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Steel plate girders with slender webs rely on transverse stiffeners to provide web lateral support, thereby
enhancing shear resistance. Intermediate stiffeners are essential not only for anchoring the compression from
tension field action (TFA) but also for restraining out-of-plane buckling and supporting web panel edges. This
paper reviews existing design methods for transverse stiffeners and examines key developments and challenges
from elastic buckling to ultimate strength, comparing design provisions with key research findings. Based on

these insights, an enhanced design approach is proposed for intermediate web stiffeners in steel plate girders,
accounting for flange influence, web slenderness and aspect ratio, and material properties. The proposal is
validated against finite element (FE) simulation results and full scale tests to demonstrate its consistency.

1. Introduction

Slender elements are widely used in the design of steel plate girders
due to the high level of optimisation achievable in plated I-girder and
box girder bridge decks. However, their slenderness makes them sus-
ceptible to instability, particularly plate buckling under combined
stresses (Fig. 1). A key concern is shear buckling, which can develop in
slender webs subjected to shear forces. If not properly considered, this
phenomenon may reduce the girder’s effective lever arm and compro-
mise its load-carrying capacity. To avoid overly conservative assump-
tions that could lead to increased material use and fabrication costs,
accurate prediction of buckling behaviour is essential [1,2].

The structural response of steel plate girders is strongly influenced by
web height (hy), which must be sufficient to resist bending moments,
particularly in regions of high moment such as intermediate supports. In
contrast, a relatively thin web (ty) is typically adequate for resisting
shear, often resulting in high slenderness ratios (4w = hy/tw), which
increase susceptibility to early buckling. To address this, a reinforce-
ment is added to reduce the effective panel span and raise the elastic
critical buckling stress (6;). This is usually achieved with transverse and
longitudinal stiffeners (Fig. 2) [3,4].

The 1910 Bridge Specifications of the American Railway Engineering

Association [5] introduced minimum dimensions for intermediate
stiffeners, but it was in 1936 that Timoshenko [6] first specified a
minimum second moment of area. Moreover, in the second half of the
20th century, recognition of web post-buckling resistance led to changes
in design codes, requiring transverse stiffeners to accommodate addi-
tional forces from post-buckling tension field action (TFA). This sup-
ported the shift towards ultimate limit state design approaches. Despite
being based on decades of research, the design provisions in EN
1993-1-5:2024 [7] still make the optimal sizing of transverse stiffeners
a complex task. While some researchers view the current rules as
broadly sufficient, further study of existing methods is widely seen as
worthwhile.

As discussed in the following sections, today’s design rules stem from
a century of experimental and analytical work — especially the key
studies referenced in [8-11] — across a range of girder geometries. Yet,
the resulting formulations have often proven overly conservative [12].
Since designs based on fictitious axial forces tend to produce such con-
servative results [13-16], this study focuses on defining the necessary
second moment of area (I;2) to enable full development of post-buckling
stresses in the web. Based on this, Section 5 presents an advanced design
method intended to offer a clearer, more efficient, and reliable approach
to transverse stiffener sizing.
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Fig. 1. Web loading of steel-concrete composite bridge deck using twin
plate girders.
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2. Elastic design methods
2.1. General considerations

A rigid vertical web intermediate stiffener serves the following
structural functions:

— Elastic buckling support: When designing for the elastic critical
shear stress 7, the transverse stiffener — characterised by its second
moment of area Iy, and the bending rigidity y,,; between the

Intermediate
transverse stiffener

Rigidend Web panel
panel a=a/hy,
[—>A
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stiffener and the web — provides lateral restraint to the web, effec-
tively subdividing it into smaller panels. This restraint increases the
web’s elastic buckling resistance;

— Post-buckling support: Modern plate girders are typically designed
to carry loads beyond the web’s critical buckling load, accounting for
shear-induced TFA. In such cases, the transverse stiffener must
possess stronger rigidity sz > Ist1, 750 > Y511 ) to actively equilibrate
these post-buckling forces;

— Flange restraint: The stiffener also prevents inward displacement of
the flanges, which is the principal source of axial force in the stiffener
under post-buckling behaviour;

— Secondary functions: Additionally, stiffeners may serve as
connection points for cross-bracing between girders or act as tem-
porary bearing elements during transport and erection.

In accordance with its structural role, the behaviour of a transverse
stiffener is best defined by the parameters outlined in Egs. (1) to (5),
following the notation in Fig. 2:

stiffener slenderness Ast = byt/tss @
. R _ Aa

stiffener axial rigidity St = ot 2
. R Ely

stiffener bending rigidity =D 3)
. . L GJy

stiffener torsional rigidity O = Db “4)

web bending rigidity per unit width D= L"ﬁ (5)

g rgicity p 120102

The definition of the stiffened panel width, b, varies across studies
and design standards. AASHTO:2007, AISC 360:2010, and some authors
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Fig. 2. Plate girder main elements and notation: (a) Elevation, (b) Section A-A, (c) Section B-B.
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Fig. 3. Bending rigidity y; of a transverse stiffener vs. aspect ratio a, as proposed by several authors.

[16] recommend b = min{a; hy}, effectively capping the width at the
web height. This results in a constant stiffener requirement y,, for panels
with aspect ratios @ = a/h,, > 1. However, recent studies by Lee et al.
[17] and Kim et al. [18] challenge this approach. Lee et al. advocate
using b = a, arguing that the conventional limit is overly conservative,
especially for long panels. Kim et al. similarly note that stiffener demand
in such cases is generally low. Earlier 2005 editions of AASHTO and
AISC 360 also followed this less restrictive interpretation. Based on this,
the present study adopts b = a.

2.2. Bending rigidity

2.2.1. Timoshenko [6]

The concept of minimum stiffener rigidity was first introduced by
Timoshenko in Theory of Elastic Stability [6], where expressions were
provided to quantify the stiffness required for ribs or plate stiffeners to
effectively support a web panel and achieve the subpanel’s critical load
(Eq. (6)).

2.2.2. Moore et al. [19]

To improve design accuracy for lightweight structural systems,
particularly in aerospace applications, Moore et al. [19] conducted an
experimental study on aluminium plate girders with transverse angle
stiffeners. The study involved 60 girders and confirmed that transverse
stiffeners increase the web’s critical load and benefit panel subdivision.
Based on these results, the authors proposed an empirical rigidity-based
design method of Eq. (7)).

Moore defined y,, using two stability-based criteria: (i) when stiffener
deflection reached 25 % of the web’s average deflection under critical
loading, and (ii) when it reached 0.508 mm, corresponding to h,,/1450
and h,,/770 for girder heights of 392 mm and 735 mm, respectively. He
also noted that for single-sided stiffeners, y should be calculated using
the second moment of area about an axis assuming an effective web
width equal to 25 % of hy [19], following earlier findings [20]. In
parallel, in 1947, Wang proposed design curves for stiffened plates [21],
though Sparkes’ experiments [22] indicated that Moore’s yy; was
insufficient to properly subdivide the web — supporting earlier conclu-
sions by Scott and Weber [23].

2.2.3. Bleich [27]

Since existing stiffness criteria were limited to closely spaced stiff-
eners, Stein and Fralich [26] conducted tests in 1949 on 20 specimens
with aspect ratios @ = 1, 2, and 5. They examined the relationship be-
tween the shear buckling coefficient k; and relative stiffener rigidity y,,
finding that k. increases with y, but approaches a plateau as y,—o .
Building on these findings, Bleich [27] proposed in 1952 an optimal y;
for infinitely long stiffened plates, expressed in terms of the stiffener’s
second moment of area Iy; (Eq. (8)). This formulation closely aligns with
current AASHTO provisions, discussed later.

2.2.4. Kerensky et al. [24]

In response to the growth of welded construction, the British Stan-
dards Institution tasked Kerensky et al. [24] in 1952 with developing
design rules for shear stresses in girder webs. Their work informed the
1958 revision of BS 153 (later BS 5400-3) and built on studies by Moore
et al. He proposed a modest increase in the minimum second moment of
area for transverse stiffeners, raising the constant of Eq. (7) from 1.3 to
1.5 as in Eq. (9).

Based on these recommendations, BS 153 limited transverse stiffener
spacing to 1.5 hy. Kerensky’s criterion was later adopted in ENV
1993-1-1:1992 [25] and remains in EN 1993-1-5:2024 [7], with a
revised a limit of V2~ 1.414. Key clarifications from [7] and [19]
include:

— The EN standard introduced the concept of an effective stiffener
section, incorporating a 15 ¢ t,, portion of the adjacent web, without
altering the Moore’s formula;

— The minimum second moment of area ensures only that the web
reaches its critical shear buckling load, not its ultimate shear resis-
tance, for which further checks are required.

2.2.5. Rockey [28]

In 1956, Rockey [28] studied the link between the shear buckling
coefficient k. and stiffener rigidity y, for aluminium plate girders,
analysing 220 web-stiffener configurations. The resulting expression
(Eq. (10)) defines the required y,, incorporating a web contribution of
a/2 on each side of the stiffener in the second moment of area
calculation.

2.2.6. Skaloud et al. [29]

Skaloud et al. [29] investigated the effect of initial out-of-plane im-
perfections on the required stiffener rigidity y,. Through second-order
analysis of stiffened square panels under shear, they proposed ampli-
fying Moore’s Eq. (7)) by a magnification factor m, recommending m = 3
for transverse stiffeners, leading to Eq. (11).

2.2.7. Massonnet et al. [30]

Building on Massonnet’s earlier work [31], the same research group
later published a study as Massonnet et al. [30], proposing an optimal
stiffener rigidity y, to prevent stiffener failure up to the web’s critical
shear buckling load. Based on theoretical and experimental analyses,
they derived Eq. (12), valid for 0.5 < a < 2.0. This expression ensures
adequate transverse stiffener design within practical aspect ratios.
Subsequently, Skaloud et al. [32], incorporated initial geometric im-
perfections into the stiffener rigidity design.

2.2.8. Leeetal [17]

Recently, Lee et al. [17] proposed an updated formula for the min-
imum second moment of area, in Eq. (13) required to keep intermediate
transverse stiffeners straight under the critical web load. Their
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for transverse stiffeners under shear buckling, supported by experi-
mental testing. While their main formulation was complex, they also
proposed a simplified expression assuming constant axial compression
as in Eq. (21). This simplified approach was later validated by Tang and
Evans (1984) [51], who found it practical and conservative. Rockey’s
model was incorporated into BS 5400-3 (1982-2000) [43,52], ENV
1993-1-1 (1992) [25], and now in current EN 1993-1-5:2024 [7].

The method relies on the difference between ultimate and critical
shear forces and is sensitive to the shear buckling model used to estimate
V- However, it primarily addresses in-plane axial forces from TFA and
neglects out-of-plane bending effects. This leads to conservative results,
particularly for panels with small aspect ratios, where stiffeners are sized
mainly for axial resistance [53].

3.1.3. Xie [53]

Xie [53] conducted experimental and numerical studies on the
behaviour of intermediate transverse stiffeners in plate girders subjected
to combined shear and direct stresses. A finite element (FE) study was
performed on two-panel I-girders with 1,, ranging from 80 to 300, and &
= 0.5 and 1.0, made from S355 steel. Transverse stiffeners with by /ty
= 10 were examined. Based on his findings, Xie proposed an expression
for the stiffener axial force Ny;. An approximate form is given in Eq. (22),
while an improved version incorporates the axial rigidity of the stiffener,
Sst, as shown in Eq. (23) [53], calibrated against the FE results and
depend on the panel aspect ratio a. The term & refers to the extensional
rigidity of the stiffener, defined in Eq. (2).

3.1.4. Supplementary research

Recognising the post-buckling resistance of web panels, Huang [37]
reviewed developments in stiffener design in 1968, while 4 years later
Richmond [54] proposed modelling transverse and longitudinal stiff-
eners as pin-ended columns under axial compression from shear-induced
forces. However, subsequent studies by Stanway et al. [16,38,39]
argued that out-of-plane forces, rather than axial compression, are more
relevant for stiffeners in shear-loaded webs. FEA have since challenged
the necessity of axial force resistance, criticising traditional criteria as
overly conservative and based on questionable assumptions [9]. Bjo-
rhovde [55], in a 1980 ASCE report, similarly observed that standard
provisions overestimated stiffener cross-sectional demands and called
for more rational design methods. In 2003, Lee et al. [9] later confirmed
that stiffeners do not need to equilibrate diagonal compression forces
but instead require sufficient bending rigidity to resist post-buckling
demands.

Both experimental and FE studies have consistently shown that
current standards overestimate axial forces in transverse stiffeners [10,
11,13-16,44,50,51,56-59]. Some findings [57,59] even demonstrated
that substituting axial restraint with lateral springs yielded comparable
critical and ultimate capacities, reinforcing the limited role of axial
compression in stiffener performance.

3.2. Bending rigidity

Conversely, with the design of steel girder web panels acknowl-
edging web post-buckling resistance, the requirements for transverse
stiffeners to develop the diagonal tension field warranted further
investigation. Consequently, the stiffener bending rigidity, yy,, which
ensures the transverse stiffener remains rigid up to the ultimate girder
capacity, became the focus of additional research by several
investigators.

3.2.1. Horne and Grayson [60]

Due to the complexity of calculating internal forces in stiffeners
induced by the tension field, Horne and Grayson [60] carried out a
parametric FE study on the shear response of transverse stiffeners. The
study accounted for initial imperfections, residual stresses, and both
single- and double-sided stiffeners. The ultimate capacities of stiffened
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webs were compared with those of fully simply supported panels. This
investigation led to the expression for the ultimate bending rigidity
given in Eq. (24).

3.2.2. Skaloud et al. [61]

In the same publication, Optimum Rigidity of Stiffeners of Webs and
Flanges, Skaloud et al. [61] introduced the optimum ultimate bending
rigidity of stiffeners, y,,, ensuring that no stiffener would fail prior to
the ultimate resistance of the web plate. To achieve this, the transverse
stiffener should be designed according to Eq. (25), incorporating a
multiplicative factor kyy in Eq. (26), which depends on the web slen-
derness 4y = hy /tw. This factor can be linearly interpolated between 1
and 3 as: kg2 = 0.0267 (hy /tw) — 1). The value of Iy and y; are taken as
proposed previously by Massonnet et al. [30] (Eq. (12))

3.2.3. Stanway et al. [16]

Building on earlier research [38,39], Stanway et al. [16] investigated
the development of post-buckling resistance in webs and its implications
for the required transverse stiffener rigidity, y,. They concluded that, at
ultimate shear resistance, the stiffeners are primarily subjected to
bending, resulting from their restraint of lateral web deflections. FEA led
to a deflection limit criterion, expressed by Eq. (27), which must be
verified against the permissible stiffener deflection, wy. The stiffener
bending moment M is calculated following the method in Stanway
et al. [16]; b = min{a;hy}, Oy is the maximum out-of-plane web
deflection at ultimate load assuming rigid stiffeners, and k; is given by
Eq. (28).

3.2.4. Leeetal [9,44]

Lee et al. [9,44] examined the transverse stiffener requirements in
the context of shear buckling resistance. For cases where the web slen-
derness results in V. /V, < 0.8, they found that a stiffener second
moment of area of about six times greater than the one of AASHTO:2005
[64] (i.e. Iy > at,® J1, whereas the current is presented later in Eq.
(42), was sufficient to ensure that the web reaches its ultimate shear
resistance, as in Eq. (29), without the need for additional strength
checks. The non-dimensional coefficient J;, given by Eq. (30) was used.
Also, Lee et al. also mentioned that, for webs with V. /V, > 0.8, the
AASHTO:2005 existing provisions of Iy were deemed adequate,
without any additional stiffener area requirement.

3.2.5. Sinur et al. [62]

In 2013, Sinur et al. [62] evaluated the minimum bending rigidity
and area requirements prescribed by EN 1993-1-5 and proposed a
unified expression for the ultimate design of intermediate transverse
stiffeners in plate girders. This formulation was calibrated through an
extensive parametric FE study but limited to cases where the
flange-to-web area ratio was A¢ /A,y = 0.3. The proposed design formula,
applicable to single-sided stiffeners with by /t;s = 10, is presented in Eq.
(3D).

3.2.6. Kimetal [11,18]

In 2004, Kim [63] conducted a FE study to determine the ultimate
stiffener bending rigidity, y4,, required for I-shaped plate girders to
reach their ultimate shear resistance. Web slenderness values of 150 and
300, with aspect ratios of 0.5, 1, 2, and 3, were considered. Both single-
and double-sided stiffeners were analysed, using b /tsx = 10. The study
included horizontally curved girders but excluded longitudinally stiff-
ened webs. The models featured 485 MPa webs and stiffeners, combined
with S690 flanges to reduce flange size while keeping maximum bending
moment below 0.75 Mp ¢ . This resulted in flange-to-web area ratios
Ag/A,, ranging from 0.33 to 1.02, with one outlier (1.88) for the longest
panel with « = 3 and 4, = 150.

In 2007, Kim et al. [11] defined the required y, as the rigidity
beyond which further increase led to less than 3 % gain in ultimate shear
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Fig. 4. Bending rigidity y,, of transverse stiffeners vs. a, as proposed by several authors, for: (a) 4w = 180, (b) 4w = 80.

resistance. They concluded that the condition for stiffener design cor-
responds to the web slenderness at which inelastic shear buckling (V)
equals the plastic shear resistance (Vp), indicating minimal
post-buckling tension field contribution.

Having the coefficient J from Eq. (30), and by substituting the web
thickness t,, from Eq. (15), and b = min{a; hy }, into Eq. (16) (current
AASHTO:2024 and AISC 360:2022 elastic design formula for transverse
stiffeners — later presented in Section 4.2), Kim et al. proposed a
simplified formula for the second moment of area Iy, (and corre-
sponding bending rigidity y,; ,) defined in Eq. (17) [18].

hw_ Ekr _ hw fy,w
a71.10 i © twfm,/Eki 15)
Yan = 10.92J; & Iy >Jbg,’ (16)
15 4 15
10.92 Fyw Bt (fru
e L > = (B 1
rezgam () o ezt () an

The coefficient $ in Eq. (18), was defined by Kim et al. [18], who
recommended a constant value of # = 40. Additionally, the possibility of
using stiffeners with yield strength lower than that of the web was
addressed by introducing the parameter p,, defined in Eq. (19), which
adjusts the section modulus to ensure the same yield moment capacity as
a stiffener with f, & < fyw

1.33k."°
p= (18)
max(ﬁ —2.0; 0.5) x min(a/hy; 1.0)
pe = max(fyuw /fys; 1.0) (19)

Accordingly, the second moment of area proposed by Kim et al. may
be expressed in terms of I » and y, as expressed in Eq. (32), and was
adopted by AASHTO:2007 [47] and AISC 360:2010 [65].

3.2.7. Leeetal [17]

In a continuation of earlier work [9,44], Lee et al. [17] proposed an
updated expression for the required second moment of area of transverse
stiffeners, accounting for post-buckling behaviour. They developed an
extensive parametric study covering various web slenderness and aspect
ratios, focusing on webs with A¢/A,, = 0.9, yield strengths of 245, 345
and 485 MPa, and two different stiffener plate widths. Based on its
outcomes, a simplified design formula for Iy 5 was proposed as in Eq.
(33), which is scaled by a factor ny, given by Eq. (34). The improved
J-value of Eq. (14) was employed where C is the ratio of the elastic
buckling stress for a simply supported panel to the shear yield strength
(fyw/V3). As C decreases, the contribution of post-buckling resistance
increases, requiring greater stiffener rigidity than that needed for purely
elastic buckling.

3.2.8. Xiao etal [66]

In 2019, Xiao et al. [66] investigated the minimum stiffness re-
quirements of intermediate transverse stiffeners in high-strength steel
(HSS) plate girders considering post-buckling behaviour through FE
analysis. Their results showed that the AASHTO design equations of I »
underestimate the required moment of inertia for stiffeners in HSS
girders and proposed a new formula to predict the stiffener inertia
needed to fully develop the post-buckling resistance (in Eq. (35)), using
an new empirical equation of J-value in Eq. (36).

3.2.9. Supplementary research

Early 1950s experimental work by Massonnet [31] indicated that, for
stiffeners to remain effective up to girder failure, their flexural rigidity
must be approximately 20 times higher than that required to maintain
the elastic buckling nodal line. In 1989, Rahal [67], and later Rahal and
Harding [68-70], considered out-of-plane stiffener forces and proposed
an optimum y, formulation, albeit with limited applicability in terms of
panel aspect ratio. In 1999, Mijuskovi¢ et al. [71] applied an
energy-based large-deflection analysis to determine the optimum
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Summary of the key investigation on the design and requirements of intermediate transverse stiffeners reported in the literature.
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O = 5 < Ogtlim = ————7 o~ with
E Iy 2 1—cos(” kb
2 hy,
. h 28
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400 (hy /tw)¥*/(@/hw)a t3 /i o 400 (hy /tw)**\/(a@/hw)
Kim et al. [11,18] 2014 No - Yes Stiffness L5 4,13 15 (32)
rap > 2273 4 3 (fan Ly > M2 (frw
a/hy E 40 E
Lee et al. [17] 2014 No - Yes Stiffness Yse2 > 10.92 ngo J; with J; in Eq. (14) and I 2 > ngo J1 aty® (33)
_ 34 (34)
N2 = col5
Xiao et al. [66] 2019 No - Yes Stiffness Vst 2 > 10.92 J, with Igo > Joa t,° (35)
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Fig. 5. Design check defined in [7].

stiffener rigidity under post-buckling shear. More recently, the topic has
been further explored by Alinia [72] and Piculin [73].

3.2.10. Comparison between design models

Fig. 4 compares the principal proposals for the ultimate transverse
stiffener bending rigidity, ., for web slenderness values 4,, = 180 and
80, respectively, where the horizontal axis represents the web panel
aspect ratio a. The results indicate that the required y, at ultimate load
is generally more demanding than the elastic stiffener rigidity shown
previously in Fig. 3. Several models show sensitivity to web slenderness
(Aw) and steel strength (fy). Overall, 7, increases for shorter aspect
ratios, more slender webs, and higher steel strengths.

Table 2 presents the summary of the key investigation on the design
and requirements of intermediate transverse stiffeners reported in the
literature.

4. Relevant standard design methods
4.1. EN 1993-1-5:2024 [7]

Intermediate transverse stiffeners must satisfy design criteria related
to ultimate strength, bending rigidity, and torsional buckling rigidity, as
illustrated in Fig. 5 (a-c).

4.1.1. Cross-section

The effective cross-section comprises the gross area of the stiffener
plus a contributory web width of 15 et,, on each side, with e =,/235/fy,
as shown in Fig. 6 [7].

15¢¢t,, 15¢t,,
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4.1.2. Strength

Stiffeners are modelled as beam-columns subject to axial compres-
sion and lateral forces from the post-buckling support of the web. The
ultimate strength is verified using the interaction Eq. (37) of EN
1993-1-1 [74], employing buckling curve c and an effective length [
> 0.75 hy. The axial force Ny results from TFA and is given by Eq. (38)
which resembles the expression in Eq. (21). For asymmetric stiffeners,
the induced bending moment M;; includes eccentricity e and the initial
geometric imperfections wo=s/200:

Ny My

+kyy <1.0 (37)
Xy N / T Xur My Ri / 7M1

Ny = Veg — Ve (38)
Mst = Nst (e + CU()) (39)

4.1.3. Bending rigidity
The minimum second moment of area Iy; (and respective y,) of the
effective section is defined by Eq. (40), that becomes independent of the

panel aspect ratio for a > V2.

3 3 2
Ly > { 1.5h,° t,° /a

0.75 hy ty =

8.19/(a/hy) for a/hw >V2
(40)

4.1.4. Torsional rigidity

For stiffeners without warping rigidity, the torsional stiffness is
verified by limiting the relative slenderness to 1yx < 0.70, where
Zst=1/fyst/Ocrst» Which corresponds to have a critical elastic torsional
stress of ocrse > 2 fyst (Eq.(41)). In the case of stiffeners with effective
warping restraint, the limit is 1y < 0.40, equivalent to o¢rg > 6fyst (Eq.

(41)):

s > { 2fys, No warping rigidity

6fyst, with warping rigidity (41

4.2. AASHTO:2024 [75] / AISC 360:2022 [76]

4.2.1. Cross-section

For second moment of area calculations, the transverse stiffener
section is taken about the face in contact with the web (single-sided) or
about the web mid-thickness (double-sided), without considering the
web participation [75,76].

4.2.2. Strength

Since 1973, AASHTO standards recognised the need for sufficient
stiffener area to resist the vertical component of the post-buckling ten-
sion field, based on Basler’s [9]. However, given the relatively minor
axial compression from the tension field, both AASHTO:2007 [47] and

15¢¢t, 15¢t,

‘4
T

Single-sided transverse stiffener

Double-sided transverse stiffener

Fig. 6. Transverse stiffener effective cross-section [7].
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A

N2 = 21 Ny, = 5.0

Fig. 7. Value of 7, for the design of transverse stiffeners according to SIA 263.

AISC 360:2010 [65] removed the explicit strength (area) requirement
from their provisions.

4.2.3. Bending rigidity

The current AASHTO:2024 [75] and AISC 360:2022 [76] standards
define the minimum required bending rigidity Iy (Eq. (42)) to ensure
near-zero lateral deflection at the stiffener under the critical shear stress
7.r. The panel width is defined as b=min(a; hy ), and the required stiff-
ness J is expressed by Eq. (43).

In>bt,J (42)
25 2.0>05 (43)
(a/ hy)?

For ultimate shear design, the enhanced requirement I, is given by
Eq. (44), which incorporates post-buckling resistance. For stocky webs,
I tends to Iy . The factor p, is defined in Eq. (19), and the critical stress
in the stiffener o, is limited by Eq. (45):

h,* /)t yw
Ip > 20 < £ 44)
031E
Ocrst = _f s (45)
e/ T

4.2.4. Torsional rigidity
No explicit torsional rigidity requirements are provided. However,
AASHTO [75] specifies minimum geometric limits for stiffeners:
hy,

by >2.0+_~

30 (46)

bf,comp

16 tst 2 bst Z (47)

4.3. DNV-RP-C201: 2010 [77]

The Norwegian Standard DNV-RP-C201:2010 [77] provides general
buckling verification rules for stiffened plates under shear, direct
stresses, and lateral loads, but does not present specific provisions for
transverse or longitudinal stiffeners, except regarding the required sec-
ond moment of area for transverse stiffeners.

4.3.1. Cross-section
No guidance is given on the use of effective stiffener cross-sections or
on the contribution of adjacent web width.

4.3.2. Strength

For stiffened plates under combined loading, the equivalent stiffener
axial load, Ny, is defined by Eq. (48), based on the stiffener area Ay, the
panel width b, and the combined direct, o4, and post-critical shear
stresses, 7pc of Eq. (48), where 7, = 7y — Ter 0, if post-buckling shear is
considered.

Ny = 0x(As +bty) + 7o bty (48)

4.3.3. Bending rigidity
The required second moment of area for a transverse stiffener ac-

counting for shear post-buckling is defined in Eq. (49). This expression is
valid for aspect ratios up to a/hy =1.118 and assumes full flange
participation over panel width a.

h,
stZ>03hsta tw(zs_St_zht>f% < Vst2
s

hy a fyst
> 3.276 (2 5% 2hst) v (49)

w

4.3.4. Torsional rigidity

The characteristic buckling and torsional buckling capacities of
transverse stiffeners are defined by Egs. (50) and (51), though detailed
expressions are not explicitly discussed.

1.0 for 14 < 0.2
Ocrst _ -2 ~ 22 =2
TN LA = (L p+a0) — 47 _ (50)
fy H st \/( 7/’; st ) st for 7y > 0.2
2 ﬂst
1.0 for 24 < 0.6
Ocrst - 2 = 2\2 = 2
T T 1 tu+ie — (A +p+2a) —47 _ (51
fy i \/( 7”2 ) o for 1 > 0.6
2 s

4.4. SIA 263:2013 [48]

4.4.1. Cross-section

SIA 263-1:2013 [48] recommends that the second moment of area
for both single- and double-sided transverse stiffeners should be calcu-
lated about an axis lying in the plane of the web. Only for bearing or
support stiffeners, a portion of the adjoining web width may be
considered as contributing to the strength verification.

4.4.2. Strength

SIA 263-1:2013 [48] defines the compressive force in transverse
stiffeners based on Basler’s formulation of Eq. (52). The required stiff-
ener area depends on the material strength ratio n; (Eq. (53)). For
single-sided stiffeners, the effect of eccentricity relative to the web is
accounted for by the coefficient #,, which reflects the stiffener
cross-section geometry (illustrated in Fig. 7). A reduction factor 7,
related to the design shear resistance, is applied as defined in Eq. (54).

a/hy,

cr hW
Ny = <1 _ T_) % a/2 x|1-— hs tw fy 1 n2 13 (52)
7y 1+ (a/hy)?
M :nyW/fyyst 3
13 = Via/Vra G4

4.4.3. Bending rigidity

SIA 263-1:2013 [48] requires a second moment of area of the
transverse stiffener higher than the value defined in Eq. (55). In this
expression, #; is given by Eq. (53) and hy denotes the vertical distance
between the centroids of the flanges.
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Fig. 8. Bending rigidity y,; of a transverse stiffener vs. a, in accordance with relevant standards.
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Fig. 9. v, vs. a of a transverse stiffeners per AASHTO (2020) and DNV (2010) for: (a) 4= 180, (b) A= 80.

10.92
at,®

he\*
Iy > (%) ’713/2 S Y > (55)

he ! 3/2
50 M
4.4.4. Torsional rigidity
No specific torsional rigidity requirements are specified in SIA
263-1:2013 [48].

4.5. Comparison between design models bending rigidity

The standard design models for intermediate transverse stiffeners,
based on a rigidity criterion (y4;) for the web plate to attain its elastic
critical web load, are compared in Fig. 8. According to this figure, the
required critical stiffener bending rigidity y,, as prescribed by the
standards is consistent with the values proposed by the main researchers
previously discussed.

Fig. 9 compares the standard formulations for designing transverse
stiffener (with y,). for the web to reach its ultimate shear buckling load.
As y» depends on the web slenderness Aw, Fig. 9 (a) and (b) correspond

10

to 4w = 180 and 80, respectively. As shown in this figure, the standard
ultimate stiffener bending rigidity, 7., is usually higher than the stan-
dard critical web stiffener bending rigidity, y,;. The Norwegian stan-
dard proved particularly stringent for aspect ratios a < 1.12, while
indicating that for ¢ > 1.12, no significant requirements on stiffener
bending rigidity are necessary.

In contrast, the AASHTO specification of 2024, being based on the
work of Kim et al. [11,18,63], yielded identical results, as expected, and
consistent with those in Fig. 4. In line with the author’s previous pro-
posals, the standard ultimate stiffener bending rigidity y,., was found to
depend on the web slenderness 4, and the steel grade f;. As illustrated in
Fig. 9, 74 increased with decreasing aspect ratio, increasing web slen-
derness, and higher steel grade.

Table 3 presents the list of the most relevant standards contemplated
in the current paper concerning alongside the related author work
reference for the design of intermediate transverse stiffeners and
respective design formula.
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Table 3

Resume of the of relevant standard design verifications for intermediate transverse stiffeners.

Ultimate stiffness yg.,

Elastic stiffness y,

Strength

Cross-section

Standard

Formula

Author

Formula

Author

Formula

Author

for a/hy, < V2
for a/hy, > V2

16.38
(a/hw)’?
8.19
a/hy

Kerensky et al. [24]
Vst1 =

Ved — Ver

30 ety Rockey et al. [50]

EN 1993-1-5:2024 [7]

— —
v Al
z
£ £
S~ S~
S} IS)
= =
£ ]
v n
- —
IRET
S~——— ~
« 2}
< <
@ o
£
Rle R
NS §
ols =)

Kimetal. [11]

Ystz = {
Kim et al. [11]

Ystz = {

Unknown Ref.

—21.3 fora/hy <1
fora/hy > 1

27.3
(a/hy)?
5.46

Yst1 = {
Yst1 = {

Bleich [27]

-

- (%)

AASHTO:2024 [75]

- -
\% Al
2
PR
~ ~
[S] =1
S -
& i)
n n
— —
E
> 2
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SN— ~
« )
<<
L o
< %
Rle R
S §
ols (=

—21.3 fora/hy <1
fora/hy > 1

27.3
(a/hy)?
5.46

Bleich [27]

- ()

AISC 360:2022 [76]

Py

a
hst

sz > 3.276 Ay (2.5 42<

Ox(Ast + b tw) + 7pe b tw

see [77]

DNV-RP-C201:2010 [77]

”13/2 (Jn)

tw3 a

12(1—12) K&
504

Yst1 2

Unknown Ref.

25 ¢ty Basler [46] Veg — Ver

SIA 263-1:2013 [48]

(*) Effective web width and cross-section were recommended in former standard version before suppression

(**) Stiffener axial force was recommended in former standard version before suppression
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5. Improved design method for transverse web stiffeners
according to [1]

5.1. Basic conditions

This section introduces an improved design method for intermediate
transverse stiffeners in steel plate girders, based on the following key
assumptions:

1. The stiffener is designed to maintain stability up to the girder’s ul-
timate shear resistance, giving the assumptions outlined in Section
5.2;

2. The design targets the maximum shear capacity of the web panel
(assessed using the numerical shear capacity Vmaxrem), rather than
the applied shear force Vgg;

3. The stiffener cross-section is treated as effective, in accordance with
EN 1993-1-5:2024.

The proposed design method is subject to the following constraints:

— It applies to intermediate transverse stiffeners engaged by TFA,
excluding those at supports;

— It does not cover stiffeners subjected to external loads, such as those
arising from cross-frames, flange-level loads, girder curvature, or
slope discontinuities;

— The calibration was performed for single-sided flat plate stiffeners
under pure shear, though the approach may be extended to other
geometries and loading conditions as detailed in subsequent
sections.

5.2. Procedure for determining the optimum bending rigidity

The effectiveness of the intermediate transverse stiffener is numeri-
cally evaluated by adjusting its cross-sectional bending rigidity, y,, for a
given FE girder geometry — which incorporates a portion of the web that
works in conjunction with the stiffener. This procedure is detailed in [1]
and [78]. Moreover, the FE model validation is available in [1] and [79].

Fig. 10 (a) plots the normalized shear resistance numerically ob-
tained using the ratio Vmaxrem/Vp (circles marked in grey) for several
stiffener bending rigidity, ., which are represented on the horizontal
axis. These results were interpolated, obtaining the blue line in Fig. 10
(a) which quantifies the increase in girder resistance due to the use of the
transverse stiffener. The same figure highlights the Vipaxrem/Vp1 scores
for two plate girders examples (1,=167, a=1, A¢/Ay=1.0, S355 longi-
tudinally unstiffened): a flexible transverse stiffener that has y4=5
(circle in red) — which failed to obtained the maximum resistance of the
web panel (about 0.76 V;,;) — and for a rigid transverse stiffener designed
with y,=1000 (circle in green) — which successfully attained the
maximum resistance of the web panel of 0.76 V.

This behaviour is supported by the normalized load vs. vertical
displacement plot of Fig. 10 (b) of two plate girders examples together
with the corresponding numerical representation of the failure mode.
This figure adds essential aspects concerning the stiffened girder
behaviour such as the load stage at which one FE within the plate girder
attained the strain limit of 5 % — from this point forward, the P —§ plot is
drawn in grey. Moreover, the plate girder with a rigid transverse stiff-
ener designed with y,= 1000 (curve in green) shown a very similar
behaviour to a reference plate girder with similar geometry and material
but with a single web panel — which failed due to shear buckling in a
single web panel without the influence of the transverse stiffener. On the
other hand, the plate girder with the flexible stiffener was unable to
sustain the vertical load after peak load - failing in both the web plate
and stiffener together.

The optimum value of y is indicated by the blue dot in Fig. 10 (a)
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Fig. 10. Effectiveness of an intermediate transverse stiffener: (a) definition of Yst.FEM> (b) load-displacement plot of two examples.

and is determined when Viyaxrem(i1)/Vmaxrem(i + 1) < 0.1%o, which
signifies the point at which further increases in y,; no longer result in a
significant increase in the relative resistance Viay rem/Vp1. The resistance
of a reference model with a single web panel without the stiffener in-
fluence is referred as Vpaxrefrem in both figures and the optimum
bending rigidity ensures a girder resistance of at least
Vmax,FEM >09 Vmax,ref‘FEM-

In Fig. 10 (a), the characteristic shear buckling resistance, V, gk «, for
a plate girder with a web panel stiffened with a rigid intermediate
transverse stiffener having the EN 1993-1-5:2024 rules are represented
by a purple line. As a lower bond EN 1993-1-5:2024 reference, the
characteristic shear buckling resistance, V} gk 24, Of the scenario of a
plate girder with a web panel stiffened with a very flexible intermediate
transverse stiffener.

5.3. Design proposal development

To derive the required ultimate bending rigidity of a transverse
stiffener, a procedure similar to that described in [18] is adopted. The

minimum second moment of area Iy; of an intermediate transverse
stiffener to develop the critical shear resistance of a web panel with
slenderness Ay = hy /tw, as defined in EN 1993-1-5:2024, is calculated
using Eq. (40). However, to develop the plastic shear resistance V
fyw Bw tw/V/3, according to EN 1993-1-5:2024, the higher web panel
slenderness is,

&
, Vi

Here, 7 is a hardening factor recommended to be 1.2 for steel grades
up to S460 and 1.0 for grades above S460 [7]. The yield factor is given
by € = /235/f;, and the shear buckling coefficient k. is defined in Eq.
(57) assuming simple supported edges of the web panel:

h—W:SI

:, (56)

12
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Fig. 11. Variation of factor f,, for = 1.0 with respect to a = a/hy.

5.34

5 fora / hy, < V2
(a/hy)
k. = (57)

i()z fora / hy > V2
(a/hw)

Substituting Eq. (56) into Eq. (40) and solving for the resulting sec-
ond moment of area Iy, and bending rigidity y,, are obtained by:

00 +

6 3
1‘50% fora/hW <V2

Ist2 2 < 75t2
0.75h,*8,° fora / hy > V2
16}'1383/1W3ﬂw3 for a/hW <V2
> (a/hy) (58)
819 , .
7 >
a/hwlw P for a/hW > V2

The non-dimensional factor fj,,, defined in Eq. (59) for y= 1.0, varies
according to the steel grade and tends to a constant value as the panel
aspect ratio increases (see Fig. 11):

1
~ 31evk,

Considering y, from Eq. (58), the following major conclusions can
be drawn:
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— The required y, is identical to the required y,; (Eq. (40)) multiplied
by the cubic exponential of the web slenderness A, and the factor f3,,,.
Therefore, the term 1,,°4,°> may be interpreted as a post-buckling
amplification factor applied to the critical bending rigidity yg;,
leading to the ultimate bending rigidity y.,, assuming the web fails at
the plastic shear resistance Vy;

— The required bending rigidity y,, increases with the steel grade fy;

— The required bending rigidity y,, decreases as the aspect ratio «
increases;

— The factor j,, increases with the aspect ratio @ and tends to a constant
value for large panel width a.

However, the required second moment of area Iy, for reaching the
ultimate shear resistance of the web plate, as given in Eq. (58) (also
expressed in terms of relative bending rigidity), should also be adjusted
to account for the influence of the flange-to-web-area ratio, as evidenced
by FEM results, see [78,1]. Accordingly, the following section presents a
refined design proposal based on the adjusted values of Iy and yg..

5.4. New design proposal
An improved formulation for the ultimate bending rigidity of inter-

mediate transverse stiffeners is proposed in Eq. (60), introducing an
amplification factor ¥ to account for post-buckling behaviour and in-

fluence of the flanges (given that Iy, = ystzﬁa_iﬂ)):
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Fig. 12. Variation of the amplifying factor ¥ with respect to 4,, and A¢/A,, for: (a) S355, (b) S690.
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Here, 7, and Iy refer to the actual EN 1993-1-5:2024 elastic design
values from Eq. (40). The amplification factor ¥ reflects the post-
buckling contribution of TFA and its general expression is provided in
Eq. (61), which should be higher or equal to 1.0:

15
. (\/%6) ﬂw°'4 ¢ for i, <150

ﬂw0.75 ﬂw0.4 é«

The amplification factor ¥ was calibrated using numerical simula-
tions, as described in Section 5.2, with the corresponding FE results
presented in [1,78]. This factor is governed by the web slenderness 4.,
the flange factor ¢ in Eq. (62) (dependent on the flange-to-web area ratio
Af/Ay), the steel-grade factor 3, in Eq. (59) (through ¢), and the aspect
ratio a (through k.). These dependencies are consistent with recent in-
vestigations [1,78], which identified these parameters as the main fac-
tors governing the required bending rigidity of transverse stiffeners.
Accordingly, the general expression for ¥ differentiates between two
slenderness regimes (4,, < 150 and 4,, > 150) and two flange-area-ratio
ranges (Af/Ay<1 and Af/A,>1), resulting in four design domains, as
illustrated in Fig. 12. The relatively minor influences of the steel grade
and aspect ratio are accounted for through the g, factor.

o2 )

Fig. 13 compares the proposed y, to EN 1993-1-5 design values of
Ys1, confirming that y, is consistently higher due to additional post-
buckling demands, particularly for slenderer webs, and larger flange-
to-web ratios but also for higher steel grades.

(61)
for A, > 150

(62)

5.5. Comparison to numerical results

The proposed intermediate stiffener requirement y,, was compared

14

with numerically derived demands yggy, both normalised to the EN
1993-1-5:2024 elastic requirement y;. The resulting amplification
factor ¥ =  y0/7su reflects the increase needed to reach ultimate shear
resistance. Figs. 14-16 show this comparison for steel grades S355 and
S690 across @ = 1.0-2.0, and for three web configurations: (a) unstiff-
ened, (b) with a longitudinal stiffener at 0.25 h,,, and (c) at 0.50 hy,. For
a > 2, FE indicate low rigidity demands, suggesting the proposed values
may be conservative. This aligns with the fact that the EN
1993-1-5:2024 expression for Iy; becomes constant beyond a > V2.
Across all cases, y4, consistently exceeds gy, confirming the adequacy
and conservativeness of the proposed design method for various steel
grades and web configurations.

5.6. Other effects

5.6.1. Influence of longitudinal stiffeners

For webs with longitudinal stiffeners, EN 1993-1-5:2024 requires an
additional verification of transverse stiffener rigidity. This is addressed
through the amplification factor (¥) of Eq. (40) applied to the EN
1993-1-5:2024 minimum second moment of area, ensuring conserva-
tive and sufficient rigidity for longitudinally stiffened webs [1,78].

5.6.2. Influence of double-sided stiffeners

Studies [1,78] confirm that single- and double-sided transverse
stiffeners provide equivalent out-of-plane restraint if they offer the same
relative rigidity (y,). Thus, the proposed design method applies equally
to both configurations.

5.6.3. Effect of plate girders with non-symmetric flanges

Non-symmetric flanges are common in practice due to construction
and composite action with slabs. For typical flange-to-web area ratios
(Ag¢/Aw = 2.0 top, Asp /Aw = 1.0 bottom), required stiffener rigidity falls
between those for symmetric cases [78,1]. In the absence of detailed
analysis, adopting the higher A¢/A,, ratio is recommended.
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0.50 hy, [78].

=0.25

sl,1

(b) h,

stiffener,

hw, () hsl,l

< bg/2). Despite a minor (<10 %) reduction in shear resistance, it

byt

5.6.4. Influence of tee stiffeners layout

was concluded that the stiffener layout has little effect on required

The effectiveness of tee-section stiffeners was assessed in [1,78],
with geometric constraints ensuring structural class and flange restraint.

confirming the method’s applicability to tee

bending rigidity 7 rem»

stiffeners.

Limits were set for flange width-to-thickness (by¢/ts ¢ < 10¢), flange
width (bys = 2.5 bgw), and stiffener properties (by/ty<20 and
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stiffener, (b) hg; = 0.25 hy, () hg1 = 0.50 hy, [78].

supporting the proposition of using the same stiffeners design re-

5.6.5. Effect of moment—shear interaction
quirements under combined loadings M-V as a conservative approach.

Numerical analyses [1,78] of combined bending and shear (M =
0.5-1.0 My, ¢ with shear) show only a slight reduction in shear capacity
due to reduced flange contribution to post-buckling resistance. For these
cases, stiffener demands are slightly lower than under pure shear,
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that, in relevant codes and references, criteria related to bending rigidity

have gained increased importance. This background as well as a
design approach which was proposed to ensure that the stiffener remains

comprehensive finite element (FE) parametric study have led to a new
effective until the girder reaches its ultimate shear resistance.
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=0.50 hy [78].

= 0.25 hy, () hy1

s1,1

This study investigated the role and design requirements of inter-
mediate transverse stiffeners in achieving the ultimate shear buckling

resistance of steel plate girders. An extensive literature review showed

(c) longitudinal stiffener at hg) ; = 0.50 h,,
Fig. 16. Comparison of the required amplification factor ¥ = y 5 /7, ;between numerical results and the proposed formulation for

6. Conclusions

stiffener, (b) h,
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Accordingly, the approach focuses on the web panel’s post-buckling
capacity rather than the applied design load. The method introduces an
amplification factor to the current EN 1993-1-5 elastic bending
requirement, thereby establishing a minimum bending rigidity criterion
that accounts for the influence of web slenderness, flange contribution,
and material strength. Although deliberately conservative, the method
offers several advantages over existing procedures:

— it provides a direct and rational link between stiffener rigidity and
the post-buckling web behaviour of steel plate girders;

— it eliminates the need for additional stiffener strength checks
currently required by EN 1993-1-5:2024;

— it ensures consistent and reliable predictions across a wide range of
geometries and material grades relevant to practical design.

By optimising the use of structural steel in transverse stiffeners, the
proposed method enables more economical and sustainable design so-
lutions, particularly for girders fabricated from high-strength steels
(HSS).
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