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ABSTRACT 
This work aims to prove that the strict initial imperfection tolerance limits proposed by 
the American AWS D1.1/D1.1M and the European EN 1090-2 codes could be relaxed 
for the webs of the most encountered steel I-plate girders subjected to local bend-
buckling during their erection phase. To achieve this scope, a parametric study was 
done involving 36 perfect and 612 imperfect web models with varying aspect ratio, 
slenderness ratio, initial imperfection amplitude, and stress ratio using Abaqus/CAE by 
Finite Element (FE) linear buckling analyses then FE geometrically and materially 
nonlinear analyses with imperfections included (GMNIA). After investigating the 
results, two main research novelties were found. An easily applicable equation to 
determine the ultimate strength of webs subjected to direct stresses, which is a 
function of not only the slenderness ratio and stress ratio (as in other research) but 
also a function of the initial imperfection amplitude, was derived. Secondly, a tolerance 
limit equation that is a function of not only the slenderness ratio but also the stress 
ratio, thus considering the symmetry of the section of plate girders, has been derived. 
The derived tolerance limit equation provides acceptable and inclusive parameter-
wise imperfection tolerances for webs of plate girders so as to relax strict and costly 
tolerance limits. The results obtained show that for monosymmetric I-plate girders 
during erection, EN 1090-2 and AWS D1.1/D1.1M tolerance limits can be relaxed to 
around 40% and 80% in less slender webs and close to 60% and 200% in more 
slender webs, respectively. 
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1. Introduction 

1.1. Background 

Steel plates are widely used in many engineering fields to construct crane girders, ships, aerospace, offshore, 
gas, and liquid containment structures [1]. In bridge engineering, steel plates are common for slender plate 
girders capable of carrying higher loads over long spans. During a bridge’s incremental launching process, the 
girder is pulled from one bridge pier to another, generating large bending moments due to the self-weight of the 
girder and the launching equipment [2]. If special attention is not given, instability of the slender web may occur 
after exhausting its post-buckling reserve strength. Plate girders subjected to the random nature of out-of-plane 
geometric imperfections [3] possess a reduced post-buckling strength, rendering them more unstable. In the 
1970s, several girder bridges collapsed due to considerably high initial imperfections. Thus, rules like Merrison’s 
rules were drafted to provide imperfection tolerances but were found to be in many cases strict for the fabricators 
and resulted in the too-high total cost of the structure. The IABSE (International Association for Bridges and 
Structural Engineering) Task group on Tolerances in Steel Plated Structures [4] was then created to set realistic and 
easily controlled tolerances. From then, a large amount of research was carried out to find a correlation between 
imperfections and post-buckling (ultimate) strength, thus finding imperfection tolerance limits that correspond to 
an acceptable drop in strength. Rangelov [5] and Sadovský [6] proposed strength-based formulations of 
fabrication tolerances that were used in codes. During the last 2 decades, with a boom in finite element (FE) 
approaches, Maiorana [7] concluded that imperfection amplitudes below the code’s tolerance have minimum 
influence on the ultimate strength of webs subjected to patch loading. Through experimental and FE tests, Kala [8] 
demonstrated that it is not indispensable to abide by the stringent web tolerances and that imperfect webs of 
plate girders can be used without being straightened. Finally, while studying shear on web plates, Ghadami [1] 
derived an ultimate shear strength reduction factor as a function of initial imperfection and thus suggested a 
maximum permissible construction tolerance. The study of tolerances in the web of plate girders has to pass 
through in-depth knowledge of its ultimate strength. The following part explains this concept. 

1.2. Literature Review 

Theodore von Kármán’s work on effective width (Figure 1) was a milestone concerning plates’ simplified design 
methods. His hypothesis, to find the ultimate strength of a perfect plate, was that the fictitious plate of width bୣ୤୤ 
would have the critical stress equal to the yield stress as given by equation (1.1). 

 

Figure1: Basic ideas of reduced cross-section method and reduced stress method [9]. 

σୡ୰ = f୷ (1.1) 

This was such that the effective width, bୣ୤୤, and width reduction factor, ρ, could be written as in equations (1.2) 
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and (1.3), respectively. Where, λത୮ is the von Kármán’s slenderness ratio. 

bୣ୤୤ = bඨ
f୷

σୡ୰

 (1.2) 

ρ =
bୣ୤୤

b
=

1

λത୮

 (1.3) 

Many researchers followed his work to derive an expression from describing a real plate with inherent initial 
imperfections. One of the most known and widely spread design codes is the one proposed by Winter in 1947. 
Winter conducted numerous experimental tests on cold-formed specimens and proposed a refined expression for 
the effective width given by equation (1.4). 

ρ = ൞

1, λത୮ ≤ 0.673

1

λത୮

ቆ1 −
0.22

λത୮

ቇ , λത୮ > 0.673 
 (1.4) 

Although huge efforts have been put into this research field, the Winter function, based on cold-formed 
members, is used in the present design code of EN 1993-1-5 [10], but its use is highly contested for plate girders 
[11, 12]. Also, modified width ratios were proposed to take into account loading conditions different from 
uniformly compressive loads. EN 1993-1-5 proposes equation (1.5). 

ρ = ൞

1, λത୮ ≤ 0.5 + ඥ0.085 − 0.055ψ

λത୮ − 0.055(3 + ψ)

λത୮
ଶ ≤ 1.0, λത୮ > 0.5 + ඥ0.085 − 0.055ψ

 

where λത୮ = ට
୤౯

஢ౙ౨
 

(1.5) 

The ultimate strength of the plate is obtained by calculating the stress (maximum compressive) in the initial 
cross-section for which the reduced (effective) cross-section is at the onset of yielding in the most compressed 
fiber [9, 13-16]. 

1.3. Aims and Scopes 

The increased use of slender steel I-shaped plate girders in the world in general and developing countries in 
particular, coupled with the too strict web imperfection tolerance limits given by codes, has augmented the need 
for in-depth research on buckling and post-buckling of webs. An easily applicable equation to determine the 
ultimate strength of webs subjected to direct stresses, which is a function of initial imperfection amplitude, has 
not been found in the literature. Also, through an equation, the assessment of acceptable imperfection tolerances 
for webs of monosymmetric plate girders, in a manner to relax strict and costly tolerance limits, has not yet been 
reported in the literature. 

Many different parameters may influence the ultimate strength of the web of steel plate girders. In the course 
of their study, researchers [1,6,7,17-19] have focused on aspect ratio, slenderness ratio, plate loading condition 
(stress ratio), or initial imperfection amplitude as they are the most influential parameters. Thus, this study aims to 
evaluate the ultimate strength formulation proposed by the European standard, determine the effects of the 
parameters mentioned above on its ultimate strength, investigate possible tolerance limit relaxation, which will be 
highly welcomed by fabricators-erectors, and identify trends then use regression analysis to derive both ultimate 
strength and a relaxed tolerance limit equation [20]. 
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2. Materials and Methods 

2.1. Material Properties 

Von Mises’ stresses experienced by slender webs of plate girders [21] are found to always be below or at its 
yield strength. As such, an elastic with perfectly plastic steel behavior with no strain hardening was used in the 
course of this study as it is capable of perfectly describing the pre- and post-buckling behavior of the webs until it 
reaches its ultimate strength. Thus, the most commonly found plate girder steel properties were used: E =

206 000 MPa, ν = 0.3 and f୷ = 355 MPa. 

2.2. Geometry, Loading, and Boundary Conditions 

To achieve this work’s objectives, 36 perfect and 612 imperfect web models found by varying aspect ratio, 
slenderness ratio, stress ratio, and initial imperfection amplitude were modelled using FE software Abaqus/CAE 
[22]. Three webs with span lengths of a =  1500 mm, 2250 mm, and 3000 mm and equal web depth of b = 1500 mm 
are selected. A generic geometry is shown in Figure 2. Using these three webs, 12 models with various web 
thicknesses, t, are generated and shown in Table 1. 

 

Figure 2: The geometry of the web of a plate girder. 

Table 1: Dimensions of webs studied. 

ID b (mm) a (mm) t (mm) 𝛂 =
𝐚

𝐛
  𝛃 =

𝐛

𝐭
 

P1a 

1500 1500 

6 

1 

250 

P1b 8 187.5 

P1c 10 150 

P1d 12 125 

P2a 

1500 2250 

6 

1.5 

250 

P2b 8 187.5 

P2c 10 150 

P2d 12 125 

P3a 

1500 3000 

6 

2 

250 

P3b 8 187.5 

P3c 10 150 

P3d 12 125 
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Loading conditions, through a change of flange symmetry and thus stress ratios, 𝜓, are varied from pure 
compression, eccentric compression to pure bending yielding 36 perfect web models. Pure compression is 
included as it represents the basic loading condition used in most theoretical studies of plates. These webs are 
chosen in such a way that column type buckling in the web is avoided (α ≥ 1), web buckling is solicited 

൬
ୠ

୲
≥ ටkୡ୰ ·

஠మ

ଵଶ(ଵି஝మ)
∙

୉

୤౯
൰ and flange-induced buckling is avoided (β ≤ 250) [23-25]. A generic loading is shown in 

Figure 3. 

 
Figure 3: Generic web loading in web due to changing flange symmetry. 

To investigate the effect of geometric imperfections on the ultimate strength and thus obtain a tolerance limit, 
17 initial imperfection amplitudes shown in Table 2 are included in the models, making 612 imperfect web models. 
The lowest imperfection amplitude is chosen to stimulate the minimum bifurcation-type buckling, and the highest 
is taken so that the model does not fail before buckling. 

Table 2: Initial imperfection amplitudes. 

Imperfection Parameter, 𝐤 Amplitude, 𝐛 𝐤ൗ  (𝐦𝐦) 

𝐈𝐦𝐩𝟏 100000 0.015 

𝐈𝐦𝐩𝟐 10000 0.15 

𝐈𝐦𝐩𝟑 1000 1.5 

𝐈𝐦𝐩𝟒 500 3 

𝐈𝐦𝐩𝟓 300 5 

𝐈𝐦𝐩𝟔 200 7.5 

𝐈𝐦𝐩𝟕 150 10 

𝐈𝐦𝐩𝟖 125 12 

𝐈𝐦𝐩𝟗 100 15 

𝐈𝐦𝐩𝟏𝟎 80 18.75 

𝐈𝐦𝐩𝟏𝟏 60 25 

𝐈𝐦𝐩𝟏𝟐 50 30 

𝐈𝐦𝐩𝟏𝟑 40 37.5 

𝐈𝐦𝐩𝟏𝟒 30 50 

𝐈𝐦𝐩𝟏𝟓 20 75 

𝐈𝐦𝐩𝟏𝟔 15 100 

𝐈𝐦𝐩𝟏𝟕 10 150 

σ୲ 

ψ =
σ୲

σୡ
 N.A. 

σୡ 

b 

a 
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Different boundary conditions inspired by reference [7] were studied under various loading conditions. The 
chosen one, shown in Figure 4, complies with the analytical formulations for buckling stress and the ultimate 
strength. As such, out-of-plane restraints were applied on the four sides, horizontal restraints applied in the two 
middle nodes of the horizontal sides, and vertical restraints applied on the vertical sides. The restraints 
dispositions described were chosen to simulate the flanges’ and stiffeners’ behaviors adequately. 

 

Figure 4: Web plate boundary conditions, mesh density of 40. 

2.3. Numerical Modeling and Verification 

2.3.1. Numerical Modeling 

For the study of the web of plate girders, the web was modeled as a deformable shell-type part with the elastic 
perfectly plastic steel properties stated above. With the given geometrical dimensions assigned, an S4R FE was 
used. This three-dimensional, doubly-curved, four-node shell element with six degrees of freedom per node uses 
bilinear interpolation with reduced integration. The S4R FE was used with a mesh density of 40, obtained after a 
mesh convergence study performed [26], and based on the difference between the critical stress obtained 
through Abaqus/CAE and the analytical results. The loads were applied at the vertical edges as normal traction-
type. 

Firstly, a linear perturbation type buckle step was used to perform a linear buckling analysis, and thus, 
eigenvalues and eigenmodes were obtained. Also, GMNIA analyses were used to capture both the pre- and post-
buckling responses of the imperfect webs under given loading conditions and, most importantly, to get the 
ultimate strength of the webs. As imperfections were included in this analysis [27], the perfect web was modified 
to include imperfections by calling the eigenmode obtained in the previous linear buckling analysis and setting the 
appropriate initial imperfection amplitude [28]. Abaqus/Standard dealt with this by finding, through a Static Riks 
step, the behavior under progressive loading of the web and thus its ultimate strength [29-34]. 

2.3.2. Verification of Modeling Process 

Basler’s experiment [35] on welded plate girders was simulated numerically (Figure 5) in view of obtaining 
results similar to the experimental ones and thus, confirmed the finite element modeling procedures used to 
study the web. Basler’s Test T1 on Girder G4 is chosen as it experiences direct stresses, which are the stresses 
dealt with in the present study. 

At ultimate load, the FE model was deformed, as shown in Figure 6. Experimental and FE load vs. vertical 
displacement curves were plotted on the same graph, shown in Figure 7, and compared. As explained in Basler’s 
report [36], it should be noted that the curve representing the dynamic response of Girder G4 is not considered 
when digitising the graph [37]. 
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Figure 5: Numerical model of Girder G4, Test T1. 

The FE results were found almost perfectly to coincide with the experimental results [36]. An overall maximum 
deviation of 7.70% is found at v = 2.44 in. This overall maximum deviation occurs after the ultimate state. Thus, 
this part is not considered in this study as only realistic situations were dealt with here (situations before failure 
load). Thus, in the realistic range, a maximum deviation of 3.18% occurs at v = 1.60 in. 

 

Figure 6: Global and Local State of the web at ultimate load, units: psi, 1 psi = 6.89 kPa. 

 
Figure 7: Experimental and FE graphical comparison. 

NB: 1 in =  25.4 mm and 1 kip =  4.45 kN 
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The FE results obtained were found to deviate from the experimental ones by not more than 10%. More so, in 
this realistic range, deviations of less than 5% were dealt with. Therefore, the FE modeling process was considered 
valid for subsequent GMNIA analyses. 

3. Results and Discussion 

3.1. Comparison between EC3-1-5 and FE Ultimate Strength 

Here, the ultimate strength computed from EC3-1-5 and the FE results considering an imperfection amplitude 
of Impଵ = 0.015 mm, and the corresponding eigenmode (Table 3) were summarised and compared in Table 4. 

Table 3: Buckling shape or eigenmode of web plates. 

Loading Web Plates P1 Web Plates P2 Web Plates P3 

𝛙 = 𝟏 

   

𝛙 = −𝟎. 𝟓 

   

𝛙 = −𝟏 

  

 

Results show that in slender plates, when ψ = −0.5 and − 1, the EC3-1-5 analytical ultimate strength deviates a 
lot from the FE results with a maximum deviation of up to 24.91%. However, high deviations in slender plates are 
normal as many tests showed that Winter’s function (used in EC3-1-5) tends to overestimate the ultimate 
resistance of slender plates because the Winter’s equation was derived from his experiments on cold-formed 
plates different from the hot-rolled plates that make up steel plate girders [11, 12]. 

3.2. Effects of Parameters on Ultimate Strength 

The effect of every parameter was studied, having obtained the ultimate strength values of 612 imperfect web 
models. The results obtained were presented on a logarithmic scale, which best suits its behavior. The effect of 
initial imperfection amplitude (amplitude parameter, k) is implicitly represented in every graph drawn using Graph 
Expert Professional [37]. 
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Table 4: EC3-1-5 and FE ultimate strength comparison. 

ID 𝛂 =
𝐚

𝐛
 𝛃 =

𝐛

𝐭
 

Pure Compression 
𝛙 = 𝟏 

Eccentric 
𝛙 = −𝟎. 𝟓 

Pure Bending 
𝛙 = −𝟏 

𝐟𝐮.୉େଷ 𝐟𝐮.୊୉ ∆𝐟𝐮% 𝐟𝐮.୉େଷ 𝐟𝐮.୊୉ ∆𝐟𝐮% 𝐟𝐮.୉େଷ 𝐟𝐮.୊୉ ∆𝐟𝐮% 

P1a 1 250 62.42 57.26 9.01 159.17 127.42 24.91 180.76 173.39 4.25 

P1b 1 187.5 82.06 74.71 9.83 193.59 169.40 14.28 222.62 227.98 2.35 

P1c 1 150 101.12 92.41 9.42 224.03 211.96 5.69 261.43 278.07 5.98 

P1d 1 125 119.59 110.76 7.97 251.37 258.68 2.82 297.89 332.21 10.33 

P2a 1.5 250 62.42 59.70 4.55 159.17 129.44 22.96 180.76 171.52 5.39 

P2b 1.5 187.5 82.06 77.66 5.67 193.59 171.40 12.94 222.62 226.93 1.90 

P2c 1.5 150 101.12 95.60 5.77 224.03 213.61 4.88 261.43 287.66 9.12 

P2d 1.5 125 119.59 113.12 5.73 251.37 253.43 0.81 297.89 340.56 12.53 

P3a 2 250 62.42 58.81 6.14 159.17 128.51 23.85 180.76 171.91 5.15 

P3b 2 187.5 82.06 76.18 7.71 193.59 170.89 13.29 222.62 225.59 1.32 

P3c 2 150 101.12 94.12 7.44 224.03 214.31 4.54 261.43 284.03 7.96 

P3d 2 125 119.59 112.68 6.13 251.37 257.97 2.56 297.89 335.78 11.29 

 

The 3D graph of Figure 8 shows that a change in aspect ratio does not significantly influence the ultimate 
strength of the web of plate girders as the curves are superimposed. This situation occurs no matter the 
imperfection amplitude. Figure 9 shows that an increase in the slenderness ratio leads to a decrease in the 
ultimate strength of the plate, no matter the imperfection amplitude. The rate at which the strength decreases is 
increased as the slenderness ratio decreases. Also, Figure 10 reveals that as loading changes from pure 
compression (ψ = 1) to pure bending (ψ = −1), the strength of the plate increases. 

 

Figure 8: 3D graphical summary of the effect of aspect ratio. 
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Figure 9: 3D graphical summary of the effect of slenderness ratio.  

 

Figure 10: 3D graphical summary of the effect of stress ratio. 

3.3. Proposed Ultimate Strength Equation 

3.3.1. Derivation 

Multiple nonlinear regression analysis techniques using Curve Expert Professional [38] were used to study the 
effect of loading condition (stress ratio), slenderness ratio, and initial imperfection amplitude on the strength. The 
equation obtained (3.1) have correlation coefficients of determination, Rଶ = 99.32% and R = 99.66%. These results 
show excellent conformity between the derived equation and the FE nonlinear results. 
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∀ α ∈ [1, 2],  ∀ β ∈ [125, 250], ∀ δ ∈ ቂ
ୠ

ଵ଴଴ ଴଴଴
,

ୠ

ଶ଴
ቃ  and ∀ ψ ∈ [−1, 1] 

f୳

f୷

(ψ, β, δ) =
1.54 −  0.445 ∙ ψ −  0.002 ∙ β +  0.0024 ∙ δ

1 + 0.3 ∙ ψ + 0.0108 ∙ β + 0.024 ∙ δ
 

(3.1) 

3.3.2. Verification 

A web model, different from the ones used in the analyses, was selected from the range of studies to verify the 
equation derived. This web had properties given in equation (3.2). 

ቄ
a = b = 1200 mm

t = 6 mm
   ⟹    ൜

α = 1
β = 200

 (3.2) 

The chosen web of plate girder is subjected to an eccentric compression with stress ratio ψ = 0.5. It is modeled 
using the verified FE modeling procedure. The FE results obtained and the results given by the derived formula are 
presented in Table 5 and compared. 

The results obtained here show a maximum deviation of 9.69%. Thus, this example confirms the reliability of 
the derived equation on the range of the parameters studied. 

Table 5: Proposed equation and FE ultimate strength comparison. 

Imperfection 𝐤 𝛅 =
𝐛

𝐤
 (𝐦𝐦) 

𝐟𝐮,𝐅𝐄

𝐟𝐲

 
𝐟𝐮,𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧

𝐟𝐲

 ∆
𝐟𝐮

𝐟𝐲

 

𝐈𝐦𝐩𝟏 100000 0.012 0.253 0.277 9.69 

𝐈𝐦𝐩𝟐 10000 0.12 0.253 0.277 9.69 

𝐈𝐦𝐩𝟑 1000 1.2 0.253 0.276 9.09 

𝐈𝐦𝐩𝟒 500 2.4 0.252 0.274 8.78 

𝐈𝐦𝐩𝟓 300 4 0.251 0.272 8.29 

𝐈𝐦𝐩𝟔 200 6 0.249 0.270 8.19 

𝐈𝐦𝐩𝟕 150 8 0.250 0.267 6.97 

𝐈𝐦𝐩𝟖 125 9.6 0.250 0.266 6.25 

𝐈𝐦𝐩𝟗 100 12 0.248 0.263 6.03 

𝐈𝐦𝐩𝟏𝟎 80 15 0.246 0.260 5.59 

𝐈𝐦𝐩𝟏𝟏 60 20 0.242 0.255 5.23 

𝐈𝐦𝐩𝟏𝟐 50 24 0.239 0.251 5.09 

𝐈𝐦𝐩𝟏𝟑 40 30 0.233 0.246 5.17 

𝐈𝐦𝐩𝟏𝟒 30 40 0.226 0.237 5.26 

𝐈𝐦𝐩𝟏𝟓 20 60 0.208 0.223 7.65 

 

3.4. Proposed Tolerance Limit Equation 

3.4.1. Tolerance Comparison 

Specific codes give tolerance limits on imperfections in the web of plate girders. Past studies [5, 6, 8] have 
shown that these limits are usually too strict and conservative. Also, these limits are found not to be completely 
inclusive [7]. Thus, a normalised drop in strength derived a less conservative and more inclusive parameter-wise 
equation for tolerance limit. 
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Figure 11: 3D graphical representation of the drop in strength at given tolerance limits. 

To achieve this, the drop in ultimate strength of webs from the assumed perfect web with minimum 
imperfection amplitude, δ = Impଵ were calculated using the derived ultimate strength equation. The results are 
shown in Figure 11.  

It was then realised that the tolerance limit given by AWS D1.1/D1.1M [39] and that given by Rangelov [5] are 
too conservative. Also, it was realised that the EN 1090-2 tolerance limit [40], with a maximum drop of 11.15%, has 
an appropriate drop and is a conservative form of the limit given by Sadovský [6]. 

The maximum drop in the strength of 11.15% was then fixed as a normalised drop for the range of values of 
the study. Thus, the imperfection amplitude that corresponds to this normalised fixed drop was determined using 
the derived strength equation. This imperfection amplitude was represented on the graph of Figure 12. Also, the 
tolerances given by AWS D1.1/D1.1M and EN 1090-2 were plotted for comparison. 

 

 

 

 

 

Figure 12: Comparison between the proposed tolerance limit and codes specification limits. 

The results obtained show that the initial imperfection amplitude at a fixed global drop in the strength of 
11.15% was always higher than AWS D1.1/D1.1M and EN 1090-2 tolerance limits with AWS D1.1/D1.1M tolerance 
found to be too conservative. Also, for the normalised drop in strength, EN 1090-2 tolerance limit was found to be 

∆𝑓௨% 

𝛽𝜓 

𝛿 (𝑚𝑚) 

𝛽 𝜓 
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slightly conservative at low slenderness ratio values during pure bending. The conservative nature is seen on the 
graph as both the proposed tolerance and EN 1090-2 limits are tangent to each other. As the slenderness ratio 
becomes more than 200 and the stress ratio increases, the limit given by EN 1090-2 becomes more and more 
conservative. Therefore, for a normalised drop in strength, the tolerance limits proposed by both codes can be 
relaxed. 

3.4.2. Derivation 

From the graph of Figure 12, a simplified equation can be derived which explicitly describes the proposed 
tolerance limit as a function of stress ratio and slenderness ratio. Equation (3.3) was derived by using a multiple 
nonlinear regression analysis technique employed in Curve Expert Professional [38]. The equation obtained is 
such that the correlation coefficients of determination are Rଶ = 98.41% and R = 99.20%. These results showed 
good conformity between the derived equation and the proposed tolerance curve of Figure 12. 

∀ ψ ∈ [−1, 0] and ∀ β ∈ [125, 250] 

Proposed Tolerance Limit =
(80 ∙ ψ + 185)ଶ + (β + 75)ଶ

4500
 

(3.3) 

3.4.3. Verification 

To verify the equation derived, a web model, different from the ones used in the analyses, was selected from 
the range of study. This web had properties given in equation (3.2). 

The chosen web of plate girder is subjected to an eccentric compression with stress ratio ψ = −0.5. It is 
modeled using the verified FE modeling procedure with an imperfection amplitude equal to 21.48 mm (obtained 
from the derived tolerance limit equation). The FE results obtained (146.51 N mmଶ⁄ ) with this imperfection is 
compared to the results obtained (157.97 N mmଶ⁄ ) from the supposed perfect structure (Impଵ = 0.012 mm). The 
drop in strength at the given tolerance limit is found to be 7.25%. This percentage is in perfect agreement with the 
normalised maximum drop of 11.15%. Thus, this confirms the reliability of the derived equation in the range of 
the parameters studied. 

Thus, for the web understudy of depth 1500 mm, the derived and proposed tolerance limit equation provides 
an EN 1090-2 tolerance relaxation of up to 40% in less slender webs and 60% in more slender webs. When 
compared to AWS D1.1/D1.1M, there is a possible relaxation of around 80% in less slender webs and close to 
200% in more slender webs. 

These relaxation percentages strongly depend on the loading condition (stress ratio), as the stated percentages 
tend to reduce when the loading tends to be more of pure bending (experienced in bisymmetric plate girders). 
Therefore, the codes’ tolerance limit on monosymmetric plate girders (eccentric loading) with thin webs (high 
slenderness ratio) is strict and should be relaxed. Also, in contrast to the tolerance limit given by EN 1090-2 and 
AWS D1.1/D1.1M, the proposed tolerance limit with a normalised drop of 11.15% is a function of both the loading 
condition (stress ratio) and the slenderness ratio. 

4. Conclusion 
In order to investigate the effects of web aspect ratio, slenderness ratio, stress ratio, and initial imperfection 

amplitude on the ultimate strength of I-shaped steel plate girders subjected to local web-bend buckling and their 
effect on web imperfection tolerance limit, a parametric study was performed. 36 perfect and 612 imperfect web 
models were modeled and analysed using Abaqus/CAE FE linear buckling and GMNIA analyses. Prior to the 
parametric study, preliminary studies were done to verify the FE modeling procedures adopted based on Basler’s 
experimental findings [36]. After investigating the FE GMNIA results, it was found that the analytical ultimate 
strength results provided by the European code were found to be overestimated by 24.91% with respect to the FE 
results; this is backed by Fukumoto’s findings [11, 12]. This overestimation could lead to a sudden failure of a plate 
girder during its launching phase. The length of the web does not affect its ultimate strength, provided it is 
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maintained within the limits of this study (aspect ratio ranging from 1 to 2). A decrease in the web’s thickness 
(increase in slenderness ratio) reduces the web’s ultimate strength. 

Furthermore, a move from the use of bisymmetric to the use of monosymmetric plate girders (increase in 
stress ratio) implies a reduction in the ultimate strength. Also, a regression analysis was done to propose an 
ultimate strength equation and a tolerance limit equation based on the fact that strength reduction is equal to the 
maximum reduction provided by the American and European codes (11.15%). It was then noticed that for 
monosymmetric plate girders, the European tolerance limit could be relaxed by 40% in less slender webs and 60% 
in more slender webs compared to the American limit, which can be relaxed to around 80% in less slender webs 
and close to 200% in more slender webs. The relaxed tolerance limit equation will be highly welcomed by 
fabricators as it will help to reduce costly web straightening operations. To erectors, the equations will serve as an 
on-site tool to easily compute the ultimate strength and imperfection limit of a web of a plate girder. As 
perspectives, further numerical studies should be performed to study the influence of both patch and shear 
loadings on the proposed equations. Experimental studies are also recommended to confirm, under a more 
global behavior, the proposed equations. 
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