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A B S T R A C T   

A series of validated finite element models are used to parametrically evaluate the participation of flanges and 
transverse stiffeners in the post-buckling web shear mechanics of welded I-shaped steel plate girders. The models 
are validated against the results of six large-scale web shear-buckling tests from the existing literature on highly 
slender plate girders (with web slenderness ratios of 250–267) and varying transverse stiffener spacing (with web 
panel aspect ratios from 1 to 4). All girders exhibited a 3-stage web shear-buckling response: 1) an initial linear 
elastic stage, 2) a post-buckling stage I during which shear stiffness begins to progressively decrease, and 3) a 
post-buckling stage II with either significantly reduced or negative stiffness after the buckled web panel has 
formed a yield mechanism. Increasing the flange thickness in a given girder configuration can change the mode 
of the post-buckling stage II response from gradual unloading (with ultimate shear reached at the end of post- 
buckling stage I) to positive hardening (with ultimate shear instead reached during post-buckling stage II at 
much larger displacement and with a 5–15% increase in shear resistance from the end of post-buckling stage I). 
At ultimate shear, the transverse stiffeners develop axial forces that equal only 10–30% of the applied shear load 
depending on their sizing, the panel aspect ratio, and the web plate thickness. The stiffeners are primarily 
engaged in the web’s out-of-plane direction to impose panelization and less as an axial strut for the post-buckling 
load path.   

1. Introduction 

Deep I-beams fabricated from welded flat steel plates (e.g., plate 
girders) have been commonly used in steel construction practice 
worldwide for more than a century. To maximize their material effi
ciency, plate girder design relies heavily on the shear capacity of the 
slender web, thus maximizing flange separation and minimizing self- 
weight to meet the flexural demands of long spans. Web plates that 
elastically buckle due to shear still possess a significant amount of post- 
buckling shear resistance [1], which is considered in contemporary 
strength-based design of slender steel plate girders [2–4]. Over the last 
century, more than a dozen proposals have been developed to explain 
and predict the post-buckling shear strength of thin webs in plate girders 
based on tension field action [5], which posits that the main source of 
post-buckling shear strength is the development of tensile stresses in a 
defined diagonal field that is mobilized after elastic shear buckling [6]. 
The dimensions of these diagonal tension fields are defined by the 
intermittent placement of vertical (e.g., transverse) stiffeners, which are 

typically welded to the web to create panel zones with a targeted aspect 
ratio. 

The evolution of the various proposed models for post-buckling 
behavior in slender web plates (including the supporting experimental 
and computational literature) has been extensively documented in two 
recent journal publications [7,8]. With a few exceptions [9], nearly 
every model incorporates some form of tension field action [5]. The 
primary differences between the various models focus on the assumed 
shape of the tension diagonal in the stiffened web panel and the distri
bution of the shear stresses in the web to the bordering stiffeners and 
flange plates after buckling occurs. The earliest attempts at deciphering 
the mechanics of web shear post-buckling in the 1890’s [10–14] sug
gested that a buckled web panel (defined by intermediate vertical 
stiffener placement) would emulate a Pratt or N-type truss. Per this 
theory, the tension diagonal that develops across the buckled web would 
be anchored at its ends to the flange (acting as a horizontal chord) and/ 
or an intermediate stiffener (acting as a vertical truss element that 
transfers load between the chords). About 50 years later, researchers at 
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Lehigh University further investigated the role of tension field action in 
the post-buckling ultimate capacity of slender plate girder webs. Via a 
series of tests in the late 1950’s, Basler et al. [15–17] proposed the 
foundational model for tension field action which still serves as the basis 
for many modern design standards. 

Since then, numerous studies have proposed modified theories and 
mechanical models of web shear buckling behavior [7]; a summary of 
the most prominent among these models is presented in Section 2. 
Despite the ongoing research exploration of the web shear buckling 
mechanism, disagreements persist regarding, among other things, (1) 
the role of the stiffeners and flanges in anchoring the tension field, (2) 
the contribution of compression forces that emerge in the buckled web 
in the direction orthogonal to the tension field, and (3) the width of the 
tension field itself. Convincing methods are needed to examine the load 
flow within the web panel as well as between the web, flange, and 
stiffener plates during the post-buckling stages of web shear behavior. 

In this paper, the two seminal girder tests at Lehigh University by 
Basler et al. (specimens G6 and G7 [15–17]) as well as four recent tests 
at the Technical University of Denmark by Hansen (specimens G1 
through G4 [18,19]) are used as the basis for numerical investigation, 
first for finite element (FE) model validation and then for parametric 
evaluation. The participation of the flanges and stiffeners in anchoring 
the tension field in the buckled web as well as their contributions to the 
load path at ultimate shear resistance are evaluated via systematic sizing 
variation. The modeling results are used to illustrate the sensitivity of 
the shear post-buckling response, particularly the onset of subsequent 
post-yield behavior, to the relative stiffnesses of the web, flange, and 
stiffener plates. Furthermore, the results compared with the presumed 
levels of flange and stiffener participation that are inherent in current 
design models for tension field action in buckled slender webs under 
shear. 

2. Background 

As shown in Fig. 1a, a flat web plate loaded in pure shear will 
theoretically have principal stresses acting at a 45◦ angle prior to elastic 
buckling. In Fig. 1b, Basler’s model [15] suggests that the diagonal 
tension in the pre-buckled web intensifies after the web has buckled, 
thus forming a discrete tension field at an angle that is now shallower 
than 45◦. Basler’s model relies on several assumptions regarding the 
load path in the buckled web once the tension field has developed. By 
providing out-of-plane flexural stiffness, the intermediate stiffeners 
define the panelization that enables the emergence of the diagonal 
tension field after buckling occurs. By assuming that the buckled web 
loses most of its compressive resistance in the direction orthogonal to 
the tension field, Basler stated that “the stiffener must take the vertical 
component of the diagonal stresses out of the web at one end and 
transfer them to its other end” as a compression strut between the chords 
[15]. The flanges then “exhibit a tendency toward truss action” [17] to 
resolve the loads as chords that anchor the vertical stiffeners. Basler 
assumed that the flange plates lacked the weak axis flexural stiffness that 

would be needed to directly anchor the tension forces in the web diag
onal – this is expressed in Fig. 1b, in which the ends of the tension field 
are anchored to the stiffeners and then terminate at the stiffener-to- 
flange interface. Subsequent experimental [20] and computational 
[21] studies by Lee and Yoo also indicated that direct anchorage of the 
tension field to the flange was not necessary to mobilize post-buckling 
tension field action. Also, a recent computational study by Alinia et al. 
[22] suggested that the locations of post-buckling flange deformation 
are not directly correlated to the anchorage of the tension field stresses 
but rather a byproduct of the increasingly large shear deformations of 
the buckled panel. 

Despite the widespread use of Basler’s model in current practice, the 
role of the intermediate vertical stiffener in the model’s load path has 
come into question in recent decades. During that time, several studies 
[23–28] have shown that the transverse stiffeners develop much less 
compression than would be expected in a Pratt truss emulation. Instead, 
these plates would primarily experience bending and provide out-of- 
plane stiffening to define the web panelization. As a result, the 
AASHTO [2] and AISC [3] design requirements for steel plate girders as 
of 2010 no longer stipulate axial resistance requirements for the inter
mediate vertical stiffeners. Instead, the commentary in these standards 
now suggests that the web itself provides the vertical compression strut 
to emulate the Pratt truss load path. 

Additional studies have gone further to suggest that the vertical 
compression strut via either the stiffener or the web plays a smaller role 
than Basler’s original model suggested. For example, research by Yoo 
and Lee [29] suggested that the web, with sufficiently stiff boundary 
conditions, could self-equilibrate using the increase of compression 
stresses at the corners of the compression diagonal. Recent work by 
Glassman and Garlock [9] showed that the buckled web still retains 
some of its compressive resistance in the direction orthogonal to the 
tension field. Localized second-order bending in the buckled web due to 
the progression of out-of-plane deformations can also contribute to the 
ultimate shear post-buckling capacity, as demonstrated by Garlock et al. 
in a recent computational study [30]. 

The Basler model’s discounting of flange anchorage at the ends of the 
tension field has also been challenged by subsequent research studies. 
Experimental tests in the mid-1960’s at Cardiff University [31,32] 
indicated that the flanges for some plate girders can be engaged in 
localized flexure to contribute to the post-buckling resistance of slender 
webs. As shown in Fig. 1c, the resulting Cardiff model posits that the 
tension field is anchored to both the stiffener and the flange, and the 
ultimate post-buckling capacity is influenced by the development of 
plastic hinges at the flange-to-stiffener interface as well as in the flange 
at the edge of the tension field width [33]. Hӧglund [34] subsequently 
proposed a model based on “rotated stress field” theory – once shear 
buckling occurred in unstiffened girders, the resulting web membrane 
stresses would need to be anchored to “rigid” end posts to fully develop 
the shear resistance. The initial formulation of this model neglected the 
influence of the flanges on the post-buckling behavior; however, sub
sequent iterations would be expanded to include stiffened girders where 

(a) Pre-buckling                                (b) Basler                          (c) Cardiff                                  (d) Höglund

45°τcr
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Fig. 1. Prominent tension field theories for stiffened slender webs in plate girders under pure shear.  
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the tension field would span flange-to-flange and eventually create a 
plastic mechanism as shown in Fig. 1d. Höglund’s rotated stress theory 
currently serves as the basis for web shear post-buckling calculations in 
Section 5 of Eurocode 3, Part 1–5 [4] as well as in Section G.2.1 of AISC 
360–16 for calculating shear strength of webs without tension field ac
tion [3]. 

In 2008, White and Barker [5] used 12 previously proposed itera
tions of these post-buckling models to predict the ultimate shear 
strength in slender webs from 129 previously published experimental 
tests. The results indicated that the models based on the Cardiff 
approach provided the best overall accuracy but required significantly 
more calculation effort to predict the interaction of the tension field with 
the flanges. Models based on Basler’s approach provided a good blend of 
accuracy with relative simplicity since flange anchorage is neglected. 
Despite the general effectiveness of these foundational models, White 
and Barker’s evaluation also revealed significant variation in the pre
dictions from each model when applied across all 129 tests. Specifically, 
substantial standard deviations were calculated, and several outlier 
cases had tested shear resistances that were 25–120% larger than the 
model predictions. Though generally conservative, all models also had 
some predictions that were 10–25% lower than the lowest quartile of the 
test results [5]. 

In a recently published paper, new web shear buckling tests by 
Scandella et al. [8] on slender plate girders also showed reasonable 
agreement with Basler-based models for post-buckling shear capacity. 
The results of these tests indicated that the formation of a plastic 
mechanism per the current Eurocode/Höglund model did in fact mobi
lize some additional resistance and shear deformation ductility once the 
buckled web began to yield. In their study, Scandella et al. [8] suggested 
a generalized 3-stage breakdown of the shear response of slender webs 
in plate girders, which is illustrated in Fig. 2 and adapted for this study 
as follows:  

1. Linear Elastic Stage: When shear loading is initially applied, the web 
plate undergoes small deformations and exhibits linear elastic 
resistance. Minor out-of-plane deformations occur due to the pres
ence of initial imperfections; however, this state would generally be 
considered to be a “pure shear” response. The end of this stage is 
reached at a proportional shear limit, denoted as Vp in Fig. 2, at 
which point web shear buckling behavior becomes more prominent.  

2. Post-buckling Stage I: The web plate undergoes noticeable shear 
buckling, though not necessarily as a sudden bifurcation due to the 
presence of initial out-of-plane imperfections. Rather, the web settles 
into its buckled shape (depending on the magnitude and contour of 
initial imperfections) and increasingly deforms across the orthogonal 

compression diagonal both in-plane (which now has reduced stiff
ness relative to the tension diagonal) and out-of-plane (thus gener
ating second-order bending in the buckled shape). The diagonal 
tension field load path becomes increasingly prominent due to its 
larger stiffness relative to the compression diagonal. The shear 
displacement of the panel exhibits progressively less stiffness than 
during the linear elastic stage until the buckled web panel begins to 
develop a plastic mechanism at Vm in Fig. 2.  

3. Post-buckling Stage II: The stiffness of the shear load-displacement 
response reduces significantly after the buckled web develops a 
plastic mechanism. The yielded, post-buckled web panel increasingly 
engages the flanges and stiffeners as its own shear stiffness reduces. 
Shear deformations rapidly increase until a failure mechanism is 
reached via extensive web yielding, plastic hinging in the flanges, 
and/or exhausting the resistance of the stiffeners. Fig. 2 illustrates 
three potential modes of Post-buckling Stage II response:  
o Stage II-A: The shear resistance increases at a reduced rate (i.e. 

positive hardening) after the formation of the plastic mechanism at 
the end of Post-buckling Stage I. Ultimate shear load is reached at 
the peak of shear resistance during this stage (at Vu,II-A in Fig. 2), 
after which the shear resistance descends toward failure.  

o Stage II-B: The shear resistance reaches a local peak following the 
initial formation of the plastic mechanism at the end of Post- 
buckling Stage I and then slightly decreases. The shear resistance 
then recovers to develop additional shear resistance due to con
tributions from flange and/or stiffener support as well as hard
ening of the yielded, post-buckled web. A subsequent peak of shear 
resistance during this stage after significant deformation may or 
may not exceed that achieved at the end of Post-buckling Stage I. 
The representative example in Fig. 2 shows the ultimate shear load 
(Vu,II-B) being reached at the subsequent peak due to post-yield 
hardening recovery.  

o Stage II-C: Ultimate shear load is achieved at the end of Post- 
buckling Stage I (i.e. Vu,II-C = Vm in Fig. 2), after which the shear 
resistance descends as deformation increases toward eventual 
failure of the web panel. A post-ultimate mechanism that involves 
the flanges and/or stiffeners has developed but is unable to sup
port any post-yield increase in shear resistance past the end of 
Post-buckling Stage I. 

This 3-stage illustration provides a consistent, generalized descrip
tion of web shear post-buckling response that can incorporate the me
chanics used in all prevailing tension field models. Rather than simply 
trying to apply a single theory to a majority of cases, this approach 
instead recognizes that the post-buckling response of a particular plate 
girder design (particularly the mode of Post-buckling Stage II response) 
will depend on the relative sizing of the web, flange, and transverse 
stiffener plates. Both Lee et al. [35] and Scandella et al. [8] observed 
from previous test literature that a substantial flange thickness relative 
to the web thickness would be needed to provide the mechanism 
anchorage suggested by the Cardiff approach (Fig. 1c) and develop ul
timate shear resistance per Post-buckling Stage II-A. Likewise, the 
stiffener would be needed to mobilize the mechanical model proposed 
by Höglund (Fig. 1d). White and Barker’s aforementioned evaluation of 
published post-buckling models [5] noted that several of the 129 tested 
girders achieved ultimate shear loads that were significantly larger than 
the Basler-based model predictions. This suggests that ultimate shear 
strength for those cases may have been enhanced by the formation of a 
flange/stiffener mechanism via Post-buckling Stage II-A or II-B due to 
the sizing of those plates relative to the web. This study will therefore 
parametrically examine the influence of the flanges and transverse 
stiffeners on the mode of the Post-buckling Stage II response. 

3. Modeling approach 

The following objectives were used as the basis for the FE modeling 

Linear Elastic Stage

Post-buckling 
Stage I

Post-buckling 
Stage II

Sh
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II-A
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Vu,II-A

Vu,II-B
Vu,II-C

II-B

II-C

Fig. 2. Illustration of vertical load-displacement for a 3-stage web shear 
buckling response. 
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approach in this study:  

• FE predictions of ultimate shear resistance must not vary from those 
recorded in the experimental tests by more than ±10%, and prefer
ably less.  

• The vertical shear load-displacement behavior of the FE model 
should have good overall agreement with that from the test.  

• The FE model should exhibit the same post-buckling deformed shape 
as the test specimen.  

• Stress-strain relationships used as input for the steel material should 
resemble that obtained from coupon tests during each experimental 
program. In particular, realistic inelastic nonlinearity should be 
included in any prediction of post-buckling response [36].  

• Out-of-plane imperfections in the web should be appropriately 
representative of the initial imperfections that were observed in the 
tested web plates, if measured [37]. 

3.1. Girder prototypes 

Fig. 3 shows the respective dimensions, support conditions, and lo
cations of load application for the “Basler” [16,17] and “Hansen” 
[18,19] test specimens. Web shear buckling behavior was targeted to
ward the “test section” web portion in the middle of each girder, which 
has constant shear and minimizes moment per the diagrams shown in 
Fig. 4. The web slenderness (equal to the clear depth between the 
flanges, h, divided by the web thickness, tw) in the test sections was 267 
for the Basler girders and 250 for the Hansen girders. Outside the test 
section, the web was substantially thicker (and Basler et al. included 
additional stiffeners) to prevent unintended web shear deformation. The 
transition between web thicknesses was made via a welded butt joint 
and was placed at the longitudinal ends of the test section in the Hansen 
girders. In the Basler girders, the thinner web plate was extended 304.8 
mm beyond the extent of the test section for added web-shear 
continuity. 

Each of the six tested specimens was outfitted with equally spaced 
vertical intermediate stiffeners (not shown in Fig. 3 for simplicity) that 
were welded to the web to impose a particular web panel aspect ratio in 
the test section. Basler girders were tested with aspect ratios of 1 

(specimen G7) and 1.5 (specimen G6), and the Hansen girders were 
tested with aspect ratios of 1 (G1), 1.333 (G2), 2 (G3), and 4 (G4). The 
intermediate stiffeners in the test section had dimensions of 101.6 mm 
× 6.35 mm for the Basler girders and 70 mm × 3 mm for the Hansen 
girders. Larger bearing stiffeners were provided at all loading and re
action locations, and Basler et al. also reinforced the flanges at these 
locations with additional cover plates. All stiffeners in the Hansen 
girders were full-depth and fully welded to the web and flange in
terfaces. For the Basler girders, the same applied for all stiffeners outside 
the test section. The intermediate stiffeners in the Basler test sections 
were only welded to the web and to the compression flange (i.e. there 
was a 25.4-mm gap between the unwelded end of these intermediate 
stiffeners and the tension flange face). In all specimens, all stiffeners 
were installed symmetrically on both sides of the web centerline. 

3.2. Finite element model setup 

The girder specimens were modeled in Abaqus 2017 [38] using S4R 
shell elements with seven integration points (following the Simpson 
integration rule) through their thickness. Isometric views of some of the 
discretized FE models (which include equally spaced intermediate 
stiffeners in the test section) are provided in Fig. 5. The girders were 

(a) B-sr267-tr4-arXX-P

(b) H-sr250-tr5-arXX-F

Fig. 3. As-tested girder configurations per (a) Basler et al. [16,17] and (b) Hansen [18,19] (all dimensions in mm). Note that intermediate transverse stiffeners within 
the test sections are not shown for clarity. 
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meshed such that all shell elements were approximately square and the 
webs had 50 elements over their depth between the flanges. Similar 
element edge dimensions were used in the meshes of the flanges and 
stiffeners. This mesh density is similar to that used by the authors in their 
previous work on this topic [9,30,39,40] and was confirmed to be 
adequate via preliminary convergence analyses. 

The vertical extent of the web elements is set equal to the web depth 
h between the interior flange faces as shown in the Fig. 3 schematics. 
Welds between plates were modeled using a tie constraint between all 
degrees of freedom at co-located nodes. As a result, the flange element 
nodes (which are co-located with those of the web elements at their 
interface) are placed at ±h/2 from the longitudinal mid-height center
line of the web. The on-center separation between the top and bottom 
flange elements is therefore reduced from h + tf in Fig. 3 to h in the FE 
models, which will naturally have a slight impact on the strong-axis 
flexural resistance of the girder. However, the flexural bending effects 
are purposefully minimized per Fig. 4 in order to focus on shear 
response. Also, the web shear resistance is negligibly impacted by this 
simplification, as will be demonstrated in the validation of these models 
against the test results later in Section 4. 

Again for simplicity, the vertical point loads were applied to a single 
node at the intersection of the bearing stiffener, web, and flange in order 
to mitigate localized deformation due to the concentrated force. All 
boundary conditions were applied to a single line of nodes across the full 
width of the flange at the applicable location. Out-of-plane (i.e. trans
verse) translation was restrained only at the locations of load application 
and vertical support. 

The results of tensile coupon tests performed during each test pro
gram were used to develop true stress-strain (σtrue vs. εtrue) relationships 
as steel material input for the FE models. For example, the engineering 
stress-strain (σeng vs. εeng) curves in Fig. 6 for steel grades A36 (Basler 
et al. [16]) and S235 (Hansen [18]) correspond to tensile coupons from 
the test section web material and can be converted to true stress-strain 
via the following [41]: 

σtrue = σeng⋅
(
1 + εeng

)
(1)  

εtrue = ln
(
1 + εeng

)
(2) 

The A36 true stress-strain curve in Fig. 6 is based on the only coupon 
test reported for these girder specimens by Basler et al. [16] and is 

therefore assigned to all plate components in the corresponding FE 
models as a simplification. Hansen, on the other hand, also reported 
coupon test results for the flange and stiffener plates [18] – true stress- 
strain curves for each plate type (though not plotted in Fig. 6 for brevity 
since they were similar) were therefore assigned to the corresponding 
components in the Hansen FE models. Poisson’s ratio was set to a con
stant value of 0.3 for all cases. 

The following naming convention will be used to identify the models 
in this paper: setup-sr#-tr#-ar#-F/P/V. The experimental “setup” in
dicates either the Basler (Fig. 3a) or Hansen (Fig. 3b) test configuration. 
The terms “sr”, “tr”, and “ar” denote the following: 

Fig. 5. Isometric close-up view of a stiffened web panel in the discretized test sections of two as-tested FE model configurations.  
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• sr = web slenderness ratio, equal to web depth, h, divided by web 
thickness, tw  

• tr = flange-to-web thickness ratio, equal to the flange thickness, tf, 
divided by web thickness, tw  

• ar = aspect ratio of the stiffened web panels in the test section, equal 
to longitudinal panel length, a (measured on center between stiff
eners), divided by web depth, h 

The last term of “F”, “P”, or “V” describes the stiffener boundary 
conditions:  

• F = a full depth stiffener that is welded to the web and both flanges (i. 
e. Hansen’s test section design [18]).  

• P = a stiffener which is welded only to the web and compression 
flange, clipped 25.4 mm away from the tension flange (i.e. Basler 
et al.’s test section design [16]).  

• V = the intermediate stiffeners in the test section have been replaced 
with a so-called “virtual” stiffener (i.e. an out-of-plane translational 
restraint is applied to every node along the removed stiffener’s 
centerline over the full depth of the web). 

The F and P cases will be used accordingly for FE model validation. 
The V stiffener condition will be used later in this paper to further 
examine the role of the stiffener in the post-buckling mechanics of the 
web panel. By replacing the stiffener with an out-of-plane translational 
restraint, the virtual stiffener offers no axial resistance during post- 
buckling but provides the web test section with rigidly defined 
panelization. 

The FE analyses are performed via a two-step process. First, the ei
genmodes of each plate girder are determined using the “buckle” anal
ysis in Abaqus with an idealized girder geometry, which has a flat web 
and no imperfections. The load at which the first positive eigenmode is 
achieved is designated as the elastic or critical buckling load, Vcr. The 
shape of the first eigenmode is then scaled relative to a predefined 
maximum amplitude and imposed onto the initially undeformed girder 
geometry as an initial imperfection. The first-eigenmode displacement 
in the flanges, stiffeners, and web plates outside the test section are 
much smaller than those within the test section, where the thinner web 
plate experiences the most initial imperfection. Previous studies by the 
authors [30,39] and others [37,42,43] have also used scaled first 
eigenmode web displacements to reasonably represent realistic initial 
imperfections in FE models that capture post-buckling behavior in 
slender webs. 

In the second step of FE analysis, the girder with initial imperfections 
is subjected to numerically stabilized quasi-static loading via the 
Modified Riks analysis in Abaqus [44]. This method of analysis can 
obtain the full mechanical behavior of the girder from the linear elastic 
stage through the onset of post-buckling behavior until ultimate shear 
load is reached and the girder subsequently unloads toward numerical 
failure. The ultimate shear load is identified as the maximum value 
reached during the Modified Riks analysis. Recall that, per Fig. 2, the 
ultimate shear load can occur either at the end of Post-buckling Stage I 
(at which point the buckled web panel begins to form a plastic mecha
nism) or during Post-buckling Stage II (if the plastic mechanism de
velops positive hardening, thus enabling a subsequent gain or recovery 
of shear resistance as deformations rapidly increase). 

For model validation, the maximum amplitude of the initial imper
fections is scaled to h/100, which emulates the maximum out-of-plane 
web imperfection allowed by current design standards [2,4]. The h/ 
100 imperfection magnitude has been commonly used for FE modeling 
in previous studies on this topic [43,45] as an upper bound value for 
initial out-of-flatness of a built-up plate girder in practice. Some 
modeling strategies have also used initial imperfections of this magni
tude to implicitly account for the effects of welding-induced residual 
stresses near the web-to-flange interfaces [37], since these stresses are 
often neglected in this type of FE analysis for simplification (including 

those presented in this paper). Fig. 7 compares the out-of-plane web 
imperfections that were recorded prior to Basler et al.’s girder tests [17] 
to those imposed on the corresponding FE models via h/100 scaling of 
the first positive eigenmode deformation. The proposed imperfections 
provide a reasonable (and generally conservative) representation of the 
measured values in terms of both shape and magnitude. Measurements 
of initial imperfections were not reported for the Hansen girders [18], 
and h/100 scaling of the first eigenmode is therefore assumed as an 
upper bound imperfection for model validation. Later in Section 4.4 of 
this paper, the influence of the imperfection magnitude will be further 
examined for the FE models of all as-tested girder cases. 

4. Model validation 

4.1. Shear load-displacement: Basler girders 

Based on available data, three comparisons are made between the 
experimental and FE results for the two Basler girders: (1) vertical load 
vs. displacement at the point of load application in Fig. 3a, (2) out-of- 
plane web displacement measured at several locations by Basler et al. 
[17], and (3) the post-buckled deformed shape. Recall that for the Basler 
test setup, the applied load is equal to the shear load on all panels in the 
test section (see Fig. 4). Fig. 8 shows close agreement between the 
experimentally measured vertical load-displacement curves up to their 
termination and the corresponding configurations of the FE models (ar1- 
P and ar1.5-P). Note that only one curve is shown in Fig. 8 for each case – 
the experimental and modeled displacements both correspond to the 
loading location at which the larger displacements were measured (i.e. 
on the side of the specimen at which a more prominent web shear 
buckling response was observed). Per Basler et al.’s test report [17], the 
ar1 test was pushed past the ultimate shear load (i.e. the maximum shear 
value reached during the test) into a gradually descending branch; 
however, the test was stopped before an accelerated drop in resistance 
could be reached. The ar1-P model shows the same gradual descent of 
shear load past ultimate and subsequently experiences a more rapid drop 
in resistance just beyond the termination of the test curve (at roughly 3×

the displacement at which ultimate shear was reached). 
Basler et al.’s ar1.5 test was unfortunately stopped just after ultimate 

shear load was reached [17], at which point the loading was relieved 
and additional intermediate stiffeners were welded to the buckled web 
for subsequent load tests (the results of which are not the focus of this 
study). The ar1.5-P model shows a similarly gradual descent of shear 
load past ultimate as compared to the ar1-P case until an accelerated 
drop in resistance at roughly 4× the displacement at which ultimate was 
reached. The slight increase in post-ultimate ductility from ar1 to ar1.5 
reflects the decreased shear stiffness of the test section panelization with 
the larger aspect ratio. Per Fig. 2, the load-displacement curves for both 
specimens exhibit a Post-buckling Stage II-C response, having reached 
ultimate shear resistance at the end of Post-buckling Stage I and expe
riencing no additional increase or recovery of shear resistance during 
Post-buckling Stage II. 

The red as-tested FE curves in Fig. 8 (for cases B-sr267-tr4-arX-P) 
include milestone markers that denote major transitions in shear stiff
ness. The red diamonds mark the point at which the shear stiffness de
creases to zero, indicating the ultimate shear state as well as the end of 
Post-buckling Stage I via the onset of a plastic mechanism. The red 
circles mark the point at which the rate of negative stiffness in the 
descending branch begins to accelerate during the Post-buckling Stage 
II-C response. Fig. 8 also includes curves for additional iterations of the 
Basler FE models that were analyzed with either full-depth (“F”) or 
virtual (“V”) intermediate stiffeners in the test section for comparison. 
Recall that for the V cases, all intermediate stiffeners over the thinner 
web section in Fig. 3a are replaced with out-of-plane translational re
straint. For further examination, an additional F case was analyzed in 
which the thickness of the intermediate stiffeners was arbitrarily 
increased by a factor of 5 (referred to as case “F5”). In Fig. 8, all stiffener 
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variation cases (P, F, F5, and V) exhibited similar Post-buckling Stage II- 
C responses with nearly the same ultimate shear resistance Vu from 
Modified Riks analysis with h/100 first-eigenmode initial imperfections. 
Fig. 9 summarizes these values of Vu as well as the critical buckling loads 
Vcr (obtained from the initial eigenmode “buckle” analyses), which are 
also nearly identical among all stiffener iterations. 

In Fig. 8, the shear load-displacement results for the F stiffener cases 
of both girders are nearly identical to those of the as-tested P cases, 
indicating that the full depth stiffener made a negligible additional 
contribution to the web shear mechanics throughout Post-buckling 
Stages I and II. For the ar1.5 models in Fig. 8b, the shear load- 
displacement for the F5 and V cases are also nearly identical to those 
of the P and F iterations, indicating that the post-buckling response of 
the ar1.5 web panels was not sensitive to these variations in the axial 
resistance or the degree of out-of-plane restraint provided by the stiff
eners. For the ar1 models in Fig. 8a, the response of the F5 and V cases is 
very similar to the P and F cases past the end of Post-buckling Stage I but 
then maintains a higher shear resistance in the latter half of Post- 
buckling Stage II-C before a rapid descent toward numerical failure. 
The ar1 web panels therefore experienced some slight improvement in 
their Post-buckling Stage II-C response due to the increased out-of-plane 
restraint from the F5 and V stiffeners. Axial engagement of the stiffener 
does not appear to significantly influence these responses since the F5 
and V cases offer drastically different amounts of axial stiffener resis
tance (i.e. a five-fold increase versus zero). 

Fig. 10 compares the deformed shapes of the tested girders (shown 
via post-test photos) with those from the as-tested (P stiffener) FE 
models. The photo of the ar1 (i.e. G7) test specimen after a full Post- 
buckling Stage II-C response closely resembles the corresponding 
shape of the ar1-P model, with both showing the formation of a flange 
hinge mechanism in the rightmost web panel. A photo of the ar1 spec
imen at ultimate shear was not provided in Basler et al.’s test report. The 
shape of the ar1-P model at ultimate shear clearly shows the formation 
of diagonalized web buckling but does not yet show visual evidence of a 
flange or stiffener anchorage mechanism at the end of Post-buckling 
Stage I. 

Recall that the ar1.5 test was stopped just after having reached ul
timate shear (see Fig. 8b). The post-test photo in Fig. 10 therefore cor
responds to the ultimate shear state and compares well with the 
corresponding deformed shape of the ar1.5-P model. Again, these im
ages do not visually indicate a mechanism that involves flexural flange 
or axial stiffener anchorage of the tension field. A post-ultimate photo of 
the ar1.5 specimen was not available since the specimen was unloaded, 
modified, and retested after ultimate shear was reached in the initial 

test. However, the shape of the ar1.5-P FE model during Post-buckling 
Stage II again shows the formation of a flange anchorage mechanism 
in the rightmost panel, similar to the ar1-P model. 

Fig. 11 plots the out-of-plane displacement measured at the web 
locations marked in Fig. 10. All curves account for initial imperfections 
and generally show good agreement as the shear load is applied and the 
panels undergo post-buckling behavior. The only exception is Point 3 for 
the ar1 girder, at which the first eigenmode h/100 initial imperfection in 
the FE model fell on the opposite side of the web centerline compared to 
the measured value. However, the absolute value of the FE initial 
imperfection and the subsequent shape of the shear vs. deflection history 
at that point were nearly identical between the experimental specimen 
and ar1-P model. Overall, all curves followed a similar trend of out-of- 
plane deflection up to ultimate shear. Fig. 8a showed that the ar1-P 
test and model both initially exhibit linear behavior until a slight 
decrease in slope at approximately V = 500 kN. Near this shear load, all 
points at the middle of the three ar1 panels in Fig. 11 also show varying 
increases in out-of-plane displacement as the web enters Post-buckling 
Stage I and progresses toward the ultimate shear load. The ar1.5-P test 
and model show a similar transition from linear elastic to Post-buckling 
Stage I at approximately V = 450 kN in Fig. 8b, and Points 1 and 2 in the 
ar1.5 panels show a corresponding increase of out-of-plane displace
ment in Fig. 11. After reaching ultimate shear and progressing into the 
panel mechanism during Post-buckling Stage II, the out-of-plane dis
placements at Point 3 in the rightmost ar1 panel and Point 2 in the 
rightmost ar1.5 panel show the largest increases in out-of-plane 
displacement (consistent with the deformed shapes shown previously 
in Fig. 10). 

4.2. Shear load-displacement: Hansen girders 

Fig. 12 plots the shear load vs. vertical displacement from the FE 
models of the as-tested Hansen girders at both locations of load appli
cation per Fig. 3b against those recorded during each test. Note that for 
the Hansen test setup, the shear load (V) is equal to half the vertical load 
(P) on all panels per Fig. 4. Also, the load-displacement for the ar2 girder 
was not reported due to an instrumentation error during that test [18]. 
The other three girder cases show close agreement in the initial linear 
elastic stage and Post-buckling Stage I before experiencing a significant 
change in slope as the buckled web panels yield and transition to Post- 
buckling Stage II. The ar4 results (Fig. 12d) continue to show close 
agreement throughout the Post-buckling Stage II-C response as the web 
panel develops a ductile mechanism and gradually unloads from ulti
mate at the end of Post-buckling Stage I. The transition to Post-buckling 
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Stage II-A in the ar1 and ar1.333 girders (Fig. 12a-b) occurred at a 
slightly lower shear load in the test results than in the FE results, and the 
experimental Post-buckling Stage II-A response showed a slightly more 
rapid increase in deformation. These differences can be attributed to the 
fact that the Hansen girder tests were conducted using a manual load- 
controlled actuator system, for which the rate of loading was not 
consistent for each test [18]. As a result, the experimental curves would 
be expected to show a more rapid transition to reduced stiffness in Post- 
buckling Stage II than a displacement-controlled approach, such as the 
Modified Riks method used for the FE analyses [46]. 

Cases with virtual stiffeners were also analyzed, with all intermedi
ate stiffeners again replaced with out-of-plane nodal translational re
straint. Unlike the Basler V cases, however, the stiffeners at each 
longitudinal end of the test section was retained in the Hansen V models 
because they resisted direct bearing from the applied load per Fig. 3b. 
The Hansen ar4 model, which has no other intermediate stiffeners in its 
web test section, was therefore not analyzed with a V stiffener condition. 
Similar to the Basler girders, Fig. 9 showed that the values of ultimate 
shear resistance are again nearly identical for the F and V stiffener it
erations of each Hansen girder. The load-displacement behavior of the 
Hansen ar2-V case in Fig. 12 shows particularly good agreement with 
the as-tested F model, as both exhibit a Post-buckling Stage II-C 
response. The ar1.333-V Post-buckling Stage II-A behavior in Fig. 12b 
is also relatively close to that of its corresponding F case and reaches 
only a slightly lower ultimate shear value. These results (similar to those 
for both Basler girders) suggest that the Post-buckling Stage II response 
for these web panels with rectangular aspect ratios do not necessarily 
rely on the physical stiffener for axial resistance but rather for out-of- 
plane restraint. 

The Hansen ar1-V model shows similar behavior as its corresponding 
F case in Fig. 12a up to the end of Post-buckling Stage I; however, it is 
unable to develop the same Post-buckling Stage II-A response. The ar1-V 

case exhibits a sudden dropoff in shear resistance early in Post-buckling 
Stage II before it can reach the same ultimate shear value as the ar1-F 
model. For the 2-mm thick Hansen web with a square aspect ratio, the 
axial resistance provided by the physically present stiffener therefore 
contributes to the development of a post-yield hardening increase of 
shear resistance. However, it should be noted that the mobilization of 
post-yield hardening is dependent on the relative and raw thicknesses of 
the web, stiffener, and flange plates. Recall that the Basler ar1 models 
were all unable to develop post-yield hardening regardless of their 
stiffener configuration. The Basler and Hansen girders have nearly the 
same slenderness ratio, but the Basler web is 2.4 times thicker with a 
20% lower flange-to-web thickness ratio. Parametric analyses presented 
in Sections 4 and 5 of this paper will further explore the influence of 
these plate sizes on the mode of Post-buckling Stage II (i.e. post-yield) 
response. 

The red as-tested FE curves in Fig. 12 again include markers for the 
end of Post-buckling Stage I (diamond) and during Post-buckling Stage II 
(circle). The deformed shapes of the as-tested Hansen girder FE models 
at these two milestones are shown in Fig. 13 and are very similar to the 
specimen photos provided in Hansen’s test report [18]. All FE models of 
the Hansen girders showed very little flange deformation at the end of 
Post-buckling Stage I (including ar2-F and ar4-F, which reached ultimate 
shear at this milestone). The deformed shapes during Post-buckling 
Stage II (when ar1-F and ar1.333-F reached ultimate shear) clearly 
show an increase of out-of-plane web deformation as well as increased 
flexural deformation in the flanges. These images visually demonstrate 
that the varying degrees of web and flange deformation from Post- 
buckling Stage I to Stage II do not necessarily provide an explicit indi
cation of the ultimate shear state. 
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4.3. Sensitivity to material input 

As shown previously in Fig. 6, the steel material used in the Basler 
and Hansen tests had similar yield strength but drastically different post- 
yield hardening, ultimate strength, and ultimate ductility per the re
ported coupon test results. To confirm that the shear load-displacement 
behavior in Fig. 8 and Fig. 12 was not unduly influenced by the post- 
yield ductility of these materials, the stress-strain material inputs were 
swapped between the validation FE models, which were then reanalyzed 

for comparison. For simplicity, the entirety of both Basler models were 
assigned the true stress-strain curve from Hansen’s S235 web coupons, 
and the Hansen models were likewise given Basler et al.’s singular A36 
true stress-strain curve. Fig. 14 shows that the material swap had little 
influence on most of the FE shear load-displacement results. The Basler 
ar1 and ar1.5 models both experienced very small increases in ultimate 
shear resistance when using the more ductile S235 material. In the 
Hansen ar1 and ar1.333 models, the ultimate strength was reached at a 
slightly greater displacement in Post-buckling Phase II-A when the A36 
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material was used. 
In these cases, the steeper positive hardening stiffness of the A36 

material may have slightly increased the initial resistance of the web 
panel’s post-yield mechanism. However, the overall behavior for all 
cases was otherwise nearly identical when using either material model. 
Further exploration of these material effects is outside the scope of this 
study, and the FE models presented in the rest of this paper will therefore 
continue to pair each FE model with its corresponding stress-strain 
relationships. 

4.4. Sensitivity to initial imperfection magnitude 

To examine their sensitivity to initial imperfection magnitude, all FE 
models of the as-tested girder configurations were re-analyzed with the 
same first eigenmode shape but with reduced maximum scaling of h/ 
1,000 and h/10,000. The load-displacement plots in Fig. 15 (which 
include the h/100 curves from Fig. 8 and Fig. 12) show that all girder 
models have very little sensitivity to the magnitude of the initial 
imperfection. The h/100 models show only slightly less elastic stiffness 
compared to those with smaller imperfections, and the ultimate shear 
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and overall shape of the load-displacement curves after Post-buckling 
Stage I are unchanged. The only significant consequence of decreasing 
the imperfection magnitude was a reduction in post-ultimate ductility 
before reaching numerical non-convergence. With smaller imperfec
tions, the web plate experiences slightly more in-plane “locking” in its 
post-buckled state, leading to a more rapid onset of localized yielding 
and numerical instability during Post-buckling Stage II. In particular, the 
Hansen FE models with the smaller imperfections showed much post- 
buckling post-yield ductility due to the thinness of its test section web 
plate compared to the Basler web test section. Up to the point of nu
merical non-convergence, though, the analyses displayed very similar 
results. The rest of this study therefore proceeds with the h/100 scaling 
of the first eigenmode shape because it was able to capture similar levels 
of post-ultimate ductility as the experimental tests. 

The level of consistency among these models has also been demon
strated in other studies that examined the sensitivity to similar ranges of 
initial imperfection magnitude for FE models of complete plate girders 
(which included the flanges, stiffeners, and multiple web panels similar 
to this study) [45,47]. Studies that instead utilized FE models of single 
web panels with idealized boundary conditions [29,43,48] showed a 
more demonstrable decrease in both elastic shear stiffness and ultimate 
shear capacity as the imperfection magnitude was increased. 

4.5. Comparison with code-based strength predictions 

The ultimate shear strength (i.e. the maximum shear value in each 
shear-displacement history in Fig. 8 and Fig. 12) from each test as well as 
from each as-tested FE model configuration (with h/100 initial imper
fections and corresponding material input) are summarized in Table 1. 
The results show good overall agreement, with no more than 8% devi
ation from the test results. Also, the FE predictions are conservative for 
all cases with ar < 2. 

Table 1 also includes code-based predictions per Chapter G of AISC 
360–16 [3] and Section 5 of Eurocode 3, Part 1–5 [4]. The code-based 
calculation procedures (including a list of variables) are summarized 
in the appendix at the end of this paper. Recall that for ar ≤ 3, the AISC 
approach for stiffened webs uses tension field equations based on Basler 
[15] with no explicit flange contribution. For ar > 3, the AISC equations 
are based on Höglund’s rotated stress theory [34] but again with no 
direct flange contribution. The EC3 approach for stiffened webs with 
rigid intermediate stiffeners is also based on Höglund’s rotated stress 
theory but includes a calculated contribution from the flanges. It is 
important to note that the stiffeners of all girder cases met the re
quirements for “rigid” intermediate stiffeners per EC3; per AISC 360–16, 
however, the stiffeners all passed the flexural stiffness requirement but 
failed the minimum width-to-thickness requirement. Despite this, the 
tests and FE models of all girder cases successfully exhibited shear 
buckling behavior with no flexural or stability concerns in the stiffeners. 

Similar to the FE models, all code-based calculations used the re
ported material strengths from tensile coupon tests during each exper
imental program as input rather than nominal design strengths. The 
results of all calculations therefore compare the predictive capabilities 
of each model by using the same material strength input. The code-based 

models do not explicitly state whether the calculated shear resistance is 
targeted toward Vu regardless of the mode of Post-buckling Stage II 
response or instead toward the shear value at end of Post-buckling Stage 
I when the plastic mechanism has developed (i.e. at Vm in Fig. 2, which 
coincides with Vu,II-C but not Vu,II-A or Vu,II-B). For the purpose of this 
study, the code-based predictions are compared against the experi
mental and FE values of Vu regardless of the mode of Post-buckling Stage 
II response. 

The AISC predictions of shear resistance (Vn) showed close agree
ment with the ultimate experimental values for all girder cases with ar ≤
2, with all predictions less than 10% conservative and similar to the 
corresponding FE values. These results suggest that the web shear 
buckling response in both the tests and FE models of the ar ≤ 2 girder 
cases can be quantified via tension field action in the web per Basler [15] 
with relatively little direct flange contribution. For H-sr250-tr5-ar4-F, 
however, the AISC prediction was 31% conservative after transitioning 
to Höglund’s rotated stress theory but with no flange contribution. 
Conversely, the EC3 prediction (Vb,Rd) for H-sr250-tr5-ar4-F was nearly 
identical to the test result and the FE value, suggesting that the flange 
contribution was increasingly significant for the ar4 case. For all girder 
cases with ar < 2, the EC3 predictions were more conservative (by 
margins of 6–26%) than their AISC counterparts. For H-sr250-tr5-ar2-F, 
the FE results and both code-based predictions all showed good agree
ment with the experimental ultimate shear. This confluence of pre
dictions creates ambiguity as to whether the flange contributions were 
significant for the Hansen ar2 girder, since those contributions are 
explicitly calculated in the EC3 approach, neglected in the AISC 
approach, and are inherently part of the full-girder FE model. Further 
examination of the flange contributions to the ultimate strength of the 
as-tested prototype girders will therefore be presented in more depth in 
Section 6 of this paper. 

5. Intermediate stiffener participation 

The internal axial force in the intermediate stiffeners in the web test 
section were obtained from the FE analyses of all stiffener iterations for 
the Basler and Hansen girder models. For P and F cases, Abaqus’ “free 
body cut” command was used to record the net vertical (axial) force at 
the mid-height of each stiffener (i.e. by cutting through all symmetric 
stiffener shell elements on opposite sides of the web). For V iterations, 
the free body cut was taken across the four web elements at the mid- 
depth of the web that straddle the virtual stiffener’s vertical centerline. 

The axial force at ultimate shear is reported in Table 2 for each in
termediate stiffener (numbered from left to right across the web test 
section) as well as the left and right end stiffeners shown in Fig. 3. First, 
it should be noted that the end stiffeners of all Hansen model iterations 
show high values of compression (at about ~75% of the applied shear) 
since they are engaged in direct bearing at the applied load location in 
Fig. 3b. Because these stiffeners act as bearing stiffeners, their results are 
not pertinent to our study of intermediate stiffener participation but are 
included in Table 2 for completeness. 

All other stiffeners in every model iteration have low values of axial 
load relative to the ultimate shear load. Specifically, the values of 

Table 1 
Summary of shear resistance for all as-tested girder configurations.  

Model Name Exp. [17,18]  FEM  AISC [3]  EC3 [4] 

Vu 

(kN)  
Vu 

(kN) 
FEM
Exp.

Vn  

(kN) 
AISC
Exp.

Vb,Rd  

(kN) 
EC3
Exp.

B-sr267-tr4-ar1-P 663  620 0.94  640 0.97  474 0.71 
B-sr267-tr4-ar1.5-P 529  504 0.95  513 0.97  407 0.76 
H-sr250-tr5-ar1-F 125  115 0.92  113 0.90  95.1 0.76 
H-sr250-tr5-ar1.333-F 103  101 0.98  97.5 0.95  91.7 0.89 
H-sr250-tr5-ar2-F 79.5  82.3 1.04  75.8 0.95  78.4 0.99 
H-sr250-tr5-ar4-F 66.1  66.6 1.01  45.9 0.69  66.6 1.01  
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stiffener axial load do not exceed 34% in any case, averaging 9% among 
the Basler P/F/F5 configurations and 26% for the Hansen F configura
tions. All V model iterations exhibited even smaller values of axial force 
in the web elements at the virtual stiffener mid-height, averaging 4% 
and not exceeding 10% of the ultimate shear. Collectively, these results 
indicate that the girders are not utilizing the transverse stiffeners (or in 
the V cases, the web elements at the virtual stiffener locations) to the 
extent that would be expected for a load path mechanism that emulates a 
Pratt truss. This corroborates the commentary in AISC 360–16 which 
states that the axial forces in intermediate stiffeners are not significant 
compared to the forces they experience in providing out-of-plane re
straint and panelization to the web plate [3]. 

5.1. Axial stiffener response: Basler girders 

As expected, the axial forces in the Basler intermediate stiffeners 
increase slightly with the transition in configuration from P to F to F5. 
The addition of contact to both flanges provided a modest ~20% in
crease for ar1.5-F but negligible change for ar1-F. The subsequent 5×

increase of the stiffener thickness for both ar1-F5 and ar1.5-F5 attracted 
~50% more axial force. The replacement of the physical stiffener with 
the virtual stiffener decreases the vertical axial load at the stiffener 
location by at least half versus the as-tested P configurations. Again, all 
model iterations reached nearly the same ultimate shear resistance (see 
Fig. 9) and exhibited similar Post-buckling Stage II-C responses (see 

Fig. 8). 
Fig. 16 plots the growth of stiffener axial forces for the as-tested P 

configurations as a function of the applied shear force. The following 
milestones are marked with vertically dashed lines: BLUE is during the 
linear elastic stage (taken at Vcr); GRAY is at the end of Post-buckling 
Stage I (marked with a red diamond in Fig. 8); and BLACK is during 
Post-buckling Stage II (marked with a red circle in Fig. 8). All curves are 
terminated at the last milestone (during Post-buckling Stage II) for 
improved clarity in the Fig. 16 plots. Beyond this point, the stiffeners 
around the yielded panel tend to increase in compression as the panel 
deformations accelerate, and all other stiffeners unload. 

The curves in Fig. 16 reveal that the compression in each stiffener 
increases proportionally with applied shear until peaking when shear 
reaches about 95% of Vu, after which the stiffener axial force begins to 
rapidly decline. At ultimate shear, the end stiffeners decline to much 
smaller values (i.e. near zero), while the other intermediate stiffeners 
decline about 12% from their peak values as the post-buckling yield 
mechanism is formed (at the transition from Post-buckling Stage I to 
Stage II). The peak values plotted in Fig. 16 are still much lower than the 
corresponding value of applied shear and again do not emulate a vertical 
strut load path in a Pratt truss. After ultimate shear during the Post- 
buckling Stage II-C response, the axial force in each stiffener in Fig. 16 
settles to a compressive value no greater than 25 kN for either the ar1-P 
or ar1.5-P models. This indicates that the web and flanges have a more 
prominent role than the stiffeners in developing the Post-buckling Stage 
II response of these girder configurations. 

5.2. Axial stiffener response: Hansen girders 

Compared to the Basler girders, Fig. 17 shows a relatively similar 
increase of stiffener compression versus applied shear for the as-tested 
Hansen F configuration models through most of the initial linear 
elastic stage and Post-buckling Stage I. However, these curves show a 
continual increase of stiffener compression all the way to the end of Post- 
buckling Stage I. For the ar2 and ar4 cases (Fig. 17c-d), ultimate shear is 
reached at this milestone, after which the stiffener compression back
tracks slightly as the panel yields during Post-buckling Stage II-C. 
However, the post-ultimate decrease in stiffener compression is signifi
cantly less than what was shown for the as-tested Basler models in 
Fig. 16. The thinner web in the Hansen models has much less stiffness to 
resist post-buckling deformation than the thicker Basler web – as a 
result, the Hansen stiffeners were more engaged in compression during 
Post-buckling Stage II-C after ultimate shear was reached. 

For the as-tested ar1 and ar1.333 Hansen cases in Fig. 17a-b, the 
stiffener compression continues to increase through the end of Post- 
buckling Stage I until reaching ultimate shear during Post-buckling 
Stage II-A. At the end of Post-buckling Stage I, the rate of increase in 
stiffener compression accelerates in ar1 but stagnates somewhat in 
ar1.333. However, neither case shows a decrease in stiffener compres
sion during Post-buckling Stage II-A, indicating that the stiffeners are 
actively engaged to support the hardening increase in shear resistance 
after the onset of the post-buckling yield mechanism. Recall that for the 
Hansen ar1 case, the replacement of the physical F stiffener with the 
virtual V stiffener adversely impacted the web panel’s ability to fully 
develop a Post-buckling Stage II-A response, as shown in Fig. 12a. For 
the Hansen ar1.333 case, however, the same replacement had much less 
impact on its Post-buckling Stage II-A shear-displacement response in 
Fig. 12b. The increased reliance of the Hansen ar1-F case on the stiff
eners during post-yield hardening in Post-buckling Stage II-A is reflected 
in Table 2, in which the Hansen ar1-F stiffeners are shown to have ~20% 
more axial force than the Hansen ar1.333-F stiffeners when measured 
relative to their respective ultimate shear values. 

Also shown in Table 2, the as-tested Hansen ar1-F and ar1.333-F 
models developed about 2–3 times the amount of axial force as a per
centage of ultimate shear versus the as-tested Basler ar1-P and ar1.5-P, 
which have similar web panel aspect ratios. This clearly indicates that 

Table 2 
Axial force at mid-height of each transverse stiffener over the web test section at 
ultimate shear.    

Axial Force (kN) at Vu [as a % of Vu] 

Model 
Name 

Vu 

(kN) 
Left  
End 

Interm. 
#1 

Interm. 
#2 

Interm. 
#3 

Right  
End 

B-sr267- 
tr4-ar1-P 620 

-24.1 
[3.9%] 

-66.6 
[10.7%] 

-55.6 
[9.0%] 

- 
- 

-25.5 
[4.2%] 

B-sr267- 
tr4-ar1-F 

624 -29.6 
[4.8%] 

-66.0 
[10.6%] 

-66.3 
[10.6%] 

- 
- 

-29.4 
[4.7%] 

B-sr267- 
tr4-ar1- 
F5 

629 
-43.8 
[7.0%] 

-86.8 
[13.8%] 

-86.2 
[13.7%] 

- 
- 

-43.7 
[6.4%] 

B-sr267- 
tr4-ar1-V 620 

3.5 
[0.6%] 

-38.0 
[6.1%] 

-38.0 
[6.1%] 

- 
- 

3.4 
[0.6%] 

B-sr267- 
tr4-ar1.5- 
P 

504 
-8.1 
[1.6%] 

-17.4 
[3.5%] 

- 
- 

- 
- 

-6.9 
[1.4%] 

B-sr267- 
tr4-ar1.5- 
F 

515 
-34.7 
[6.7%] 

-87.8 
[17.1%] 

- 
- 

- 
- 

-36.7 
[7.1%] 

B-sr267- 
tr4-ar1.5- 
F5 

523 -62.0 
[11.9%] 

-154.0 
[29.5%] 

- 
- 

- 
- 

-66.1 
[12.6%] 

B-sr267- 
tr4-ar1.5- 
V 

507 
-12.7 
[2.5%] 

-51.8 
[10.2%] 

- 
- 

- 
- 

-6.7 
[1.3%] 

H-sr250- 
tr5-ar1-F 118 

-85.9a 

[72.8%] 
-28.7 
[24.3%] 

-34.0 
[28.8%] 

-39.4 
[33.4%] 

-87.3a 

[74.0%] 
H-sr250- 

tr5-ar1-V 112 
-78.5a 

[66.6%] 
-2.8 
[2.5%] 

-4.6 
[4.1%] 

-3.5 
[3.1%] 

-81.3a 

[72.6%] 
H-sr250- 

tr5- 
ar1.333-F 

101 
-71.1a 

[70.4%] 
-23.2 
[23.0%] 

-23.6 
[23.4%] 

- 
- 

-73.5a 

[72.8%] 

H-sr250- 
tr5- 
ar1.333- 
V 

98.2 
-69.8a 

[71.1%] 
-1.6 
[1.6%] 

-1.7 
[1.8%] 

- 
- 

-71.8a 

[73.1%] 

H-sr250- 
tr5-ar2-F 

82.3 
-62.7a 

[76.2%] 
-17.8 
[21.6%] 

- 
- 

- 
- 

-64.0a 

[77.7%] 
H-sr250- 

tr5-ar2-V 
82.0 -63.0a 

[76.8%] 
-7.8 
[9.5%] 

- 
- 

- 
- 

-64.1a 

[78.1%] 
H-sr250- 

tr5-ar4-F 66.6 
-51.3a 

[77.0%] 
- 
- 

- 
- 

- 
- 

-52.4a 

[78.7%]  

a Bearing stiffeners. 
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the stiffeners generally played a larger role in the post-buckling me
chanics of the thinner Hansen web plate, which have less second-order 
resistance against continued deformation of its buckled shape in 
compression diagonal direction. Despite this, the Hansen ar1-F and 
ar1.333-F girders both showed no change in shear load-displacement 
behavior between their F and V stiffener cases in Fig. 12a-b before the 
formation of the plastic web panel mechanism at the end of Post- 
buckling Stage I. This further indicates that the initial development of 
the post-buckling yield mechanism relied on the stiffeners more for out- 
of-plane restraint rather than for axial resistance, even for cases with an 
elevated level of axial stiffener utilization during post-yield hardening. 

6. Flange contributions 

Up to this point, all analyses presented in this paper have used 
flange-to-web thickness ratios (tr) that correspond to the as-tested girder 
configurations (i.e., tr4 for the Basler girders and tr5 for the Hansen 
girders). To examine the contributions of the flange plates to post- 
buckling shear behavior, the as-tested FE models were re-analyzed 
with varying flange thicknesses, such that the flange-to-web thickness 
ratio was systematically increased from two (tr2) to seven (tr7) in single 
unit increments. All other dimensions, material inputs, and stiffener 
properties were unchanged from the as-tested FE model configurations 
that were introduced in Section 3.2. All models in this range of tr2 to tr7 
experienced ductile web shear buckling behavior with no local insta
bility in the flanges or stiffeners. Additional analyses whose results are 
not presented here exhibited flange instability at tr < 2 (due to a com
bination of local flexure and axial compression) or instability of the 
intermediate stiffeners at tr > 7 (due to very high flange stiffness, which 
prevented flange hinging and subsequently distributed more compres
sion to the stiffeners during the transition to Post-buckling Stage II). 

6.1. Impacts to shear load-displacement 

For illustration, the relationships of shear load versus vertical 
displacement are plotted in Fig. 18 for the tr2, tr4, and tr6 iterations of 
the Basler and Hansen girders (all other cases are not shown here for 

brevity, since the plotted cases are adequate for establishing relevant 
trends of behavior). As expected, the Hansen ar4 cases in Fig. 18f 
showed much less sensitivity to the changes in flange-to-web thickness 
ratio due to the lower impact of tension field behavior on its post- 
buckling response. Otherwise, the results clearly show that an 
increased flange-to-web thickness ratio enables a progressively higher 
value of Vu as well as slightly higher initial stiffness during the linear 
elastic stage and Post-buckling Stage I prior to the formation of a plastic 
mechanism. The post-yield shear resistance during Post-buckling Stage 
II can also be enhanced by the increased flange thickness. In particular, 
girder cases with ar ≤ 2 transition from Post-buckling Stage II-C to II-A 
(i.e. ultimate shear is now reached during Post-buckling Stage II instead 
of at the end of Post-buckling Stage I) once their flanges are enhanced to 
tr6. The increased flange thickness therefore provides not only a more 
robust anchorage for the tension field but also a stiffer out-of-plane and 
torsional boundary condition at the top and bottom of the web 
throughout the web-shear response. 

6.2. Impacts to ultimate shear resistance 

The ultimate shear resistances achieved for all increments of tr2 to 
tr7 are summarized in Fig. 19. All values are normalized by the ultimate 
shear value from the as-tested version of the model (i.e., B-ar267-tr4- 
arX-P for the Basler girders and H-ar250-tr5-arX-F for the Hansen 
girders). The ultimate shear changed by no less than −22% at tr2 and no 
more than +19% at tr7 versus the ultimate shear resistance of the as- 
tested model configuration across all girder cases. The girders with ar 
< 2 showed greater sensitivity to the changes in flange thickness, since 
those girders have more tension field engagement and would therefore 
derive more benefit from enhanced flange anchorage. In particular, the 
Hansen ar1 and ar1.333 cases showed the widest range of variation due 
to the thinness of their web plate and the increased reliance on the 
stiffener and flange to develop ultimate shear and a post-buckling plastic 
mechanism. The Hansen ar4 case again showed some of the least 
sensitivity due to its lower level of tension field engagement. The Basler 
cases lost no more than −8% of ultimate shear at the tr2 lower bound. At 
the tr7 upper bound, the Basler cases were able to increase their ultimate 
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Fig. 16. Mid-height axial forces in the test section stiffeners of the as-tested Basler FE models versus applied shear.  
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shear resistance by +9% (ar1.5) and +19% (ar1) because the larger 
flange stiffness enhanced the Post-buckling Stage I response as well as 
the subsequent Post-buckling Stage II-A response. 

6.3. Comparison with code-based strength predictions 

Code-based predictions of shear strength are plotted in Fig. 20 for the 
tr2, tr4, and tr6 iterations of both Basler girder configurations (ar1 and 
ar1.5) as well as the ar1, ar2, and ar4 configurations of the Hansen 
girders (the ar1.333 Hansen case is not shown here for brevity). All code- 
based predictions are normalized by the ultimate shear value obtained 
from the corresponding FE model (denoted in Fig. 20 as Vu,FE). Recall 
that the AISC 360–16 predictions of shear resistance (Vn) for these 
prototypes is unaffected by the changes in flange thickness – the varia
tion in the normalized AISC values plotted in Fig. 20 for each trX case is 

therefore only a function of the change in the FE model’s ultimate shear. 
The EC3 prediction of shear resistance (Vb,Rd), however, directly ac
counts for a contribution from the flanges (Vbf,Rd) in addition to that of 
the buckled web (Vbw,Rd). The variation in the normalized EC3 values 
therefore accounts for changes in both the code-based prediction and the 
FE model ultimate shear for each trX case. 

In Fig. 20, the two code-based predictions show opposite trends 
relative to the FE ultimate shear for these cases with varying tr values. 
Specifically, the AISC predictions become increasingly conservative as 
the tr value increases since they neglect the corresponding increase in 
flange contribution. Conversely, the EC3 predictions become less con
servative and converge toward the FE ultimate shear as the tr value (and 
thus the flange contribution) increases. The EC3 approach especially 
outperforms the AISC prediction for the Hansen ar4 girder, since the 
AISC approach at this aspect ratio is using equations based on Höglund’s 
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Fig. 17. Mid-height axial forces in the test section stiffeners of the as-tested Hansen FE models versus applied shear.  
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rotated stress theory (similar to EC3) but with no flange contribution. It 
is notable that neither code-based model is able to provide a consistently 
conservative prediction relative to the FE results across this array of 
girder configurations. To achieve such consistency, the mechanical 
models and assumptions behind the code-based models could be refined 
to fully capture the coupled contributions of the web, flanges, and 
stiffeners as demonstrated in these FE simulations. Additional experi
mentation and validated modeling would be needed to expand the 
comparison in Fig. 20 to a wider range of practical girder configurations. 

6.4. Impacts to axial stiffener response 

For further examination, the stiffener forces from the tr6 iteration of 
the Basler ar1-P model, which exhibits a Post-buckling Stage II-A 
response in Fig. 18a (similar to the as-tested Hansen tr5-ar1-F model 
in Fig. 12a), are plotted against the applied shear in Fig. 21. The results 
show a rapid increase in compression for intermediate stiffeners 1 and 2 
during Post-buckling Stage II-A until ultimate shear resistance is 
reached, again similar to the intermediate stiffeners in the Hansen tr5- 
ar1-F model in Fig. 17a. The end stiffeners, however, show a similar 
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Fig. 18. Shear (V) versus vertical displacement at the applied load locations for FE models with varying flange-to-web thickness ratio (tr).  
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decline in axial force as those in the as-tested Basler tr4-ar1-P model 
after the end of Post-buckling Stage I in Fig. 16a. The curves in Fig. 18 
again suggest that a Post-buckling Stage II-A response will increasingly 
engage the intermediate stiffeners in compression. However, the 
maximum compression in the B-sr267-tr6-ar1-P intermediate stiffeners 
at the ultimate shear state still only reaches ~25% of the ultimate shear 
value. 

7. Conclusions 

This study leverages the published results of two previous test pro
grams to examine the mechanics that develop in the buckled webs of 
slender steel plate girders in pure shear. The finite element (FE) 
modeling approach used in this study was able to effectively predict the 

load-displacement behavior, ultimate shear resistance, and post-buckled 
deformed shapes of all tested specimens. The validated models were 
then parametrically altered to examine the relative roles of the flanges 
and intermediate stiffeners in developing post-buckling behavior. The 
following conclusions can be drawn from the results of this study: 

• FE models of full girder specimens tested previously at Lehigh Uni
versity [15–17] (“Basler girders”) and the Technical University of 
Denmark [18,19] (“Hansen girders”) showed good agreement with 
test results by utilizing initial imperfections that scaled the first 
eigenmode of web shear buckling by a magnitude of h/100.  

• The ultimate shear resistance and general load-displacement 
behavior of the FE models showed little sensitivity to reductions in 
initial imperfection magnitude to h/1,000 or h/10,000. This is 
consistent with previous studies that utilized whole-beam models of 
plate girders. Other studies that modeled individual web panels 
under shear have shown more sensitivity to initial imperfections, 
especially pertaining to shear stiffness and ultimate shear resistance. 
Previous work by the authors [48] showed that the impact of large 
initial imperfections on web shear behavior will be mitigated by 
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extending the numerical models beyond the web panels that buckle 
to include more of the girder length. This ensures that the boundary 
conditions for the panels that buckle are provided by modeled 
structural elements rather than idealized, user-defined nodal 
restraints.  

• The FE models and test results both showed that the girder specimens 
reached their ultimate shear strength at varying levels of displace
ment ductility. Specifically, all girders develop a plastic post- 
buckling mechanism in one or more of the stiffened web panels, 
but the relative sizing of the web, flange, and stiffener plates as well 
as the web panel aspect ratio will determine whether the shear 
resistance increases (via hardening) or decreases (via gradual 
unloading) once a post-buckling yield mechanism has developed.  

• The following 3-stage response proposed by Scandella et al. [8] was 
shown to be a useful tool for understanding web shear buckling 
behavior: 1) an initial linear elastic stage, 2) Post-buckling Stage I 
during which shear stiffness begins to progressively decrease, and 3) 
Post-buckling Stage II with significantly reduced stiffness (after the 
buckled web panel has yielded in shear).  

• The experimental and FE ultimate shear resistances were compared 
against predictions from two major code-based approaches. The 
AISC 360–16 approach for stiffened web panels with tension field 
action [3] (based on work by Basler et al. [15–17]) showed good 
overall agreement with the test results and were comparable to the 
FE results for panels with aspect ratios ≤2. Among these cases, it is 
interesting to note that the Basler ar1 and ar1.5 cases as well as the 
Hansen ar2 case reached ultimate shear at the end of Post-buckling 
Stage I, while the Hansen ar1 and ar1.333 cases reached ultimate 
shear during Post-buckling Stage II at a much larger displacement. 
The Eurocode 3, Part 1–5 approach for stiffened panels with rigid 
transverse stiffeners [4] (based on Höglund’s rotated stress theory 
[34] with contributions from both the buckled web and the flanges) 
showed better accuracy than the AISC approach for the Hansen 
girder cases with aspect ratios of 2 and 4, for which the ultimate 
shear was reached at the end of Post-buckling Stage I.  

• The magnitude of axial compression in the intermediate stiffeners at 
ultimate shear were much less than would be expected for a struc
tural system that emulates a Pratt truss. Stiffeners were engaged 
more so in bending to create the web panelization via out-of-plane 
restraint. Models that replaced the physical stiffeners with “virtual 
stiffeners” (i.e. a vertical line of out-of-plane translational restraint at 
the stiffener location with no vertical axial resistance) produced 
nearly identical predictions of critical buckling load and ultimate 
shear resistance as those with the physical stiffeners.  

• By increasing the flange thickness (thus increasing its flexural and 
torsional stiffness), the ultimate shear resistance can be potentially 
achieved at much higher displacements past the point of post- 
buckled shear yielding. In those cases, the stiffeners also experi
enced an increase in compression after the formation of the yield 
mechanism as the web panel progressed toward ultimate shear. 
However, the increased ultimate shear resistance enabled by the 
enhanced post-yield hardening mechanism was only 5–10% greater 
than the shear resistance at the onset of post-buckled yielding (i.e. at 
the end of Post-buckling Stage I).  

• Conversely, girder analyses with thinner flanges relative to the web 
thickness reached ultimate shear at the end of Post-buckling Stage I, 
and the compression in their intermediate stiffeners began to decline 
at that milestone. Girders with smaller web aspect ratios and/or 

thinner web plates exhibited the largest sensitivity to changes in the 
flange and stiffener boundary conditions.  

• The AISC and EC3 predictions of shear resistance rely on varying 
assumptions regarding participation of the flanges and stiffeners to 
anchor the transfer of shear load in the buckled web. Neither code- 
based prediction provided a consistently conservative prediction of 
ultimate shear resistance versus the FE predictions when the thick
ness of the flange was varied relative to the web thickness. Specif
ically, the AISC predictions became increasingly conservative as the 
flange-to-web thickness ratio increased because it neglects the cor
responding increase in flange contribution. Conversely, the EC3 
predictions became less conservative and converged toward the FE 
ultimate shear as the flange-to-web thickness ratio (and thus the 
flange contributions) increased, especially for web panels with larger 
aspect ratios.  

• To be more consistent with the plastic design philosophy inherent to 
modern codes [2–4], the shear resistance at the end of Post-buckling 
Stage I (i.e. Vm in Fig. 2 when the plastic mechanism initiates in the 
post-buckled web panel) may be a more appropriate design target 
than Vu (which, depending on the web panel boundary conditions, 
might be reached at large displacements well after the plastic 
mechanism has formed). Such an approach would ensure that the 
design shear value is reached prior to entering Post-buckling Stage II, 
thus neglecting any mode of post-yield behavior. The results of this 
study also indicate that the value of Vm will be somewhat affected by 
flange anchorage to the web panel, and thus analytical expressions 
used to predict Vm would preferably incorporate those contributions. 

Note that the findings of this study are based upon two prototype 
girder geometries with large web slenderness ratios of 250–267. Slender 
plate girders in modern steel construction practice are commonly 
designed with slenderness ratios of 150 or lower [2,49,50]. Previous 
research by others has indicated that the findings in this paper are also 
applicable at lower ranges of web slenderness. For example, Wang et al. 
[48] also demonstrated low levels of axial engagement in the transverse 
stiffeners of a specific prototype girder (based on an FHWA design 
example [49]) which had a web slenderness of 138 and web panel aspect 
ratios ranging from 1 to 3. Previous work by Yoo and Lee [29] also 
demonstrated similar sensitivities of ultimate post-buckling shear 
strength due to varying flange thicknesses for a stiffened web with 
slenderness of 150. To further generalize these findings, a more 
comprehensive study is needed to parametrically evaluate both the 
stiffener engagement and flange contributions for web post-buckling 
behavior over a wider practical range of not only web slenderness but 
also web plate thicknesses at the same slenderness. 
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Appendix A. Code-based shear strength calculations 

A.1. List of Symbols  

a longitudinal on-center spacing of transverse stiffeners 
Afc cross-sectional area of compression flange 
Aft cross-sectional area of tension flange 
Aw cross-sectional area of web 
bf width of flange (when tension and compression flanges are equivalent) 
bp smaller of the dimensions a and h (AISC 360–16) 
bs transverse width of stiffener 
E modulus of elasticity 
Fyf specified minimum yield stress of steel in the flanges 
Fys specified minimum yield stress of steel in the stiffeners 
Fyw specified minimum yield stress of steel in the web 
h clear distance between the flanges (i.e. height of web) 
Ist moment of inertia of the transverse stiffeners about an axis in the web center for stiffener pairs 
Ist1 minimum moment of inertia of the transverse stiffeners required for development of the full shear post buckling resistance of the web panels (AISC 360–16) 
Ist2 minimum moment of inertia of the transverse stiffeners required for development of the web shear buckling resistance (AISC 360–16) 
MEd applied bending moment (EC3, Part 1–5) 
Mf,Rd moment resistance of the cross-section consisting of the effective area of the flanges only (EC3, Part 1–5) 
ts thickness of stiffener 
tw thickness of web 
Vb,Rd design resistance for shear (EC3, Part 1–5) 
Vbf,Rd contribution from the flange to the design resistance for shear (EC3, Part 1–5) 
Vbw,Rd contribution from the web to the design resistance for shear (EC3, Part 1–5) 
Vn nominal shear strength (AISC 360–16)  

A.2. Per AISC 360–16, Chapter G: Shear Strength of Interior Web Panels  

Calculate the web plate buckling coefficient, kv: 
kv = 5 +

5
(a

h

)2  (Eq. G2–5) 

For a/h ≤ 3 Considering Tension Field Action: 

Calculate web shear buckling coefficienta, Cv2: For
h
tw

> 1.37

̅̅̅̅̅̅̅̅̅̅̅̅

kv
E

Fyw

√

:  (Eq. G2–11) 

Calculate nominal shear strengtha: For
2Aw

Afc + Aft
≤ 2.5and

h
bf

≤ 6.0:  (Eq. G2–7)  

Vn = 0.6FywAw

⎛

⎜
⎜
⎝Cv2 +

1 − Cv2

1.15
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(a

h

)2
√

⎞

⎟
⎟
⎠

For a/b > 3 Without Tension Field Action:    

Calculate web shear strength coefficienta, Cv1: 
For

h
tw

> 1.10

̅̅̅̅̅̅̅̅̅̅̅̅

kv
E

Fyw

√

: 

Cv1 =
1.10

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kvE/Fyw

√

h/tw  

(Eq. G2–4) 

Calculate nominal shear strength: Vn = 0.6FywAwCv1 (Eq. G2–1) 
Transverse Stiffeners Requirements:   

Check the minimum stiffener dimension requirementb: 
bs

ts
≤ 0.56

̅̅̅̅̅̅
E
Fy

√

(Eq. G2–12) 

Calculate minimum moment of inertia for stiffeners: 
Ist1 =

(
h4ρst

1.3

40

) (
Fys

E

)1.5 

where ρst = 1.0 (assuming that Fys = Fyw)  
(Eq. G2–14)  

Ist2 =

⎛

⎜
⎝

2.5
(a

h

)2 − 2

⎞

⎟
⎠bptw

3 ≥ 0.5bptw2  (Eq. G2–15) 

Calculate stiffener moment of inertia: Ist =
ts(2bs + tw)

3

12   

Check stiffener moment of inertiaa: Ist ≥ Ist2 + (Ist1 − Ist2)ρw 
where ρw = 1.0 (i.e. required strength equals available strength for a test to failure) 

(Eq. G2–13)  
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A.3. Per EC3, Part 1–5, Section 5: Shear Resistance of Interior Web Panels with Rigid Intermediate Stiffeners  

Calculate elastic critical buckling strength, σE: σE =
π2Etw2

12(1 − v2)h2  (A.1.2) 

Calculate steel strength adjustment factor, ε: ε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
235

Fyw (N/mm2)

√

(5.1.2) 

Calculate stiffener moment of inertia: Ist =
ts(2bs + tw)

3

12   

Check the following requirements for rigid intermediate stiffenersa: 
If

a
h

<
̅̅̅
2

√
: Ist >

1.5h3tw3

a2 

If
a
h

≥
̅̅̅
2

√
: Ist > 0.75h3tw

3  
(Eq. 9.6) 

Calculate the shear buckling coefficient, kτ: kτ = 5.34 + 4.00
(

h
a

)2
+ kτl  (Eq. A.5)  

where kτl = 0 (for no longitudinal stiffeners)  

Check the requirement for shear buckling considerationa: 
h
tw

>
31
η ε

̅̅̅̅̅
kτ

√

where η = 1.20 (for steel grades up to and including S460)  
(5.1.2) 

Calculate critical buckling strength, τcr: τcr = kτσE (Eq. 5.4) 

Calculate modified slenderness, λw:  λw = 0.76
̅̅̅̅̅̅
Fy

τcr

√

(Eq. 5.3) 

Calculate the web contribution factor, χw: χw =
1.37

0.7 + λw  
(Table 5.1) 

Calculate web contribution to shear buckling resistance: Vbw,Rd =
χwFywhtw

γM1
̅̅̅
3

√ (Eq. 5.2) 

Calculate flange contributions to shear buckling resistance: Vbf ,Rd =

(
bf tf 2Fyf

cγM1

) (

1 −

(
MEd

Mf ,Rd

)2
)

(Eq. 5.8)  

where c = a

(

0.25 +
1.6bf tf 2Fyf

twh2Fyw

)

(5.4.1)  

where 
MEd

Mf ,Rd
= 0.0 (assuming pure shearc)    

where γM1 = 1.0 (for max. contributiond)  
Calculate design resistance for shear: Vb,Rd = Vbw,Rd + Vbf,Rd (Eq. 5.1)  

A.4. Notes 

aStiffeners in all prototype girder test sections with an applicable aspect ratio (a/h) met this condition. 
bStiffeners in the Hansen girder test sections met this condition while those for the Basler girders did not. 
cAlthough the test section of each prototype girder does indeed have some bending moment per Fig. 4, the moment magnitude is very small relative 

to that of the shear. Assuming pure shear as a simplification will maximize the flange contribution to web shear buckling resistance. 
dThe value for partial factor γM1 is dependent on the application of the member under evaluation. For example, γM1 = 1.0 for steel buildings 

(Eurocode 3, Part 1–1, Section 6.1, Note 2B [51]) and γM1 = 1.1 for steel bridges (Eurocode 3, Part 2, Section 6.1, Note 2 [52]). 
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