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Abstract: The compression zone in beam-to-column connection can generally imply the use 

of transverse stiffeners. This paper presents the results of experimental tests to evaluate the 

strength of steel panels with various transverse stiffener configurations under concentrated 

load. These results are used to validate the developed finite element models. Twelve panels 

made of either hot rolled I-sections or welded I-sections have been tested. Different transverse 

stiffeners are studied including single sided, double sided and partial stiffeners. The main 

observed results are the maximum strength and the failure mode. The results of the 

experimental tests are compared with those given by the finite element model using shell 

elements. The comparison makes it possible to calibrate the nonlinear model considering the 

elastic-plastic behavior of materials and large displacements. Furthermore, the results are 

compared with existing analytical formulas for unstiffened and fully stiffened panels to 

evaluate their accuracy.  
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1. Introduction: 

Welds and bolts [1] are mainly used in beam-to-beam, column-to-column and beam-to-

column connections. Beam-to-column connection can be single-sided or double-sided with 

various dimensions of beams [2,3]. According to EN1993-1-8 [1], beam-to-column 

connection transferring bending moment can be analyzed considering tensile zone, 

compression zone and shear zone. The behavior of each component is defined, and all the 

components are combined to obtain that of the whole connection. In last decades, numerous 

numerical and experimental studies focused on the behavior of the tensile zones in the beam-

to-column connections with or without stiffeners. To evaluate the contribution of the external 

endplate stiffeners to the mechanical behavior of the whole connection, tensile zone is 

represented by T-stub [4–6]. T-stub reinforced by backing-plates were also analyzed by Al-

Khatab and Bouchair [7] using a finite element model to observe their global behavior as well 

as the evolution and the distribution of the contact pressure. The compression zone was 

analyzed in full beam-to-column connection as weak component in some studies [8–10] based 

on experimental investigations.  An analytical approach [11], calibrated on the basis of 

existing experimental results,  was proposed to analyze the stresses in the column web within 

beam-to-column connection. In the study, the possibility of isolating the web from the 

connection to determine its resistance is checked considering stiffened and unstiffened panels. 

A limited number of studies analyzed the behavior of unstiffened and stiffened web panels 

under compression for different cross-sections. Graham et al [12] performed an experimental 

investigation on American rolled beams with various types of stiffeners. They tested whole 

beam-to-column welded joints in bending and isolated beams under direct compression and 
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tension. They analyzed the relationship between the two types of tests illustrated in Fig. 1. 

They compared the experimental results with existing analytical design formula regarding the 

resistance making some adaptations for the cases with stiffeners. They indicated that the 

development of analytical approach for stiffeners needs the knowledge of their stress 

distribution and boundary conditions. The main analytical approach was based on the plastic 

resistance of compressed zone defined by the effective length. De Mita et al [13] realized an 

experimental study on usual European hot rolled profiles and compared the results with 

existing analytical formulas considering the resistance, the initial stiffness and the 

deformation capacity. The tests were based on double compressed web panels.   
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Fig. 1. Beam-to-column connection and model of compressed I beam panel. 

The behavior of unstiffened panels subjected to patch loading has been widely studied 

through experimental, numerical and theorical analysis. The failure modes of a panels under 

concentrated load have been considered as web folding. So, they are analyzed considering 

plastic hinges in the loaded flanges and web combined with the buckling capacity of the web. 

Thus, to obtain the maximum loads, researchers proposed several expressions of the elastic 

critical loads and physical models based on plastic analysis with potential plastic hinges and 

yield lines potentially occurring in the flanges and web panels [14,15]  

Thereafter, the patch loading is covered by EN1993-1–5 [16] considering analogy with 

instability problems (named the χ–λ approach). With this approach, the plastic resistance is 
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reduced by a factor considering the instability. The prediction accuracy of this analytical 

approach has been evaluated using experimental and numerical results of steel plate girders 

locally loaded up to failure [17,18]. The approach used in EN1993-1–5 [16] is given hereafter 

(Equation 1 to 4). 

F� =  χ F�        (1) 

χ�λ	
 =  �,
��  ≤ 1 ; λ	 =  � ��

���      (2) 

F�� =  0.9k�E �� 
!� ;  k� =  3.5 + 2 &!�

' ()
   (3) 

F� =  f�+ t+  -s/  + 2 t0 +  2t0 � 0�121
0���� + )34!�4

�14
 5   (4) 

Recently, some studies proposed an adaptation of the formulas given by EN1993-1-5[16]. 

Mezghanni et al [19] followed the same procedures proposed by Lagerqvist [18] to determine 

the maximum strength of compressed sections using different boundary conditions. In all 

cases studied, the resistance of the compressed section is influenced by two failure modes 

which are the instability of the web panel that depends on its slenderness, and the local plastic 

mechanism.  

To improve the resistance of web panels in compressed zones of connections, supplementary 

web plates or stiffeners can be used (EN1993-1-8 [1]). Various stiffener configurations are 

used in practice to reinforce the web panels. The most frequently used are the single sided, 

double sided and multi-leg flat stiffeners [20]. 

Stiffeners can be welded on one side of the plate (single sided), or on both sides (double 

sided). Usually bearing stiffeners are double sided, while intermediate web stiffeners are 

single sided. Depending on their positions, the stiffeners can be inclined, longitudinal or 
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transverse. Inclined stiffeners are used in the case of non-symmetric double-sided beam-to-

column connections [3].  

Longitudinal stiffeners are stiffeners in the direction parallel to that of the flanges. They are 

mainly used to reinforce the girders with large dimensions. Their behavior in compressed 

beams was studied using numerical analysis based on existing tests or theorical models [21–

24] Longitudinal stiffeners are also used to avoid web bend-buckling that may lead to a 

remarkable reduction of the flexural resistance of the girders [25,26]. Another important role 

of the longitudinal stiffeners is to control the lateral deflection of the girder webs.  

Transverse stiffeners are installed in the direction perpendicular to that of the flanges [3,27]. 

The simple flat stiffener is the type usually used in modern constructions to resist 

compression and shear of the panels [28–30]. Transverse stiffeners, with a thickness at least 

equal to that of the stiffened panel, are welded on the full height of the web panel and the 

flanges. In bolted joints, the stiffener in the compression zone should be aligned with the 

beam flange (center of compression). Many numerical studies are carried out to determine the 

resistance of compressed plates or plate girders subjected to in plane compression. Choi et al 

[31] performed a finite element study to analyze the behavior of transverse stiffeners in web 

panels loaded in compression considering their stiffness requirements according to the 

AASHTO [27] specifications. Another numerical study was performed by Chacon et al [32] 

to define a mechanical formulation to estimate the strength of closely spaced transverse 

stiffeners in steel plate girders subjected to patch loading. K. Le Tran [33] explained the 

approach proposed by EN19933-1-5 to determine the resistance of transversally stiffened 

plates by one stiffener or more, subjected to uniform compression load. The calculation steps, 

based initially on longitudinal stiffeners, considers two types of behaviors and their 

interaction: column type buckling, plate type buckling and the interaction between plate and 
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column buckling through calibrated coefficient. The formulae used in EN1993-1-5 [16] are 

given in equations 5 to 17.  

 

F� = A�,700  0�
89:     (5) 

A�,700 = ρ� A700,<=� +  ∑ b7@A, 700 t     (6) 

ρ� =  χ� + Bρ −  χ�DB2 −  ξDξ   (7) 

ξ =  E��, F
E��, � − 1     (8) 

column behavior Plate behavior 

σ��, � =  H4I JKL,:
MKL,: '4       (9) σ��,N =  kE,N σI         (14) 

χ� =  O
∅Q �∅4R ��			4 

    (10) S = O
�F				 − �,))

�F				4                                                   (15) 

∅ = 0,5 [1 + α7 �λ�� − 0,2
 λ�� )
]   (11)  λN			 =  �VW,�0�

E��,F                                                                

(16) 
α7 =  α + �,�X

Y
Z

      (12) βM,� =  MKL,:,Z11
MKL,:                                                                

(17) 

 λ�� =  �VW,�0�
E��,�                                                   (13)  

 

The present paper proposes an experimental, numerical, and analytical study of transverse 

stiffeners welded to the web panel subjected to opposite compression loading. Indeed, this 

type of stiffeners can be one of the most appropriate choices to reinforce the compressed zone 

in the column of beam-to-column connections. Different lengths and positions of the 

stiffeners on the height of the web panels are tested. The tested specimens can represent the 
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behavior of the compression zone in fully or partially stiffened panels. Twelve hot-rolled and 

welded I-sections with stiffeners were tested until failure. Tests are used to observe the 

behavior of stiffened web panels in compression and to validate a finite element model built 

using the CAST3M software [34]. The comparison between the experimental and numerical 

results is based on the maximum strengths, the load-displacement curves and the observed 

failure modes. 

2. Experimental tests 

1.1. Test specimens 

The twelve tested specimens aim to represent the compressed zone in a column web panel of 

double-sided beam-to-column connection. Six specimens were taken from hot rolled I 

sections and the other six are welded I sections. In each group of six specimens, one is 

without stiffener to obtain a reference as unreinforced panel. The five stiffened specimens 

have different positions or dimensions of stiffeners (see Fig.2 and Table 1). The web 

thicknesses are equal to 5.5, 7.1 or 12.3 mm. The stiffeners thicknesses are equal to 5.5 and 8 

mm. The stiffeners are either welded on the full height of the web and the flanges or on a part 

of the web and flanges or on a part of the web height (see Fig.2). 

The stiffeners depths are chosen with reference to the web panel height leading to:  

- h/ = h+ (for stiffeners welded on the full height of the web panel and the flanges),  

- h/ = 5 6^  h+ (for stiffeners welded on a part of the web panel height and/or not on the 

flanges), see Fig.2. 
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(a) Specimens from hot rolled I-sections 
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(b) Specimens from welded I-sections 

Fig. 2. Configurations of the tested specimens with transverse web stiffeners 

Table 1  

 Description of the tested specimens according to the stiffeners positions 

Model Description 

Conf. 1 Unstiffened section, “1.U” 

Conf. 2 Double transverse stiffeners on the Full web height (welded to web and flanges), “2.FD” 

Conf. 3 Single transverse stiffener on the Full web height (welded to web and flange), “3.FS” 

Conf. 4 Partial transverse stiffener (welded to web and one End flange), “4.P1E” 

Conf. 5 Partial transverse stiffener on the Central part of the web height (welded to web), “5.PC” 

Conf. 6 Partial transverse stiffener on two parts of the web (welded to web and two End flanges), 

“6.P2E” 

The main names and descriptions of specimens according to the stiffeners positions are given 

in Table 1. In addition, each specimen is named using H, for hot rolled sections, or W�:=� �4, 

for welded sections. W�:  and W�4correspond respectively to the web thickness of 5.5 mm and 

12.3 mm, respectively. λ is the slenderness calculated as 
!�
�� . 

1.2. Mechanical properties 

Mechanical properties of materials are determined through tensile tests on coupons [35] cut 

from web plates, flanges and stiffeners. Results of tensile tests for both yield and ultimate 

stresses are summarized in Table 2. 
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Table 2 

Mechanical properties of steel used in the tested specimens 

coupon thickness 

(mm) 

fy (MPa) fu (MPa) 

Flange  10.7 269.3 408.4 

Web  7.1 304.4 421.7 

Stiffener  8 320 448 

Web / stiffener 5.5 360 424 

Web / flange  12.3 358.4 504 

1.3. Instrumentation and test setup 

The tests were carried out using a compression testing machine (see Fig.3). The compressive 

force is applied through two symmetrical rigid steel plates on both sides with a length Ss of 

100 mm (see Fig. 3) applied on the whole width of the flanges. The load is applied with a 

constant displacement rate and the test stopped when the maximum load is reached followed 

by significant displacement developed in the post-failure stage. The load decrease beyond the 

maximum value represents the instability of the specimen. The tested specimens are shown in 

Fig.4. The measured displacement is that of the mobile part of the testing machine. This 

mobile part introduces the load through a hinged rigid plate with small free rotation.  
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Fig. 3. Experimental tests setup 
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Fig. 4. Loading system and tested specimens with and without stiffeners 

The comparison of experimental load-displacement curves between specimens having the 

same geometries with different sets of stiffeners (full, partial) is made to show the 

contribution of the stiffeners. As shown in Fig.5 (a) for hot rolled I-sections, differences 

appear from the linear phase. As the tests are realized in the same conditions, this confirms 

the fact that initial rigidities of panels are different with higher values for the cases with 
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stiffeners. The highest stiffness is obtained for the full-length double-sided stiffeners. In non-

linear phase, all cases except the unstiffened one, show a long plastic phase before the load 

decrease representing the instability. Fig.5 (b) combines the experimental curves for welded I-

sections considering each of the two web thicknesses. The full height stiffeners show a plastic 

phase longer than that of unstiffened and partially stiffened web panels. 

 

(a) hot rolled I-sections 

  

(b) welded I-sections 

Fig. 5. Experimental results  

3. Numerical model 
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3.1. Finite element model development 

Finite element models were constructed using CAST3M software with three nodes shell 

elements (DKT elements). Finite element mesh was chosen based on a mesh convergence 

study (see Fig.6).  

 

Fig. 6. Meshing of the specimen with stiffener. 

Boundary conditions are chosen in order to represent the tests, they were applied on both 

loading surfaces Surf. 1 and Surf. 2 (see Fig.7). 

 

Fig. 7. Boundary conditions 

The mechanical characteristics of steel are based on the yield limits obtained by coupon tests 

taken from different parts of the specimens (see Table 2). Elastic perfectly plastic model is 
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chosen to represent the material behavior. In fact, two stress-strain curves were used: elastic 

perfectly plastic and elastic-plastic with strain-hardening representing the real curve obtained 

from tensile tests (Fig. 8).  

 

Figure 8: Stress strain curves (real and models)  

The comparison shows that the elastic perfectly plastic model represents well the mechanical 

behavior of the unstiffened and stiffened panels. Examples of the comparisons for two 

configurations (1.U-H and 2.FD-H)  are shown in Fig. 9. This small difference can be 

explained by the fact that a plastic plateau exists for the two stress-strain curves in addition to 

the failure reached mainly in bending with limited plastic deformation. 

A representation of the load-strain curve of the 1.U-H configuration is presented in Fig.10. It 

can be observed that the deformation corresponding to the maximum load belongs to the first 

plastic plateau of the stress-strain curve with strain-hardening. That explain the fact that 

elastic perfectly plastic model represents well the behavior of most of the tests. 
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(a) unstiffened panel (1.U-H) (b) double stiffened panel (2.FD-H) 

Fig.9. Load-displacement curves: comparison of two material laws 

  

Fig.10. Load-strain and stress-strain curves 

Nonlinear behavior of materials is combined with large displacements to represent the real 

behavior of the specimens. Thus, incremental calculation with displacement control is 

performed to control the descending part of the load-displacement curves. Each calculation is 

performed on two steps. The first one concerns an Eulerian calculation used to define the 

buckling mode of the specimen with or without stiffeners. Then, the initial geometrical 

imperfection is defined using the first buckling mode obtained. The second step is the non-

linear analysis, elastic-plastic with large displacements, performed on the deformed shape of 

the specimen to obtain the load-displacement curve including the post-critical part of the 

curve.  
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The amplitude of imperfection is taken equal to hw/200. This choice is based on the EN1993-

1-5 [16] annex-C that defines the imperfection amplitude for compressed webs as min (a/200; 

hw/200).  

3.2.Finite element model validation 

The comparison between the experimental and numerical results concern the maximum loads, 

the load-displacement curves and the failure modes. This comparative study aims at validating 

the numerical model.  

3.2.1. Load-displacement curves (FE and Exp)  

Load-displacement curves are presented in Figure 11. The displacement is taken from a point 

under the applied load. The comparisons between the experimental curves and those from 

FEM show that the finite element model represents well the global behavior of the specimens 

including the post-failure part. Nevertheless, it exists some deviations mainly for the 

displacements where the experimental tests include the imperfect contact between the testing 

machine and the specimen flange. The real boundary conditions and the possible influence of 

the contact between the loaded flanges and the testing machines plates are not considered by 

the numerical model.  

  

Load-displacement curves of 1.U-H Load-displacement curves of 2.FD-H 
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Load-displacement curves of 3.FS-H Load-displacement curves of 4.P1E-H 

  

Load-displacement curves of 5.PC-H Load-displacement curves of 6.P2E-H 

     

(a) Hot rolled I-sections  

  

Load-displacement curves of 1.U-Wλ1  Load-displacement curves of 2.FD-W λ2  
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Load-displacement curves of 3.FS-W λ2  Load-displacement curves of 4.P1E-W λ2  

  

Load-displacement curves of 5.PC-Wλ1  Load-displacement curves of 6.P2E-Wλ1  

 (b)Welded I-section 

Fig. 11. Comparison of load-displacement curves (FEM and tests) 

Regarding the stiffness, a difference is observed between FEM and test curves. This 

difference can be explained mainly by the displacement measurement which is based on the 

mobile part of the testing machine. Another explanation can be related to the initial 

imperfection. Indeed, it can be observed that most important differences correspond to the 

cases of welded profiles. Those profiles usually have more imperfections in parallelism which 

may induce eccentric load and more out of plan bending of the web. This geometrical default 

is illustrated in Fig.12. 
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Figure 12 : Illustration of out of square tolerance 

In the case of cross laminated sections, the accepted value of out of square is defined as 

k+k’ < 1.5mm. This imperfection may have an impact on transverse load mechanical behavior 

as the applied load has some eccentricity with the web. The comparative study presented 

hereafter aims at studying the influence of the point load eccentricity on the mechanical 

behavior of panels submitted to transverse compression.  

This numerical study concerns the configurations corresponding to configurations 1.U-Wλ1 

(PRS400 without stiffener) and 4.P1E-Wλ1 (PRS 400 with partial stiffener connected to the 

flange). The numerical models are constructed considering 3 eccentric load positions. Indeed, 

during the experimental tests, even if the load is initially applied at the end of the flange, as 

the flange rotates, the loaded zone migrates to the web until the loaded flange becomes 

horizontal. Thus, the observed behavior for the 3 modeled situations do not aim at 

representing the test, but to evaluate the influence of various load eccentricities on the panel 

stiffness and strength. Figure 13 presents the 3 load positions that have been evaluated using 

FEM. The vertical displacement considered is that of the loaded zone as it corresponds to the 

experimental measured displacement. 



20 

 

 

Figure 13. Three positions of load analyzed to evaluate the boundary conditions of tests 

The values of initial stiffness for the three situations of loading are given in Table 3. The 

difference observed between test and FEM can be explained mainly by the boundary 

conditions of the contact between the testing machine and the imperfect specimen. The 

influence of the initial imperfection of the web is observed on two examples with two 

imperfections (h+/90 and h+/200) (see Fig. 14). Its effect on the initial stiffness is less than 

that of the loading conditions (Table 3).  

Table 3: Evolution of the initial stiffness depending on the load introduction 

Specimen Load at the web Load at mid flange Load at flange end 

1.U-W�:  146.5 5.1 1.6 

4P1E-W�:  233.7 44.1 24.1 
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(a) (1.U-H) (b) 6.P2E-Wλ1 

Figure 14: Comparison of test result with FEM results in case of ℎa/90 and ℎa/200 imperfections 

3.2.2. Maximum strengths 

The maximum loads of tested specimens obtained from tests (Fu,Test) and finite element model 

(Fu,FEM) are summarized in Table 5. The comparison between the experimental and numerical 

values of resistance shows that the finite element model predicts accurately the experimental 

results (maximum difference of 7RQ  % in all cases).  

In hot rolled I-sections, all specimens described in table 4 have the same cross-section 

dimensions, the only varying parameter is the stiffener configuration, either partial or full-

length stiffener. As expected, the resistance of fully stiffened panels is higher than that of 

partially stiffened or without stiffeners. It can be observed that compared to the specimen 

without stiffener, the maximum load increases by 83% for one sided full-length stiffener and 

by 143% for double-sided full-length stiffener. The partial length stiffeners increase the 

resistance by 30% to 42%. Thus, the partial length stiffeners can increase the load carrying 

capacity of the profile. Furthermore, for a given partial stiffener length, it can be observed that 

the position of the partial stiffener influences the load carrying capacity (see specimens 

4.P1E-H, 5.PC-H and 6.P2E-H in table 4). The configuration 5.PC-H (stiffener located at the 

web mid-height) shows higher resistance than the stiffener with the same length but welded at 
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the bottom or the top of the web (configurations 4P1E-H and 6P2E-H). Indeed, both 

configurations 4P1E and 6P2E have a longer continuous unstiffened web part (see table 4). 

In the case of welded I-sections, all the web panels have the same height but two different 

thicknesses. The specimens 1.U-W�: , 5.PC-W�:and 6.P2E-W�:are with a web thickness of 5.5 

mm. The specimens 2.FD-W �4, 3.FS-W �4and 4.P1E-W �4are with a web thickness of 

12.3mm. For all cases, the stiffener has a thickness of 5.5mm. As observed, in table 4,  for the 

hot rolled sections, the resistance of fully double-stiffened panel (2.FD-W �4) is higher than 

that of fully single stiffened (3.FS-W �4) or partly stiffened one (4.P1E-W �4). Comparing the 

different partial stiffener configurations (5.PC-W�:, 6.P2E-W�:) it can be observed that the 

configuration with stiffeners welded at the top and bottom of the profile (6P2E) exhibit the 

highest compressive strength.

Table 4  

 Maximum strengths for the tested configurations (in kN) 

  

      

  1.U-

H 

1.U-

Wλ1  

2.FD-

H 

2.FD-

W λ2  

3.FS-

H 

3.FS-

W λ2  

4.P1E-

H 

4.P1E-

W λ2  

5.PC-

H 

5.PC-

Wλ1  

6.P2E-

H 

6.P2E-

Wλ1  

Fu,Test  478 236.9 1160.9 1768 876.8 1461 612.3 1177.8 681.9 423.9 622 493.3 

From Table 4, it can be observed that the effect of the stiffener increases with the increase of 

the web panel slenderness. A double-sided stiffener brings between 17 and 24% of the 

resistance compared with the single-sided stiffened panel in these two cases of study (hot 

rolled and welded I sections). It can be observed that in the case of hot rolled profile, both 
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configurations 4 and 6 give a similar maximum load, and configuration 5 exhibits an 

maximum load slightly greater. This result can be considered logical regarding that the web 

length between the stiffener and the flanges is divided by 2 in configuration 5 compared to 

configurations 4 and 6. Table 5 compares the finite elements results with experimental results 

and it can be seen that the tendencies remain the same. Indeed, even without considering the 

fillet corner for the hot profile, the same observations can be done with similar maximum load 

values. 

The difference of results given in table 5 is calculated using the equation below; 

Difference (%) = 
��fZKf – ��hi9  

��hi9  × 100 

Table 5 

 Comparison of resistances obtained from tests and finite element model. 

Hot rolled I-sections 

Specimen Fu,Test (kN) Fu,FEM (kN) Difference (%) 

1.U-H 478 468.6 2.0 

2.FD-H 1160.9 1183.3 -1.9 

3.FS-H 876.8 865.9 

 

1.3 

4.P1E-H 612.3 606.8 0.9 

5.PC-H 681.9 718.9 -5.1 

6.P2E-H 622 661.1 -5.9 

welded I-sections 

Specimen Fu,Test (kN) Fu,FEM (kN) Difference (%) 

1.U-klm  236.9 244.5 -3.1 
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2.FD-k ln 1768 1807.7 -2.2 

3.FS-k ln 1461 1482.1 -1.4 

4.P1E-k ln 1177.8 1091.5 7.9 

5.PC-klm  423.9 427.6 -0.9 

6.P2E-klm 493.3 471.8 4.6 

Consequently, it can be seen that for two different profiles which exhibit two different web 

slenderness, the best partial stiffening solution differs. The use of partial stiffener can be 

compared to one side full stiffener. For both profiles, the length of the stiffener has been 

reduced of 17% compared to the full web stiffener. It is then proposed to look at the reduction 

of strength induced by this reduction of stiffener length. 

In the case of hot rolled profile, configuration 5 has the higher strength with a reduction of 

strength compared to full web stiffener of 22%, whereas the other two partial stiffeners reduce 

the strength of 30% approximately. Concerning welded panel, it can be seen that 

configuration 4 gives the best results, with a reduction of strength of 20% with the full web 

stiffener, whereas both configurations 5 and 6 lead to a reduction of 70 and 66% of the 

strength. These observations can be done also with the finite element results. 

When comparing the maximum strengths of partly stiffened panels (see Fig.15 and 16), it was 

observed that when slenderness of the panels is λ = 39.24 the configuration 5.PC-H is more 

resistant than configuration 6.P2E-H. However, when the slenderness of the panels is λ = 

68.25, the configuration 6.P2E-W�:  is more resistant than configuration 5.PC-W�:  (see main 

configurations in Fig. 17). 
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Figure 15: Experimental load-displacement 
curves (5.PC-H and 6.P2E-H) 

Figure 16: Experimental load-displacement 
curves (5.PC-op:  and 6.P2E-op:) 

 

 

Figure 17: Configurations for parametric study 

To explain the behavior of local stiffened panels of the two configurations listed in figure 17, 

the finite element model has been used in a parametric study evaluating the influence of the 

web panel slenderness (λ = hwtw) varying from λ = 30 to λ = 70 

The two limits of the parametric study are taken to cover the two slenderness of the panels 

used in the experimental tests. 

The study used stiffeners with two height ratios hs = 5hw/6 (dimension taken in the 

experimental tests) and hs = 3hw/6. The results are summarized in Table 6, where the 

differences are calculated as: 

  
rs B.tuDRrs Bv.t)ID

rs Bv.t)ID  × 100. 
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Table 6  

 Comparison between the resistance of panels in 5.PC and 6.P2E in function of the slenderness 

hs = 5hw/6 λ = hw/5,5 wx (5.PC) wx (6.P2E) Difference % 

30 468.2 431.1 8.6 

40 432.3 403.8 7.1 

50 401.7 417.2 -3.7 

60 335.6 426.5 -21.3 

70 308.7 430.6 -28.3 

hs = 3hw/6 λ wx (5.PC) wx (6.P2E) Difference % 

30 365.6 423.5 -13.7 

40 324.9 375 -13.4 

50 296.7 342.1 -13.3 

60 267 317.4 -15.9 

70 230.4 291.5 -21.0 

 

In the case of a stiffener height equal to 5hw/6, it appears that if the slenderness of the web 

panel is under 50, stiffener attached to the two flanges offers less resistance than the central 

stiffener. However, if the length of the stiffener is (hs = 3hw/6), it appears that the stiffener 

welded to the flanges gives the optimal resistance in comparison with a central partial 

stiffener for all studied values of web panel slenderness. 

The length of the stiffener is an important parameter that affects the behavior of the panels 

with transverse stiffeners. It informs about the optimal configuration in the case of local 

stiffened panels. 
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3.2.3. Failure modes (FE and Tests) 

The failure modes of the tested hot rolled I-sections and welded I-sections are summarized in 

Fig.18. The photos were taken after each experimental test. The failure modes show the 

localized deformations associated to the specimens. For the panel in Fig.18 (a), the web is the 

only element that is deformed. It undergoes a buckling in the form of a half-wave. Regarding 

the panels in Fig.18 (b) and Fig.18 (c), the web deforms in an asymmetrical manner on both 

sides of the stiffener and the stiffener is buckled. This shows a torsional flexional buckling 

where the stiffener is buckled with an angle of rotation around the flexural axis. The web of 

the panel in Fig.18 (d) undergoes a deformation near the underside of the stiffener which does 

not deform with a pronounced rotation of the unstiffened part of the web. Thus, the stiffener 

reinforces the stiffened part in bending and plays the role of a load transmitter to the 

unstiffened part of the web panel. Regarding the web panel in Fig.18 (e), the web is deformed 

on its unstiffened parts at the ends of the stiffeners. It undergoes a half-wave bending while 

the stiffener does not deform, the flanges undergo a deformation in the direction of the load 

application, that can be similar to the first theorem of limit analysis that define potential 

plastic hinges in the flanges and potential yield lines within the web panel from either side of 

the intermediate stiffener. Finally, it is observed that for the panel in Fig.18 (f), the 

unstiffened web part is the only element which is deformed in bending and the stiffener 

remains undeformed. This case can be considered similar to that in Fig.18 (d). 

For welded I-section, in the unstiffened panel (Fig.18 (g)), the web is the only element that 

deformed, its thickness is the lowest and the flanges are undeformed. 

It should be noticed that for the configurations shown in Fig.18 (k) and Fig.18 (l), where the 

stiffener and the web have the same thickness, the stiffened web is deformed but with a less 

important amplitude than the unstiffened one. It was also noticed that for the specimen of 

Fig.18 (k), the flanges are plastified around the loading points. That can be the source of 
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decrease of the maximum load value. In the case of fully stiffened panels by double or simple 

stiffener (Fig.18 (h) and Fig.18 (i)), the stiffener is the most affected section, and it undergoes 

buckling with different shapes.  

However, in Fig.18 (j), the deformation is localized in the unstiffened part of the web. The 

stiffener, although thinner than the web, plays the role of load transmitter to the unstiffened 

part of the web. The flanges remain undeformed. However, they were locally yielded in the 

cases with symmetrical full height stiffeners (see Fig.18 (h) and Fig.18 (i)). 

The deformed shapes of the unstiffened panels shown in Fig.18 (a) and Fig.18 (g) have some 

similarities with those observed in partially stiffened specimens shown in Fig.18 (e), Fig.18 

(f), Fig.18 (k) and Fig.18 (l). Observing the specimens with fully stiffened web in hot-rolled I 

sections (Fig.18 (b), Fig.18 (c)) and welded I-section (Fig.18 (h), Fig.18 (i)), the deformed 

shape of the stiffener (two waves or one local wave) depends on its thickness compared to 

that of the web. If the stiffener has the same thickness as the web, it undergoes one full wave. 

Although having a stiffener thickness lower than that of the web, the partly stiffened panel in 

Fig.18 (j) behaves in a similar way as the panel with the same stiffener but a thickness equal 

to that of the web. 

Typical deformed shapes corresponding to the experimental failure modes are 

predicted by the numerical models. Fig.18 shows some cases where the pictures taken 

after tests are compared to the deformed shapes obtained at the final step of the finite 

element model. Thus, the numerical model can be considered as sufficiently accurate 

to represent the behavior of web panels with or without transverse stiffeners loaded in 

compression.
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(a) Failure mode of 1.U-H  

  

 

(b) Failure mode of 2.FD-H  

  

 

(c) Failure mode of 3.FS-H  

  

 

(d) Failure mode of 4.P1E-H  

  

 

(e) Failure mode of 5.PC-H  
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(f) Failure mode of 6.P2E-H  

  

 

(g) Failure mode of  1.U-yzm  

 
 

 

(h) Failure mode of  2.FD-y zn  

 
 

 

(i) Failure mode of  3.FS-y zn  

  

 

(j) Failure mode of  4.P1E-y zn  
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Fig. 18. 

Failure modes (tests and finite element model) 

4. Analytical study 

The analytical calculation can be done only for unstiffened and fully stiffened panels as no 

analytical formulation is available for party stiffened panels. The comparison is done between 

experimental (Fu,Test), numerical (Fu,FEM) and analytical (Fu, EN) maximum strength. The 

comparison for the specimens without stiffener (1.U-H and 1.U-yzm) is shown on Table 7. The 

analytical calculations are based on equations (1 to 4) presented in the introduction.   

Table 7: comparison between numerical, experimental, and analytical results (unstiffened panels) 

Fu Test EN 
DIFF ((EN-

Test)/Test) (%) 
FEM  

DIFF ((EN-

FEM)/FEM) 

(%) 

1.U-H 478 394 -17.6 468.6  -15.9 

1.U-klm    237 239.1 0.9 244.5  -2.2 

The difference between experimental results and analytical formula is 17.6 % for the 

specimen 1.U-H, with analytical value lower than the experimental one. For the specimen 

1.U-yzm, the difference is lower than 1 %.  

For the specimens 3.FS-H, 3.FS-W �4, 2.FD-H and 2.FD-y zn equations (5 to 17) may be 

applied. Although, equation 5 is used to calculate the maximum resistance of plates with 

  

 

(k) Failure mode of  5.PC-yzm  

  

 

(l) Failure mode of 6.P2E-yzm  
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stiffeners susceptible to undergoes flexural behavior under double opposite compression load, 

it may be a reference to compare with in these cases. The results are summarized in Table 8. 

Table 8: comparison between FEM, EXP and TEST results (fully stiffened panels) 

Fu Test EN 
DIFF ((EN-

Test)/Test) (%) 
FEM  

DIFF ((EN-

FEM)/FEM) 

(%) 

3.FS-H 876.8 857 -2.3 865.9  -1 

3.FS-k ln 1461 1358.8 -7 1482.1  -8.3 

2.FD-H 1160.9 1149.1 -1.02 1183.3  -2.9 

2.FD-k ln  1768 1670 -5.5 1807.7  -7.6 

The analytical formula is applied for single and double stiffened plates. The comparison 

between the results of the tests and the analytical formula proves that the analytical formula 

can be applied in the case of stiffened panels (the differences are lower than 10%). 

5. Conclusions 

In this paper, an experimental program of twelve I beam panels subjected to opposite patch 

loading is performed. The web panels are fully or partly stiffened with different positions of 

stiffeners. The experimental results are used to validate a finite element model based on shell 

elements. Maximum loads, load-displacement curves as well as the failure mode obtained 

from experimental and numerical studies are presented and compared. The model represents 

well the main parameters needed in the study (resistance and failure mode).   

It was observed that the behavior of panel webs with transverse stiffeners under patch loading 

is strongly influenced by the dimensions and localization of the stiffeners. Besides, the 

resistances of the stiffened panels depend mainly on the unstiffened part of the web. In fact, 

similarities were observed between the partly stiffened panels with the same length of 

stiffeners even with different positions on the web. The fully stiffened panels undergo a 

torsional buckling either with single or double-sided stiffeners. The difference appears only in 

the value of the maximum load. 
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The maximum resistance of unstiffened or fully stiffened panels are calculated using the 

principles of EN1993-1-5 and their results compared with those of experimental and finite 

element. The calculated values predict well the real values of stiffened panels.  

The experimental results completed by parametric study based on the finite element model, 

will be used to extend the analytical approach of Eurocode 3 to the partly stiffened panels. 

The development will be based on the maximum resistance followed by the stiffness. These 

parameters are useful for the semi-rigid analysis of the compressed part of steel connections.    
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