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Abstract

The continuous strength method (CSM) is a recently developed deformation-based design
method for metallic structures. In this method, cross-section classification is replaced by a
normalised deformation capacity, which defines the maximum strain that a cross-section can
endure prior to failure. This limiting strain is used in conjunction with an elastic, linear-
hardening material stress-strain model to determine cross-section capacity allowing for the
influence of strain hardening. To date, the CSM has been developed for the determination of
cross-section capacity under normal stresses (i.e. compression, bending and combined
loading), where it has been shown to offer more accurate predictions than current codified
methods. In this paper, extension of the CSM to the determination of shear resistance is
described. The relationship between the normalized shear deformation capacity, referred to as
the shear strain ratio, and the web slenderness is first established on the basis of experimental
and numerical data. The material model and proposed resistance functions are then described.
Comparisons of the developed method with the ultimate shear capacity of a series of tested
stainless steel plate girders show that improved resistance predictions of test capacity over

current design methods are achieved.

Keywords: Continuous strength method, Deformation capacity, Plate girder, Shear buckling,

Stainless steel, Strain hardening, Web slenderness.




1. Introduction

The current codified approach for the calculation of the compression, bending and shear
resistances of stainless steel cross-sections has been observed throughout published studies
[1-6] to be conservative in the cases of elements of low slenderness. This may be attributed
to: (1) the assignment of cross-sections to discrete behavioural classes and (2) assuming the
maximum attainable stress is the 0.2% proof stress fy (i.e. an elastic, perfectly plastic
approximation to the material stress-strain curve and ignoring strain hardening). With initial
cost and hence design efficiency being of paramount importance in the selection of stainless
steel for main structural components, the application of more sophisticated design methods,
exploiting the true material behaviour, such as the continuous strength method (CSM), is

considered to be warranted.

Following the successful application of the CSM to stainless steel cross-sections under
compression, bending and combined loading [1-6], this paper presents developments of the
method towards its extension to the calculation of shear resistance. A review of the key
components of the CSM is first presented. Test and numerical data collected from Saliba and
Gardner [7] and Saliba et al. [8] have been utilized to establish the preliminary shear base
curve and subsequently the CSM shear design equations. The effect of applying the CSM to
estimate the shear resistance and bending resistance of plate girders has been evaluated
considering two scenarios: (1) the web contribution to the shear resistance calculated
according to the EN 1993-1-4 [8, 9] design equations but the flange contribution and the
bending resistance of the cross-section calculated with allowance for strain hardening
according to the CSM and (2) both web and flange contributions to the shear resistance
determined using the CSM for shear presented herein and the bending resistance also

calculated according to the CSM.

2. Literature review

Initial research into the shear resistance of slender plate girders, carried out by Bleich [10]

and later by Basler et al. [11, 12], assumed that a theoretical tension field extending over the

whole depth of the web is formed once shear buckling occurs. The shear resistance of plate



girders was considered accordingly as the sum of the buckling and postbuckling resistances
of the web only, ignoring the flange contribution. This approach was found by Calladine [13]
and Porter et al. [14] to be conservative, and was developed further by Rockey et al. [15, 16]
to improve its accuracy, though shortcomings remained for the case of plate girders with

widely spaced transverse web stiffeners.

ENV 1993-1-1 (1992) [17] allowed the calculation of shear resistance for carbon steel plate
girders using either the tension field method or the simple post critical method [18], though
these two methods were replaced [19-21] by improved design equations in the final EN
standard. The current design equations for shear buckling for carbon steel sections, included
in EN 1993-1-5 [22], are based on the rotated stress field method developed by Hoglund [19,
23, 24]. The rotated stress field method accounts for the postbuckling shear strength of both

unstiffened and stiffened webs and takes into consideration the flange contribution.

In EN 1993-1-5 [22], the ultimate shear resistance Vbrd is defined as the sum of the web

shear buckling resistance Vibw,rd and the flange contribution Vbsrd as given in Eq. (1).
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where the influence of strain hardening is considered through the parameter n, hw is the web
depth, tw is the web thickness, fyw is the yield strength of the web, and ymi is a partial safety

factor.

The web contribution Vbw,rd is given by Eq. (2):

X f‘ywhwtw
Vi rg= 2ty 2
bw,Rd /_3YM1 ( )

where yw is the web shear buckling reduction factor.

The flange contribution Vusrd is defined by Eq. (3):
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in which br is the overall flange width, tr is the flange thickness, fyr is the yield strength of the

flange, Mk4 is the coexistent design bending moment, Msrd is the moment resistance of the
flanges alone and finally, the longitudinal distance of the plastic hinges that form in the

flanges from the transverse stiffeners, c, is given by Eq. (4):
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where a is the distance between the transverse stiffeners.

The interaction between shear and bending moment commonly arises in practice and has
been the subject of numerous studies [10, 11, 25-29]. EN 1993-1-5 (2006) [22] prescribes a
reduced bending resistance when the coexistent shear force exceed 50% of the shear

resistance.

For stainless steel, the first codified shear resistance design equations were presented in the
prestandard ENV 1993-1-4 (1996) [30]. The equations were developed on the basis of an
experimental study carried out by Carvalho et al. [31] and the simple post critical method of
ENV 1993-1-1 (1992) [17], with adjustments to account for the particular nonlinear material
characteristics of stainless steel. These equations were later shown by Olsson [32] to be
conservative and revised equations were included in the final EN standard, EN 1993-1-4
(2006) [33]. The improved shear design equations were based on the rotated stress field
method and are of similar form to those given in EN 1993-1-5 (2006) [22], but with modified
functions for the shear buckling reduction factor yw, no differentiation between rigid and non-

rigid end posts, and an alternative definition of the distance c, as given in Eq. (5).
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Further improvements to the design rules were proposed in [34-36] and most recently by
Saliba et al. [8], who considered an enlarged pool of experimental data and introduced a
distinction between web panels with rigid and non-rigid end posts. These proposed equations
are presented in Table 1, and, following a recent amendment, are now incorporated into EN

1993-1-4:2006+A1:2015 [9].

3. The CSM for the determination of compression and bending resistances
3.1 Overview

The continuous strength method (CSM) [1] is a recently developed method which offers an

alternative approach to calculating the resistance of metallic cross-sections. Contrary to the

traditional approach which assumes elastic, perfectly plastic material behaviour, the CSM



allows exploitation of material strain hardening, such as that exhibited by stainless steel and
aluminium. The CSM considers local buckling in the elastic or inelastic range and the
associated limiting strain to be the key physical restriction to the exploitation of the spread of
plasticity and strain hardening of the material. Hence, the maximum attainable failure stress
of a stainless steel cross-section is considered as a continuous function of the material
properties, the geometry of the cross-section and the imposed loading, rather than simply a

material specific stress (i.e. the yield stress).

The CSM deviates from traditional cross-section classification by adopting a continuous
relationship between cross-sectional slenderness and deformation capacity. The deformation
capacity of the cross-section is determined from an experimentally derived ‘base curve’
which links the limiting strain at failure due to local buckling ecsm to the cross-section
slenderness [1]. The stress corresponding to this limiting failure strain, is then determined

from the material model, which incorporates strain hardening.

A detailed description of the development of the CSM and its successful application to
stainless steel, aluminium alloys, high strength steel and carbon steel is presented in [1, 38-
40], while the most recent developments and improvements to the method are presented in

Gardner et al. [3], Afshan and Gardner [6] and Zhao et al. [41].
3.2 Deformation capacity

The local cross-section slenderness is defined in the CSM through Eq. (6):

A= | (6)
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where fy is the material yield (0.2% proof) stress and ocr is the elastic buckling stress of the
full cross-section as used in the direct strength method (DSM) [42], or conservatively, of the

most slender constituent plate element.

The deformation capacity ecsm/ey, according to the CSM, is defined by the base curve, given
by Egs. (7) and (8) for non-slender (A, < 0.68) and slender (Xp> 0.68) cross-sections,

respectively [6, 41]:
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where gy = fy/E is the yield strain of the material, E is the Young’s modulus, &csm is the CSM
limiting strain for the cross-section, and &u is the strain at the ultimate tensile stress, which
can be approximated from eu = C3(1 - fy/fu); Ci and Cs are material parameters taken as Ci =
0.10 and Cs = 1.0 for austenitic and duplex stainless steel and C1 = 0.40 and C3 = 0.60 for

ferritic stainless steel.

3.3 Material model and cross-section resistance

An elastic, linear hardening material model, as depicted in Fig. 1, is adopted in the CSM with

the relationship between stress Gesm and strain €csm defined by Eq. (9):
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where Esn is the strain hardening slope, calculated from Eq. (10):
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where fu is the ultimate tensile stress of the material and C: is a material parameter taken

equal to 0.16 for austenitic and duplex stainless steel and 0.45 for ferritic stainless steel.

Finally, having established the strain ratio €csm/ey (i.e. the deformation capacity) of the cross-
section and the material stress-strain curve, the cross-section compression resistance Nesm,Rd
and major axis bending resistance My.csmRrd are calculated according to Egs. (11) and (12),

respectively [3, 6]:
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where A is the gross-cross-sectional area, Wel is the elastic section modulus, Wpi is the plastic
section modulus, a is a parameter dependent on cross-section shape, with o = 2 for I-sections
in major axis bending and ymo is the partial safety factor for cross-section resistance, with a

recommended value of 1.1 given in EN 1993-1-4 [9].

4. Extension of the CSM to the determination of shear resistance

4.1 Introduction

The CSM currently applies to the calculation of cross-section resistances under normal
stresses (i.e. compression, bending and combinations thereof). In this section of the paper,
extension of the continuous strength method to include the determination of shear resistance
is presented. The approach adopted to develop the CSM shear resistance equations is in
harmony with the method described in Section 3.2 of this paper. Underpinning data have
been derived from a combination of physical experiments [7] and finite element simulations,

with the latter summarized in the following section.

4.2 Finite element simulations

Finite element simulations on stainless steel plate girders were carried out to supplement the
existing test results using the general-purpose finite element analysis package ABAQUS [43].
The experimental results reported in Saliba and Gardner [7] were firstly used to validate the
models. Subsequently, a parametric study was conducted to cover a wider range of web
slendernesses and ratios of shear force to bending moment. The results are used herein to
extend the continuous strength method to cover the determination of shear resistance of

structural cross-sections.

The finite element (FE) type S4R, a four-noded doubly curved general-purpose shell element
with reduced integration and finite membrane strains was adopted throughout the study. This
element has six degrees of freedom per node and is suitable for the modelling of a range of
shell thicknesses, as demonstrated in previous similar studies [44, 45]. In the validation phase
of the numerical study, the measured stress-strain response of the tested plate girders was

represented by means of the two-stage Ramberg—Osgood expression [38, 46, 47] and, for



incorporation into ABAQUS, a multi-linear arrangement, defined in terms of true stress and
log plastic strain, was adopted. The compressive material properties were applied to the upper
halves of the FE models whereas the tensile material properties were applied to the lower
halves. The loading and boundary conditions adopted in the FE model were selected to
duplicate the experimental setup. The load was applied through a bearing plate at the centre
of the FE models. The plate was modelled using solid elements and ‘shell-to-solid’ coupling
was used to define for the interaction between the bearing plate and the top flange of the plate

girder. A typical FE model is shown in Fig. 2.

The method of analysis was divided into two stages. In the first stage, a linear eigenvalue
buckling analysis was carried out to determine the lowest relevant elastic buckling mode.
This mode shape, scaled by the imperfection amplitude derived from the Dawson and Walker
model [48] as modified by Gardner and Nethercot [37], was adopted as the initial geometric
imperfection. Note that although this imperfection amplitude was derived from measurements
on cold-formed stainless steel plated sections, it has also been successfully applied and
shown to yield accurate results in FE simulations of welded stainless steel plated sections [4,
7]. The second phase was a materially and geometrically nonlinear analysis of the imperfect
structure conducted using the modified Riks method [43], an algorithm that enables effective
solutions to be found to unstable problems and adequately traces nonlinear unloading paths.
Residual stresses were not included in the finite element modelling as their influence on the
shear buckling behaviour of lean duplex stainless steel plate girders was found by Saliba and

Gardner [4] to be insignificant.

Following validation of the numerical models against experimental results [5], a series of
parametric studies were conducted. The aim of the parametric study was to increase the
available structural performance data on stainless steel plate girders covering a broader range
of web slenderness, web panel aspect ratios and end post conditions. More than forty finite
element simulations were performed. A summary of the geometric properties and end post
rigidity (r = rigid and nr = non-rigid) of the modelled plate girders is presented in Table 2; a
nominal 0.2% proof strength of 450 N/mm? was employed for both the flanges and web. The
plate girder designation system may be illustrated by means of an example — I-
700x200x60%20-0.86-1 refers to an I-section plate girder with hw = 700 mm, br = 200 mm, tr
= 60 mm, tw = 20 mm, a’/hw (i.e. the web panel aspect ratio, where a is the spacing of the

transverse web stiffness) = 0.86 and a rigid end post. The numerical results were used,
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together with the experimental data, to assess the structural behaviour of lean duplex stainless
steel plate girders, to examine the applicability of current codified design provisions and to

develop the CSM for shear.
4.3 Web slenderness

When considering shear buckling, the web slenderness A,, may be determined from Eq. (13):

M= [ (13)

Ter

where 1y is the 0.2% proof strength in shear (ty = fy.w/ V3, where fyw 1s the yield strength of
the web) and ter 1s the elastic critical shear buckling stress of the web panel, as set out in EN
1993-1-5 [22]. The elastic shear buckling stress could alternatively be calculated on the basis

of the full cross-section, allowing for element interaction [49, 50].

The web yield slenderness limit, defining the transition point between a slender and non-
slender web was assumed to be A,, = 0.65, as set out in EN 1993-1-4 [9]; beyond this point,
the influence of strain hardening becomes less relevant to the shear resistance of plate girders.
According to EN 1993-1-4 [9], the effect of strain hardening is approximately accounted for
by specifying the web shear buckling reduction factor yw equal to 1.2 for A,, < 0.54.

4.4 Shear deformation capacity

4.4.1 Shear strain definition

The shear strain y arising due to the existence of a shear stress T may be visualized by
referring to Fig. 3 in which a rectangular element of material subject to shearing stresses in
one plane is considered. Those shearing stresses distort the rectangular face of the block into
a parallelogram. The change of angle due to this distortion is referred to as the (engineering)
shear strain vy, and is the total measure of shear strain (a + ) in the x-y plane, as defined in

Fig. 4.



4.4.2 Shear buckling strain

The test and numerical data summarized in [7, 8] have been utilized to determine the shear
deformation capacity for plate girders with a range of web slendernesses, and subsequently to
derive the CSM shear base curve. This involves finding the shear buckling strain ysb at the
ultimate load of each plate girder and subsequently the CSM shear limiting strain yesm. Data

were derived by three means:

I- Method 1: For the tested duplex stainless steel plate girders described in [7], the shear
buckling strain yss was found using the measurements of the two diagonal string
potentiometers. The calculation of the angles (i.e. shear strain) in both diagonal
directions is depicted in Fig. 5.

2- Method 2: For the numerical simulations [7], the shear buckling strain ys» was found
in a similar manner to the above mentioned approach by taking the diagonal
measurements directly from ABAQUS [43].

3- Method 3: For data from published studies collected by Saliba et al. [8], the shear
strain was obtained by calculating the angle ys from the deflection of the plate girder
(see Fig. 6). The maximum mid-span in-plane deflection was found from published
load-displacement curves. The maximum deflection comprises both bending and
shear deformation. The bending displacement can be approximately eliminated by
multiplying the total measured vertical deflection (i.e. Stotaltest) by a shear deflection
factor defined as Os theory/(Os,theory T Ob.theory), Where Ostheory 1S the theoretical elastic shear
deflection and dvtheory is the theoretical elastic bending deflection. This approach
assumes that the ratio of the displacements due to bending and due to shear remains
approximately constant throughout the loading history including into the inelastic

regime.

There was generally good consistency between shear strains determined by means of the
three methods described above. Results were not available for all specimens using the three
methods, but for the available data, the average ratio of shear strains obtained from Method 1
to those of Method 2 was 0.99 (8 specimens); similarly, the average Method 1/ Method 3
ratio was 1.06 (8 specimens) and the average Method 2/ Method 3 ratio was 1.02 (53

specimens).
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4.4.3 CSM shear base curve

Having defined the web slenderness and explained the calculation of the shear buckling strain
ysb (i.e. the shear strain at peak load), the corresponding normalized shear deformation
capacity of the cross-section yesm/Yy, termed the shear strain ratio, and the web slenderness
can be derived. The resulting relationship between the two, referred to as the shear base curve
is given by Eq. (14) for non-slender sections (A, < 0.65) and shown in Fig. 7.

0.18 . C
fen— 225 but L <in (15, 2% for L 1 (14)
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where vy = 1y/G is the shear yield strain of the material, yu=2(1+v)eu/\/§ is the ultimate shear
strain and e is as previously defined, G = E/2(1+v) is the shear modulus, v is Poisson’s ratio
and yesm is the CSM limiting shear strain of the section. It may be seen from Eq. (14) that two
upper bounds are applied to the limiting strain ratio yesm/yy; these mirror those employed in
the CSM under normal stresses. The first limit of 15 is to avoid excessive deformations,
while the second limit of Ciywyy is to avoid overpredictions of material strength from the

CSM bi-linear material model.

Eq. (14) was derived as follows: using an analogous approach to [3, 6], the CSM limiting
shear strain ycsm for each experiment, was defined as follows:

1- For A, < 0.65 (i.e. non-slender cross-sections), yesm = ysb — 0.003. The value 0.003 was

determined by converting the plastic strain at the 0.2% proof stress to a shear plastic

strain using the conversion given in Eq. (15).

_ 2(1+v)e
G (15)

2- For A, > 0.65, and Vugest > Vy (Where Vuest is the ultimate load in shear and Vy is the

yield load in shear), yesm = ysb — 0.003.
3- For Ay > 0.65, and Vugest < Vy, the ratio yesm/yy is defined as the ratio of the ultimate
load in shear Vy to the yield load in shear Vy (i.e. Yesm/Yy = Vuytest/ Vy).

Once the data points for each experiment and numerical model (i.e. )y, Yesm/yy) were
positioned, the shear base curve for non-slender cross-sections (Eq. (14)) was fitted by means
of nonlinear least squares regression [51], ensuring that the curve passed through the point

(Ay=0.65, yesm/yy = 1). The scatter of the data is attributed partly to the inherent variability
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associated with experiments, but may also relate to the different flange geometries between
the tested plate girders, which is not accounted for in the traditional measure of web

slenderness.

For cross-sections that are slender in shear (i.e. A,, > 0.65), the limiting CSM strain ratio is
simply equal to the ratio of failure load to yield load in shear (i.e. the shear buckling
reduction factor yw). Adopting the EN 1993-1-4 [9] shear buckling curves, this is therefore
given by Eq. (16):

Yosm _, _ 119 - L
T 03, for A,,>0.65 and non-rigid endposts .
Yesm ., . 1.56 _ o

T w091, for A,,>0.65 and rigid endposts

4.5 Shear resistance according to the CSM

The elastic, linear hardening material model used for normal stresses described in Section 3.3
(Fig. 1) may be converted into a shear stress-strain model (see Fig. 8) with the initial slope
defined by the shear modulus G and the linear hardening region defined by the shear strain
hardening modulus Gsh = Esw/2(1+v). Hence, similar to Eq. (9), the CSM limiting shear stress
can be calculated from Eq. (17).

Tesm=COY g for Vesm ™Yy 7
Tom =Ty Gon(VogYy)  TOT v 2y
Finally, the web shear resistance Vow,csmrd 1s given by Eq. (18) as the product of the web area
Aw = hwtw (Where hw is the web depth and tw is the web thickness) and the limiting shear

Stress Tesm.
wa,csm,Rd:Achsm/ Ym1 ( 1 8)

The flange contribution to the shear resistance following the CSM philosophy VbfesmRrd 1S
given by Eq. (19), in which the CSM limiting stress Gesm is used in place of the material yield
stress fyr, including in the calculation of the CSM moment capacity of the flanges alone

Mf,csm,Rd.

12
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5. Comparisons between test/FE data and design models

In this section, the continuous strength method is used to predict the resistance of the test data
collected from Saliba et al. [8] and the FE data generated by Saliba and Gardner [7] on
stainless steel plate girders under combined shear and bending. In applying the CSM, two
scenarios have been considered; (1) shear resistance calculated according to EN 1993-1-4 [8,
9] but with the flange contribution calculated according to the CSM (i.e. Vbrd = Vbw.rd +
VbtesmRd) and bending resistance calculated according to the CSM (i.e. Mesmrd) and (2) both
web and flange contributions to the shear resistance found according to the CSM (i.e.
VbesmRd = Vbw,esmRd + VbfesmRd) and also the bending resistance calculated according to the
CSM (i.e. Mcsmrd). Consideration of the two scenarios enables the benefit that is derived
from strain hardening to the bending resistance and the shear resistance to be identified in

isolation.

A comparison, assuming proportional loading (i.e. the ratio of shear force to bending moment
remains constant) denoted as U (i.e. the utilization ratio), between the ultimate capacity
achieved by the test specimens or FE simulations Reest,re and the predicted capacity according
to the CSM Resm considering scenarios 1 and 2 is presented in Figs 9 and 10, respectively, in
which the predictions of EN 1993-1-4 [8, 9] Recs are also included. For the CSM, the
utilization ratio Ucsm = Reest,FE/Resm, while for EC3, the utilization ratio Uecs = Ruest,FE/REc3, as
illustrated in Fig. 11. The numerical comparisons, including the mean and coefficient of
variation (COV) of the CSM and EN 1993-1-4 [8, 9] predictions in relation to the test and
numerical data are presented in Tables 3 and 4. The comparisons of Fig. 9 and Table 3 show
that applying the CSM to calculate both the total shear and bending resistances (i.e. CSM
scenario 2) gives the most accurate predictions of the available data. The mean ratio of test to
CSM capacity is 1.11 with a coefficient of variation (COV) of 0.10, an enhancement of 5%
on average over the EN 1993-1-4 [8, 9] predictions. Furthermore, when considering the
comparisons of Fig. 10 and Table 4 (i.e. for plate girder test and FE results for web

slenderness A,, < 0.65) the mean ratio of test to CSM capacity is 1.07 with a coefficient of
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variation (COV) of 0.04, an improvement of 11% on average over the EN 1993-1-4 [8, 9]
predictions. Note that results from Figs 9 and 10 and Tables 3 and 4 show that CSM scenario
1 (i.e. shear resistance calculated according to EN 1993-1-4 [8, 9] but with the flange
contribution and bending resistance calculated according to the CSM) also provides
worthwhile improvements over the EN 1993-1-4 [8, 9] predictions. A typical example of the
enhancement that the CSM offers over EN 1993-1-4 [9] can be seen in Fig. 11 where the
moment-shear interaction diagrams of plate girder 1-700x200x60%25-0.86 [7] according to
both design methods are plotted. Similar results would be anticipated for cross-sections

formed from other metallic materials.

6. Conclusions

The importance of developing novel design methods, such as the continuous strength method,
that account for the true material behaviour of stainless steel (including the effect of strain-
hardening) and subsequently allow for more efficient designs has been discussed. An
overview of the development of the continuous strength method to predict the compression
and bending resistances of cross-sections has been provided in this paper. Development of
the continuous strength method to predict the shear resistance of plate girders has been
presented. A base curve for shear, defining the relationship between web slenderness and web
shear deformation capacity, along with a suitable linear hardening material model, have been
derived. Comparisons of the shear resistance predictions from the developed CSM for shear
have been made against the test and numerical data collected in [7, 8]. These comparisons
show that applying the CSM to calculate the flange contribution to shear resistance and
bending resistance (i.e. CSM scenario 1) provides more accurate results than the codified
provisions, while adopting the CSM to predict both the web and flange contributions to shear
resistance and the bending resistances (i.e. CSM scenario 2) provides the best results and

offers enhanced capacity predictions, particularly for stocky cross-sections.
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Fig. 1: Bi-linear elastic, linear hardening stress-strain model.

Fig. 2: Typical FE model depicting mesh, load and boundary conditions.
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Fig. 3: Shear strain v in a rectangular element subjected to uniform shear stress .

Fig. 4: Geometric deformation of an infinitesimal element and definition of the engineering
shear strain vy.
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Table 1: Web shear buckling reduction factor y

1w for rigid end post ¥w for non-rigid end post
A< 0.65M n n
0.65M < A, < 0.65 0.65/k,, 0.65/\,

Ay> 0.65 1.56/(0.91+)y,) 1.19/(0.54+\,,)




Table 2: Summary of plate girder geometries modelled in parametric study

br tw

Plate girder designation L (mm) a(mm) (mwm) (mm) tr (mm) (mm) a’hy
1-700%200%x60%20-0.86-r 1360 600 700 200 60 20 0.86
1-700%200%x60%21-0.86-r 1360 600 700 200 60 21 0.86
1-700%200%x60%22-0.86-1 1360 600 700 200 60 22 0.86
1-700%200%x60%23-0.86-r 1360 600 700 200 60 23 0.86
1-700%200%x60%24-0.86-1 1360 600 700 200 60 24 0.86
1-700%200%x60%25-0.86-1 1360 600 700 200 60 25 0.86
1-700%200% 60%27-0.86-1 1360 600 700 200 60 27 0.86
1-700%200%x60%29-0.86-r 1360 600 700 200 60 29 0.86
1-700%200%x60%30-0.86-r 1360 600 700 200 60 30 0.86
I- 600%200x12x2-1-r 1360 600 600 200 12 2 1.00
1-600x200x12%2-1-nr 1360 600 600 200 12 2 1.00
1-600%200x12%3-1-r 1360 600 600 200 12 3 1.00
1-600%200x12%3-1-nr 1360 600 600 200 12 3 1.00
1-600x200x12%4-1-nr 1360 600 600 200 12 4 1.00
1-600%200x12%6-1-nr 1360 600 600 200 12 6 1.00
[-600x200x12%8-1-nr 1360 600 600 200 12 8 1.00
1-600x200x12%10-1-nr 1360 600 600 200 12 10 1.00
1-600x200x15%10-1-r 1360 600 600 200 15 10 1.00
1-600x200%15%10-1-nr 1360 600 600 200 15 10 1.00
[-600x200x15%12-1-r 1360 600 600 200 15 12 1.00
1-600x200x15%12-1-nr 1360 600 600 200 15 12 1.00
[-600%200x12%2-2-r 2560 1200 600 200 12 2 2.00
[-600x200x12%2-2-nr 2560 1200 600 200 12 2 2.00
[-600%200%12%3-2-r 2560 1200 600 200 12 3 2.00
1-600x200%12%3-2-nr 2560 1200 600 200 12 3 2.00
1-600x200%12%4-2-nr 2560 1200 600 200 12 4 2.00
1-600%200%12%6-2-nr 2560 1200 600 200 12 6 2.00
1-600x200%12%8-2-nr 2560 1200 600 200 12 8 2.00
1-600x200%12x10-2-nr 2560 1200 600 200 12 10 2.00
1-600%200%15%2-2-1 2560 1200 600 200 15 2 2.00
1-600%200%15%2-2-nr 2560 1200 600 200 15 2 2.00
1-600%200%15%3-2-1 2560 1200 600 200 15 3 2.00
1-600%200%15%3-2-nr 2560 1200 600 200 15 3 2.00
1-600%200%15%4-2-1 2560 1200 600 200 15 4 2.00
1-600%200%15%4-2-nr 2560 1200 600 200 15 4 2.00
1-600%200%15%6-2-1 2560 1200 600 200 15 6 2.00
1-600%200%15%6-2-nr 2560 1200 600 200 15 6 2.00
1-600%200%15%8-2-1 2560 1200 600 200 15 8 2.00
1-600%200x15%8-2-nr 2560 1200 600 200 15 8 2.00
1-600%200x15%10-2-r 2560 1200 600 200 15 10 2.00
1-600%200%15%10-2-nr 2560 1200 600 200 15 10 2.00
[-600x200x15%12-2-r 2560 1200 600 200 15 12 2.00
1-600x200x15%12-2-nr 2560 1200 600 200 15 12 2.00
1-600x200x15%15-2-nr 2560 1200 600 200 15 15 2.00




Table 3: Comparison of CSM scenario 1, CSM scenario 2 and EN 1993-1-4 [8, 9] resistance
predictions with plate girder test and FE results

No. of tests and FE

U U i U 02
models: 71 EC3 [8,9] csm,scenario 1 csm,scenario
Shear resistance ViwrdEcs T VberdEC3 ViwRrdEC3 T VbtesmRd Viw.csmrd T VbfesmRd
Bending resistance My crd My ¢ csmRd My ¢ csmRd
Mean 1.16 1.12 1.11
CcCOov 0.10 0.10 0.10

Table 4: Comparison of CSM scenario 1, CSM scenario 2 and EN 1993-1-4 [8, 9] resistance
predictions with plate girder test and FE results for web slenderness A, < 0.65

No. of tests and FE

] Ukc3 18,97 UcsM scenario 1 UcsM scenario 2
models: 13

Shear resistance Viw,rd,EC3 T VbfRrd,EC3 Viw,rdEC3 T VbfesmRd Viw,esmRd T VbtesmRd
Bending resistance My crd My ¢ csmRd My ¢ csmRd
Mean 1.18 1.10 1.07

COV 0.04 0.02 0.04




