders
with the largest D/t, values place the most severe demands on the transverse
stiffeners (this assumption is based on results from prior work discussed in Chapter |1
and is subsequently verified).

2. The web panel aspect ratio d/D. Valuesof do/D = 0.5, 1, 2 and 3 are considered for
girders with Di/t,, = 150, and values of d./D = 0.5, 1, and 1.5 are considered for D/t,, =
300. AASHTO (2004) restricts do/D to a maximum of three for transversely stiffened

I-girders and to a maximum of 1.5 for longitudinally stiffened I-girders. The value
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do/D = 0.5 is areasonable practical minimum value for the web panel aspect ratio in

bridge |- girders.

3. Both curved and straight I-girders are considered for each of the above geometries.
For the curved girders, the radius of curvature is taken as a minimum value
determined as explained within the following section.

4. Both one-sided and two-sided transverse stiffeners are considered for each of the
above geometries.

3.1.3. Selection of Girder Material and Geometry
The webs and stiffeners are assumed to have a nomina yield strength of Fyw = Fys=

485 MPa (70 ks) in all of these studies. The postbuckling strength is generally alarger

proportion of the total shear strength in Grade 485 versus Grade 345 webs. Grade 690

webs are considered to be unusual for I-girder bridge corstruction, and therefore Fy,, and

Fys greater than 485 MPa are not addressed. However, the flanges of all the girders

considered in these studies are designed with Fys = 690 MPa (100 ksi). Thisresultsin

smaller flanges and in turn tends to minimize the elastic restraint provided to the girder
webs and transverse stiffeners by the flanges.

The I-girder web depths are taken equal to 2438 mm (96 in) in al cases. The
selection of this absolute dimension is tied to the selection of a maximum do/R = 0.1 in
these studies. The value do/R = 0.1 is the maximum ratio of the web panel length to the
radius of curvature considered in the prior studies by Zureick et al. (2002) and by Jung
and White (2003). It is desired to study curved I-girders with do/R values equal or close
to this maximum, such that any radial loading effects induced in the critical transverse

stiffener by web postbuckling action are maximized. Also, the AASHTO (2003 and
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2004) Specifications restrict the horizontal radius of curvature to R = 30.48 m (100 ft).
The value D = 2438 mm is selected as a reasonabl e approximate upper-bound web depth
of transversely stiffened I-girders in which the maximum do./R = 0.1 can be achieved for
do/D = 1.5, 2 and 3 without violating this minimum limit on R. For the test girders with
do/D =1 and 0.5, the minimum R of 30.48 m applies and the corresponding do/R values
are 0.08 and 0.04 respectively. For the curved girders, the subtended angle between the
brace points LyR is equal to 2d,/R in all cases. Asa result, al the girders except the ones
with do/D = 0.5 exceed the AASHTO (2004) requirement of Ly/R = 0.1 for bridgesin
their final constructed configuration. However, AASHTO (2004) allows the use of L,/R
> 0.1 during construction.

All of the test girder cross sections are doubly-symmetric. Also, al of the girders are
transversely stiffened only, even for D/t,, = 300. The AASHTO (2004) provisions for the
shear strength of longitudinally stiffened I-girders do not consider any positive influence
of the longitudinal stiffeners on the shear and flexural strengths, with the exception that if
web bend-buckling is prevented at the strength limit due to the longitudinal stiffening of
the web, the web bend-buckling parameter R, is taken equal to one. This approach to
longitudinally stiffened I-girder design is used because the longitudina stiffener
proportioning requirements in AASHTO (2004) are based only on the development of the
web buckling strengths. They are not in genera sufficient for the stiffener to maintain a
line of near zero lateral deflection once the web is loaded into its postbuckling range
(Galambos 1998). Therefore, to paralel the AASHTO (2004) approach, and also to
smplify the interpretation of the parametric study results, the longitudinal stiffeners are

not included within the finite e ement studies conducted in this research
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All of the transverse stiffeners of the test girders have a width-to-thickness ratio bg/ts
=10. Thevaueof bs/ts =10 is selected as a representative value for typical plate
stiffeners. The implications of other byts values are addressed subsequently. Various
moments of inertia of the stiffener are obtained by changing the stiffener width bs while
bdts is held constant. The bearing stiffeners are designed conservatively such that the
girder strengths are effectively independent of the size of these elements. All of the
bearing stiffenersare apair of 228.6 mm by 54.61 mm (9.00 in by 2.15 in) plates.

The flanges of the test girders are sized such that the maximum internal bending
moment PLy, is less than 0.75M,, where M, is the nominal moment capacity of the girders
calculated based on the one-third rule of AASHTO (2004) and accounting for the flange

lateral bending effects in the curved I-girders. That is, M,, is calculated as
1.4
M, =8F - 21, % (3.1)
€

where:
Fn = nominal flexural resistance, taken as the smaller value corresponding to flange local
or lateral-torsional buckling,
f, = maximum elastically computed flange lateral bending stress within the unbraced
length under consideration, determined by conducting a first-order analysis of the test
girders using opentwalled section beam theory, then amplifying the maximum first-order
lateral bending stress by the amplification factor specified in AASHTO (2004), and
S« = elastic section modulus.

A curved and a straight configuration are considered for each of the girder cross-
sections, and the same flange size is employed for both configurations. By restricting the

maximum moment to 0.75M, it is expected that the effects of any interaction between
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the flexural and shear strengths is negligible. The Engineer should note that in some

cases, F, is governed by lateral-torsional buckling of the outside unbraced segmentsin

Figure 3.1. Also, the flanges are sized such that the amplified maximum flange lateral

bending stressis limited to 0.6F as specified in AASHTO (2004).

The flange proportions are selected such that the flanges are compact by AASHTO

(2004). The flange denderness by/2t; is dightly less than 6.47, except for the girders with

do/D = 3, where a dlightly smaller by/2t; (larger t) is employed to limit the magnitude of

the lateral bending stresses. The flanges are sized close to the minimum that satisfies

0.75Mp, from Equation (3.1) as well as the limit f, < 0.6Fy.

Table 3.1 summarizes the primary dimensions and non-dimensional ratios for the test

girders utilized in this study, including the horizontal radius of curvature for the curved

geometry cases. For the girders with do/D = 0.5, the flexural design requirements are

satisfied with relatively small flanges such that D/by = 6, the smallest |- girder cross-

section aspect ratio allowed within the AASHTO (2004) provisions. For the girders with

do/D = 3, larger flanges are necessary to satisfy the flexural design requirements.

Table 3.1. Summary of cross section dimensions and non-dimensional ratios for the

test girders.
Dlty t do/D do R do/R b t be/2t; | Diby
(mm) (mm) (m) (mm) (mm)

150 16.27 0.5 1219 30.48 0.04 406.4 31.75 6.40 6
1 2438 30.48 0.08 457.2 35.56 6.43 |5.33
2 4877 48.77 0.1 660.4 51.56 6.40 | 3.69
3 7315 73.15 0.1 863.6 86.36 500 |[2.82

300 8.13 0.5 1219 30.48 0.04 406.4 31.75 6.40 6
1 2438 30.48 0.08 457.2 35.56 6.43 |5.33
1.5 3658 36.58 0.1 508 39.62 6.41 | 4.80
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3.2. Finite Element M odels
3.2.1. Finite Element Discretization

The finite element models are constructed with the ABAQUS 6.3 analysis system
(HKS 2002) using the AR element for the web and the B31 element for the flanges, the
bearing stiffeners and the transverse stiffeners. The AR element is a general purpose
four-node quadrilateral displacement-based shell element with reduced integration. Five
integration points are used through the thickness of the shell elements (trapezoidal rule).
The B31 element is two-node linear-order beam element based on Reissner-Mindlin
beam theory. The beam cross-section is modeled using afive point trapezoidal
integration rule through its thickness and width

In al the specimens, thirty two shell elements are used through the depth of the web.
All of the shell elements have an aspect ratio of one except the elements located at the top
and bottom of the web. These elements have an aspect ratio dlightly greater than one
depending on the thickness of the flanges. That is, their height is equal to D/32 + /2.
This mesh density is approximately two times that found in previous studies to provide
acceptable convergence of the load-displacement results (e.g., see (Aydemir 2001)), thus
providing a relatively accurate approximation of the localized web and transverse
stiffener strains.
3.2.2. Load and Displacement Boundary Conditions

The exterior vertical support at location 1L (see Figure 3.1) is modeled by restraining
the displacement in the vertical and longitudinal directions at the corresponding flange
node. The longitudinal direction is taken as the direction tangent to the curved flangein

the curved girders. The interior vertical support at location 2R is an ideal roller support
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modeled by restraining the displacement in the vertica direction only. The girders are
free to move aong the longitudinal direction at this location. The lateral displacements
arerestrained at the juncture of the web with the top and bottom flange at each of the
loading and support locations (1L, 2L, 2R and 1R). Inthe curved girders, the lateral
direction is the radial direction perpendicular to the curved longitudinal axis of the
member.

With regard to the force boundary conditions used in the analysis, concentrated loads
are applied having atotal magnitude of 3P at the interior brace location 2L and P at the
end brace location 1R. These loads are placed at the top web-flange juncture. The self
weight of the test girders and of the bracing members is not included in the analysis.
3.2.3. Material Stress-Strain Characteristics

Sincethe 4R and B31 elementsin ABAQUS are based on alarge strain formulatiors,
the material response must be defined in terms of true stress and true strain. For the finite
element analysis, multi-linear curves representative of the true stress-strain response of
the assumed physical materials are determined as follows The stress-strain curve from a
representative HPS 485W tension coupon test (Wright 1997), expressed in terms of the
engineering (or nominal) stressand strain, serves as the starting point. Given this

engineering stress-strain curve (S nom VErsuS €nom), the true stress-strain response (s versus

e) is calculated by applying the following equations:

S = S nom(l + e nom) (3'2)
e=In(1+e,,) (3.3)

Figure 3.2 shows the measured engineering and the calculated true stress-strain

curves from the representative coupon test. The static yield strength in this HPS 485W

51



test is 527.1 MPa (76 ksi). However, it is desired to use anominal yield strength of Fy, =
485 MPa (70 ksi) within the parametric study solutions. Therefore, nominal stress-strain
curves for the web and the diffeners with Fyy = Fys = 485 MPa are obtained by scaling
the ordinate of the engineering and true stress-strain curvesin Figure 3.2 by 485/527.1.
The strains for the stress-strain data points are not modified by this scaling process, with
the exceptionthat the yield strain is still taken as Fy/E. The modulus of elasticity E is

taken as 200 GPa (29,000 ksi) throughout this research
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Figure 3.2 Engineering stress-strain and true stress-strain curves for a representative
HPS 485W tension coupon test (Wright 1997).
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Representative nominal stress-strain curves for the flanges, which are assumed to
have Fys = 690 MPa (100 ksi), are obtained by scaling the stress-strain curves from the
HPS 485W coupon test by 690/527.1. Thisisjustified based on the fact that the resulting
ultimate tensile strength (on the scaled engineering stress-strain curve) is F, = 840 MPa.
This value is within the range specified for the ultimate tensile strength of 760 to 900
MPa (110 to 130 ksi) for ASTM A514 material having a specified minimum yield
strength of 690 MPa (ASTM 1993) as well for HPS 690W material (Krouse 2004). Also,
it should be noted that the yield plateau of the HPS 485W stress-strain curve shown in
Figure 3.2 is relatively short. ASTM A514 steel does not exhibit awell defined yield
point, and HPS 690W material aso typically does not have an extended yield plateau.

Multi-linear representations of the scaled engineering and true stress-strain curves are
defined for the finite element analysis using four points selected from the test data. The
first point istheinitial yield point of the material, and therefore has a plastic strain value
of zero. The second point is defined at the onset of strain hardening. The third and
fourth points are arbitrarily selected at pointsthat allow for a close fit to the scaled
representative stress-strain curves. The true stress is assumed to be constant for strains
larger than those associated with the last point. Multi-linear curves representing the
engineering and the true stress-strain response of the representative HPS 485W coupon
test are shown inFigure 3.3. Thefina scaled multi-linear curves for the web-stiffener
and flange materials are shown in Figure 3.4%. Table 3.2 summarizes the true strain-

stress data for these curves.

! The same scaled multi-linear true stressstrain curves are obtained by (1) scaling the ordinate of the
engineering stress-strain curves, then converting to true stress-strain, or by (2) converting to true stress-
strain and then scaling the ordinate of the curves.
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Figure 3.4 M ulti-linear representations of the web-stiffener and flange engineering
and true stress-strain response.

Table 3.2. True stress-strain data for the multilinear representations of the web-
stiffener and flange materials for finite element analysis.

Web and Stiffeners Flanges

Fyw = Fys = 485 MPa Fys = 690 MPa
True strain || True stress | True strain || True stress
(mm/mm) (MPa) (mm/mm) (MPa)

0 0.00 0 0.00
0.0024138 485.00| 0.0034483 690.00
0.0045895 485.95| 0.0045895 691.35

0.05 597.93 0.05 850.66
0.1 651.32 0.1 926.62
0.15 651.32 0.15 926.62
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3.2.4. Residual Stressesand Geometric I mperfections
3.2.4.1 Residual Stresses

Residual stresses are not considered in thiswork. A number of prior studies have
shown that residual stresses have a small effect on the shear strength behavior of 1-girders
(e.g., Horne and Grayson (1983); Stanway et al. (1993); White et al. (2001); Aydemir
(2001)). Horne and Grayson (1983) specifically observe that the effect of residual
stresses on the behavior of intermediate transverse stiffenersis small.
3.2.4.2 Geometric Imperfection Patterns, Straight I-Girders

Geometric imperfections are specified within the finite element analysis models based
in large part on the findings by Rahal and Harding (1991). These investigators studied a
large variety of geometric imperfection patterns in nominally flat webs with single-sided
plate stiffeners and found that for do/D = 1, 1.5 and 2.0, the pattern shown in Figure 3.5
gives the largest magnitude of stress within the critical stiffener and the largest reduction
in the maximum shear strength. This geometric imperfection pattern includes an out-of-
straightness of the critical stiffener in the direction of its outstand (the tip of the
transverse stiffener), and an out- of- flatness of the web panelsin asingle “wave’ in the
opposite direction from the stiffener out-of-straightness®. For d/D = 0.5, Rahal and
Harding (1991) determined that the geometric imperfection pattern shown in Figure 3.6 is
the most critical. Stanway et al. (1993) used similar geometric imperfections in their

studies with double-sided transverse stiffeners.

2 The stiffener out-of-straightness in this imperfection pattern isin the same direction as the out-of-
straightness that would tend to be induced due to welding distortion.
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Figure 3.5. Critical geometric imperfection pattern for nominally-flat webs with do/D = 1,
1.5 and 2.0 (Rahal and Harding 1991).
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Figure 3.6. Critica geometric imperfection pattern for nominally-flat webs with
do/D = 0.5 (Rahal and Harding 1991).
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One of the most common approaches to the modeling of geometric imperfections is
the use of a combination of scaled buckling mode shapes. As discussed by Stanway et al.
(1993), this approach typically is not appropriate for modeling of the geometric
imperfections within a transversely stiffened web plate. Although it is important that the
geometric imperfections should have some affinity with the buckling modes of the web-
stiffener assembly, it is desirable to define both a stiffener out- of- straightness and a web
panel out-of-flatness at values representative of fabrication tolerances. The magnitude of
the lateral deflections of the stiffener and of the web panel obtained from a buckling
analysis generally are afunction of the relative stiffener and web panel rigidities If the
stiffener rigidity is relatively large within the buckling analysis, its corresponding lateral
deflections will be quite small. Furthermore, due to the spread of yielding within the web
plate and/or the critical transverse stiffener during the progress of the full nonlinear finite
element analysis, the fundamental buckling modes of the stiffened web may change as
the maximum shear strength is approached.

Based on the above considerations, geometric imperfectiors similar to the critical
pattern identified by Rahal and Harding (1991) for do/D = 1, 1.5 and 2 are utilized for
analysis of straight I-girders in this research. Furthermore, this type of geometric
imperfection pattern is selected also for do/D = 0.5 and 3.0. Therationale for this
decision is the expectation that the out-of-straightness of the transverse stiffeners and the
out-of-flatness of the web panels due to fabrication typically will be predominantly a
single “wave” over the depth of the stiffeners and the width and depth of the web panels.
Also, Rahal and Harding (1990a) show that for a web panel with d,/D = 0.5 and D/ty, =

180 and the imperfection pattern shown in Figure 3.6, negating the amplitudes of the
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dimplesin one of the panels (such that the geometric imperfections are symmetric about
the line of the transverse stiffener) has essentially zero effect on the maximum shear
strength.

The specifics of the geometric imperfection pattern are dightly different than that
specified by Rahal and Harding (1991) corresponding to Figure 3.5. Raha and Harding
defined the panel out-of-flatness as a single sine wave within each panel. Thisgivesa
kink in the panel geometry at the location of the transverse stiffener.  In this research, the
geometric imperfections are generated by performing a*“ pre-analysis’ in which the
critical transverse stiffener is subjected to a specified sinusoidal lateral displacement with
amagnitude equal to the desired out-of-straightness. In this pre-analysis, the
displacements along the other edges of the adjacent web panels are constrained to have
zero lateral displacement and these panels are subjected to a uniform lateral pressure.
The magnitude of the uniform lateral pressure is specified such that the desired maximum
web panel out-of-flatness is obtained relative to the deflected panel geometry associated
with the transverse stiffener out-of-straightness.  The deflections from the pre-analysis
are then imported as the initial imperfectiors in the subsequent full nonlinear analysis of
the girders.

One other attribute of the geometric imperfection patterns utilized in the present study
pertains to the imperfections specified for the limiting cases where the critical transverse
stiffener is removed (i.e., Is equal to zero). In thislimiting case, a single wave geometric
imperfection is specified over the full length between the bearing stiffeners within the
middle test length in Figure 3.1. Geometric imperfection patterns intermediate between

this imperfection and the one shown in Figure 3.5 are not considered. For cases where
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the critical transverse stiffener has some finite bending rigidity, the stiffner is assumed to
have an out-of-straightness consistent with the specific tolerance discussed in the rnext
section.
3.2.4.3 Magnitude of the Geometric I mperfections

As noted previously, an important attribute of the specified geometric imperfections
is that they should represent typical imperfections within fabrication tolerances in
physical girders. In thisregard, a stiffener out-of-straightness wys = D/750 is selected.
This value is equal to the stiffener imperfection used by Stanway et a. (1993 and 1996)
and results in a maximum out-of-straightness of the stiffeners equal to 3.25 mm (0.128
in) for al of the girders studied in this research, since D = 2438 mm (96 in) (Rahal and
Harding (1990a and b, 1991) used wys = b/750). The maximum web pane out-of- flathess
relative to the panel deflected geometry associated with the stiffener geometric
imperfection is taken as wep = D/120. This value is the same as that selected for the
amplitude of the web panel geometric imperfections by Lee et a. (2003) in their FEA
studies, and it results in a maximum web out-of-flatness relative to the deformed
geometry associated with the stiffener out-of-straightness of 20.32 mm (0.80 in) for all of
the girders studied in this research. The web panel out-of-flatness is somewhat larger
than the value of Wep = b (Fyw/355)° / 165 used by Rahal and Harding (1990a and b,
1991) and by Stanway et al. (1993 and 1996), which is based on fabrication tolerances
within the British Standard at the time of their research.

It is interesting to compare the above imperfection magnitudes to geometric
tolerances specified within AWS (2000). The AWS Standard specifies that the out-of-

straightness variation of intermediate transverse stiffeners shall not exceed 13 mm (0.5

60



in) for girders up to 1.8 m (6 ft) deep, and 19 mm (0.75 in) for girders over 1.8 m deep,
with due regard for members with frame into them. This corresponds to a stiffener out-
of-straightness of D/96, a value substantially larger than the imperfection of D/750 used
by Stanway et al. (1993 and 1996) and specified in this research. Nevertheless, the value
of D/750 is selected for the stiffener out-of-straightness in this research since thisvalue is
already double the value accepted as appropriate for determination of column strength
curves (Galambos 1998), and since it is expected that typical fabricated I-girders will not
deviate from the ideal geometry to the extent alowed by the above AWS tolerance.
Also, given that the transverse stiffener behavior is dominated by bending rather than
axia loading, the strength behavior is insensitive to the stiffener geometric imperfections.
The AWS (2000) tolerances for the web out-of- flatness vary significantly depending
on the web denderness, whether intermediate stiffeners are placed on one or both sides of
the web, and whether the members are interior or fascia girders. The most libera
tolerance is b/67 for interior girders with D/t,, > 100 and intermediate stiffeners only on
one side of the web, whereas the most restrictive tolerance for transversely-stiffened
girders is b/130 for fascia girders with D/t,, < 150 and intermediate stiffeners on both
sides of the web. The web out-of-flatness tolerance is b/150 for girders with no
intermediate stiffeners. These tolerances are to be compared to the “ offset from the
actual web centerline to a straight edge whose length is greater than the least panel
dimension and placed on a plane parallel to the nominal web plane,” and the
measurements are to be taken prior to erection. Based on these definitions, one can

conclude that the out-of- flatness wop may be significantly different from the above values
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within an erected bridge structure. The out-of-flatness wep, = D/120 is selected in this
research as a reasonabl e representative magnitude for the web geometric imperfection.
3.2.4.4 Geometric Imperfection Patternsand Inside versus Outside L ocation of
One-Sided Transver se Stiffenersin Curved | -Girders

In curved |- girders, the web panels have an inherent out-of- flatness due to the
nominal horizontal curvature. This out-of-flatnessis similar to the web out-of-flatness
induced by the stiffener out-of-straightness shown in Figure 3.5, except that the
horizontally curved web is nominadly flat in the vertical direction (i.e., a straight edge
placed vertically between the flanges would be in contact with the web along its entire
height). Therefore, one would expect that if the geometric imperfections shown in Fig.
3.5 are most critical for straight girders, the same imperfection (with the one-sided
transverse stiffeners located on the outside of the web and the out-of-flatness oriented in
the direction toward the center of the horizontal curvature) would produce the largest
stiffener stresses and the largest reduction in the shear strength in curved girders.

This expectation is confirmed with respect to the web out-of-flatness in the studies by
Jung and White (2003), where these researchers found that curved I-girder maximum
shear strengths were reduced the most when the web out-of- flatness was specified in the
direction toward the center of the horizontal curvature. However, Jung and White did not
consider transverse stiffener geometric imperfections or location (inside or outside
relative to the web) in their work. Jung and White (2003) modeled the transverse
stiffeners on the same side of the web as selected in the physical tests conducted by

Zureick et al. (2002), the inside of the web.
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In order to check the above expectationwith respect to the transverse stiffener out-of-
straightness and location, studies are conducted in this research in which the initial
geometric imperfection pattern of Figure 3.5 is specified, but in which one-sided
transverse stiffeners are placed on the outside of the web in one case and on the inside of
the web in the other case. Both straight and curved I-girders are considered, with the
inside direction for the straight I-girders defined as the direction of the web panel out-of-
flatness. In the straight I-girders, the pattern shown in Figure 3.5 is confirmed to be the
most critical, but the difference between the maximum shear strengths withthe transverse
stiffener located on the inside or the outside of the web issmall in al cases. The largest
difference in the maximum shear strengths is 3.0 percent. This occurs for D/t, = 300 and
do/D = 1 and for atransverse stiffener size that is significantly smaller than required by
AASHTO (2004) as well as by the final recommendations proposed in this work.

Conversely, when the above expectation is checked for curved I-girders, the
maximum shear strengths are either identical for al practical purposes or are somewhat
smaller when the transverse stiffener is located on the inside. The maximum effect of the
inside or outside location of the transverse stiffener in this case is 11.3 percent relative to
the shear strength for the geometry shown in Figure 3.5. However, again this difference
corresponds to a web slenderness equal to the largest value alowed by AASHTO (2004)
for longitudinally stiffened I-girders (D/t, = 300), do/D = 1, and a transverse stiffener size
that is significantly smaller than required by AASHTO (2004) as well as by the final
recommendations proposed in this work.

Indl the cases studied and for transverse stiffeners that meet the final

recommendations proposed in this work, the largest difference between the maximum
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shear strengths determined for the curved I-girders with one-sided transverse stiffenerson
the inside of the web is approximately four percent relative to the strength for the
geometry shown in Figure 3.5. Itisonly 2.4 percent for transverse stiffeners that satisfy
the AASHTO (2004) provisions. These differences again correspond to I-girders with
Dy, = 300 and do/D = 1. For smaller D/t and for other panel aspect ratios, the
differences are smaller except for some cases with stiffeners sized by the AASHTO
(2004) provisions, where the AASHTO (2004) provisions are found to be inadequate.
For girders with D/t, = 150 and do/D = 1 and in which the stiffeners satisfy the final
recommendations proposed in this work, the largest difference between the maximum
shear strengths determined for the curved girders with the intermediate transverse
stiffeners on the inside of the web is approximately three percent relative to the strength
determined for the geometry shown in Figure 3.5.

For the curved I-girders, the above behavior appears to be related to aradia loading
applied to the transverse stiffeners from the web tension field. For the cases with the
most slender webs (D/t,, = 300), this radia loading induces a significant tensile stress at
the tip of the outstand when the transver se stiffener is located on the inside of the web.
Conversdly, it induces axial compression at the tip of the outstand when the transverse
stiffener islocated on the outside. Furthermore, the axia loading effect on the stiffener
from the tension field action of the web panels causes additional bending due to the
eccentricity of the stiffener relative to the mid-thickness of the web plate, although this
effect tends to be more minor than the lateral loading effect caused by the tendency of the
web plate to move laterally. When the transverse stiffener is located on the inside of the

web, the above two effects are additive, both causing tension at the tip of the outstand.



Given the above behavior for curved |- girders, the imperfection shown in Figure 3.7
is considered for these girder typeswith D/t, = 300 and do/D = 1, since this geometric
imperfection causes an additional tension at the tip of the outstand due to the effect of the
stiffener axial compression acting through the out-of-straightness of the stiffener, when
the stiffener is located on the inside of the web. The largest reduction in the maximum
shear strength is 11.7 percent for this geometry relative to the geometry illustrated by
Figure 3.5; the largest reduction is 6.0 percent relative to the strength predicted for the
imperfection shown in Figure 3.5 but with the stiffener placed on the inside of the web.
However, these reductions in strength again occur for stiffener sizes that neither satisfy
the AASHTO (2004) requirements nor the final recommendations from this research.
For a stiffener that satisfies the final recommendations of this research, the reduction in
the maximum shear strength is 4.7 precent relative to the strength obtained using the
imperfection shown in Figure 3.5 (with the one-sided stiffener placed on the outside).
Furthermore, the FEA prediction of the web shear strength is 96.7 percent of the nominal
strength calculated by the AASHTO (2004) shear strength equationsin this case. For a
one-sided transverse stiffener that satisfies the corresponding AASHTO (2004)
reguirements, the maximum reduction in the shear strength is 2.4 percent for the
geometry shown in Figure 3.7 relative to that for the geometry shown in Figure 3.5.

Based on the above results, the solutions reported in Chapter 1V for curved girders
with one-sided transverse stiffeners are based on the imperfection shown in Figure 3.5,
but with the stiffener located on the inside of the web, unless noted otherwise. Detailed
results pertaining to the imperfection sensitivity are presented for the most critical |-

girdersin Chapter 1V. In generd, it isimportant to recognize that the specific and
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detailed demands placed on the intermediate transverse stiffeners are influenced in very
complex ways by the pattern of the assumed geometric imperfections and by other
characteristics of the I-girder geometry (i.e., one-sided stiffener inside or outside
orientation relative to the horizontal curvature or relative to the web out-of-flatness, D/ty,
do/D, etc.). However, as observed by Horne and Grayson (1983), the geometric
imperfection pattern generally has a discernable but only a small effect on the maximum

capacity in shear (for girdersin which the stiffeners are adequately sized).

Iwos

/

Positive dimple
(towards outstand)

Figure 3.7. Critical geometric imperfection pattern for curved I-girders.
3.2.5. Comparison of FEA Predictionsto Experimental Test Results

To demonstrate the effectiveness of the finite element modeling approach used in this

study, analyses are conducted of two girders tested experimentally by Rockey et al.
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(1981). Thesetests are labeled by Rockey et a. as TGV7-2 and TGV8-1. Intest TGV 7-
2, the transverse stiffener performed its intended function. However, in test TGV 8-1,
significant transverse stiffener lateral deflections occurred, leading to areduction in the
maximum shear strength and a significant negative slope in the post-peak applied |oad-
vertical deflection response. The geometric configuration for both of these tests is
illustrated in Figure 3.8. The test girders are simply-supported straight I-girderswith
one-sided intermediate transverse stiffeners A concentrated load of P = 2V is applied at
the mid-spanof the girders. The webs are subdivided into equal width panels on each
side of their mid-span. Table 3.3 summarizesthe girder dimensions while Table 3.4
gives the yield strengths of the webs, flanges and stiffeners for these tests. Rockey et al.
(1981) do not specify any additional details of the material stress-strain response. For
simplicity, the true stress-strain curve shown in Figure 3.3 is scaled to match the yield
strengths of the different plates. Also, initia geometric imperfections are not reported by
Rockey et al. (1981). Therefore, the initial imperfections described in Section 3.2.4 and
Figure 3.5 are assumed for the finite element analyses of these test girders.

Rockey et al. (1981) conducted two tests on each of the above girders. For each
girder, a shear failure occurred within the right-hand side panelsin Figure 3.8 — the
panels subdivided by stiffener SA —in the first test. These panels were then reinforced
and a second test was conducted in which the panels subdivided by stiffener SB governed
the maximum shear strength. The finite element analyses conducted in this study
correspond to the second test of girder TGV7 (test TGV 7-2) and the first test of girder
TGV8 (test TGV8-1). Inthe analysis of test TGV 7-2, geometric imperfections are

specified only in stiffener SB and its panels. The initial geometry is modeled as perfectly
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straight and perfectly flat in stiffener SA and its panels. The prior test to failure of

stiffener SA and its panels and the subsequent reinforcing of these panelsis not model ed.

Inside
]E::%:JE:::::::::::::::::::ﬁ:::::::::::::::::::E;::::::::::::::::::::I::::::::::::::::::::;IE:::F
Outside Top wiew

P =2V

Stiffener SB l Stiffener SA

| | ]l

o
T R' =V Rm =¥
o an dcﬂ dml
d dc\Sd

o2

Figure 3.8. Geometric configuration of tests TGV7 and TGV8 (Rockey et al. 1981)
(do1 = Co2 = Go12/2, oz = Cos = Ch3a/2).

68



Table 3.3 Dimensions of the test girders TGV7 and TGV8 (Rockey et al. 1981)

Girder | Web Flanges Stiffener - SA | Stiffener - SB
D tw o2 | doza | brc byt tic te bs ts bs ts
(mm) | (mm) J| (mm) | (mm) | (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) ] (mm) | (mm)

TGV7 | 599.0 | 1.98 || 1181 | 1191 | 200.6 | 200.7 || 10.10 | 10.08 | 12.4 | 5.75 | 25.21 | 5.10

TGV8 | 598.7 | 1.92 | 1191 | 1191 | 200.4 | 200.4 || 10.08 | 10.08 | 20.5 | 3.22 | 15.95 | 5.71

Table 3.4. Materia properties for test girders TGV7 and TGV8 (Rockey et al. 1981)

Table 3.5 summarizes several key parameters pertinent to the design of the

intermediate transverse stiffeners in girders TGV7 and TGV8. The web dendernessis

Girder | Yield Stress
Web | Flanges || Stiffener - SA || Stiffener - SB
(MPa) || (MPa) (MPa) (MPa)
TGV7 221.2 250.3 284.2 283.4
TGV8 218.3 201.4 247.6 212.4

nominally D/ty, = 300 and the panel aspect ratio is nominaly do/D =1 in dl of the tests

conducted by Rockey et a. (1981). In all, eleven girders (22 shear tests) were studied by

these investigators. The transverse stiffenersin girders TGV7 and TGV8 are al rather

stocky relative to the maximum limit of bs/ts = 16 allowed by AASHTO (2004). All of

the stiffeners considered in these tests have a moment of inertia ls larger than the

AASHTO (2004) required value for development of the web shear buckling strength, I,

given by Equation (2.2). Theratio Il ranges from 1.49 in test TGV7-1 (girder TGV7

with gtiffener SA) to 10.38 in test TGV 7-2 (girder TGV 7 with stiffener SB). However,

all of the stiffeners violate the AASHTO (2004) transverse stiffener area requirement

given by Equation (2.28). The ratio of the stiffener area to the required area, labeled as

AdAsreqd in Table 3.5, ranges from 0.26 for test TGV8-1to 0.54 for test TGV 7-2. Also,
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the ratio of the stiffener moments of inertia to the corresponding values based on the fina
recommendations of this study are labeled as | /Isg and are listed in the last column of the
table. Thisratio ranges from 0.06 for test TGV7-1t0 0.43 for test TGV7-2. The reader
should note that for a given stiffener width-to-thickness ratio, the ratio of the actual to the
required stiffener dimensions (bs/bsreqd OF ts/tsreqd) Varies with the Yspower of Is.

Therefore, the stiffener with I/l = 0.43 corresponds to by/bsreqd = 0.81, or in other words,
the stiffener is under-sized by 19 percent.

Table 3.5. Key parameters pertinent to the design of the intermediate transverse
stiffenersin girders TGV7 and TGV8

Girder | D/t | do/D | bslts ls As Is/lscr AslAsreqa | Is/lsr"
(mm* | (mm?) | AASHTO | AASHTO
TGV7-1 [ 303 ]0.994 | 2.16 | 3654 71 1.49 0.30 | 0.06
TGV7-2 | 303 | 0.986 | 4.94 | 27238 129 10.38 054 | 043
TGVS-1 | 312 [ 0.995 | 6.37| 9247 66 4.16 0.26| 0.16
TGV8-2 [ 312 [ 0995 | 2.79 | 7723 91 3.48 030| 0.13

) Based on the final recommendations of this study.

The load versus mid-span vertical displacement curves from the finite element
analyses of tests TGV 7-2 and TGV8-1 are compared with the corresponding curves
presented by Rockey et al. (1981) for tests TGV7-2 and TGV 8-1 in Figures 3.9 and 3.10.
Unfortunately, the experimental |oad-deflection curve and other detailed results for test
TGV8-1 are not provided by Rockey et al. (1981). Only the static and dynamic failure
loads are provided aong with a statement that the stiffeners deflected laterally and the
post-peak |oad-vertical displacement curve exhibited significant unloading, i.e., a
negative slope in TGV8-1. The experimental |0ad-deflection curve in Figure 3.10 is for
test TGV 8-2. The reported experimental static load levels corresponding to tests TGV 7-

1 and TGV8-1 are shown in the plots.
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Vertical deflection at mid-span (mm)

Figure 3.9 Load-deflection curves from finite element analysis of girder TGV7-2 and
from experimental testing of girder TGV7-2 (Rockey et al. 1981).
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Figure 3.10. Load-deflection curves from finite element analysis of girder TGV8-1

and from experimental testing of girder TGV8-2 (Rockey et al. 1981).
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For girder TGV 7-2, the limit load in the finite element analysisis 204.4 KN. Thisis
3.1 percent smaller than the static failure load of 211.0 kN reported by Rockey et a. for
thistest. Rockey et al. (1981) also report that the transverse stiffener remained
effectively straight and the post-peak |oad-deflection curve was satisfactory in this test.
The FEA solution also exhibits these characteristics. For girder TGV 8-1, the FEA limit
load is 176.1 kN versus 180.0 kN for the static failure load within the physical tegt, i.e.,
the predicted FEA limit load is 2.2 percent smaller than the physical test result. Rockey
et a. (1981) report significant lateral deflectionsin the transverse stiffener and a post-
peak load-deflection curve that is“ falling away” in TVG8-1. The stiffener latera
deflection and the characteristics of the load-deflection curve are similar in the FEA
model.

Rockey et a. (1981) obtain a static failure load as high as 225.0 kN in other tests with
relatively large two-sided transverse stiffeners, even though the web yield strength was
five percent smaller than in girder TGV7. Given that the initial geometric imperfections
within the physical tests are not known, and as discussed in the previous section, the
maximum shear strength can be somewhat sensitive to the geometric imperfection pattern
for D/t = 300 and do/D = 1, the above finite element predictions are believed to be quite
acceptable.

The von Mises stresses predicted on the inside and outside surfaces of the web at the
predicted limit load are shown on the corresponding deformed geometry for test TGV 7-2
inFigure 3.11. Asdiscussed in Section 3.2.2.4, the inside direction is the direction in
which the web panels are bowed due to theinitial out-of-flatness. The stiffeners are

attached to the outside surface of the web. The view of the geometry in Figure 3.11 is
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(b) von Mises stress contours on the outside surface

Figure 3.11. von Mises stress contours on the deformed geometry at the limit load in
test TGV7-2 (view from the outside direction, deformation scale factor = 5).
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from the outside direction, i.e., the same direction as the view in Figure 3.8. The flanges
and the trarsverse stiffeners are not shown in Figure 3.11. Only the deformed geometry
of the web panelsis shown. The software utilized in viewing the analysis results shows
the beam finite element responses only on aline representation of the flange and stiffener
components. The panels subdivided by stiffener SB are located toward the left- hand side
in this figure. One can observe that the predominant failure occurs on the side
corresponding to this stiffener.

The von Mises stress contours show a pattern of yielding in the web indicating that
the tension field may not be fully developed within the individual web panels. The yield
bands in the panels on the left side of the figure are oriented more along the diagonal of
the two web panels than between the cornersof the individual panels.

Figure 3.12 shows a contour of the web lateral deflections when the vertical
deflection at mid-span is 8 mm, again with the view of the geometry taken from the
outside direction. One can observe that the dominant waves within the web panels are
oriented more along the diagonal of the two web panels. Also, one can observe from the
deflection contours that stiffener SB is deflected by about 15 mm (D/40) at the maximum
load limit whereas the web is deflected by 25 mm (D/24). The displacements of the web
and the stiffeners due to the initial geometric imperfections are not included within these
displacement contours. The web deformations are drawn to scale in Figure 3.12, i.e., the
deformation scale factor is equal to 1.0. In Figure 3.11, the displacements are magnified
fivetimes. The stiffener lateral displacements can be discerned from the deformed

geometry in Figure 3.11.
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Figure 3.12 Latera deflection coﬁtours on the deformed geometry when the vertical
deflection at mid-span is8 mm in test TGV 7-2 (view from the outside direction,
deformation scale factor = 1.0).

Rockey et al. (1981) provide a photograph of stiffener SB and its panels after
completion of test TGV7-2. The orientation of the residual buckles within these web
panels is approximately the same as the direction of the buckles shown in Figures 3.11
and 3.12. However, there is essentially no residual lateral deformation of the transverse
stiffener, i.e., the stiffener appears to have responded eastically in this test.

Figures 3.13 and 3.14 show the results for test TGV8-1. In these figures, the view is
again from the outside of the web, and stiffener SA and the failed web panels are located
on the right-hand side. The vertical displacements are smaller at the limit load in this test,
since this girder unloads abruptly with little inelastic deformation at its predicted
maximum shear strength (see Figure 3.10). Therefore, the deformations are scaled 10
timesin Figure 3.13. Thereis only one predominant yield band within the failed panels

corresponding to stiffener SA on the right-hand side in this figure. However, one can
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Figure 3.13 von Mises stress contours on the deformed geometry at the limit load in
test TGV8-1 (view from the outside direction, deformation scale factor = 10).
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Figure 3.14 Latera deflection contours on the deformed geometry when the vertical
deflection at mid-span is 4 mm in test TGV8-1 (view from the outside direction,
deformation scale factor = 1.0).

observe that significant tension field action is starting to develop in the panels
corresponding to stiffener SB on the left-hand side. Stiffener SB appears to be
subdividing the panels on the left-hand side reasonably well at the maximum load level.
Figure 3.14 shows that the transverse stiffener SA is significantly deformed relative
to its corresponding panel deflections. The view in this figure is aso from the outside
and therefore stiffener SA and its panels are on the right-hand side of the geometry. The
stiffener in this plot again has a maximum lateral displacement of about 15 mm (D/40),
but the web panels in this case have a maximum lateral displacement of only 21 mm
(D/30). Rockey et a. (1981) do not show photos of girder TGV 8 after the completion of

test TGV8-1.
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CHAPTER IV

PARAMETRIC STUDY RESULTS

4.1. Overview

This chapter presents the results of the FEA parametric studies conducted in this
research, provides a synthesis of these solutions along withkey results from prior
research studies, and concludes with recommendations for the design of intermediate
transverse stiffeners in straight and curved bridge I-girders. First, Section 4.2
summarizes the results from the current parametric study in terms of web maximum shear
strengths versus normalized stiffener bending rigidities. Sections 4.3 through 4.5 then
focus on important attributes of the underlying strength behavior. Section 4.3 follows
with a detailed discussion of stiffener axial and bending strains. Section 4.4 discusses the
sensitivity of the shear strengths to the geometric imperfection patterns specified in the
finite element analysis. Lastly, Section 4.5 gives examples of the web strength behavior
both for I-girders in which the intermediate transverse stiffeners do not adequately
subdivide the web panels as well as for I-girders in which the stiffeners adequately
perform their intended function and are a* near optimum” size.

Section 4.6 presents a synthesis of the results from this work as well as key results
from prior research. This section first summarizes a suggested minor change to the
AASHTO (2004) stiffener moment of inertia requirement to develop the web shear
buckling strengths, discussed previously in Chapter 11: the use of b = min(d,, D) instead
of dy in Equation(2.2). This change has no effect on the result obtained relative to

AASHTO (2004) for do/D < 1, but provides stiffener sizes for d,/D > 1 that are more
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consistent with the the physical behavior. That is, this minor change removes some of
the conservatism of the AASHTO (2004) provisions for do/D > 1.

Section 4.6 then presents the stiffener size requirements in a normalized fashion that,
to the knowledge of the author, has not been considered in prior studies. For a given web
panel aspect ratio do/D and yield strength Fy., the required stiffener sizes for different
Dity, plot in a particularly ssmple way when they are normalized by the stiffener size

required for aweb proportioned at the largest D/t,, such that C = 1. Interestingly, the

stiffener size required for aweb having thisD/t,, (= 1.12,/E</wa ) works well for al

other web slenderness values.

Sections 4.7 through 4.9 address several additional considerations necessary for the
development of comprehensive design provisions for transverse stiffeners in bridge |-
girders. These sections address the application of the concepts developed in this study to
general stiffener cross-section geometries, the influence of stiffener yield strengths that
are smaller than the yield strength of the web plate (Fys < Fyw), and reduction of the
required stiffener sizes when the applied shear force is smaller than the web shear
strength, i.e., V, < V.

Section 4.10 concludes the chapter by summarizing the final recommendations from
this work.

4.2. |-Girder Shear Strength versus Stiffener Rigidity

Figures 4.1 through 4.7 show the effect of varying the stiffener bending rigidity on
the maximum shear strengths for the different panel aspect ratios d,/D and web
denderness values D/t,, considered in the author’ s studies. The abscissa in each of these

plotsisthe ratio of the stiffener moment of inertia to the moment of inertia required by
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AASHTO (2004) for development of the shear buckling load, I/l The ordinate of the
plotsisthe ratio of the FEA shear limit load to the nominal web shear capacity given by
the AASHTO (2004) shear strength equations including tension field action,

Vimax/V n(AASHTO).-

In each of these figures, the normalized moment of inertia that satisifiesthe AASHTO
(2004) area requirement for single-plate transverse stiffeners, denoted by 1 sa1/ls, isused
as the maximum value for the abscissa (with the exception of one case where this
moment of inertia requirement is zero). A width-to-thickness ratio for the transverse
stiffeners of bg/ts = 10 is used throughout these solutions. The influence of bd/ts is
addressed in Section 4.7. The normalized rigidity requirement Isa1/ls islabeled in each
of the plots. Also, the normalized moment of inertia corresponding to satisfaction of the
AASHTO (2004) area requirement for two-sided transverse stiffeners (a pair of plates),
denoted by lsao/lsy, isshown in al of the plots. Inall cases, lsa2/ls 1S either zero or quite
small relativeto | sa1/ls;. Finaly, the normalized moment of inertia requirement based on
the final recommendations presented at the end of this chapter, |/ls, is marked in each

of the figures.
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Figure 4.1. Strength versus stiffener rigidity for do/D = 1 and D/ty, = 150.
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Figure 4.2. Strength versus stiffener rigidity for do/D = 1 and D/t,, = 300.
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Figure 4.3. Strength versus stiffener rigidity for do/D = 0.5 and D/t,, = 150.
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Figure 4.4. Strength versus stiffener rigidity for do/D = 0.5 and D/t,, = 300.
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Figure 4.5. Strength versus stiffener rigidity for do/D = 2 and D/ty, = 150.
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Figure 4.6. Strength versus stiffener rigidity for do/D = 3 and D/ty, = 150.
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Figure 4.7. Strength versus stiffener rigidity for do/D = 1.5 and D/t,, = 300.
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Four curves are shown for the shear strength versus the stiffener bending rigidity in
each of Figures 4.1 through 4.7. These curves correspond to straight I- girders with one-
and two-sided plate stiffeners, and curved I-girders with both one- and two-sided
stiffeners. These curves may be compared to assess the influence of stiffener type and/or
horizontal curvature on the variation of Vmax/VnaasHto) asafunction of 1s/ls;.

In general, Vimax first increases rather abruptly as | is increased from zero. However,
for Is larger than a particular value (e.g., larger thanapproximately Is = 8l in Figure 4.1),
further increases in the stiffener bending rigidity have a negligible effect on the
maximum shear strength. Horne and Grayson (1983) refer to the stiffener moment of
inertiain the vicinity of this trangition or bend in the Vimax versus|s curve, as the
maximum shear strength approaches a plateau, as the “ knuckle value.” Horne and
Grayson (1983), Rahal and Harding (1990a and b), Stanway et al. (1996) and Xie (2000)
all consider the bending rigidity within this region as the “ optimum.” All of these prior
research studies show that stiffeners with Is values to the left of the knuckle value tend to
exhibit relatively large bending strains and latera deflections prior to the web reaching its
maximum shear strength. This characteristic strength behavior is observed also in the
current study.

The following key observations can be gleaned from Figures 4.1 through 4.7:

For agiven do/D and D/t,, combination, the Vinax — Iscurves are all sufficiently similar

such that it appears that one set of stiffener design provisions could be used for one-

or two-sided stiffeners in straight or curved I-girders without any major penalty.

That is, it appears that the influence of the stiffener eccentricity and/or the member

horizontal curvature can be neglected in the consideration of stiffener design rules.
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The largest differences between the four curves in the plots, and aso the largest
demands on the transverse stiffeners in terms of the I¢/lsr needed to reach the
“plateau” of the Vimax — Is curves, occur for the girders with d,/D = 1 and D/t,, = 300
(Figure 4.2).

In all of Figures4.1to 4.7, the shear strengths along the Vmax — Is curves for the
girders with two-sided stiffeners are either practically the same as or dightly larger
than the shear strengths along the curves for the girders with one-sided stiffeners. For
the girders with do/D = 1 and D/t,, = 300 (Figure 4.2), the straight girders with two-
sided stiffeners show shear strengths as much as eight percent larger than the straight
members with one-sided stiffeners. Also, for the curved girdersin Figure 4.2, the
strengths using two-sided stiffeners are as much as nine percent larger than those for
one-sided stiffeners. However, al of the Vimax — Is curvesin Figure 4.2 reach
approximately the same “ plateau strengths’ with increasing ls.

In the plots for do/D = 1, the strength gain with increasing |5 is noticeably more
gradual and the value of |¢/ls; heeded to reach the strength plateau is noticeably larger
for the curved girders (see Figures 4.1 and 4.2). The strength gain in the Vmax — s
curve for curved girders with one-sided stiffenersis particularly more gradual.
However, as noted above, the variations between the different curves are small
enough such that it would appear that they can be ignored. Based on the
consideration of imperfection sensitivities for the worst-case girders with do/D = 1
and D/t,, = 300, discussed subsequently in Section 4.4, it appears that similar
differences in the Vimax — |s curves canbe created by changing the geometric

imperfection patterns.
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In genera, the value of |s/ls; necessary for the girders to reach their plateau strengths
is affected the most by the parameters do/D and D/t,. That is, the knuckle values for
Idlser Vary most significantly between each of Figures 4.1 through 4.7. For the |-
girders with D/t,, = 150 and do/D = 2 or 3 (Figures 4.5 and 4.6), the knuckle value of
|dls; is approximately at I lsr = 1, whereas for do/D = 1 and D/t, = 300 (Figure 4.2),
the curved girders with one-sided stiffeners do not reach the plateau strength until
around I/ls; @85. Therefore, it appears that the recommendation of Is/ls = 6 for
development of the full shear postbuckling strength by Lee et al. (2003) isin general
ill founded. This recommendation is close to the value needed to reach the plateau on
the Vimax-1s curves in al cases for D/t,, = 150; however, it is too small for larger Dity,
values.

In al of the cases studied except for d,/D = 0.5 and D/t,, = 150 (Figure 4.3), single-
sided transverse stiffeners with byts = 10, sized according to the AASHTO (2004)
area requirement, have more than enough bending rigidity for the I-girdersto reach
the plateau of the Vmax-1Is curves. In other words, lsa1/lsr is larger than the knuckle
value for the normalized bending rigidity. For large do/D, lsa1/lsr iSan order of
magnitude larger than the knuckle value (see Figures 4.5 through 4.7).

For the girders with do/D = 0.5 and D/t,, = 150, lsa; iS equa to zero. That is, the
AASHTO (2004) equation for As (Equation 2.28) gives a negative value for the
required stiffener area. In this case the appropriate interpretation described in
AASHTO (2004) is that the web area assumed to act with the transverses stiffener is
adequate by itself to transmit the vertical strut forces associated with Basler’ s (1961)

tension field theory. Negative values for As are not intended to mean that no
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stiffener isrequired. Rather, AASHTO (2004) implicitly asserts that a transverse
stiffener with Is = I is sufficient to hold the web such that the shear postbuckling
strength can be developed in these cases. One can observe that this assertion is
essentially true in Figure 4.3, i.e., I is effectively the knuckle value for the stiffener
bending rigidity in this plot. Therefore, the AASHTO (2004) provisions generaly
result in adequate to conservative transverse stiffener sizesin al of the specific cases
studied in this research'.

In all cases (Figures 4.1 through 4.7), the AASHTO (2004) provisions produce under-
sized two-sided stiffeners. As noted above, lsaz is zero or quite small relative to lsaz
in all of thefigures. Furthermore, in generd, Is =l isfar to the left of the
corresponding knuckle value for Is. Therefore, for two-sided stiffeners, it is not
sufficient in general to default to the rigidity requirement for development of only the
shear buckling load (Equation (2.1)) when the area equation (Equation (2.28)) does
not control. In Figure 4.2, the area requirement governs the stiffener size, but Isao/lcr
isonly 6.3 while the largest knuckle value of I/l for straight and curved girders
with two-sided stiffenersis approximately 50 (eight times larger). The shear strength
Vmax 1S reduced by as much as 30 percent relative to the corresponding plateau value
a lsaollser = 6.3.

For the girders with do/D = 2 and do/D = 3 (D/t,, = 150) (see Figures 4.5 and 4.6), the
plateau shear strengths are noticeably smaller for the curved girders. However, these
maximum shear strengths exceed the AASHTO (2004) nominal shear capacities, i.e.,

Vmax/VnaasHTo) IS greater than one. For the widest stiffener spacing, Vimax/VnaasHto)

! Section 4.6.2.2 shows FEA solutions from prior research which indicate that for some I -girders with one-
sided stiffeners and D/t,, < 150, the knuckle value for |5 is greater than the | that satisfiesthe AASHTO
(2004) provisions.
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> 1 evenfor Is= 0. These results are consistent with the observations by White et al.

(2001), Zureick et a. (2002), Jung and White (2003) and White and Barker (2004).

Table 4.1 summarizes the approximate maximum knuckle values in I/l for each of
the cases in Figures 4.1 through 4.7. These values are utilized in Section 4.6 as the
required stiffener sizes from the FEA studies of thisresearch. The final recommended
values, Isr/ls, are generally somewhat larger than these values, with the exception of
do/D =1 and D/t\, = 300, where |/l is dightly smaller than the approximate maximum
knuckle value in Figure 4.2. In this case, the knuckle value of 1¢/ls; = 85 is based on the
results for the curved girders with one-sided stiffeners, where the strength gain with
increasing stiffener bending rigidity is very gradual. One can observe that for the other
cases with do/D = 1 and D/t,, = 300 in Figure 4.2, the maximum knuckle value is |ess than

or equa to about I /ls; = 50, which is smaller than the final recommened I R/ls.

Table4.1. Summary of the approximate maximum knuckle values for I¢/l ;.

Dftw 150 300
do/D [ 05[1]2]3]05] 1|15
lJlr | 1 {8]1]1| 4 |85] 21

4.3. Stiffener Strains

To gain abetter understanding of the behavior underlying the strength versus stiffener
bending rigidity curves presented in Figures 4.1 to 4.7, it is helpful to consider the strains
due to the axia loads and/or bending moments induced within the stiffeners. Figure 4.8a
and b show the variation of the normal strains across the width of the critical stiffener at
the maximum FEA shear capacity for the girders with do/D = 1, D/t,, = 150 and | ¢/lsr = 8.

This Il is the approximate maximum knuckle value for the curvesin Figure4.1. The
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thickness of the web t,, is neglected in these plots such that the total width of the two-
sded stiffenersistaken as 2bs. The web is located at x/bs = 0. The stiffener strainsin
Figures 4.8 are normalized by the yield strain (g = FyJ/E, where Fys = 485 MPa (70 ksi)
and E = 200 GPa (29000 ksi)).

Plots are shown in Figures 4.8a and b corresponding to each of the curvesin Figure
4.1. Also, afifth curve is shown that illustrates the stiffener strains if a one-sided
stiffener is located on the outside rather than on the inside surface of the web in a curved
I-girder. Asdiscussed in Section 3.2.4.4, aone-sided stiffener on the inside generally is
more critical with respect to the maximum strength of the curved girders. However, a
one-sided stiffener on the outside is found to be more critical with respect to the straight
I-girder maximum strengths. All the results for the curved girders withone-sided
stiffenersin Figures 4.1 through 4.7 are for one-sided stiffeners on the inside, whereas al
the results for the straight girders with one-sided stiffeners are for one-sided stiffeners on
the outside.

Figure 4.8a shows the strains at the mid- height of the critical stiffener whereas Figure
4.8b shows the strains at the stiffener end having the largest total strain value of the two
ends. These normal strains are taken at the mid-thickness of the transverse stiffeners, to
avoid the consideration of additional strains due to the biaxial bending of the stiffeners
associated with their three-dimensional physical behavior. The following attributes can

be observed from Figures 4.8:
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Figure 4.8a. Variation of stiffener mid-height strains at maximum shear strength for
do/D = 1.0, D/t, = 150 and I¢/lsr = 8.
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Figure 4.8b. Variation of stiffener end strains at maximum shear strength for do/D =
1.0, D/ty =150 and 4/l = 8.
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In generdl, the critical stiffener is partialy yielded at its mid- height when the |- girders
reachtheir maximum shear strengths.

The stiffener actions at the mid-height are dominated by bending in each of the five
cases shown in these figures. This confirms the observations by multiple prior
independent research studies (Horne and Grayson 1983; Rahal and Harding 1990a
and b, 1991; Stanway et al. 1993 and 1996; Xie 2000; Lee et a. 2002 and 2003) that
the most important web panel influence on the transverse stiffeners is lateral loading,
not axial loading. There is some compressive axial strain at the web-stiffener
juncturein al cases. However, this axial strain is relatively small compared to the
strain gradient across the width of the stiffener.

The axial and bending strains at the stiffener ends are generally much smaller than at
the mid- height. The axial strain at the web-stiffener juncture is tensile at the stiffener
ends in some cases. Also, the bending strains at the stiffener ends (Figure 4.8b) are
always opposite to the bending strains at the stiffener mid- height (Figure 4.84) in this
example, indicating the presence of some restraint to the lateral bending of the
stiffeners from the torsional rigidity of the flanges. Thisis not always the case in
general however. In some situations (not shown in Figures 4.8), the bending strains
at one or more of the stiffener ends and at the mid-height are in the same direction.
This behavior, as well as the fact that the stiffener strains are tensile (but small) at the
web-stiffener juncture in Figure 4.8b and in some other cases not shown, are due to
complex interactions between the stiffeners and the general three-dimensional girder
actions. In generd, it is difficult to synthesize these complex interactions down to

simple engineering design descriptions.
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The curved I-girder stiffeners are bent predominantly toward the inside direction
whereas the straight |- girder stiffeners are bent predominantly toward the outside.
The precise reasons for this behavior are again difficult to synthesize. Obvioudly, if
the horizontal curvature is varied, there must be some value of the curvature where
the curved girder stiffeners would be loaded in the same direction asthose in the
straight girders.
The largest mid-height strains occur for the curved girder with two-sided stiffeners
and for the curved girder with one-sided stiffeners on the outside. However, the
magnitude of the gradient in the strain acrossthe stiffener width in the case of the
straight girder with a one-sided stiffener is essentially the same as that for the curved
girder cases. The mid-height strain pattern for all three of the curved I-girder cases
implies that the pattern and magnitude of the loading from the web must be similar
regardless of whether the stiffener is two-sided, one-sided and on the outside, or one-
sided and on theinside. However, the bending restraint at the ends of the stiffener
for the one-sided curved case with the stiffeners on the outside is larger (see Figure
4.8b). Also, the strain variation across the stiffener width is significantly different for
the one- and two-sided stiffeners within the straight I-girders. 1n general, the detailed
stiffener behavior is complex. The detailed differences in the strain patterns for the
different cases are not easily explained.
Figures 4.9a and b show similar results for the I-girders with do/D = 1 and D/t,, = 300
(previously considered in Figure 4.2). However, in these figures, the strain curves do not
necessarily correspond to the same | /I« values. Thisis because the knuckle values for

|dlser are noticeably different for the different I-girdersin Figure 4.2. The generd
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Figure 4.9a. Variation of stiffener mid-height strains at maximum shear strength for

do/D = 1.0 and D/t,, = 300.
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Figure 4.9b. Variation of stiffener end strains at maximum shear strength for
do/D = 1.0 and D/t,, = 300 (at stiffener end having the largest strain).
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comments on Figures 4.8 also apply to the plotsin Figures 4.9. However, the strain
gradient across the stiffener width in the straight girder with one-sided stiffenersis
substantially larger than that associated with the other cases. Thisisin spite of the fact
that the knuckle value for the straight one-sided case is approximately | ¢/ls; = 50,
wheresas the corresponding value for the straight two-sided case is approximately I ls =
21.

Figures 4.10 through 4.13 provide additional insight into the stiffener responses by
illustrating the variation of the mid-height stiffener strains at the edges and middle of the
stiffeners as a function of the applied shear load for severa cases from Figures 4.8 and
4.9. Figure 4.10 shows the stiffener strains versus the normalized load V/V yaasHTo) for
the curved girder with do/D = 1, D/t = 150, I/ls; = 8 and two-sided stiffeners. One can
observe that the axial and bending strains are the same order of magnitude for small
V/VnaasHto). However, as the shear load is increased beyond about V/VyaasHTo) = 0.83,
the direction of bending reversesin the critical stiffener, and the stiffener response is
dominated by bending toward the inside (i.e., toward the center of the horizontal
curvature).

Figure 4.11 shows the comparable stiffener responses for the straight |- girder with
do/D =1, D/ty = 300, I¢/lsr = 50 and one-sided stiffeners. The one-sided stiffeners are
always on the outside and the web out-of-flatness is directed toward the inside for the
straight I-girder results presented in thiswork. In this case, the stiffener responses are
relatively large at the shear limit load, which corresponds to the shear strength plateau in
Figure 4.2. The reader should note that the load-strain plot in Figure 4.11 is clipped at

ele) = + 3; the strains at the stiffener edges are larger than these values as V approaches
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Figure 4.10. Stiffener mid-height strains versus shear force, curved girder with two-sided
stiffeners, do/D = 1, D/ty, = 150 and 14/l = 8.
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Figure4.11. Stiffener mid-height strains versus shear force, straight girder with one-
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Vmax.- The stiffener axia strainin Figure 4.11 isrelatively small. Much of the axial force
within the corresponding tension field vertical strut is transmitted directly by the web.

Lastly, Figure 4.12 shows the above responses for the straight |- girder with two-
sided stiffeners, do/D = 1, D/ty, = 300 and I /Iy = 21. This Il isthe approximate
knuckle value for this girder type as shown in Figure 4.2. Again, the stiffener response is
dominated by bending at all levels of V/VhaasHto). The stiffener bending strains exceed
the yield strain significantly starting at approximately V/Vpaastito) = 0.83. Nevertheless,
the girder is able to develop the plateau shear strength in Figure 4.2.

One should note that the stiffener strains corresponding to the stiffener bending
rigidities recommended at the end of this chapter are generally smaller than the values
illustrated in the above figures. However, the recommended bending rigidities in general
do not ensure that the stiffeners will not yield prior to girders reaching their maximum
shear strength.

4.4. Sensitivity of the Shear Strength to the Geometric Imperfection Pattern
Figure 4.13 shows several results for the girders having the largest sengitivity to the
selected geometric imperfection pattern of the cases studied in this research — curved |-
girders with do/D = 1, D/t,, = 300 and one-sided stiffeners. The curves shown in this
figure illustrate the normalized strength Vmax/VnaasHto) Versus I/l for one-sided
stiffeners located on: (1) the outside of the web (away from the center of curvature), (2)
the inside of the web with the stiffener initial out-of-straightness directed away from the
center of curvature, and (3) the inside of the web with the stiffener initia out-of-

straightness such that the stiffener is bowed toward the center of curvature. As discussed
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in Section 3.2.4.4, the FEA results for the curved girders with one-sided stiffeners always
correspond to the second of these options unless noted otherwise.

For the curved girders with one-sided transverse stiffeners, the largest strengths are
obtained generally when the stiffeners are placed on the outside. Thisis opposite to the
behavior observed for the straight girders. The largest increase in strength relative to the
results for the above option (2) is approximately 13 percent, and corresponds to ls/ls; = 6.
The largest decrease relative to the results for the above option (2) is six percent and
corresponds to I¢/lsr = 21. It isimportant to note that the sensitivity of Vi to the
geometric imperfection pattern is reduced substantially for girders that satisfy the final
recommendations of this research (Isr/lsr = 72 for the girders in Figure 4.13). For girders
that satisfy these recommendations, the maximum shear strengths are essentially the same
for either of the above options (2) or (3), and the reduction in the shear strength relative
to option (1) is approximately five percent. For al the other d,/D and D/t, values
studied in this research, the sensitivity to the geometric imperfection pattern is
significantly smaller. Therefore, the geometric imperfection patterns discussed in Section
3.2.4.4 are believed to provide an acceptabl e representation of the influence of geometric
imperfections on the stiffener responses and the maximum I-girder shear strengths.

4.5. Web Behavior

Figures 4.14 through 4.16 show example web responses at the maximum shear
strength for an I-girder where the transverse stiffeners do not fulfill their intended
function. Conversely, Figures 4.17 through 4.19 show example responses where the
transverse stiffeners subdivide the panels and the I-girder devel ops the plateau shear

strength within the corresponding Vmax — Is plot. Figures 4.14 through 4.16 correspond to
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Figure 4.14. von Mises stress at web mid-thicknessfor V = Vinax, Straight girder with
one-sided stiffener on outside, do/D =1, D/t, = 150 and |/l = 1 (deformation scale
factor = 10).
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Figure 4.15. Equivaent plastic strain at web mid-thicknessfor V = Vimax, Straight girder
with one-sided stiffener on outside, do/D = 1, D/t,, = 150 and I¢/lsr = 1 (deformation scale
factor = 10).
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Figure 4.16. Lateral deflection contoursat V = Viax, Straight girder with one-sided
stiffener on outside, do/D =1, D/t,, = 150 and |4/l = 1 (deformation scale factor = 10).
astraight girder with a one-sided stiffener, do/D = 1, D/t,, = 150 and I/l «r = 1. Ascanbe
observed from Figure 4.1, this girder’ s maximum shear strength is substantially below the

plateau value. Figures 4.14 and 4.15 show contours of the von Mises stress and the
equivalent plastic strain on the deformed geometry of the member. Figure 4.16 shows
contours of the lateral deflections within the web panels. The web lateral displacements
are substantial at the criticial transverse stiffener in the center of the test segment.
Correspondingly, the von Mises stress and equivalent plastic strain contours indicate that
the tension field forms between the bearing stiffeners at the ends of the test section. The
critical transverse stiffener has only a minor effect on the maximum strength behavior in
Figures 4.14 through 4.16, athough it does increase the maximum strength to some
extent as shown in Figure 4.1.

Figures 4.17 through 4.19 are for a curved I-girder with one-sided transverse
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(b) von Mises stress at web inside surface

Figure4.17. von Mises stress contours for V = Vmax, curved girder with one-sided
stiffener, do/D = 1, D/ty, = 150 and | /1« = 8 (deformation scale factor = 10).
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(b) Equivaent plastic strain at web inside surface

Figure 4.18. Equivalent plastic strain contours for V = Vmax, curved girder with one-
sided stiffener, do/D = 1, D/t,, = 150 and |4/l = 8 (deformation scale factor = 10).
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Figure 4.19. Latera deflection contoursat V = Vinax, curved girder with one-sided
stiffener, do/D = 1, D/t,, = 150 and | /Isr = 8 (deformation scale factor = 10).

u, uz
+i013% +mM
+13% +M
-13%% +mM
-40dke +mM
£ 3e +M
S +mM
-1210e +01

Figure 4.20. Lateral deflection contoursat V = Vimax, curved girder with two-sided
stiffener, do/D = 1, D/t = 150 and | /1« = 8 (deformation scale factor = 10).
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stiffeners (located on the inside), do/D = 1, D/ty, = 150 and I¢/ls; = 8. One can observe
from Figure 4.1 that the plateau shear strength is nearly developed for this curved
member (the strength gain with increasing I/l is very gradual in this case). Figure 4.17
shows the von Mises contours on the inside and outside surface of the deformed web for
thisgirder at V = Vmax, Whereas Figure 4.18 shows the equivalent plastic strain on these
surfaces at the maximum shear capacity. Figure 4.19 shows contours of the lateral
deflections on the deformed geometry. One can observe that the lateral deflections at the
critical transverse stiffener are relatively small for this case, and that atension field
extends diagonally across each of the web panels. The von Mises stress and equivalent
plastic strain contours show that the web is yielded through its entire thickness along the
tension field bands in each of the panels.

Figure 4.20 shows one other example lateral deflection contour corresponding to a
curved I-girder with two-sided stiffeners, do/D =1, D/t = 150 ard I/lsr = 8. By
comparison of this figure to Figure 4.19, it can be seen that the largest web transverse
displacements at the peak shear capacity are somewhat larger within this girder than in
the corresponding curved girder with one-sided stiffeners.

4.6. Synthesisof Results
4.6.1. Stiffener Requirementsfor Development of the Shear Buckling Strength

Asdiscussed in Sections 2.1.3 and 2.2.1, the AASHTO (2004) shear buckling
strengths are developed accurately to conservatively in general transversely-stiffened
I-section members when the transverse stiffeners satisfy the requirement

s> I'sy (4.1)

where
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I'sr = Min(do, D) t° 3 = bty J (4.2)
and

2.5

2
asl, 0

€D g

3=—5°_. 20305 (43

This set of equations is modified only dightly from the corresponding transverse stiffener
rigidity requirement in AASHTO (2004) in that the term b = min(d,, D) isused in
Equation (4.2) rather than the term d, in AASHTO (2004). Equations (4.1) through (4.3)
are identical to the equationsin AASHTO (2004) for do/D < 1, but account for the
smaller demands placed on the transverse stiffeners for do/D > 1.

4.6.2. Stiffener Requirementsfor Development of Shear Postbuckling Strength

4.6.2.1. Thel'sr(c=1 Concept —Required Stiffener Size at the Largest Web
Slenderness Correspondingto C =1

Section 4.2 shows that the stiffener moment of inertia needed to develop I-girder
postbuckling shear strengths varies significantly relative to |«, where |« is the vaue
required by AASHTO (2004) to prevent web buckling prior to reaching the shear force
corresponding to shear buckling of a simply-supported panel with the same do/D and D/,
Since I'sy given by Equations (4.1) to (4.3) isclosely related to l«y, it is simple to see that
the requirements also vary significantly relative to I's;.

Asdiscussed by Lee et d. (2003), it is important to recognize that if the web
denderness Dty is sufficiently small, the transverse stiffener moment of inertia needed to
develop the shear buckling strengthaways should be sufficient. Given that the
AASHTO (2004) shear strength equations are a reasonably accurate representation of

genera |-girder shear capacities (White and Barker 2004), and given that Equations (4.1)
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to (4.3) are an accurate representation of the stiffener requirements to develop the shear

buckling strengths, the requirement Is > I's.- must be acceptable at
tE =112 |— (4.4)

where k isthe AASHTO (2004) shear buckling coefficient given by Equation(2.7). The
rationale behind this statement is the fact that Equation (4.4) is the web denderness at
which the AASHTO (2004) inelastic shear buckling strength V., is equal to the web
plastic shear resistance Vp, or a which the shear buckling parameter C = V¢,/Vp = 1.
Therefore, at the web slenderness defined by Equation (4.4), the fully-plastic shear
resistance is devel oped without any consideration of postbuckling or tension field action.

The stiffener moment of inertia requirement corresponding to Equation (4.4) is
obtained by solving Equation (4.4) for ty, and substituting into Equation (4.2):

bD*J

I $r(C:1) - 15 (4.5)

0

Fw g

where b = min(d,, D). If the stiffener bending rigidities from Section 4.1 needed to
develop the web postbuckling strengths (i.e., the maximum knuckle values from Figures
4.1 through 4.7, summarized in Table 4.1) are expressed for different do/D and D/ty
valuesrelative to the normalized parameter |s/l'scr(c=1), an interesting simplification is
apparent in the stiffener requirements. Section 4.6.2.2 presents these results.

Furthermore, it is easier to understand the physical stiffener requirements if they are
expressed in terms of the required width for a given Is and stiffener width-to-thickness

ratio bs/ts rather than as the stiffener moment of inertia itself. The stiffener width
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corresponding to I'src=1) in Equation (4.5) may be determined by equating the
approximation

_nodt, _ b
3 3b./t,)

wheren = 1 for asingle-sided stiffener and n = 2 for a double-sided stiffener, to Equation

(4.6)

(4.5) and solving for the resulting stiffener width, denoted by b'ser(c=1):

p 1/ 4
632,60, U
bgnr(C:l) = é_gt_il Scr(C:]_)l;I (4.7&)

ghéls g a

Also, the stiffener width corresponding to any general required moment of inertials is

e o u
s (4.7b)
gnéts g

Furthermore, the normalized stiffener width associated with a given required Is/l'serc=1) IS

simply
114
b L 2 48)
b’ ey glscr(c=1)5g

It is emphasized that for do/D < 1, I'ser = lser @nd thus I'ser(c=1) = lserc=1) and b'ser(c=1) =
Bser(c=1), Where | grc=1) Isthe AASHTO (2004) stiffener moment of inertia required at D/ty
=112 ,[EK/F,, (Equation (4.4)) and bey(c=1) is the corresponding stiffener width for a
given stiffener type and width-to-thickness ratio.

Lastly, in interpreting the implications of the AASHTO (2004) area requirement

equations, it is useful to convert them to a corresponding moment of inertia requirement

(note that the AASHTO (2004) area requirement is converted to and presented in terms of
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the moment of inertiain the previous Figures 4.1 through 4.7). The conversion equation
is

_AZ(b,/t)
2T e

(4.9
where n = 1 for one-sided stiffeners and n = 2 for two-sided stiffeners.
4.6.2.2. Required Stiffener SizesRelative to the Size Corresponding to I'ser(c=1)
4.6.2.2.1. Comparisonsto the Parametric Study Results from This Research
Figures 4.21 through 4.25 summarize the normalized stiffener size requirements,
expressed as byb'ser(c=1), from five sources for each of the do/D values considered in this
research:
1. The combined AASHTO (2004) moment of inertia and area requirements, given by
Equations (2.1) and (2.28).
2. The stiffener moment of inertia requirement developed by Horne and Grayson (1983),
given by Equation (2.1) with J specified by Equation (2.15).
3. The combined stiffness and strength criteria developed by Stanway et a. (1996),
given by Equations (2.13) and (2.14), and Equatons (2.30) through (2.33) respectively.
4. The approximate maximum knuckle values determined from the FEA parametric

studies conducted in this research (Figures4.1 through 4.7 and Table 4.1).

5. Thepoint (b'serc=1), 1.12% ), Where the abscissa is obtained by setting
Equation (4.8) equal to 1.0.

For the cases with do/D = 1, the symbol bs(c=1) is used in the figures to emphasize the

fact that b'ser(c=1) = bser(c=1). Theresults for do/D = 1 are presented first, since the demands

on the transverse stiffeners are generally the greatest for this aspect ratio (see the
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Figure4.21a. Required stiffener sizes, girders with one-sided stiffeners, do/D = 1,

Fyw = 485 MPa (70 ksi).
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Figure 4.21b. Required stiffener sizes, girders with two-sided stiffeners do/D =1,

Fyw = 485 MPa (70 ksi).
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Figure 4.22a. Required stiffener sizes, girders with one-sided stiffeners, d/D = 0.5,

Fyw = 485 MPa (70 ksi).
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Figure 4.22b. Required stiffener sizes, girders with two-sided stiffeners do./D = 0.5,
Fyw = 485 MPa (70 ksi).
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Figure 4.23a. Required stiffener sizes, girders with one-sided stiffeners, do/D = 2,
Fyw = 485 MPa (70 ksi).
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Figure 4.23b. Required stiffener sizes, girders with two-sided stiffeners do/D = 2,

Fyw = 485 MPa (70 ksi).
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Figure 4.24a. Required stiffener sizes, girders with one-sided stiffeners, do/D = 3,
Fyw = 485 MPa (70 ksi).
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Figure 4.24b. Required stiffener sizes, girders with two-sided stiffeners do./D = 3,
Fyw = 485 MPa (70 ksi).
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Figure 4.25a. Required stiffener sizes, girders with one-sided stiffeners, do/D = 1.5,
Fyw = 485 MPa (70 ksi).
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Figure 4.25b. Required stiffener sizes, girders with two-sided stiffeners do/D = 1.5,

Fyw = 485 MPa (70 ksi).
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discussions in Section 4.2). Thisisfollowed by the results for do/D = 0.5, 2, 3and 1.5.
The reader is reminded that the FEA parametric studies in this research are conducted
both for D/t, = 150 and 300 at do/D = 1 and 0.5. Only D/t,, = 150 is considered for do./D
= 2 and 3 though, since thisis the largest web slenderness ratio allowed for transversely
stiffened I-girdersin AASHTO (2004), and longitudinally stiffened I-girders are
restricted to a maximum of do/D = 1.5. For each of Figures 4.21 to 4.25, two plots are
provided. The first plot (plot (a)) shows the results for single-sided transverse stiffeners
while the second plot (plot (b)) shows the results for double-sided transverse stifferers.

It is important to note that the moment of inertia requirements determined from the
knuckle values in Figures 4.1 through 4.7 are for al practical purposes independent of the
stiffener type, i.e., one-sided or two-sided. Also, with the exception of AASHTO (2004),
all of the solutions plotted in Figures 4.21 to 4.25 are independent of the stiffener type.
However, the AASHTO (2004) solutions for one- and two-sided stiffeners differ
substantially in general depending on whether or not the AASHTO area requirement
governs. All of the solutions shown in parts (a) and (b) of the above figures are identical
with the exception of the AASHTO (2004) solutions.

The results shown in Figures 4.21 to 4.25 can be understood by first focusing on
Figures4.21aand b (corresponding to do/D = 1). It can be observed that a constant

bs /bser(c=1) = bs ID'ser(c=1) = 1 fits the requirements determined from the FEA studies in this

research along with the obvious data point at (bs, D/tw) = (bser(c=1), 1.12 , /B( IE.)

amazingly well. That is, if one selects the stiffener size needed to develop the web shear

buckling strength corresponding to D/ty = 1.12 ,[Ek /F,, and C = 1, then based on the

FEA solutions for the critical d,/D = 1 case conducted in this research, this stiffener is the
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appropriate size for the other D/t,, values greater than 1.12  [Ek IF,, - Thisisakey

result that ultimately leads to the final recommendations of this research.

Important characteristics of the other solutions shown in Figure 4.21a are as follows:
The AASHTO (2004) solution is governed by the moment of inertia requirement
(Equation (2.1)) for small D/t,. Since Equation (2.1) does not account for the
additional demands on the transverse stiffeners due to the postbuckling response of

the web, the AASHTO (2004) solution dips below the constant requirement of bs =
Baer(c=1) = B'ser(c=ny for Dity > 1,12 [Ek / F. =72 until the area requirement begins to

control. The area requirement begins to govern at the lowest point along the
AASHTO (2004) curve. Once the area requirement begins to control, the
corresponding by/bser(c=1) requirement rapidly increases to a value greater than one as
Dhy, increases. For D/, > 130, the AASHTO (2004) area requirement requires a
larger stiffener than that based on bs = bsr(c=1) and based on the refined FEA solutions.
The reader should note that the resultsin Figures 4.21 through 4.25 are based on the
stiffeners withbg/ts = 10. If stockier stiffeners are used, then the AASHTO (2004)
area regquirement would be smaller thanin these figures For example, when the one-
sided stiffeners with by/ts = 5 are used in the girders with do/D = 1.0 and Fyw = 485
MPa (70 ksi), the AASHTO (2004) area requirement starts to govern at the point,
D/tw = 121 and the largest stiffener width required is 1.09 b'src=1). In Figure 4.21a,
the largest stiffener width required is 1.29 b'sr(c=1).

The solutions from both Horne and Grayson (1983) and Stanway et a. (1996) require

a stiffener size substantially larger than that required by AASHTO (2004) when the

web slendernessis in the vicinity of D/ty = 1.12 ,/E(/wa = 72. However, it iswell
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established and accepted that the stiffener size bs = bger(c=1) is sufficient at this value
of D/ty. Itisbelieved that the conservatism of the solution by Stanway et al. (1996)
for small D/t isrelated in part to the use of first-yield as the strength criterion for the

stiffeners in their work. FEA solutions from Stanway et al. (1993) presented in the

next section indicate that the data point (bs, D/tw) = (b'scr(c=1), 1.12 /E( IE.)

corresponds approximately to m, = 0.9 from Equation (2.13) (also see Tables 2.1
through 2.3).

For large D/t,, the solution from Horne and Grayson (1983) is dightly more liberal
than that based on bs = bser(c=1) (= b'serc=1) for do/D = 1) and based on the refined FEA
studies in this research. However, the requirement from Stanway et al. (1996) is

essentially the same as the latter two of these three solutions at D/t,, = 300.

As noted above, al the normalized solutions in Figures 4.21 through 4.25 are the
same for the girders with one- or two-sided stiffeners with the exception of the AASHTO
(2004) results. Figure 4.21b shows the corresponding plot for do/D = 1 and girders with
two-sided stiffeners. One can observe that in this case, the area requirement does not
control the size of the stiffener until D/t,, > 204. Asaresult, the stiffener size bs
permitted by AASHTO (2004) is substantially smaller than that required by the refined
FEA solutions and by the rule bs = ber(c=1). The two-sided stiffener width allowed by
AASHTO (2004) is as small as 0.46bs(c=1). In terms of the moment of inertia, this
corresponds to s values as small as (0.46)* lsr(c=1) = 0.045 lrc=1)-

The solutions for other do/D values, shown in Figures 4.22 through 4.25, are similar
to the above with the exception that the required by/b'ser(c=1) values obtained from the

refined FEA solutions tend to be less than one, particularly for larger D/t,,. Also, for the
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plots corresponding to do/D > 1, one additional curve is shown. This curve shows
b'ser/0'ser(c=1) based on Equation (4.8) with |s = I'y. By comparing this curve to the
portion of the AASHTO (2004) curve governed by the moment of inertia requirement,
one can ascertain the reduction in the stiffener sizes permitted by the recommended
Equations (4.1) to (4.3) relative to the AASHTO (2004) requirements for stiffener
spacings d, greater than D.
4.6.2.2.2. Comparisonsto the Parametric Study Resultsfrom Prior Research

Figures 4.26 through 4.28 compare the normalized stiffener size requirements from
AASHTO (2004), Horne and Grayson (1983) and Stanway et al. (1996) to the FEA
solutions generated by Stanway et al. (1993 and 1996) corresponding to m, = 0.9 (see
Equation (2.13)). Stanway et a. (1993 and 1996) assumed Fyy, = Fys = 245 MPa (36 k)
in all of their solutions. Therefore, Figures 4.26 through 4.28 serve the important purpose
of illustrating the stiffener size requirements for significantly different web and stiffener
yield strengths than those considered in the current research. All of the FEA studies
conducted in the author’ s studiesfocus on Fyy, = Fys= 345 MPa (70 ksi). Theplotsin
Figures 4.26 to 4.28 are the same format as those in Figures 4.21 to 4.25, but the results
fromthe different approaches to sizing of the stiffeners are compared to the FEA results
from Stanway et al. (1993 and 1996) for Fyw = Fys= 245 MPa (36 ksi). Stanway et al.
studied girders with do/D = 0.5, 1 and 2. Asin Section 4.6.2.2.1, theresultsfor do/D =1
are presented first (see Figures 4.26a and b) since the demands on the transverse
stiffeners are the largest for this panel aspect ratio.

One can observe from Figures 4.26a and b that once again, the simple rule bs =

bser(c=1) = b'sr(c=1) Qives an accurate fit to the required stiffener size obtained from the
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Figure 4.26a. Required stiffener sizes, girders with one-sided stiffeners, do/D =1,

Fyw = 245 MPa (36 ksi).
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Figure 4.26b. Required stiffener sizes, girders with two-sided stiffeners do/D =1,
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Figure 4.27a. Required stiffener sizes, girders with one-sided stiffeners, d/D = 0.5,

Fyw = 245 MPa (36 ksi).
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Figure 4.27b. Required stiffener sizes, girders with two-sided stiffeners do./D = 0.5,

Fyw = 245 MPa (36 ksi).
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Figure 4.28a. Required stiffener sizes, girders with one-sided stiffeners, do/D = 2,

Fyw = 245 MPa (36 ksi).
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refined FEA solutions (in this case for m, = 0.9). Also, it isimportant to note that

Stanway’ s solutions in these figures indicate that bs slightly smaller than bsr(c=1) is

acceptable at D/t, =80<1.12.[Ek IF,, - Itisimportant to note that at small D/t

values, the differences between the strengths for Is = 0 versue Is = ¥ are somewhat small.
Thisfact is shown clearly in separate FEA solutions presented by Raha and Harding
(1990a) with Fyw = Fys = 355 MPa. Therefore, the use of m, = 0.9 asacriterion for
proportioning of the stiffeners allows the web to achieve nearly the strengthassociated
with Is=¥ at small D/t values.

The result that bs = b'ser(c=1) IS adequate to develop the fully-plastic web shear strength

a D/ty=1.12 /B( /F,, isaso demonstrated in Figures 4.27 and 4.28, where Stanway’ s

solution corresponding to b/t, = 80 is essentially equal to b'src=1). One should note that
for do/D = 0.5, b/t,, = 80 corresponds to D/t,, = 160. Therefore, Figures 4.27 verify this
result for a case in which the web is relatively thin and V, =V, is developed by using a
relatively small spacing of the transverse stiffeners ds.

The stiffener design requirement given by Stanway’ s Equations (2.13), (2.14) and
(2.30) to (2.33) and given by Horne and Grayson’ s Equation (2.15) are significantly

larger at small D/t,, compared to Stanway’ s FEA solutions for m, = 0.9 aswell asto the

data point (bs/bscr(c=1), D/tw) = (1, 1.12 JEK/ Fo )2. Thisisaso consistent with the

2Thebd/ b'ser(c=1) versus D/, curve corresponding to Stanway’ s equationsis not shown in Figures 4.28
through 4.30. Thisis because the normalized results from these equations in general depend significantly
on the values of bg/D and t4ty, (i.e., different bg/b'syc=1) versus D/t,, curves are produced for different by/D
and/or ty/t,), and the values of bs/D and t4t,, for the recommended stiffener sizes obtained by Stanway for
the different web slenderness values he studied (b/t,, = 80, 120 and 180) are different. The result isthat
Stanway’ s (D/tw, bs/0'sr(c=1)) data points for different D/t,, fall on somewhat different bg/b'ser(c=1) versus
D/t,, curves. Inthe previous Figures 4.23 to 4.27, the corresponding data points fall on different curves, but
these curves are all nearly the same.
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results discussed in Section 4.6.2.2.1. Furthermore, Stanway’ s and Horne and Grayson’ s
equations tend to allow smaller bs/bsrc=1) Valuesin all cases for larger D/ty, as observed
previously in Section 4.6.2.2.1. However, the smallest value of by/b'ser(c=1) for the FEA
solutions shown in Figures 4.26 to 4.28 is 0.75 (see Figures 4.27) whereas the smallest
value for the FEA solutions shown in Figures 4.21 t0 4.25 is 0.58 (see Figures 4.24).

The AASHTO (2004) solutions shown in Figures 4.26 to 4.28 a so exhibit the same
characteristics as those illustrated previoudly in Figures 4.21 to 4.25. Of critical
importance, the AASHTO (2004) equations again result in sizes for two-sided stiffeners
that are substantially smaller than those needed to develop the shear postbuckling
strengths. Conversely, for girders with one-sided transverse stiffeners, the AASHTO
(2004) equations result in stiffener sizes that are significantly larger than required by the
refined FEA solutionsin certain cases. They dip below the requirements indicated by the
FEA solutions for 100 < D/ty, < 160 in Figure 4.26a and for 160 < D/t < 250 in Figure
4.27a.

Figures 4.26 through 4.28 illustrate an important attribute of the AASHTO (2004)

equations for D/ty < 1.12 .[Ek IF,,, - Asthe web slenderness is reduced relative to the

maximum D/t,, value corresponding to C = 1, the stiffener size required by the AASHTO
(2004) moment of inertia equation increases dramatically. Thisis due to the fact that the
AASHTO (2004) moment of inertia requirement gives the stiffener size needed to
develop the elastic buckling strength of the web panel, V¢ o. However,at C=1, Vg g =
1.25V,,. Furthermore, Vg ¢ Varies with the inverse of (D/ty)? and Ver o becomes

substantially larger than V,, for D/ty < 1.12 ,/Ek IF, - Thetransverse stiffener size

needed to develop Ve is excessive and is not needed at small D/t,, values. Thisfact is
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recognized in AASHTO (2004) by the addition of a provision which states that

connection plates in members with

Dgas|E (4.10)
tw wa

need not satisfy the moment of inertia requirement of Equation (2.1). The Engineer
should note that the limit in Equation (4.10) is identical to Equation (4.4) but using the

AASHTO (2004) value of k = 5 for an unstiffened web. The results discussed above

indicate that bs = b'scr(c=1) is sufficient for Dity < 1.12 ,/Ek / Fo -

One concern considered regarding the use of bs = b'scr(c=1) for Dity < 1.12.,/Ek / F. IS

whether an inelastic web buckling failure might occur across multiple web panelsin
cases with small do/D. In as such, the calculation of the inelastic buckling resistance of
an infinitely long web panel reinforced by equidistant tranverse stiffeners of equal Is=
I'serc=1) 1S considered for an assumed minimum do/D = 0.5 using the equations in Bleich
(1952). It can be shown that the shear buckling coefficient for the above type of girder is
smaller for lesser Fyy. Therefore, the solution from Bleich with Fyy, = 230 MPa (33 ksi)
is employed.

Figure 4.29 shows the shear buckling coefficient as a function of the web slenderness.
One can observe that, given the above value of Fy., the shear buckling coefficient
decreases from a value larger than specified by Equation (2.7) at D/ty = 169 (k = 26.74)
to the value 11.7 at D/t, = 50. Thisis due to the inability of the transverse stiffener with
Is = I'ser(c=1) develop the elastic buckling strength of the web associated with Is= ¥ for
D/tw < 169. From Equation (4.10), for Fyw = 230 MPa (33 ksi), the web fully plastic

shear strength can be developed for an unstiffened web at D/t,, = 75. Furthermore,
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Figure 4.30 shows that the elastic shear buckling strength of the infinitely long stiffened
web plate with do/D = 0.5 increases continuoudly for D/t,, < 169, and at D/t,, = 50, Cy =
VeralVp is greater than six if stiffeners are provided with Is = I'src=1). Thisfigure also

shows the ratio of the inelastic buckling strength to the fully plastic shear strength of the

above plate, V¢/Vp, based on Bleich’ sinelastic buckling approach.

At Dity, = 1.12 [Ek / F. =166, using k = 25 from Equation (2.7), the AASHTO

(2004) shear strength equations give C = 1 whereas Bleich’ sinelastic buckling solution
givesC=0.91. At D/t,, =130, Bleich’ s solution gives C = 0.95. The Engineer should
note that Bleich's solution does not account for any incidental restraint from the torsional
stiffness of I-girder flanges or the transverse stiffners. Also, Bleich (1952) assumes a
smaller proportional limit of 0.75 compared to 0.80 in the AASHTO (2004) equations,
and Bleich assumes a continuous inelastic buckling strength with C < 1 for al D/t,, >0

whereas AASHTO (2004) takes the shear strength as Vi, = V¢ = Vp at D/t <

1.12_[Ek /F,,, =166, assuming that the transverse stiffeners have adequate rigidity. At

Dity=1.12 \|[EK /F,,, =166, AASHTO (2004) requires Is= lsr = I'sr(c=1) for do/D = 0.5.

Since this requirement is satisfied by the above hypothetical stiffener, the AASHTO
(2004) solution of C =1 is accepted at D/t,, = 166 (versusthe solution C =0.91 by
Bleich’ sequations). Since Bleich’ sinelastic buckling solution gives larger C values for

D/tw < 166, one can conclude that Bleich’ s equations confirm that the use of Is = I'sr(c=1)

is sufficient for all D/t,, valueslessthan 1.12 . /Ek /F

yw ?

even for the most critical cases

involving a potential web buckling failure across multiple panels.
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Figure 4.29. Shear buckling coefficient for an infinitely long plate subdivided by
equidistant stiffeners with Is = I'ser(c=1) versus the AASHTO (2004) k value, do/D = 0.5.
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Figure 4.30. Elastic and inelastic buckling solutions Cy = V¢ a/Vp and C = VeV, from
Bleich (1952) for an infinitely long plate subdivided by equidistant stiffeners with 1=
Ilg:r(C:]_), d()/D = 05 E:Tld wa = 230 M Pa(33 kS)
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4.7. Consideration of General Stiffener Cross-Section Geometry

The FEA studiesin this research, as well as in the research by Stanway et al. (1993
and 1996) and by Raha and Harding (1990a and b, 1991), are based specifically on ore-
or two-sided plate stiffeners with bdts = 10. For the development of design provisions, it
isimportant to consider the implications of other stiffener geometries. Based on the
findings that the stiffener strength behavior is governed more by bending than by axial
loading effects, one can conclude that one- and two-sided plate stiffeners with byts < 10
should be handled conservatively by a stiffener moment of inertia requirement derived
from the above studies. Thisis based on the reasoning that the ratio of the elastic section
moduli for two stiffeners with different bs/ts, but in which each stiffener provides the

samels, is

(4.11)

Therefore, if stiffener 1 has a smaller width-to-thickness ratio than stiffener 2, it will have
alarger eastic section modulus. Similarly, it can be reasoned that angle stiffeners with
b/t < 10 for the outstanding leg should be handled conservatively.

Conversely, it can be reasoned that requirements based on the above studies may be
overly optimistic for bdts or b/t values greater than 10. However, for by/ts = 16, which is
the largest stiffener width-to-thickness ratio permitted by AASHTO (2004), Equation
(4.11) gives Sq/Se = 1.12. Furthermore, for Fys > 245 MPa, the AASHTO (2004)
provisions utilize a conservative effective value for the stiffener yield stress given by the

elastic local buckling stress Fs previously described by Equation (2.27) for
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b 056 | E (4.12)
ts Fys

If these provisions are retained from AASHTO (2004), the largest b/ts at which Fers = Fys
is13.5 for Fys= 345 MPa (50 ksi). For bdts = 13.5, the ratio of the elastic section
modulus relative to an alternate stiffener with by/ts = 10 is Su/Se = 1.08. For larger Fys
values, the corresponding stiffener width-to-thickness ratio at which F¢sisreduced below
Fysisasmaler value. Given the gradua increasein |-girder shear strengths with
increasing |, and the fact that the final recommended stiffener | values are somewhat
larger than the knuckle values in Figures 4.1 through 4.7 in al cases with the exception of
curved I-girders with D/t,, = 300, do/D = 1 and one-sided stiffeners on the inside, and
given that the stiffener section modulus varies with b for a given byts, the author judges
the above S /Sy values to be acceptable.
4.8. Stiffenerswith Fys < Fyw

It is aso important to consider the potential influence of stiffener yield strengths
smaller than Fyy. The yield strengths used for stiffeners in bridge I-girders may often be
smaller than the web yield strength particularly if Fy > 345 MPa (50 ksi). Also, itis
important to account for potential local buckling effects if larger values of bs/ts within the
AASHTO (2004) limits are used with Fys> 245 MPa (36 ksi). The use of Fesasan
effective yield strength of the stiffener is one way of addressing these effects.

For the moment capacity of a stiffener with a smaller actual or effective Fys to bethe

same as an alternate stiffener with Fyo = Fyw, one must have

Sa

R W
il (4.13)
SSZ Fys:l
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If these two stiffeners are taken to have the same bdts (the influence of different values of

bdts is addressed in the previous section), then Equation (4.13) requires

| m: b4/ 3
la = gﬂ: (4.14)
Fag

ISZ
4.9. Consideration of Caseswith V, <f V,

Asdiscussed in Section 2.3.1, the AASHTO (2004) area requirement (Equation
(2.28)) accounts for the fact that the demands on the transverse stiffeners are smaller at
shear loads smaller than the shear capacity. This type of ruleis not included in the
recommended equations for design of transverse stiffeners presented in the following
section for the following reasons:

For the most commonly used stiffener type, a single rectangular plate attached to one

side of the web, the recommended equations permit a smaller stiffener size than

alowed in AASHTO (2004) as V, approachesf V.

For D/t values approaching 1.12.,[Ek IF,,, ; the recommended transverse stiffener

sizes approach the sizes required by AASHTO (2004) for development of the shear
buckling strength without the consideration of V /f V.

In some extreme cases, e.g., do/D = 1 and D/t, = 300 (Figure 4.2), the use of I
significantly smaller than the knuckle value may result in relatively large stiffener
deflections at the strength load level.

The term V/f V,, in Equation (2.28) causesthe shear resistance to be a continuous
function of the applied load level. This can lead to complications in rating of 1-girder
bridges. If the rating loads are larger than the original design loads, the stiffener may

be under-sized. As discussed in the commentary to the AASHTO (2004) provisions
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for steel |- girder design, places where the resistance depended upon the applied |oad

level in prior Specifications were eliminated wherever possible. Therefore, it is

recommended that the stiffener design requirements should be independent of V. If

the stiffeners are sized only to develop the shear buckling capacity, the girders would

be checked based on the shear buckling capacity in rating. If the stiffeners are sized

to develop the web postbuckling shear strength, then the full postbuckling shear

strength may be used in rating calculations.

4.10. Summary of Recommendations

Section 4.6.2.2 shows that the stiffener size that satisfies the moment of inertia

requirements from Equations (4.1) through (4.3) for development of the shear buckling

strength Vo = Ver =V, (C=1) at DIty =112 |/EK/F,, aso servesan an accurate to

somewhat conservative design to:

develop the postbuckling shear strength for all larger web slenderness valuesin

straight and curved I-girders and for either one- or two-sided plate stiffeners and

develop Vi, = V,, for al web slenderness values smaller than D/t = 1.12 | [Ek IE, -

This stiffener size is defined in terms of a required moment of inertia by Equation (4.5),

or in terms of arequired stiffener width for a given bs/ts by Equation (4.78). Based on the

additional considerations discussed in Sections 4.7 through 4.9, Equation (4.5) may be

expressed in the following general form:

bD3J
IsR - 15

0
1.4&5‘—3 ro’

yw @

where
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b = min(do, D) (4.16)

2.5

J= >- 20305 (4.17)
2, 9
éDg
5
=54+___ > 4.18
(do / D)2 ( )
r ¢ = maX(Fyw/Fers 1) (4.19)
and
0.31E
F.= — £F, (4.20)

b, 6
€t 5

Equations (4.15) through (4.20) have the following advantages:

These equations are based on providing adequate transverse stiffener bending
stiffness and strengthy the studies in this and prior research demonstrate that thisis a
more important consideration in developing the I-girder postbuckling shear resistance
than the satisfaction of an area or axial force requirement.

For Fys = Fyw, these equations give the same result as Equations (4.1) through (4.3)

for aweb that has a D/t,, equal to the largest slenderness value corresponding to C = 1,

Ditw=1.12 .[EK/F,,, .

For webs with larger D/t,, values, these equations provide consistent requirements for
one- and two-sided stiffeners, recognizing the fact that either of these stiffener types
exhibits similar behavior when their moment of inertia, calculated as defined by

Equations (2.4) or Equation (4.6), is the same.
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For webs with larger D/t,, values, Equations (4.15) to (4.20) avoid unconservative
predictions by the AASHTO (2004) equations compared to refined FEA solutions and
to multiple prior research recommendations in genera for two-sided stiffeners and in
specific cases for one-sided stiffeners for girders with D/t,, values where the
AASHTO area requirement does not govern.

For webs with larger D/t,, values, these equations avoid conservative predictiors by
the AASHTO (2004) equations compared to refined FEA solutions and to multiple
prior research recommendations in a number of cases with one-sided stiffeners.
These equations tend to be conservative relative to the refined FEA solutions
generated in this work for web slenderness values approaching the maximum
AASHTO (2004) limit of D/t = 300. However, they produce similar results to the
eguations recommended by Stanway et al. (1996) at these large D/t,, values. Given
that the consequences of stiffener failure for reduction in strength and non-ductile
post-peak 10ad-deflection response tend to be greater for larger D/ty, vaues, this
apparent greater conservatism for the largest D/t,, values is believed to be justified.
For the most critical web aspect ratio (do/D = 1), the recommended equations give an
accurate representation of the requirements determined from the refined FEA
solutions generated in this work.

Equation (4.15) indicates that the transverse stiffener requirements vary as afunction
of (Fyw)™°. Interestingly, Rahal and Harding (1990a) conclude independently that
the stiffener maximum lateral deflections are proportional to (wa)1'5, and in as such,

use this form in the development of their recommended stiffener design equations.
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For girders that are designed only for the web shear buckling strength, it is
recommended that the transverse stiffeners should satisfy the smaller limit defined by:

(a) Equations (4.1) to (4.3), and

(b) Equations (4.15) to (4.20).

In this case, Equations (4.1) to (4.3) govern for D/ty > 1.12 /EK /F,

yw ?

and Equations

(4.15) to (4.20) govern for D/t,, smaller than the limit corresponding to C = 1. The use of
Equations (4.15) to (4.20) for D/ty, < 1.12 ,/E(/wa recognizes the fact that the

demands on the transverse stiffeners do not increase dramatically for webs stockier than
the limit corresponding to C = 1. Thisfact is aready recognized within AASHTO
(2004) by the restriction associated with Equation (4.10), which specifies that the |«
equations are not applicable to connection plates in girders having a web senderness
such that C = 1 is developed using the shear buckling coefficient for an unstiffened web
(k =5). The application of the above recommended rule further relaxes the
corresponding transverse stiffener design provisions from prior AASHTO Specifications,
removing the conservatism of the prior equations for girders approaching the limit of

Equation (4.10).
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CHAPTER YV

CONCLUSIONS

51 Summary

This thesis investigates the behavior of one- and two-sided intermediate transverse
stiffenersin straight and horizontally curved steel 1-girders by refined full nonlinear finite
element analysis. The solutions from these FEA studies are combined with the results
from prior research to arrive at new recommendations for design of transverse stiffeners
in straight and curved I-girder bridges.

The FEA solutions generated in this research corroborate the findings from multiple
prior research studies that transverse stiffeners in straight steel 1-girders designed for
tension field action are loaded predominantly by bending due to the restraint they provide
to lateral deflection of the web panels. Generally, there is evidenceof some axial
compression in the transverse stiffeners due to the development of the tension field, but
even for the most slender web plates permitted for design by AASHTO (2004), the effect
of the axial compression transmitted from the postbuckled web plate is typically minor
compared to lateral loading effect. Thisindicates that the stiffener moment of inertia
and/or section modulus is a more important design parameter than the stiffener area. The
FEA studies of thiswork also show that in certain cases, significantly larger stiffener
bending rigidities are needed to prevent excessive lateral displacement of the stiffeners
and reduction of the maximum shear strengths in postbuckled webs compared to the
rigidities needed to maintain aline of near zero lateral displacement at the shear buckling

load. Thisis consistent with the findings of a number of prior research studies.
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The FEA solutions in this and prior studies indicate that for relatively small stiffener
bending rigidities, there is arapid gain in girder shear strengths Vimax with increasing
stiffener moment of inertials. However, beyond a certain value of |, the shear strength
reaches a plateau at which it is relatively constant with additional increasesinls. The
“knuckle” in the Vmax versus Is curvesis targeted in this as well as in other prior research
as an “optimum” value for the transverse stiffener moment of inertia. It is observed that
the Vimax versus |s curves for girders with one- and two-sided stiffeners are dightly
different, with the girders with two-sided stiffeners tending to have dightly larger
strengths for a given |s. Nevertheless, these differences are small enough such that they
can be neglected and one- and two-sided transverse stiffeners can be designed using the
same provisions without any undue penalty. Asobserved in prior studies, the above
consistency in the response of girders with one- and two-sided stiffeners is obtained when
Isis calculated assuming that the neutral axis of the stiffener is located at the web.

Similar conclusions are reached for the Vinax versus I s behavior of horizontally curved
versus straight |- girders. The shear strength gain with increasing | s is noticeably more
gradual for some curved I-girders. The strength gain is the most gradual for curved I-
girders with one-sided stiffeners and large web slenderness. However, even for girders
with the largest web slenderness allowed by AASHTO (2004) (D/t\ = 300) and the most
critical value of the panel aspect ratio with respect to demands placed on the transverse
stiffeners (do/D = 1), the differences between the different Vimax — Is curvesis small
enough such that it is feasible to develop one set of requirements for al types of

transverse stiffeners in both straight and curved I-girders.
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Sections 2.1.3 and 2.2.1 show that for do/D < 1, the lsrequired by AASHTO (2004)
IS an accurate approximation of the moment of inertia, |, needed to develop web panel
shear buckling strengths equal to the shear buckling resistance of a simply supported flat
plate of the same dimensions. However, the AASHTO (2004) equation for s isshown
to be somewhat conservative for increasing do/D values greater than one. These findings
are based in large part on the research by Stanway et al. (1993) and by Bleich (1952). A
simple modification to the AASHTO (2004) equationis proposed, involving the use of
the minimum of the stiffener spacing d, or the web depth D (i.e., b = min (d,, D)) within
the equation for |y, rather than d,. This modified moment of inertia requirement,
denoted by the symbol I'sy, is more accurate for do/D > 1.

Chapter IV showsthat the stiffener moment of inertia needed for devel opment of the
web shear postbuckling strength varies from |« to 85I« depending on do/D and D/,
where | & isthe AASHTO (2004) moment of inertia requirement. However, for a given
do/D, the stiffener size that gives Is = I'sy for aweb thickness such that V,, =V, (or C = 1)
IS an accurate to somewhat conservative size for all values of D/ty. This particular
gtiffener size is represented in this thesis as the moment of inertia requirement I'scr(c=1) Of,
for agiven bs/ts, as the stiffener width requirement b'src=1). The following form of the
equation for I'sxc=1), Which includes the additional term r*" to account for the potential
use of stiffeners with asmaller yield or effective yield strength (based on stiffener local
buckling considerations), is recommended for the design of transverse stiffenersin all

types of curved and straight bridge I-girders:
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= maX(wa/Fcrs 1) (5.3)

The term Jin Equation (5.1) is the same as the corresponding term in the AASHTO
(2004) equation for I, the term k in Equation (5.1) isthe AASHTO (2004) shear
buckling coefficient, and the term Fs in Equation (5.3) is the stiffener effective yield
strength accounting for local buckling considerations given by AASHTO (2004).
Stiffeners sized using Equation (5.1) are adequate in terms of both strengthand stiffness

for development of tension field action in both curved and straight |- girders with D/t,, >
1.12\/WFWV, inwhich case C = V/V, isless than one. Also, stiffeners sized using this
equation are adequate to maintain C = 1 in web panels where D/t,, is smaller than the
above limit correspondingto C = 1. InI-girders designed based on the web shear

buckling resistance, without consideration of tension field action, the stiffeners may be

sized for the smaller of I's;y and Ir. Inthis case, the I's; equation governs for D/ty, >

1.124/ Ek /F,,, whereas Equation (5.1) governs for D/t < 1.124/E< IE,, -

Equation (5.1) has a number of advantages relative to the AASHTO (2004)

provisions for design of intermediate transverse stiffeners:
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The AASHTO (2004) equation for the required stiffener area typically does not
govern relative to the AASHTO |, equation when used to check two-sided transverse
stiffeners. As noted above, transverse stiffeners with s = lg; are in many cases
insufficient to develop the web postbuckling strength. In cases where the AASHTO
(2004) area requirement governs the design, it tends to result in significantly
undersized two-sided tranverse stiffeners. Equation (5.1) fixes this unconservatism
with the use of a single equation that gives consistent results for both one and two-
sided stiffeners.

The AASHTO (2004) provisions for transverse stiffener design result in one-sided
stiffeners that tend to be too small in certain cases where the area requirement does
not govern. The cause of this unconservative nature of the AASHTO (2004)
provisions is the same as the cause of the above problem for two-sided stiffeners:

Is = lsr IS generaly not sufficient to develop the web postbuckling strength. However,
in one-sided stiffener cases where the AASHTO (2004) area requirement governs, the
resulting stiffener size is often conservative relative to the requirements determined
from refined FEA solutions in this and other prior research. Equation (5.1) tends to
be accurate for al D/t, values relative to the refined FEA solutions generated in this
research for do/D = 1, whereas it tends to be somewhat conservative relative to the
refined FEA solutions at large D/t,, values with other panel aspect ratios. However,
in most cases, Equation (5.1) is less conservative than the AASHTO (2004)
provisions at these large D/t,, values. Also, Equation (5.1) tends to give an accurate
to somewhat conservative estimate of the stiffener size required in procedures

forwarded by Horne and Grayson (1983) and by Stanway et al. (1996) at large web
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denderness values. These more conservative solutions are believed to be merited for
girders with large D/ty, since the consequences of stiffener failures are more severe in
these cases.

Since Equation (5.1) is based on Is = I's &t the web thickness giving V¢ = Vp, (C = 1),
it obvioudly gives the correct stiffener size in this limit at which the transverse
stiffeners are not required to develop any tension field action The equations
proposed by Stanway et al. (1996) generally require a stiffener moment of inertia
significantly larger than I'sy(c=1) at this limit of the web thickness. The Horne and
Grayson (1983) equation tends to give a dlightly more liberal stifferer size at this
limit for girders with do/D = 0.5, but generaly requires alarger stiffener at this limit
for do/D = 0.8.

For webs where d,/D and D/t,, are small enough such that C = 1, i.e., when D/t,, <

1.12. / Ek /F,,, , Equation (5.1) avoids excessive stiffener sizes obtained using the

AASHTO (2004) |« equation. The AASHTO (2004) |« equation requires
excessively large stiffeners as D/t is reduced below the above limit since this

equation is based on developing the elastic buckling load of the web plate. However,
as D/t approaches 2.5 \/TFWV (the above limit with k = 5), the web is adequate to
develop C = 1 without any stiffening. Section 4.6.2.2.2 shows an example inelastic
buckling solution from Bleich (1952) for a critical case with relatively large D/t

values, but with small do/D and Fy,, such that C = 1. This solution corroborates FEA

results indicating that the transverse stiffener moment of ineritia does not need to be

increased relative to I'sc=1) when D/ty, < 1.12 /H( / Fw -
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Equation (5.1) recognizes the fact that one- and two-sided transverse stiffeners with
equal Is exhibit similar performance. Thisis consistent with prior findings by Horne
and Grayson (1983), Rahal and Harding (1990a, 1990b and 1991), Stanway et al.
(1993 and 1996), Xie (2000), and Lee et a. (2002 and 2003). However in the cases
where the AASHTO (2004) area requirement governs, the resulting moment of inertia
Is isdifferent for one- and two-sided stiffeners. Therefore in these cases, the girder

strengths will be different depending on stiffener type (either one- or two-sided).

5.2. FutureWork

The present study provides a reasonably comprehensive assessment of the general

requirements for the design of one- and two-sided transverse stiffenersin curved and

straight |- girder bridges. Nevertheless, anumber of additional studieswould be

worthwhile:

In this research, bdts of the transverse stiffenersis set at 10 in all cases. It would be
useful to confirm the reasoning discussed in Section 4.7 that the recommendations in
this work, based on by4/ts = 10, are sufficiently accurate for larger bdts and are not
overly conservative for smaller bdts values.

In this research and in other prior studies, the influence of Fys < Fyw has not been
considered explicitly. The adjustment factor given by Equation (5.3) should be
evaluated by a number of specific finite element studies. Also, stiffeners with bd/ts
values such that Fersin Equation (5.3) is less than Fys should be tested to confirm the
conservatism of the AASHTO (2004) equivalent yield strength Fers.

Although the geometric imperfection patterns utilized in this research are believed to

provide an adequate representation of the strength behavior, additional studies should
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be conducted to verify that there are no precipitous drops in shear strength or
significantly larger demands on the transverse stiffeners for other imperfection
patterns. For example, the geometric imperfection pattern that Rahal and Harding
(19904) found to be the most critical for do/D = 0.5, shown in Figure 3.6, should be
investigated for the curved and straight 1-girders considered in this study. Also, for
do/D > 1, geometric imperfection patterns with multiple waves along the length of the
individual panels should be considered.

Horne and Grayson (1983) observe that when the stiffener bending rigidity isin the
region of the “knuckle value” of the Vimax versus Is curve, their solutions involving
panels with a single stiffener, similar to the solutions in this study, are essentially the
same as solutionsinvolving four panels of equal dimensions, separated by three
stiffeners Rahal and Harding (19904) also state that the single stiffener model is
valid as long as the solution is not within the region of the Vimax — Is curve in which
the strength drops rapidly with changesin Is. In general, if afailure occurs across
more than two web panels, or more than one transverse stiffener, the resulting
reduction in the shear strength can be much larger than the reduction in the cases
considered in this research. It would be useful to determine the Vimax versus Is curves
for cases similar to the girders considered in this study with do/D =1, 2 and 3, but
with multiple intermediate stiffeners within the middle unbraced length between
locations 2L and 2R (see Figure 3.1). It islikely that the girder cross-sections would
need to be redesigned for flexure however, since the subdivision of the web by

multiple stiffeners will in general significantly increase the shear strength.
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None of the girders considered in this study contained longitudinal stiffeners,
although the solutions generated for D/t,, = 300 in this research are targeted at the
design of these types of members. It isimplicitly assumed that the strength of
longitudinally stiffened I-girders, and the corresponding demands on their transverse
stiffeners, are predicted conservatively by not including the longitudinal stiffeners
within the FEA model. Also, it is assumed that the additional AASHTO (2004)
regquirements on the transverse stiffenersin longitudinally stiffened |- girders would
still be applied along withthe recommended equations. It iswell known that in
general, the stability behavior of structures is not always enhanced by adding material.
For this reason, as well as for the reason that the demands on the transverse stiffeners
in typica longitudinally stiffened |- girders may be smaller due to the presence of a
longitudinal stiffener, a number of curved and straight girder studies withtypical
longitudinal stiffeners included would be useful.

Lastly, it would be valuable to perform a few experimental tests focused on cases that
exhibit the greatest demands on the transverse stiffeners, for example curved girders
with do/D = 1, D/t = 150 and 300, and one-sided transverse stiffeners located on the
inside. These transverse stiffeners should be sized in the vicinity of the recommended
Iz values, the knuckle values determined in the FEA studies as well as somewhat
smaller values, to provide a critical validation of the FEA solutions. The girder

imperfections should be measured precisely and input into FEA models of the tests.
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