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ABSTRACT:  Simple connections at the ends of steel I-beams generally consist of a 

plate bolted to the beam web. The plate is beside, and touching, the beam web causing a 

load eccentricity under shear or axial loading. The beam is generally designed only for 

shear force without consideration of this eccentricity. A similar eccentricity is found in 

unstiffened eccentric cleat connections for hollow section struts that have a Practice 

Advisory severely restricting their use in New Zealand. This paper investigates the minor 

axis eccentricity effects of web side plate connections on steel I-beam axial compression 

strength using a Grade 300 310UB40 beam. The beam was analysed with and without 

coped flanges and with differing boundary conditions using finite element software. 

Failure occurred through local buckling of the beam web and plastic hinging of the web 

side plate. The highest axial compressive strength occurred in an uncoped beam, and the 

lowest in a double coped beam. Connection eccentricity severely reduced the 

connection’s compressive axial strength for every beam type and every boundary 

condition. An empirical hand method to assess beam strength was proposed and it 

estimated behaviour well, but it was not generalised to other beam shapes. Since steel I-

beam web side plate eccentricity has strengths which may be less than 30% of that of a 

non-eccentric connection, and general simple design methods to assess axial strength are 

not currently available, such connections should not be relied on to resist axial 

compression  

1 INTRODUCTION 

1.1 Background 

In New Zealand, many steel connections are specified using the Steel Construction New Zealand 

(SCNZ) Steel Connect: Structural Steelwork Connections Guide (2010). The guide contains a range of 

standardised shear and moment connections with rated capacities. Only shear and bending moments in 

the major plane are considered, although the detailing is intended to allow for good fire and seismic 

drift performance. Axial load, shear and bending in the minor plane, and torsion are not considered in 

either the SCNZ design models or the capacity tables. 

The most common shear-type connection used to connect a secondary I-shaped beam to a primary I-

shaped beam or column is the ‘web side plate (WSP)’ also known as a ‘web cleat’ or ‘shear tab’. A 

flat bar or plate is welded to the primary member and then bolted to the web of the secondary beam. 

WSP connections transfer the vertical shear force from the secondary beam to the primary member 

and provide torsional restraint to the beam.  

WSP connections are also often required to resist significant axial forces. Under this loading, few 

engineers consider the effect of the ‘minor axis’ eccentricity between the beam web and the WSP. 

This paper only considers axial load. All real-world connections would be subject to vertical shear and 

associated moments 

The Department of Building and Housing issued a Practice Advisory severely restricting the use of the 

unstiffened eccentric cleat connections for hollow section struts in New Zealand (Figure 1) 

(Department of Building and Housing, Pr. Ad. 12 2010) – a very similar connection.   
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Figure 1. Seismic failure of unstiffened eccentric cleat connection in Japan. (J. Scarry) 

The behaviour of the eccentric beam web to WSP connection for I-shaped members under axial load is 

complicated by the effect that beam flanges have in providing edge support to the web under minor 

axis bending. Secondary beams often have one or two flanges coped in order to fit them to primary 

I-shaped members (Figure 2). The WSP connection with double coped beam flanges closely matches 

the configuration found in eccentric cleat connections for hollow section struts.  

   

Figure 2. No cope (left) and double cope (right) WSP connections to primary column or beam as 

used in industry 

The following variations in connection geometry were analysed in this research (Figure 3): 

 

 Direct: A UB section under axial compression loading with a concentric connection (formed 

by coping the web and connecting it directly to the support). 

 No Cope: An un-coped UB section under axial compression loading with a WSP connection 

to the support.  

 Single Cope: A single coped UB section under axial compression loading with a WSP 

connection to the support.  

 Double Cope: A double coped UB section under axial compression loading with a WSP 

connection to the support.  
 

 

Figure 3. Connection geometries 

The outcomes of this research are intended to address the following: 

1. The reduction in axial capacity due to the eccentricity of the WSP connection. 

2. The variations in capacity due to differing boundary conditions and connection geometry. 

3. The failure mechanisms developed. 

4. Potential methods of predicting axial capacity. 
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2 METHODOLOGY 

2.1 Models Investigated 

The base model used was a 1.5 m long 310UB40 strut under static axial compression loading. The 

strut was unrestrained between its ends to allow lateral drift in the connection to develop. The WSP 

and bolts were fully modelled at one end of the strut whereas the far end of the beam was modelled 

using idealised nodal supports. The Steel Connect guide was used to size each element of the WSP 

connections. The WSP was 140 mm deep, 100 mm wide and 8 mm thick. The two bolts needed were 

M20, Grade 8.8. Copes had an 11 mm radius at the re-entrant corner to match good industry standard 

practice. The yield strength of the WSP was 260 MPa. The yield strength of the beam was 320 MPa.  

The WSP boundary conditions were either fixed or pinned end supports (Figure 4). A Fixed WSP 

connection (FWSP in Figure 4) allows no rotation between the WSP and the supporting primary 

element. This allows plastic hinges to form in the WSP and the web of the beam in order to resist the 

total moment. In many ‘real world’ connections the support at the WSP may be so flexible it should be 

assumed pinned. To model the capacity under this assumption the WSP was pinned (PWSP in Figure 4) 

at the primary structural element. Under this pinned condition, free in plane rotation was allowed.  

 

Figure 4. Boundary conditions applied to the four connection geometries 

The top flange of a steel beam that is part of a floor diaphragm often has restraint against side sway at 

its connected to the diaphragm. This scenario was allowed for by restraining the far end of the beam 

against any rotation and any lateral movement (FB in Figure 4). A member that is part of a plane steel 

frame with no diaphragm connection has greater out-of-plane sway tendency. It was modelled by 

allowing the far end of the beam to rotate (PB in Figure 4). This allowed the beam to develop a twist 

along its length. Under both loading conditions, the far end of the beam was restrained laterally. 

2.2 Modelling Approach 

Abaqus (2014), a non-linear finite element modelling program, was used to analyse the compressive 

axial capacity of the WSP connection for each model. A mesh sensitivity analysis was performed to 

optimise computational efficiency whilst ensuring accurate results. Mesh size was reduced until any 

further reductions had no impact on the results. Displacement controlled analysis was used by 

displacing the end of the beam in the loading direction shown in Figure 4. Abaqus monitored and 

recorded the forces generated for each increment of displacement. The displacement imposed at the 

beam end was set to 10 mm. This was significant enough to induce peak capacity in the member under 

all beam geometries and boundary conditions. 

2.3 Assumptions 

The steel members were modelled as being essentially elastic perfectly-plastic. This meant ignoring 

the significant strain hardening that would occur in actual real world steel elements. It is 

computationally efficient to do so and provides conservative results. However, a small amount of stain 

hardening was included to prevent stability issues in the Abaqus models.  
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It is good practice in construction to ensure that welds connecting a WSP to a supporting member can 

develop the full tensile strength of the plate. This gives reliable and ductile in-plane performance 

under gravity loading, seismic drift and fire conditions. Therefore, the welds are considered to be non-

critical and need not be modelled. The axial load path passes through the two bolts in the connection, 

but the bolts themselves are not usually a critical element. Therefore, the bolts have been modelled to 

be infinitely strong and therefore perform elastically while all other element s behave plastically. 

3 RESULTS AND DISCUSSION 

3.1 Maximum Capacity of Connection 

Maximum capacities are summarized in Table 1, where “Direct” indicates the only non-eccentric 

loading. The differing boundary conditions had a less than 2% effect on the direct connection. In the 

case of the eccentric connections, however, the effects of changing end conditions had significant 

impacts on the capacity. In the case of the double coped connection there was a 73% difference 

between the largest capacity of 105kN and the smallest of 29kN due to rotational restraint differences. 

Table 1. Maximum axial capacity for all connection geometries under all boundary conditions 

 

 

FWSP -

FB 

PWSP -

FB 

FWSP -

PB 

PWSP -

PB 

  (kN) (kN) (kN) (kN) 

Direct 333 326 331 327 

No Cope 160 133 142 96 

Single Cope 143 110 117 66 

Double Cope 105 84 57 29 

 

The maximum design shear strength (φVn) of a thread included M20 Grade 8.8 bolt is 92.6 kN/bolt in 

accordance with NZS3404 (1997). All eccentric geometry scenarios contain two bolts and a single 

shear plane. Therefore, the design shear capacity of the connection cannot exceed 185kN. It can be 

seen in Table 1 that only the direct concentric connection exceeds this maximum value. Therefore, the 

failure of the eccentric connections is governed by eccentricity effects.  

3.2 Effect of Boundary Conditions 

In the direct model the axial load was transferred into the connection without eccentricity. This meant 

that any significant differences between the direct models occurred after failure. With a pinned WSP 

there was a rapid decrease in strength after the maximum strength had been reached. With the WSP 

fixed the connection was able to maintain some strength at maximum capacity before finally failing. 

The boundary conditions at both ends had a large influence on the maximum capacities of the 

eccentric connections. It was observed that for the fixed far end, the beam developed stresses in the 

flanges at the loaded end due to its resistance of rotations about the minor axis. This resistance reduced 

the moment in the WSP connection and therefore increased the maximum capacity. 

The lowest maximum capacities of the no cope, single cope and double connections was found with 

the pinned-pinned (PWSP – PB) boundary condition. This gave a lower limit and most conservative 

estimate of the actual axial compressive capacity. The fixed-fixed (FWSP – FB) condition gave an upper 

limit to the possible actual capacity. In the case of the no cope beam the maximum capacity was found 

to be 160 kN and the smallest 96 kN. The effect of boundary conditions on the single coped beam can 

be seen in Figure 5. In this case the maximum strength was 143 kN and the minimum 66 kN.  
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Figure 5. Plot showing differing boundary conditions for the single coped geometry 

The introduction of the pinned WSP resulted in a failure mechanism that consisted of local buckling in 

the web of the beam. The lack of a plastic hinge in the WSP significantly reduced capacity for the no 

cope and single cope beam. This did not occur in the case of the double cope beam where it was found 

that the pinned WSP bore its free end against the web of the beam. This caused prying action at the 

bolts and concentrated stresses at the bolt holes. Plastic hinges then linked between the concentrated 

stresses at the fillet of the cope through to the bolt hole and effectively increased the plastic hinge 

length and therefore the capacity of the connection.  

The pinned beam end and fixed WSP boundary condition is a good representation of a member in a 

braced steel frame and was the focus of all further analysis. A welded WSP often behaves close to an 

ideal fixed connection and the pinned beam end gives a simplified way of representing beam sway at a 

member’s midspan. Under these conditions, the capacities of the no cope, single coped and double 

coped beams were 142 kN, 117 kN and 57 kN. This showed the large effect flanges had on capacity. 

3.3 Observed Sequence and Mode of Failure 

The failure mechanism for each beam included local buckling of the web and a plastic hinge in the 

WSP (Figure 6). The development of yield lines was evident in the failure mechanism that formed in 

each model. The way these yield lines developed had an impact on the strength that was attained. 

 

Figure 6. Three-dimensional view of single cope geometry at failure for FWSP – PB boundary 

condition. Top flange removed for clarity. 

The no cope beam had the longest and most complex plastic hinges and therefore the highest capacity 

(Figure 7). Yielding occurred first in the beam’s web and WSP due to bearing pressure from the bolts. 

As deformation increased, these yield locations were bridged in the web due to localised web buckling 

around the extent of the WSP. The local buckling was due to the restraint of the flanges. A plastic 

hinge then fully developed in the WSP. This failure sequence indicated that initially there are higher 

stress concentrations in the web than in the WSP.  

Under the single cope geometry, stress concentrations were observed where the bolts bore against the 

web and WSP. A stress concentration had also developed at the fillet in the coped portion of the beam. 
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The yielding occurred in a similar fashion to the no cope beam, however, vertical bridging of yielding 

occurred. This linked the bottom bolt with the filleted cut in the web as opposed to the second bolt. 

Once again the web buckled around the extent of the WSP. A single horizontal hinge then developed 

from the bolt hole to the free edge of the web and thus completed the failure mechanism (Figure 7).  

The simplest failure mechanism was seen to develop with the double cope beam geometry. Stress 

concentrations developed at the filleted corners of the beam coping. These were the locations of first 

yielding. The flanges both being coped meant that there was very little resistance to the web buckling. 

This resulted in a vertical plastic hinge occurring between stress concentrations along the free end of 

the WSP. A similar vertical hinge then formed down the fixed edge of the WSP (Figure 7).  

      

Figure 7. Yielding development for no cope, single cope and double cope left to right. Yielding at 

320 MPa for beam and 260 MPa for WSP. The beam is on the left in each image. 

Beam geometry had a significant effect on the capacity of the connection (Figure 8). Flanges stiffened 

the web and resulted in complex yield line patterns. The no cope and single cope developed yield lines 

at non-perpendicular angles to the loading direction which require significantly more energy to form 

as opposed to the perpendicular hinges that developed in the double cope beam.  

 

Figure 8. Axial compressive capacities of all eccentric geometries with fixed WSP and pinned 

beam end boundary conditions. 

3.4 Model Verification: Length Sensitivity and Eccentric Models Loaded in Tension   

Changing the beams length made less than 2% difference to the axial capacity of any of the pinned 

beam and fixed WSP models. This provided confidence in the accuracy of the modelled results as it 

showed that reduction in capacity due to the eccentricity of the connection is not length dependent. 

Models with each possible geometry and possible boundary condition were run under axial tension. 

The capacity of the connection under axial tension was found to be of a consistent value of 

approximately 155 kN for all bolted connections regardless of beam geometry or boundary conditions. 
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In each case the capacity was limited by ply bearing failure beside the bolt. The disparity between the 

consistent capacities found under axial tension and the large variations found under axial compression 

underlines how the significant impact of the minor axis eccentricity in compression cannot be ignored. 

3.5 Predicting Axial Capacity 

The Abaqus results were compared with hand calculations using the method found in HERA Report 

R4-142:2007 (2007) for calculating the compressive strength of bolted unstiffened eccentric cleat 

connections (HERA method). This is similar to the double coped connection. Similar results would 

give a method for estimating the axial capacity of the connection and could be built upon to find a 

method for estimating the single cope and no cope models capacity. 

The HERA method calculates moment demand using the first-order moment multiplied by a sway 

magnification factor to take into account second-order effect. The second-order sway magnification 

factor was calculated using NZS3404 Clause 4.4.3.2. The moment capacity of the connection was 

found as the capacity of the WSP and the coped section of beam in weak axis bending. The capacities 

were reduced to account for the effect of the axial force. The maximum axial force that could be 

resisted was then found. 

 

This method provided results that were similar to those from the double coped beam model at lower 

yield stresses of the original model and with a yield stress of 250 MPa for the steel in the WSP and 

beam (Table 2). The results began to diverge at a higher yield stress of 400 MPa. The double cope 

beam was failing in pure buckling and so had a limited increase in strength with the higher yield 

stress. The HERA method is a strength based analysis and so its predicted capacities did not take into 

account the effect of buckling on the connection.  

Table 2. Accuracy of HERA method under different yield stresses 

 

 Original 

Model 

Fy = 250 

MPa 

Fy = 400 

MPa 

   (kN) (kN) (kN) 

HERA Method  65 58 87 

Abaqus  57 51 63 

An attempt was made to find a simplified method of predicting the axial strengths of the no cope and 

single cope beams. This was done by examination of the yield lines that formed under failure 

(Figure 7). It takes a greater amount of energy to form the angled plastic hinges than it does to form 

the parallel hinges. As such, an attempt was made to find a scaling factor for the angled lengths that 

could be combined with the HERA method used above to predict the axial capacity of the single cope 

beam and the no cope beam. The longer modified lengths increased the effective moment of inertia 

and the section modulus of the web. The scaling factors used for each beam arrangement were selected 

empirically to best match the modelled results (Table 3). The angled yield line length of the single 

coped web was scaled up by a factor of 2.9 and the no cope by 2.15. 

Table 3. Modified HERA method results 

Single coped beam 

 

Original 

Model 

Fy =250 

MPa 

Fy= 400 

MPa 

  (kN) (kN) (kN) 

Modified 

Method 
116 102 149 

Abaqus 117 109 148 
 

No cope beam 

 

Original 

Model 

Fy =250 

MPa 

Fy= 400 

MPa 

  (kN) (kN) (kN) 

Modified 

Method 
143 120 181 

Abaqus 143 126 180 
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The stiffened webs of the single cope and the no cope beam meant that the axial strength of the 

connection was far more dependent on the steel yield stress than was observed with the double cope 

beam. This meant that the strength based HERA method remained accurate at the higher yield stress. 

However, the scaling factors used were empirical and so were produced to match the modelled data. A 

method must be found that can accurately predict the capacity of any eccentrically loaded I-shaped 

beam. This method may be a good starting point, but further modelling and experimentation must be 

undertaken to find a true solution to the problem.  

4 CONCLUSIONS AND RECOMMENDATIONS 

This paper investigated the axial strength of the unstiffened WSP connection using a 310UB40 beam. 

The beam was analysed with and without coped flanges and with differing boundary conditions using 

finite element software. An empirical hand method for predicting the axial capacity of this connection 

was proposed. The major findings were:  

The eccentricity of the WSP connection had a significant effect on axial compression strength for 

every beam type and every boundary condition. This strength may be less than 30% that of a 

non-eccentric connection. Therefore, the unstiffened eccentric WSP connection should not be used to 

resist axial compression loads unless the designer has an accurate measure of the connections capacity.  

The severity of capacity reduction changed under differing boundary conditions and beam geometries. 

In all cases the web buckled locally. However, the inclusion of flanges stiffened the web and increased 

strength of the connection. This translated to the highest capacity being observed in the no cope beam 

and the lowest in the double cope beam.  

The HERA method was fairly accurate at predicting the capacity of the double cope beam at low yield 

stresses, but was inaccurate at higher yield stress as this failure was pure buckling, whereas the HERA 

method was a strength based approach. The HERA method combined with scaling factors worked well 

for the single cope and no cope beams as the capacity of this connection was much more dependent on 

yield stress. However, the scaling factors were entirely empirical and based on one beam size, so 

further experimentation is needed to find a true solution that can be applied to any I-shaped beam. 

The capacity of the connection may potentially be improved by stiffening the beam’s web to prevent it 

from buckling or by stiffening the WSP. Ideally the eccentricity would be completely removed from 

the connection, but this solution can have constructability issues. This research could be built upon by 

considering the combined effects of axial load, vertical shear and bending upon the connection. 
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