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ABSTRACT 
 

     In a typical steel structure such as a steel frame or a steel bridge, flanges of 
secondary beams and primary beams at intersections of the members are often 
required to have identical elevations for architectural or structural purposes. Thus, at 
the secondary beam ends, cope at the comprehensive flange (top flange) may be 
required to accommodate the beam members and to eliminate interference of the 
intersecting members. In this context, resistance of the connection is unavoidably 
compromised, and hence local web buckling (LWB) in the vicinity of the connection 
may be triggered. In this work, an experimental study of the performance and LWB 
resistance of compressive flange coped beam connections with slender web is 
presented. Full-scale specimens were tested. A finite element (FE) study was also 
carried out to preliminarily evaluate the influence of critical parameters on the LWB 
behaviour of compressive flange coped beam connections with slender web. The test 
results and FE responses show that with increasing slenderness ratios of the web, 
post-buckling performance of compressive flange coped beam connections with 
slender web became evident, accompanied with a stable load carrying capacity after 
buckling occurred, especially for the specimen of a large cope length to beam depth 
ratio. The effectiveness of the current design approaches for quantifying the LWB 
strength of compressive flange coped beam connections with slender web was also 
assessed. It was found that predictions of the LWB resistance of compressive flange 
coped beam connections with the slender web by the current design equations are 
generally conservative. 



  

1. INTRODUCTION 
 
     For architectural or structural purposes, in typical steel structures, e.g. steel frame 
buildings or steel bridges, flanges of secondary beams and primary beams at 
intersections of the members are usually required to have identical elevations. Thus, in 
a secondary beam-primary beam connection, copes are employed at the compressive 
flange (top flange), the bottom flange or both flanges of the secondary beam end to 
eliminate interference of the intersecting beam members, as schematically shown in Fig. 
1. From the structural behaviour perspective, nonetheless, the removed flange(s) due 
to the cope will unavoidably result in a substantial decrease of the load carrying 
capacity of coped beam connections, exposing them to potential failures. Thus, 
controlling local failures (Yam, 2014) of the connection is a critical issue when applying 
coped beam connections in engineering practice. In general, typical local failure modes 
of coped beam connections include local web buckling (LWB), block shear, and other 
common local failure modes which were also observed in their uncoped counterparts, 
such as bolt hole bearing failure, shear web buckling failure, and typical inelastic failure 
induced by flexural yielding or shear yielding of the member section. 
  

  
 

Fig. 1 Coped beam connections: Typical detail, symbols and typical local failure modes 



  

 
     Among those various potential failure modes of coped beam connections, LWB is 
a common local failure mode. Since firstly observed in the last century during the block 
shear and bolt hole bearing tests of coped beam connections, the LWB failure drew 
attention from researchers, and research interests have been directed to this issue ever 
since. Cheng et al. (1984) initiated a parametric investigation to study the LWB 
behaviour of compressive flange coped beam connections. Based on the finite element 
(FE) results, design recommendations for predicting the elastic LWB resistance of 
compressive flange coped beam connections were proposed utilising a classical plate 
buckling analogy. To provide a more comprehensive understanding of the LWB 
performance of compressive flange coped beam connections, ten full-scale tests were 
performed by Cheng and Yura (1986). Later, Yam et al. (2003) conducted more tests 
on elastic LWB strength and behaviour of compressive flange coped beam connections 
of I-section members with hot-rolled sections, and extensive FE analyses were also 
performed. Then, based on the test results and the FE analysis results, an alternative 
design approach for computing the elastic LWB resistance of compressive flange 
coped beam connections derived from a plate shear buckling analogy was developed 
by Yam et al. (2003). More recently, Utilising FE models validated by the test data, two 
novel design models for predicting the LWB strength of compressive flange coped 
beam connections with simply supported boundary conditions were established by 
Aalberg (2015). However, it is worth pointing out that in these research works the 
emphases were given to members with hot-rolled sections and webs generally had 
standard slenderness ratio, while the available information about counterparts with 
slender web is quite limited. In the works conducted by Cheng et al. (1984), although 
two specimens of compressive flange coped beam connections with slender web were 
tested as a case study, more experimental data are required. 
      The primary objective of the current research is to provide a more 
comprehensive insight into the LWB strength and behaviour of compressive flange 
coped beam connections with slender web. Firstly, full-scale tests were conducted. 
Then, FE models were developed and the modelling techniques were verified by the 
experimental results. Utilising the validated modelling strategy, a numerical study was 
also carried out to investigate the parameters influencing the behaviour and LWB 
resistance of compressive flange coped beam connections with slender web. To 
properly examine the effectiveness of the existing design approaches for quantifying 
the LWB strength of compressive flange coped beam connections with slender web, 
the comparison between the analysis results by the FE models and predictions by the 
design equations was made. 
 
2. EXPERIMENTAL PROGRAMME  
 
     2.1 Test specimens and setups  
     One I-section test beam with the dimension of 600x150x6x8 (unit: mm) was 
ordered, and it was fabricated with steel plates of grade S355. The dimension of the 
test beam is provided in Fig. 2a. At both ends of the test beam, a cope was employed, 
producing two full-scale specimens of compressive flange coped beam connections 
with slender web, as illustrated in Fig. 2b and Fig. 2c, respectively. The nominal 



  

dimensions of the test beam and the connections are given in Fig. 2, and the end-plate 
connection with the end-plate thickness of 8 mm was designed for the specimens. To 
facilitate reference, the two specimens were assigned with test codes. Specifically, the 
first capital letter “C” followed by a value describes the cope length (unit: mm). The 
following letter “dc” with a value is used to represent the cope depth (unit: mm). It is 
worth pointing out that the specimen C300dc60 can realistically represent typical notch 
detail in I-section beams in practice, while the specimen C600dc60 incorporated a cope 
length of 600 mm, reflecting an extreme case. Although the two coped ends were 
incorporated in one beam, the two ends can be regarded as two individual specimens 
as LWB failure was restricted in the connection.  
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(c) 
Fig. 2 Test specimens: (a) test beam, (b) C300dc60 and (c) C600dc60 

     The experiment setup is shown in Fig. 3. In particular, the beam was connected 
with the supporting column stub with high strength bolts through end-plates at the beam 
ends, while the distant end of the beam was located on a roller support with a load cell. 
To ensure that failure was triggered in the coped region, an out-of-plane bracing 
system was designed to eliminate lateral movement of the specimens, avoiding 
potential lateral buckling failure of the entire test beam. During the test, the load was 
exerted from a hydraulic jack and applied on the beam with the distance of 1200 mm 
from the end-plate surface, and the load point is schematically illustrated in Fig. 3. In 
this context, the reaction force at the connection (R) can be determined based on the 
force equilibrium principle.  
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Fig. 3 Test setup 
 
     2.2 Test procedure 
     Linear variable differential transducers (LVDTs) were mounted on the specimens 
to record critical deformations, i.e. the vertical displacement of the load point and the 
potential slip of the connection, during the entire loading process, and out-of-plane 
LVDTs were also arranged at the cope of the specimens to record the lateral 
displacement. On the other hand, strain gauges were also glued at critical locations to 
measure strain development of the specimens. Typical instrumentation of the 
specimens is provided in Fig. 4.  
     In the loading procedure, after pre-loading process that confirmed the 
effectiveness of the test setup, the formal test was carried out. The loading procedure 
was initiated by a load-control stage with a constant load increment of 5 kN. After 
evident nonlinear behaviour of the specimens was observed according to strain 
readings and load-deflection responses, the load procedure was converted to the 



  

displacement-control stage with a constant displacement increment of 1 mm in each 
step. The test for a specimen was terminated after the load decreased to 85% of the 
peak load. Then, the test beam was gradually unloaded afterwards.  
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Fig. 4 Typical instrumentation 

 
3. TEST RESULTS AND ANALYSIS 
     3.1 Failure mode 
     For both specimen C300dc60 and C600dc60, they were dominated by LWB 
failure in the ultimate stage. The failure modes of the two specimens after LWB was 
triggered are provided in Fig. 5. 
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Fig. 5 LWB failure of the specimens 
 
    3.2 Load-deflection behaviour 
     The load-deflection response curves of the two specimens were extracted from 
the test result database and are shown in Fig. 6. As the primary objective of the study is 
the examination of the LWB resistance of the coped region, the reaction force (R) at the 
connection region is utilised to quantify the load in the responses curves, and the 
deflection is the vertical displacement at the load point. For both specimens, typical 
linear response was observed from the beginning of the loading process, and nonlinear 
behaviour was later developed with load increasing. For the specimen C300dc60, a 
sudden load drop was observed after the ultimate load was reached, and the specimen 



  

was dominated by typical elastic buckling failure. In contrast, for the specimen 
C600dc60, the response curve has a stable nonlinear stage. At large deformations, the 
sustained load started to decrease slowly, which is an indication of post-buckling 
performance. 
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Fig. 6 Load-deflection curves extracted from test results and FE analyses 

 
     The load-lateral deflection curves extracted from the out-of-plane transducers at 
the web of the two specimens are shown in Fig. 7. For specimen C300dc60, it can be 
seen that the lateral deformation started increasing with the load exceeding 50% of the 
peak load, but the lateral deformation was not evident and kept below 1 mm. After the 
load reached the ultimate load, an intense increase of the lateral deformation was 
observed. Comparatively, for specimen C600dc60, the lateral deformation became 
evident when the load approached 10% of the peak load and increased sharply after 
reaching the ultimate strength, but the increasing of lateral deformation did not result in 
rapid deterioration of the applied load, demonstrating the post-buckling performance of 
the specimen. 
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Fig. 7 Load-lateral deformation curves 
 
     3.3 Finite element analysis  
     To characterise a more in-depth understanding of the LWB resistance and 
behaviour of compressive flange coped beam connections with slender web, numerical 
models representing the test specimens were developed and analysed using finite 
element (FE) method. The commercial software ABAQUS (ABAQUS Version 6.12, 
2012) was adopted to establish the FE models and to conduct the analyses. In general, 
the models representing the specimens were discretized by the four-node shell 
elements with reduced integration (S4R) during the modelling procedure, and the welds 
between flanges and webs and the counterparts between the end-plate and the coped 
beam web were modelled by the “merge”. Thus, the effects of geometries and defects 
of welds on the specimens were not considered in the models. However, this 
simplification is rational since the two specimens were dominated by buckling failure 



  

and the stress at the welds was insignificant, echoed by the test observations in the 
experimental programme of this research and those in the literature (Cheng 1984). In 
the modelling, the material nonlinearity for the FE models was calibrated following the 
isotropic elastic-plastic multi-linear idealisation and the von Mises yield criterion, and 
the geometric nonlinearity was also included in the model. An overview of the FE model 
is presented in Fig. 8. 
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Fig. 8 Overview of the FE model 
 
     To rationally simulate the influence of the interaction between the end-plate and 
the supporting column stub surface, spring elements were embedded in the FE models 
to create more realistic boundary conditions for the models representing the specimens. 
In particular, nonlinear spring elements (in U2 direction in Fig. 8) were planted 
surrounding the bolt holes of the end-plates to simulate the flexibility in the vicinity of 



  

the connection. A trial-and-error procedure with iterations was utilised to seek for the 
proper value of the stiffness of the springs.  
     It is noted that to quantify the LWB resistance of a compressive flange coped 
beam connection with slender web in the FE analysis, initial geometric imperfections 
should be introduced in the model to trigger the expected buckling failure. Thus, a 
multi-step procedure was utilised in the analyses. Initially, an eigenvalue analysis was 
carried out to obtain the buckling modes of the FE models representing the two 
specimens. Then, the first buckling shape determined by the eigenvalue analysis was 
utilised as the geometric imperfection, and it was introduced in the model after scaled 
by an amplitude factor. Subsequently, a nonlinear analysis was carried out and the 
LWB resistance of the model can be obtained. In this study, to investigate the 
sensitivity of the amplitude of the initial imperfection (the amplitude factor), various 
amplitudes of the initial imperfection were used for the models representing the 
specimens (unit: mm). The response curves extracted from the FE models with various 
amplitudes of initial imperfections are compared with the test results, as provided in Fig. 
6. For comparison, the elastic buckling loads (REG) of the first buckling mode 
determined by the eigenvalue analysis in terms of the reaction forces are also indicated 
in the figure. According to these results, it can be seen that the results of the model with 
the moderate cope, i.e. C300dc60, is sensitive to initial imperfection amplitudes in 
terms of ultimate load. In contrast, the response curves of the model C600dc60 with the 
relatively longer cope is less sensitive to the amplitude of the initial imperfection. It can 
also be observed that for this specimen, the ultimate load was above the elastic 
buckling load (REG), echoing the post-buckling performance observed in test 
programme. 
 
4. ASSESSMENT OF CURRENT DESIGN EQUATIONS  
      

Table 1 Models in the parametric study 

No Model Code 
D 

(mm) 
B 

(mm) 
tw 

(mm) 
tf 

(mm) 
D/tw C(mm) dc(mm) 

1 S2/c1/dc0.1 600 150 6 8 100 600 60 

2 S3/c1/dc0.1 600 150 4 8 150 600 60 

3 S1/c0.5/dc0.1 750 150 6 8 125 375 75 

4 S1/c0.5/dc0.2 750 150 6 8 125 375 150 

5 S1/c0.5/dc0.3 750 150 6 8 125 375 225 

6 S2/c0.5/dc0.1 600 150 6 8 100 300 60 

7 S2/c0.5/dc0.2 600 150 6 8 100 300 120 

8 S2/c0.5/dc0.3 600 150 6 8 100 300 180 

9 S3/c0.5/dc0.1 600 150 4 8 150 300 60 



  

10 S3/c0.5/dc0.2 600 150 4 8 150 300 120 

11 S3/c0.5/dc0.3 600 150 4 8 150 300 180 

     To evaluate the applicability of the design equations proposed by Cheng et al. 
(1986) and Yam et al. (2003) for quantifying the LWB resistance of compressive flange 
coped beam connections with slender web, an extensive parametric analysis was 
carried out utilising the validated FE modelling strategy discussed above, and the cope 
detail of the models are provided in Table 1. For easy reference, each FE model was 
assigned with a model code. In particular, the symbol “S1”,”S2” and ”S3” represent the 
models with the web slenderness ratio (D/tw) of 125, 100, and 150, respectively. The 
letter “c” and a following value denote the c/D ratio. For instance, “c1” represents 
models with the c/D ratio of unity; Similarly, “dc” followed by a value represents the dc/D 
ratio. For example, the “dc0.1” represents models with the dc/D ratio of 0.1. 
Recognising that a very large cope length is an extreme case, most models were 
designed considering a moderate cope length. For conservative predictions, the 
parametric study adopted an initial imperfection of the first buckling shape with the 
amplitude equal to the equivalent geometric imperfections specified by BS EN 1993-1-5 
(2006), i.e. 0.5% of the web height. 
     In the Cheng’s approach (1986), the critical stress (σcr) of the buckling model is 
given by 
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where E is the modulus of elasticity of the material (steel), f is the adjustment factor 
based on curve fitting, k is the plate buckling coefficient, ν is the Poisson’s ratio and 
other symbols are provided in Fig. 1. For a compressive flange coped beam connection 
responding elastically, Eq. (1)-(3) can be used to compute the elastic buckling strength 
of the connection. 

 
     On the other hand, Yam et al. (2003) developed a design approach for 
quantifying the LWB resistance of compressive flange coped beam connections 
utilising the plate shear analogy. In particular, when a compressive flange coped beam 
connection is dominated by elastic shear buckling in the coped region, the critical shear 
stress is reproduced as follows 
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where τcr is the critical shear stress and ks is the shear buckling coefficient determined 
by curve fitting. If τcr is below the shear yield strength of the material, the failure of the 
connection is governed by LWB failure, and the reaction force quantifying the LWB 
resistance of the connection can be determined.  
 
     The ratio of the FE analysis result represented by the ultimate load (RFE) to the 
predicted LWB resistance by the Cheng’s approach (RCheng) or the Yam’s approach 
(RYam) was extracted. To examine the accuracy of these design equations for predicting 
the LWB resistance of compressive flange coped beam connections with slender web, 
RFE/ RCheng ratios and RFE/ RYam of the FE models are summarised in Table 2, and the 
statistical results in terms of the mean and the corresponding coefficient of variation 
(COV) are also provided in the table.  
 

Table 2 Summary of results determined by the FE analyses and the design equations  

No. Model Code RCheng RYam RFE RFE/RCheng RFE/RYam 

1 S2/c1/dc0.1 61.7 78.0 89.3 1.73 1.37 

2 S3/c1/dc0.1 19.6 23.1 28.3 2.43 2.06 

3 S1/c0.5/dc0.1 139.6 148.5 213.4 1.26 1.19 

4 S1/c0.5/dc0.2 117.1 110.3 141.8 1.31 1.39 

5 S1/c0.5/dc0.3 96.0 86.1 102.4 1.37 1.53 

6 S2/c0.5/dc0.1 180.8 185.6 269.6 1.05 1.02 

7 S2/c0.5/dc0.2 151.7 137.9 179.6 1.04 1.14 

8 S2/c0.5/dc0.3 124.2 107.6 129.6 1.09 1.25 

9 S3/c0.5/dc0.1 57.4 55.0 88.8 1.42 1.48 

10 S3/c0.5/dc0.2 48.1 40.8 60.3 1.48 1.75 



  

11 S3/c0.5/dc0.3 39.3 31.9 43.4 1.54 1.90 

    Mean 1.44 1.45 

    COV 0.26 0.21 

     In particular, the analysis-to-predicted ratio determined by the Cheng’s approach 
ranges from 1.04 to 2.43, and the mean RFE/RCheng ratio is 1.44 with the corresponding 
COV of 0.26. Comparatively, the analysis-to-predicted ratio determined by the Yam’s 
approach ranges from 1.02 to 2.06. The mean RFE/RYam ratio and the corresponding 
COV are 1.45 and 0.21, respectively. For both the Cheng’s approach and the Yam’s 
approach, it can be seen that the analysis-to-predicted ratios are above unity for most 
cases, and the LWB resistance would be underestimated when applying these design 
methods in compressive flange coped beam connections with slender web. Especially 
for cases with a very slender web and a significant cope length, the overly conservative 
estimates of the LWB strength of compressive flange coped beam connections are 
expected when using the design approaches. For instance, for the case 
S3/c1/dc0.1with D/tw=150 and c/D=1.0, the analysis-to-predicted ratio can achieve 2.43 
and 2.06 for the Cheng’s approach and the Yam’s approach, respectively. Thus, the 
limitation of the current design approaches for quantifying the LWB resistance of 
compressive flange coped beam connections with slender web is demonstrated. 
 
6. CONCLUSIONS 
 
     This conference paper reports the progress of an experimental and numerical 
investigation on LWB behaviour of compressive flange coped beam connections with 
slender web. Two full-scale tests of compressive flange coped beam connections with 
slender web were carried out, and both specimens with different cope lengths had a 
slender web (D/tw=100). In general, both specimens were dominated by LWB failure. 
For specimen C300dc60, it showed typical elastic buckling failure, and the 
corresponding load-deflection curve is characterised by a linear stage followed by a 
precipitous load drop. In contrast, the response curve of C600dc60 with the larger cope 
length experiences a relatively stable nonlinear stage, and the applied load decreased 
gradually after the peak load was reached.  
     The FE models representing the test specimens were developed and analysed, 
and satisfactory agreements between the analysis results by the FE models and the 
test results were obtained. To preliminarily evaluate the effect of the initial imperfections 
on the behaviour of LWB resistance of compressive flange coped beam connections 
with slender web, sensitivity analyses were also performed to investigate the influence 
of the initial imperfections on the response curves of the FE models representing the 
specimens. For the model representing specimen C300dc60, the analyses results show 
that the initial imperfection amplitude imposes an appreciable influence on the ultimate 
load. For the model C600dc60 representing the specimen with the larger cope length, 
the influence of the initial geometric imperfection amplitudes on the LWB resistance is 
negligible.  
     To form an in-depth understanding of the LWB performance of compressive 
flange coped beam connections with slender web and to examine the effectiveness of 



  

the existing design methods for quantifying the LWB resistance of compressive flange 
coped beam connections with slender web, a parametric study was conducted using 
the validated FE modelling techniques. It was found that both web slenderness ratios 
and cope details appreciably influence the LWB resistance and behaviour of 
compressive flange coped beam connections with slender web, and the post-buckling 
strength and behaviour became evident for cases with large cope length to beam depth 
ratio, particularly for models of more slender webs. Utilising the representative analysis 
results, the applicability of the existing design equations for quantifying the LWB 
strength of compressive flange coped beam connections with slender web was 
evaluated. Since the post-buckling strength has not been sufficiently considered in 
current design equations, both the predictions by the Cheng’s approach and the Yam’s 
approach are conservative.  
     Currently, more full-scale tests covering a wide range of parameters are being 
conducted. The test results will be used to provide test evidence and further 
understanding of the LWB behaviour of compressive flange coped beam connections 
with slender web and help improve the current design methods. 
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