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Abstract 9 

This paper investigates the end-post behaviour of cellular beams focusing on the failure 10 
mechanisms subject to shear adjacent to the connections. Three cellular beams were tested to 11 
failure in a companion paper and their behaviours were modelled and validated herein using 12 
Abaqus. The cellular beams were connected to the columns through a bolted end-plate at one 13 
end and a bolted fin-plate at the other end. Finite element (FE) analyses were carried out for 14 

end-posts with and without notches, and web openings with half infill plates for cases where 15 
the minimum end-post width requirements were not satisfied. It was found that the FE results 16 

were in good agreement with the test results while both gave significantly higher failure loads 17 
than the design predictions provided by BS EN 1993-1-13. A parametric study was carried out 18 
on each connection side and in total 160 end-post models were examined. It was concluded 19 

that the connection type not only affected the end-post shear resistance but also influenced the 20 
failure mode. It was shown that using a half infill plate at the first opening can greatly increase 21 

the end-post’s shear resistance. 22 
 23 

Keywords: Cellular beams; end-post; FE validation; local buckling; Vierendeel mechanism; 24 
notches and infill plates 25 

 26 

1. Introduction 27 

Cellular beams with large circular web openings have been widely used in long span steel and 28 
composite construction over 30 years. They are formed by cutting and re-welding rolled steel 29 

profiles to create deeper beams with multiple circular openings, or alternatively circular 30 
openings can be cut in the web of fabricated beams. The presence of large web openings 31 
introduces many potential failure mechanisms [1,2,3,4,5]. Publications including SCI P100 [6], 32 

SCI P355 [7], AISC Guides [8] and the recently published Eurocode 3 Part 1-13 [9] provide 33 
guidance on their design. 34 
 35 
The Vierendeel mechanism, first reported by Altifillisch et al. [10] for castellated beams and 36 

later by Redwood and McCutcheon [11] for cellular beams, is associated with high shear forces 37 
that cause the formation of four ‘plastic’ hinges around the web opening. Redwood [12] and 38 
Ward [6] developed simplified analytical linear methods to estimate the Vierendeel bending 39 
action in cellular beams. To address the deficiencies of the analytical methods, Chung et al. 40 
[1,13] and Tsavdaridis and D’Mello [4] utilised non-linear FEA to develop shear/moment 41 

interaction design curves for the Vierendeel failure. More recently, with compute power 42 
increasing and the introduction of machine learning, studies that are analysing the combination 43 
of failure modes on full length cellular beams for ultimate load and design resistances have 44 

been developed [14,15]. 45 
 46 
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Regarding the web-post behaviour, comprehensive research works involving both 47 
experimental and numerical testing have been presented by Tsavdaridis and D’Mello [3], Erdal 48 
and Saka [16], and Grilo et al. [17]. These studies have focused on web-post buckling behaviour 49 
between closely-spaced circular web openings, and on the prediction of the web-posts 50 

horizontal shear resistance. More recently, Shamass et al. [18], Ferreira et al. [19,20], Rabi et 51 
al. [21] and Santos et al. [22] have investigated the web-post buckling behaviour of steel and 52 
steel-concrete composite perforated beams with newer web opening shapes, such as the 53 
elliptically-based, a modification of the hexagonal shape used in the pioneering castellated 54 
beams of the 1960’s.  55 

 56 
The part of the web next to the connection at the ends of the beam is known as the ‘end-post’ 57 
but there is little guidance on their design, which is the subject of this paper. End-posts can be 58 

quite narrow, although the minimum width of an end-post next to a circular opening is taken 59 
as 0.25x opening diameter in Eurocode 3 Part 1-13 [9]. 60 

The failure modes of end-posts are affected also by the type of end connection to a column or 61 
a supporting beam. Often, it is necessary to introduce a half or full infill plate in the opening 62 
next to the connection to satisfy the dimensional limits and to achieve the required design shear 63 
resistance. Other strengthening techniques for cellular beams are the ring type stiffeners [23]. 64 

Cellular beams may also be manufactured as asymmetric sections using two different rolled 65 

sections. The shear forces may be assumed to be transferred by the Tees in proportion to their 66 
shear area. In such cases, the shear force resisted by top Tee is generally critical as this can lead 67 
to buckling of the end-post [24]. 68 

The possible modes of failure of the end-posts, which are presented in Appendix A, are: 69 

• Horizontal shear failure at its narrowest width at the centre-line of the openings. 70 

• End-post buckling as a strut due to the compression force transferred from the top Tee. 71 

• In-plane bending failure of the narrow end-post due to horizontal shear. 72 

• Local high stress effects at notches to the flange and web at beam-to-beam connections 73 
(known as a ‘notched beam’). 74 

 75 
Two generic connection types are considered in this study: 76 

• Bolted connections to the beam web either by fin-plates or angles. 77 

• Welded end-plate connections in which the end-plate is either connected only to the 78 
beam web (partial depth end-plate) or also to the flanges (full depth end-plate) 79 

 80 
For end-plate connections, the end-plate can strengthen the end-post in horizontal shear and 81 

bending, and also partly stabilises the web against buckling. Conversely, bolted fin-plate or 82 
angle connections lead to a reduction in the shear and bending resistance at the line of the bolt 83 
holes and may provide less restraint to end-post buckling. 84 

A half infill (semi-circular) plate of approximately the same thickness as the web may be 85 

welded to the edge of the opening next to the end-post to increase its width and shear resistance.  86 
In this case, buckling of the infill plate may be the critical mode of failure. 87 

Notches of the beam flanges may be required at beam-to-beam connections. Notches cause 88 
increased stress concentration in the narrow web between the notch and the opening. The rules 89 

for the maximum size of notches in SCI publication ‘Joints in Steel Construction’ [25] were 90 
developed for solid web beams which give a maximum notch depth of 0.1h and a maximum 91 
notch length of 0.2h, where h is the beam depth.  92 



Research on the end-post behaviour next to connections is limited. When the end-post width, 93 
se, fulfils se ≥ 0.5so, where so is the width of the adjacent web-post, it was previously assumed 94 
that the end-post is not as critical as the first web-post, but this may not be the case because of 95 
the different conditions at the connections. The design method for end-posts given in [9] is 96 

based on a modification to the web-post buckling method, which is known to be conservative. 97 
 98 
Tsavdaridis et al. [26] investigated whether the design approach in [9] could be verified based 99 
on a series of tests on cellular beam-to-column connections.  100 
 101 

The objectives of the paper are therefore: 102 

• To model the tests on end-posts to cellular beams and their connections using Abaqus 103 
in order to verify the test results in terms of the failure load and the load-deflection 104 

curve.  105 

• Having verified the tests, to extend the range of design cases using the same 106 

modelling method to include openings with a range of diameters, end-post widths 107 
and flange notch lengths. 108 

• To present a relatively simple theory on the various failure modes for the end-posts 109 
as influenced by the connections and half infill plates to the openings and to compare 110 
the finite element results to the design predictions.  111 
 112 

2. Cellular Beam Tests on End-Posts with 2 Connection Types 113 

The beam tests reported by Tsavdaridis et al. [26] used 406x178x67kg/m UB sections in S355 114 

steel to form cellular beams of depth h = 559mm with opening diameters, ho = 400mm (ho = 115 
0.71h). Three 3.62 m long beams shown in Figure 1 were tested with practical end-post 116 

configurations, as follows: 117 

1. Beam with narrow end-post of 90mm width (se = 0.225ho). 118 

2. Beam with 90mm wide end-post and 90mm wide x 60mm deep notches with a 20mm 119 
radius corner to the flanges. 120 

3. Beam with notched flanges (as in ‘2’) with a 200mm wide half infill plate of 8mm 121 

nominal thickness, forming an end-post of 203mm width (se = 0.51 ho). 122 

The beams were cut from one longer piece for consistency of their properties. Each beam had 123 

a fin-plate connection on one side and an end-plate connection on the other to enable their 124 
direct comparison. Two connection types were tested: 125 

• End-plate connection using a 12mm thick end-plate with 2 x 4 no. M20 bolts to the 126 
column flange. 127 

• Fin-plate connection using a 12mm thick projecting welded plate of 440mm depth with 128 

5 no M20 bolts to the beam web. 129 

 130 
The beam specimens were connected with columns using 203x203x60 UC sections of 1m 131 
height. Two jacks were positioned at 803mm from either end of the beam and applied the 132 
incremental load to the beams. Web stiffeners and full infill plates were used at those locations 133 

and the beams were laterally restrained at mid-span. The two jacks were loaded simultaneously; 134 
the first failure occurred at fin-plate side, and then the jack load on this side was monitored as 135 
the jack load on the end-plate side was increased to failure. 136 

 137 



 138 

Table 1 summarises the test failure loads and their modes. The results showed that the end-post 139 
at the end-plate connection failed at 2 to 7% higher load than at the fin-plate side. The presence 140 

of notches reduced the shear resistance of the narrow end-posts, causing the beams to fail by 141 
buckling in the notch region at 8 to 13% lower shear force than the corresponding un-notched 142 

beam. The half infills increased the failure loads of the notched beam by 40 to 43% for the 143 

same connection type and buckling of the infill plates occurred in a similar manner for both the 144 

end-plate and fin-plate connections. The test failure loads were compared to the end-post 145 
buckling resistances given in the Eurocode 3 Part 1-13 [9] and exceeded the predicted 146 
resistances by 49% to 73%, which shows that the Eurocode method is conservative, particularly 147 
for the full depth end-plate connections. 148 
 149 

The reason for the Eurocode model being conservative is that it was developed 5 years before 150 
the tests by Tsavdaridis et al. [26] and therefore had to be demonstrably ‘on the safe side’ using 151 
an extension of the web-post buckling rules that had been calibrated extensively in order to 152 
prepare design rules. Also, the conditions in the end-post depend on the type of connection and 153 
the boundary conditions that differ from the web-post. 154 
 155 

Table 1: Test shear failure loads of end-posts and comparison with the design predictions to BS EN 156 
1993-1-13 [9] using measured properties. 157 

(a) 

(b) 

(c) 

Figure 1: Details of cellular beams in the tests: (a) narrow end-post, (b) 

narrow end-post with notches, (c) half infill plate end-posts with notches 

(Tsavdaridis et al. [26]) 



Test beam with Connection 

type 

Shear 

failure load  

BS EN 1993-1-13 

calculation 

Failure mode in test 

90 mm wide end-

post  

Fin-plate 325 kN 188 kN End-post bending 

Full depth 

end-plate 

331 kN  197 kN Vierendeel bending at 

full opening 

90 mm wide end-

post with 90 mm 

x 60 mm notches  

Fin-plate 279 kN 178 kN Buckling at notch 

Partial depth 

end-plate 

298 kN  193 kN Lateral movement of 

flange at notch 

Half infill plate 

(200 mm wide) 

with 90 mm x 60 

mm notches  

Fin-plate 398 kN 263 kN Buckling of half infill 

plate 

 Partial depth 

end-plate 

417 kN  279 kN 

 158 

3. FE Modelling of Cellular Beam Tests 159 

3.1. Modelling and Analysis of the Tests 160 

The cellular beam tests were modelled and analysed using Abaqus [27]. The loads were applied 161 
directly to the beams over the area of the load cells. The column base-plate restraints and the 162 

lateral torsional buckling restraints were not modelled, instead boundary conditions were 163 
applied directly to the base of the columns and to the beam flanges, respectively. At the base-164 
plate restraints, some minor differences were expected to affect the beam behaviour. In the test 165 

set-up, the column bases were welded to the base-plates that were partially restrained by 166 

horizontally placed PFC beams, allowing some uplift of the columns. This uplift might allow 167 
the columns to lean inwards during the loading, leading to slightly higher mid-span 168 
deformation of the beams. However, in the FE models, the column bases are assumed as pinned. 169 

All tests were modelled as 3D planar shell parts, as shown in Figure 2. 170 

3.1.1 Material Properties 171 

A bilinear stress-strain curve was used to model the steel material behaviours. The values of 172 
the steel yield strength, fy, and ultimate strength, fu, were provided through mill test certificates 173 

by the supplier, and are given in Table 2. The beam stiffeners, the end-plates and the fin-plates 174 
were all modelled using their material properties. 175 

Table 2: Material and dimensional properties of steel specimens (E = 200 GPa and v = 0.3 for steel). 176 

 
Web 

thickness 

Flange 

thickness 
fy fu εu 

Beams 9.0 mm 14.3 mm 393 MPa 470 MPa 0.20 

Columns 9.4 mm 14.2 mm 398 MPa 550 MPa 0.20 

Infill Plates 7.8 mm - 469 MPa 600 MPa 0.20 

 177 

3.1.2 FE Meshing 178 

To accurately mesh the three models a combination of 4-node reduced integration shell 179 
elements (S4R) and 3-node reduced integration shell elements (S3) was employed. Finite 180 
membrane strains and second order accuracy were also enabled for both shell element types 181 

throughout the analysis. A mesh convergence study was conducted to choose the approximate 182 
mesh global element size. Four mesh sizes were examined by comparing the applied load 183 



against mid-span deflection curve to the respective test curve. Densely meshed models with 184 
element edges of approximately 7.5mm (Figure 2) captured the test behaviours adequately, and 185 
were selected for the further analyses. 186 

3.1.3 Interaction properties 187 

Node-to-surface ‘Tie’ constraints tying all degrees of freedom (DOFs) were used to model the 188 
welds between the fin-plates and the columns, as well as between the end-plates and the cellular 189 
beams. Bolted connections were modelled by using rigid beam constraints, ensuring that there 190 
would be no failure in the M20 bolts (no bolt failure occurred in the tests). In addition, this type 191 

of constraint prevented penetration between adjacent planar surfaces that would result in 192 
unrealistic model behaviours. Kinematic coupling constraints were used to model the lab tests’ 193 
jacks (Figure 2). A reference point (RP) was created for each load and was set as the control 194 

point. In this way, the applied loads were uniformly distributed across the width of the beam 195 
top flange. 196 

3.1.4 Boundary Conditions and Loads 197 

As part of the modelling simplifications, all translational DOFs (U1=U2=U3=0) at the column 198 

bases were constrained, essentially making both supports act as fixed. In addition, the beam 199 

flanges at the mid-span of the beam were restrained laterally (U3=0), to model the lateral 200 
buckling restraint in the test (Figure 2). Two concentrated loads were applied, one at each 201 
reference point. The values of the concentrated loads varied depending on the type of the 202 

analysis. 203 

 204 

Load 

RP-2 

coupling constraint detail 

RP-1 

RP-2 

U1=U2=U3=0 

U1=U2=U3=0 

U3=0 

U3=0 
mesh detail 



Figure 2: Finite element modelling of Test 2. Identical boundary conditions and loads were applied to 205 
all models. 206 

3.1.5 Analyses Steps 207 

The following loading protocol was implemented to obtain two test results for each beam and 208 
to be able to directly compare the modes of failure for the end-posts to the two connection 209 
types: 210 

 211 
1. Load both jacks to 40 kN and un-load to allow for slip of the bolts into bearing.  212 
2. Load both jacks up to 200 kN and un-load to 40 kN. 213 
3. Load both jacks until the first failure on the fin-plate connection side. 214 
4. Unload both jacks to 200 kN. 215 

5. Load the jack closer to the end-plate side, whilst recording the load in the load cell on 216 

the fin-plate side, which reduces with increasing displacement of the beam. From the 217 
recorded load in the two load cells, the shear force in the end-plate connection is 218 

determined up to the failure point. 219 
6. Unload to determine the residual displacements due to deformation of the end-posts. 220 

 221 
The analyses of all beams showed that the first two loading and unloading steps did not affect 222 

the outcome of the analyses, and they could be ignored in the FEA. However, in the tests, these 223 
two steps were necessary in order to ensure the bolts went into bear and to minimise slip in the 224 

subsequent loading steps. More details on the loading protocol can be found in [26]. 225 
 226 
Two different types of analyses were carried out for this study: 227 

• Geometrically and materially nonlinear static analyses with imperfections (GMNIA) 228 

using the Riks method of the Abaqus Standard Solver, which can predict the response 229 
of the specimen until the first beam failure (step 3). 230 

• Pseudo-static analyses using the Abaqus Explicit Solver, which can simulate the whole 231 
loading test procedure including the second beam failure (steps 3-5). 232 
 233 

The Riks method successfully modelled the first test for all three specimens, i.e. until the first 234 
failure occurs (step 3), but was unable to model the subsequent loading until the second failure 235 

occurred (steps 3 to 5), as a Riks step cannot be followed by another step in the same analysis 236 
[28], and hence the second loading stage on each specimen had to be modelled in a different 237 
way. Another approach is to consider mass inertia in the modelling and treat the buckling 238 
response dynamically. Abaqus Explicit Solver can handle post-buckling problems and allows 239 

modelling of both loading tests in a single analysis. In this case the loads are applied slowly, in 240 

a ‘quasi-static’ way, to prevent dynamic effects from dominating the solution. The 241 

computational cost of this analysis is significantly greater than with the Static Riks method. 242 

3.1.6 Finite Element (FE) Results 243 

When FE results are compared to the beam test results, it was observed that the differences 244 
between the Explicit Solver and the Standard Solver model analyses were minor. Both solutions 245 
gave similar load-displacement curves and agreed on the first beam failure mode and load. 246 

Since the Riks analysis (Standard Solver) could not be used to model the full loading procedure, 247 
only the Explicit Solver analyses are discussed in the following sub-sections. 248 
 249 



Narrow end-post (Test 1) 250 

The load-displacement curves for this test with narrow end-posts but without notches are shown 251 

in Figure 3. The vertical axis represents the shear force at both ends of the beam plotted against 252 
the mid-span vertical displacement (U2) measured at the bottom of the beam at mid-span.  253 
 254 

 255 
 256 
 257 

 258 
 259 
It was evident from the test curves that there was some bolt slippage during the initial loading 260 
and unloading. This was indicated by the different stiffness slopes during loading steps 1-3 261 

between test and FE results, while the beam behaviour was elastic. The actual stiffness of the 262 
tested frame, after the bolts went fully into bearing, is the slope of the black dashed line, which 263 
agrees with the elastic responses of both FE models. In the FE analyses, a linear behaviour was  264 
recorded up to a shear force of 233 kN, which was at 74% of the failure load (313 kN) of the 265 

fin-plate side, compared to the failure load of 321 kN in the test. This was attributed to the local 266 
buckling of the edge of the web opening, as shown in Figure 4 due to the high vertical stresses 267 

Figure 3: Shear force vs. Mid-span vertical 

deflection curve (Test 1) 

(a) Failure on the fin-plate 

connection side during test  

(Tsavdaridis et al.[26]) 

(b) Von Mises stresses 

(MPa) at the yield limit 

(233 kN) 

(c) Max. absolute in-

plane principal stresses 

(MPa) at failure (313 kN) 

Figure 4: First failure at the shear force of 313 kN on the fin-plate connection side (Test 1) 



acting on it. The FE mid-span deflection at the predicted failure load was 17.8 mm, only 0.9 268 
mm less than in the test. The maximum compression stress given in Figure 4c was 465 N/mm2 269 
which is close to the ultimate steel strength and shows that high local strains had developed. 270 
Locally high stresses are apparent in the end-post next to the top and bottom bolts. 271 

 272 
The second failure occurred on the end-plate connection side at a shear load of 331 kN, similar 273 
to 325 kN recorded in the test. This failure occurred at a mid-span deflection of 16.2 mm, which 274 
was 2.1 mm less than in the test. The failure mode occurred by the formation of ‘plastic’ hinges 275 
due to the high Vierendeel bending moments at the first opening next to the end-plate 276 

connection as shown in Figure 5a 277 
 278 
Figure 5b shows the maximum in-plane principal stresses at the failure load. Locally, the 279 

maximum compression stress exceeded the ultimate strength of the steel which shows that high 280 
plastic strains had developed (Figure 5c) at the angles of approximately 30o to the vertical 281 
around the opening. This is consistent with the Vierendeel bending failure mode, which is 282 
independent of the end-post. 283 

 284 

 285 
 286 

Notched beam with narrow end-post (Test 2) 287 

The model analyses for the notched beam with 90 mm wide end-posts results agree well with 288 
the test results. The load - displacement curves are presented in Figure 6.  289 

 290 
In the FE model, the failure occurred on the fin-plate connection side by buckling of the narrow 291 
web at a shear force of 277 kN, which is close to the test failure load of 279 kN. In this case, 292 
the model behaviour was linear up to 80% of the failure shear force at the fin-plate side. 293 
 294 

(a) Failure on the end-plate 

connection side during test 

(Tsavdaridis et al. [26]) 

(b) Max. absolute in-

plane principal stresses 

(MPa) at failure (331 kN) 

(c) Max. principal strains 

(MPa) at failure (331 kN) 

Figure 5:  Second failure at the shear force of 331 kN on the end-plate connection side 

(Test 1) 



 295 
  296 

 297 
 298 

The stresses across the minimum width of the web at the notch are shown in Figure 7c. 299 

Although the main upper part of the web near the opening is in compression, the web near the 300 
notch is in tension, indicating that the narrow web at the notch is subject to in-plane bending. 301 
The high compressive stresses at the top Tee near the notch (Figures 7b and 7c) caused the 302 
buckling of the narrow web, which was the observed failure mode. Furthermore, out-of-plane 303 
movement of the top flange was observed in the model, as the upper Tee was partially 304 

unrestrained due to the notch. Increased stress concentrations were also observed around the 305 
second bolt from the top of the 5-bolt connection (Figure 7c). 306 

 307 

Figure 6: Shear force vs. Mid-span vertical 

deflection curve (Test 2) 

(a) Failure on the fin-plate 

connection side during test 

(Tsavdaridis et al. [26]) 

(b) Vertical stresses S22 

(MPa) at the yield limit 

(222 kN) 

(c) Max. absolute in-

plane principal stresses 

(MPa) at failure (277 kN) 

Figure 7: First failure at the shear force of 277 kN on the fin-plate connection side 

(Test 2) 



 308 
 309 

Then the load on the end-plate side jack was increased until failure in the FE model at a shear 310 
force of 288 kN, which was 3.4% less than the test failure load of 298 kN. The end-plate 311 
connection side failed by local buckling due to the high compressive stresses in the narrow web 312 

close to the notch. Redistribution of stresses between the top and bottom Tees occurred when 313 
buckling became more pronounced. In addition, there was significant lateral movement of the 314 

top flange relative to the end-plate, which was also observed in the test. 315 
 316 

For the end-plate connection, the maximum in-plane principal stresses at failure in Figure 8c 317 
show that the narrow part of the web at the notch was fully in compression without in-plane 318 
bending, while the corner of the bottom notch showed some in-plane bending. The unequal 319 

stress distribution in the top and bottom Tees also indicated some redistribution of forces to the 320 
bottom Tee.  321 

 322 

Notched beam with half infill plate (Test 3) 323 

The load - displacement curves for the test with half infill plate at the first opening are shown 324 
in Figure 9. It is clear that during the test an additional displacement occurred as the bolts 325 

slipped into bearing, in a similar way to Test 1, which is indicated by the significant variations 326 
in the slope of the curves while the frame behaviour was still elastic. The correct frame stiffness 327 
was developed after the bolts were in bearing, which occurred during loading step 3 - 328 

highlighted with the black dashed line in Figure 9.  329 
 330 

Both test and FE model showed elastic behaviour up to a shear force of 282 kN (67% of the 331 
failure load). In the model analysis, failure on the fin-plate side occurred at a shear force of 417 332 
kN (5% higher than the test failure load of 398 kN). The mid-span vertical displacement at the 333 

failure load in the FEA was 15.8 mm, similar to the 16.2 mm in the test. The model failed by 334 
buckling of the half infill plate caused by the high compressive stresses at the top of the infill 335 

plate. At the failure load, redistribution of stresses from the upper Tee in compression towards 336 
the bottom Tee in tension had developed (Figure 10c).  337 

 338 

(a) Failure on the end-plate 

connection side during test 

(Tsavdaridis et al. [26]) 

(b) Von Mises stresses 

(MPa) at the yield limit 

(222 kN) 

(c) Max. absolute in-

plane principal stresses 

(MPa) at failure (288 kN) 

Figure 8: Second failure at the shear force of 288 kN on the end-plate connection side 

(Test 2) 



 339 
 340 

 341 

 342 
 343 

The model analysis continued, and the failure occurred on the end-plate side at a shear force of 344 
431 kN, which was 3.4% higher than the 417 kN failure load in the test. The end-plate 345 

connection side failed by Vierendeel bending of the half-opening, with some transverse 346 
movement of the top flange). The principal stresses shown in Figure 11c are similar to those of 347 
the fin-plate side. 348 
 349 
It should be noted that the plastic hinges are not easily observed in such cases; two hinges were 350 

formed early at the corners of the half opening, while further hinges started to appear on the 351 
edge of the semi-circle. Unlike the test, buckling of the infill plate was not observed in the FE 352 
model, probably because the welds to the infill plate in the test did not provide full continuity 353 

that was assumed in the FE model. 354 

 355 

Figure 9: Shear force vs. Mid-span vertical 

deflection curve (Test 3) 

(a) Failure on the fin-plate 

connection side during test 

(Tsavdaridis et al. [26]) 

(b) Von Mises stresses 

(MPa) at the yield limit 

(282 kN) 

(c) Max. absolute in-

plane principal stresses 

(MPa) at failure (417 kN) 

Figure 10: First failure at a shear force of 417 kN on the fin-plate connection side 

(Test 3) 



 356 
 357 

3.1.7 Summary of the validation findings 358 

The following concluding observations are made from the FE analyses: 359 

• The FEA results are in good agreement with the test results, validating the failure 360 

mechanisms and load resistances of the tests. It is reasonable to assume that the test 361 

setup and modelling assumptions were accurate. The two Abaqus solvers, Standard and 362 
Explicit, gave similar results. However, Standard solver provides a computationally 363 
more efficient solution, thus it may be used for the subsequent study on the failure of 364 

the end-posts at cellular beam connections. 365 
 366 

• All three FE models confirm that the end-posts with end-plate connections are stronger 367 
than the end-posts with fin-plate connections, which is in line with the previous tests. 368 

 369 

• The presence of notches reduces the shear resistance of the end-posts. The effect of 370 
notches was to reduce the end-post shear resistance by 11.5% at the fin-plate side and 371 
by 13.6% at the end-plate side. Both notched beam models exhibited high stress 372 

concentrations locally at the notches and it was seen that local bending effects occurred 373 

in the reduced web depth in the narrow end-post region. 374 
 375 

• Both beams with the notches (Tests 2 and 3) exhibited local instabilities in all their 376 
failures, as out-of-plane lateral movement of the upper flange was observed, caused by 377 
the lack of local restraint at the notches. 378 

 379 

4.  Parametric Study 380 

To extend and further validate the previous study, the shear resistance of the end-posts for the 381 
two types of connection side was analysed separately but using the same beam geometry and 382 

steel properties as for the tests. The key fixed parameters are the beam height, h =559mm, web 383 
thickness, tw=9mm and measured steel strengths given in Table 1. For the cases with half infills, 384 

(a) Failure on the end-plate 

connection side during test 

(Tsavdaridis et al. [26]) 

(b) Von Mises stresses 

(MPa) at the yield limit 

(282 kN) 

(c) Max. absolute in-

plane principal stresses 

(MPa) at failure (431 kN) 

Figure 11: Second failure at a shear force of 431 kN on the end-plate connection side 

(Test 3) 



the plate was 7.8 mm thick and the end-post length was 203 mm as in the test, independent of 385 
the opening diameter. A further model of the half infill plate without notches was also analysed 386 
to compare with Test 3 which had notches. 387 
 388 

4.1 Modelling Assumptions 389 

Identical modelling assumptions were made for all test specimens. The full models were set up 390 

as half span beams allowing for symmetry about mid-span. Although the original full test set-391 
up was not purely symmetric due to the different connections on either side, it is reasonable to 392 
ignore the small difference in the connection stiffnesses and model the isolated connection 393 
sides using axisymmetric boundary conditions, as shown in Figure 12. The other boundary 394 
conditions and interactions were adopted from the full test models, including the lateral 395 

restraints at mid-span.  396 

 397 

 398 
Regarding the loading and analysis steps, load was applied to the beam over the stiffener until 399 
the first failure occurred, which is achieved through a GMNIA using the Abaqus Standard 400 
Solver’s Buckling and Static Riks analyses. 401 

 402 

 403 

(a) Fin-plate connection side. (b) End-plate connection side. 

Figure 12: Isolated models for Case 3. 

‘XSYM’ boundary conditions (U1=UR2=UR3=0) at the mid-span 

(a) Fin-plate side (Test 3) (b) End-plate side (Test 3) 

Figure 13:  Shear force vs. mid-span vertical displacement curves for the models for beams with half 

infill plates next to the connections (Test 3). 



4.2 Validation of Isolated Models 404 

All isolated models were compared against the full models described earlier. The results 405 

showed that the analyses of the isolated models presented similar behaviour to the full models. 406 
The good agreement also further validated the test results. The load - displacement curves 407 
(Figure 13) show that the isolated models and full models had similar stiffness, while the 408 
differences in the failure loads were less than 5%. 409 
 410 

4.3 Parametric Study 411 

A range of end-post geometric configurations were examined for each of the cases in Table 3. 412 

These configurations varied depending on the opening diameter (ho), the end-post width (se) 413 
and the notch length (cn). In total, 160 cases were analysed, including both end-post connection 414 

types. The following naming convention is used to refer to a specific modelling case. The cases 415 
with half infills had the same data as used in the tests, in which the end-post width was 203mm 416 
and the infill plate was 7.8mm thick (Table 3). 417 
 418 

Table 3: Examined cases in the parametric study of end-post geometry. 419 

  Parameters 
  Opening diameter ho (mm) End-post width se (mm) Notch length cn (mm) 

  350 375 400 425 90 100 110 120 130 90 105 120 135 

M
o

d
el

s 

Case 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ - - - - 

Case 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Case 3 ✓ ✓ ✓ ✓ - - - - - ✓ ✓ ✓ ✓ 

Case 4 ✓ ✓ ✓ ✓ - - - - - - - - - 

 420 

4.4 Analysis of Case 1 models with narrow end-post 421 

The results of the analyses for Case 1 of narrow end-posts with the two connection types are 422 

given in Table 4, compared to the theory presented in this paper. In this case, the practical range 423 
of opening diameters, ho was 350mm to 425mm, and the end-post width se was 90mm to 424 
130mm. 425 
 426 

All models of the end-plate side of the narrow end-post without notches failed by Vierendeel 427 
bending, as was observed in the beam test, and so the parameter, se, did not affect the end-post 428 
resistance, except for the opening with ho=350mm (Figure 14a). In these cases, the possible 429 

theoretical failure modes are Modes 1, 2 and 3b (see Appendix A), and the theoretical failure 430 

load was taken as the smallest of those. 431 
 432 
The majority of the fin-plate side models failed by the buckling of the narrow end-post. 433 

However, in the cases of 425 mm opening diameter and end-post width, se ≥100 mm, failure 434 
occurred by Vierendeel bending. The theoretical failure loads are in all cases governed by end-435 
post buckling (Mode 2), and it is relatively conservative, although the accuracy improves for 436 
deeper openings with wide end-posts. It should also be noted that the FE models allow very 437 
high strains and redistribution of forces between the top and bottom Tees, which is not included 438 

in the design model. 439 
 440 



 441 

(a)  442 

 443 

(b) 444 

Figure 14: End-post resistance with respect to the opening diameter (ho) and the end-post width (se) 445 
for the two cases 446 

 447 

Table 4: Parametric study results compared to the theory in this paper for narrow end-posts. VB is the 448 
failure load due to Vierendeel bending at the first opening, indicating that end-post failure did not occur. 449 

Opening 

Diameter 

 

End-post 

width, se 

(mm) 

Fin-plate connection End-plate connection 

FE failure load 

(kN) 

Theory 

(kN) 

FE/ 

Theory 

FE failure load 

(kN) 

Theory 

(kN) 

FE 

/Theory 

350mm 

(=0.62h) 

90 388 222 1.75 422 VB 226 1.86 

100 397 246 1.61 431 VB 250 1.72 

110 401 267 1.50 434 VB 276 1.57 

120 409 288 1.42 435 VB 296 1.47 

 130 413 312 1.32 437 VB 321 1.36 

375mm 

(=0.67h) 

90 349 197 1.77 386 VB 208 1.85 

100 358 218 1.64 389 VB 232 1.67 

 110 366 236 1.55 386 VB 254 1.52 

 120 370 254 1.45 386 VB 266 1.45 

 130 374 275 1.36 386 VB 300 1.98 
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400mm 

(=0.71h) 

90 312 193 1.61 338 VB 199 1.69 

100 322 211 1.53 337 VB 221 1.53 

110 329 232 1.42 338 VB 226 1.49 

 120 329 253 1.30 338 VB 257 1.31 

 130 328 269 1.22 337 VB 279 1.21 

425mm 

(=0.76h) 

90 278 182 1.53 287 VB 180 1.59 

100 282 VB 203 1.39 288 VB 200 1.44 

110 283 VB 220 1.29 287 VB 217 1.32 

 120 283 VB 240 1.18 286 VB 232 1.22 

 130 284 VB 260 1.09 287 VB 251 1.14 

 450 
For the two connection types, the end-plate provided more stability to the end-post and 451 

increased the end-post failure load by 5.3% on average compared to the fin-plate (see Table 7), 452 
but the larger the opening diameter, the less effect the connection type had on the end-post 453 
resistance. 454 
  455 

4.5 Analysis of Case 2 models with narrow end-post and notches 456 

The results of the analyses for Case 2 models with narrow end-posts, end notches and with the 457 

two connection types are given in Table 5. In this case, and the notch length cn was 90mm to 458 
135mm. Only the cases with the end-post width exceeding the notch length (se ≥ cn) were 459 

considered. 460 
 461 
All 80 examined cases for end-posts with notches in beams failed by local buckling of the 462 

narrow end-post near the upper notch. As expected, the end-plate connections resulted in higher 463 

end-post resistances than the fin-plate connections by 3.8% on average (see Table 7). The 464 
theoretical failure load is taken, as the minimum load in failure Modes 2 and 4 (see Appendix 465 
A). 466 
 467 

Table 5: Parametric study results compared to the theory in this paper for narrow end-posts with 468 
notched flanges. 469 

Opening 

Diameter 

 

End-

post 

width, 

se (mm) 

Notch 

length, cn 

(mm) 

Fin-plate connection End-plate connection 

FE 

failure 

load (kN) 

Theory 

(kN) 

FE/ 

Theory 

FE 

failure 

load (kN) 

Theory 

(kN) 

FE 

/Theory 

350mm 

(=0.62h) 

 

90 90 382 220 1.73 396 222 1.78 

100 90 382 243 1.57 394 246 1.60 

110 

 

90 381 263 

 

1.45 396 267 

 

1.48 

105 379 1.44 394 1.47 

120 

 

90 381 283 

 

1.35 397 288 1.38 

105 379 1.34 395 1.37 

120 376 1.33 393 1.36 

 130 90 382 302 1.26 396 312 1.27 

 105 379 1.25 394 1.26 

 120 378 1.25 392 1.25 

375mm 

(=0.67h) 

90 90 337 193 1.74 348 197 1.76 

100 90 335 211 1.59 348 218 1.59 

110 90 336 228 

 

1.47 348 236 1.47 

105 333 1.46 346 1.46 



120 90 336 249 1.35 350 254 1.38 

105 334 1.34 345 1.36 

120 332 1.33 344 1.35 

130 90 339 261 

 

1.30 351 275 1.27 

 105 335 1.28 347 1.26 

 120 332 1.27 344 1.25 

400mm 

(=0.71h) 

 

90 90 290 190 1.52 302 193 1.56 

100 90 290 211 1.37 301 211 1.42 

110 90 292 228 1.28 301 232 1.30 

 105 289 1.27 297 1.28 

120 90 294 245 1.20 304 253 1.20 

 105 290 240 1.21 300 245 1.22 

 120 287 200 1.43 296 205 1.44 

130 90 297 261 1.14 309 269 1.15 

 105 292 235 1.24 302 245 1.23 

  120 288 195 1.47 298 205 1.45 

425mm 

(=0.76h) 

90 90 247 177 1.39 256 180 1.42 

100 90 248 196 1.26 258 200 1.29 

110 90 251 213 1.18 260 217 1.20 

105 246 195 1.26 256 205 1.25 

120 90 254 227 1.12 263 232 1.13 

105 248 215 1.15 257  220 1.17 

120 245 185 1.32 251 190 1.32 

130 90 259 235 1.10 270 245 1.10 

 105 252 210 1.20 261 215 1.21 

 120 246 180 1.36 254 185 1.37 

 470 

4.6 Analysis of Case 3 and 4 results with half infills 471 

For the tests with half infills, the results are presented in Table 6. In case 3, the notch length cn 472 
was 90mm to 135mm. Case 4 models had no notch (cn = 0mm). 473 

 474 
When comparing the two connection types, the end-plate side failed at on average 1.2% higher 475 

shear load than for the fin-plate side (see Table 7). The notch widths of 120mm are outside the 476 
dimensional limits given in BS EN 1993-1-13 [9] for all cases. Figure 15 shows the principal 477 
stress profile for the case of the smallest opening diameter and the longest notch. This shows 478 

that the effective loaded width acting on the infill plate is wider than se-cn, but less than the 479 
simplified effective width of beff =0.25 ho. 480 
 481 
The fin-plate side models failed by buckling of the half infill plate due to the high compressive 482 

stresses in the upper Tee near the notch. In most of those cases, the initial buckling of the half 483 
infill plate was not critical, and a second failure followed in Vierendeel bending across the half 484 
opening. For the ho=375mm fin-plate cases, the effect of the notch length cn on the shear 485 
resistance was limited. Nearly all end-plate side models failed by Vierendeel bending, but 486 
failure by buckling of the half infill was also likely. 487 

 488 
For the half infill cases without a notch (Case 4), a similar behaviour occurred, and the end-489 
plate case failed at a load of only 1.2 % higher than the fin-plate case, which shows that the 490 

effect of the connection type on the stability of the infill plate is small. In all cases with half 491 
infills, yielding occurred early at the two corners of the semi-circular half infills, due to the 492 



high local stress concentrations caused by the Vierendeel bending moments at the reduced web 493 
section of the half-opening. 494 
 495 

 496 

Figure 15: Max. absolute in-plane principal stresses (MPa) when buckling of the half infill plate 497 
occurred in the model with the widest notch (ho =350mm and cn =135mm). 498 

 499 
In order to compare the theory with the FE results, the effective width of the half infill with a 500 

notch as an equivalent strut is taken conservatively as: 501 
Notches within geometric limits:  beff = 0.25ho  for cn ≤ se - 0.25ho 502 

Long notches:     beff = se – cn for cn > se - 0.25ho 503 

The analysis cases with cn= 120mm is outside the cn ≤ 0.2h limit. 504 

 505 
The comparison of the FE results with the theory (Mode 5) for the Cases 3 and 4 with half infill 506 

plates is presented in Table 6. It can be seen that the theory based on buckling of the infill plate 507 
is relatively conservative. However, the FE models assume a fully fixed interface between the 508 
infill plate and web, whereas in reality, partial fixity may exist because of the incomplete 509 

penetration of the welds to the infill plate. Also, the FE models allow for redistribution of forces 510 
between the Tees. 511 

 512 

Table 6: Parametric study results compared to the theory in this paper for end-posts with half infill 513 
plates. VB is the failure load due to Vierendeel bending at the first half-opening, indicating that end-514 
post failure did not occur. 515 

Opening 

Diameter 

 

Notch 

length 

Cn (mm) 

Fin-plate connection End-plate connection 

FE failure 

load (kN) 

Theory 

(kN) 

FE/ 

Theory 

FE failure 

load (kN) 

Theory 

(kN) 

FE/Theory 

350mm 

(=0.62h) 

0 491 320 1.53 499 VB 365 1.37 

90 476 304 1.56 479 VB 320 1.49 

105 466 304 1.53 476 VB 320 1.49 

120 457 290 1.57 463 VB 305 1.52 

 135 427 238 1.79 455 250 1.82 

375mm 

(=0.67h) 

0 452 301 1.50 461 VB 331 1.39 

90 436 280 1.56 454 VB 301 1.51 

 105 435 280 1.55 437 VB 301 1.45 

 120 429 267 1.60 433 VB 266 1.63 

 135 417 203 2.05 431 VB 218 1.98 



400mm 

(=0.71h) 

0 417 279 1.49 420 VB 305 1.38 

90 410 263 1.56 415 VB 279 1.49 

105 400 258 1.55 411 VB 273 1.50 

 120 392 218 1.80 399 VB 232 1.72 

 135 384 179 2.14 389 VB 190 2.05 

425mm 

(=0.76h) 

0 372 256 1.45 372 VB 279 1.33 

90 369 241 1.53 372 VB 256 1.45 

105 366 223 1.64 371 VB 237 1.56 

 120 356 189 1.88 360 VB 200 1.80 

 135 345 155 2.22 349 164 2.13 

 516 

Table 7: Summary of the mean shear failure load values for each test, and comparison between FE and 517 
analytical predictions. 518 

 Fin-plate connection End-plate connection 

 
FE failure 

load (kN) 
Theory (kN) FE/Theory 

FE failure 

load (kN) 
Theory (kN) FE/Theory 

Test 1 343 239 1.44 361 245 1.47 

Test 2 314 235 1.34 326 241 1.35 

Test 3 413 243 1.70 418 257 1.63 

Test 4 433 289 1.50 438 320 1.37 

 519 

5. Conclusions 520 

This paper extends the results of a test series on cellular beams, in order to update the Eurocode 521 

calculations for the design of end-post connections. Following the FE validation of the tests 522 
presented in  [26], a parametric study was carried out to investigate the end-post behaviours of 523 
a wider range of end-post geometries. The study involved 160 end-post configurations, taking 524 

into consideration current practice, as well as the guidance provided by Eurocode 3 [9] and SCI 525 
P355 [7]. The presented theory and the FE analyses results showed that: 526 

• The end-plate connection strengthened the end-post, allowing it to resist higher shear 527 

loads than the respective fin-plate side. Moreover, the cases with end-plates generally 528 
failed by Vierendeel bending at the first opening, which is justified by the fact that the 529 

stiffer end-plate connection provided greater stability and shear resistance to the end-530 

post than the fin plate connection. 531 

• Among the examined parameters, the results showed that the web opening diameter (ho) 532 

was dominant in determining the end-post shear resistance. The end-post width, se, and 533 
the notch length, cn, values had a smaller effect on the failure loads and modes. 534 

• Two failure modes were observed in most of the cases with half infill plates, First, 535 

buckling of the half infill plate occurred at the upper part of the infill, which was 536 
followed by Vierendeel bending at the half opening. The half infill plates increased the 537 
failure load by 16 to 32% on average for full depth end-posts and 19 to 44% on average 538 
for notched end-posts. 539 

• The proposed theory for buckling of the end-post is shown to be relatively conservative 540 
compared to the FE analyses but it should be noted the FE models allow redistribution 541 

of shear forces between the Tees, which is not considered in the theory. 542 

• The theory and FE results showed that the minimum width of the end-post can be 543 

reduced if the design resistances of the potential failure modes are calculated. For end-544 



plate connections, end-post bending and horizontal shear are not likely to be critical 545 
failure modes and the minimum end-post width can be reduced to 0.2ho. 546 

• The notched beams showed reduced end-post shear resistance, and the notches reduced 547 
the shear resistance by 5.5 to 11.5% on average. For the notched beams with half infill 548 
plates the decrease was 2.5 to 7% on average. 549 

• The proposed theory for buckling of the half infill plate is shown to be relatively 550 
conservative to the FE analyses but it should be noted the FE models assume full fixity 551 
between the infill plate and web, whereas in practice, this interface is affected by the 552 

partial strength of the welds to the infill plates. 553 

The study also showed that the FE models allow for high plasticity and for redistribution of 554 
forces from the top to the bottom Tee, which could be included in the design models. The effect 555 

of end moments should be studied in future work.  556 

 557 

Appendix A. Theoretical Failure Modes of End-Posts 558 

The modes of failure of the end-posts and their design expressions are presented in order to 559 
compare with the tests and with the parametric study of the end-post and notch geometry. 560 
 561 

Mode 1: End–post horizontal shear  562 

Narrow end-posts may fail in horizontal shear, which also leads to in plane bending, as shown 563 
in Figure A.1. The horizontal shear force acting in the end-post is given by: 564 

𝑉𝑒𝑝 = 𝑉𝐸𝑑

(𝑠𝑒 − 𝑒𝑏 + 0.5ℎ𝑜)

ℎ𝑒𝑓𝑓
 (A.1) 

    565 
where ho is the opening diameter 566 

eb         is the distance of line of bolts from the outer edge of the end-post  567 

 heff is the vertical distance between the centroid of the Tees  0.95h 568 

 h is the depth of the section 569 
se is the width of end-post 570 

 VEd is the design vertical shear force at the support 571 
 572 
The horizontal shear resistance of the end-post is limited by a shear strength of 0.577 fy to BS 573 

EN 1993-1-1 [29]. For fin plate or angle connections, it may be assumed that a bolt hole occurs 574 

at the centre-line of the opening, which gives a horizontal shear resistance of: 575 

𝑉𝑒𝑝,𝑅𝑑 = 0.577 (𝑠𝑒 − ∅) 𝑡𝑤 𝑓𝑦 (A.2) 

  576 
where tw is the web thickness  577 

  fy is the web yield strength  578 

 ∅ is the bolt hole diameter 579 
 580 



 581 
 582 

Figure A.1: Illustration of horizontal shear and bending in a narrow end-post. 583 

 584 
For end-plate connections, the horizontal shear resistance is increased by considering the shear 585 
force resisted by the end-plate acting as the flange of a Tee section. The horizontal shear 586 

resistance of the end-post including the contribution from the end-plate is given as a good 587 
approximation by: 588 

𝑉𝑒𝑝,𝑅𝑑 = 0.577 𝑡𝑤 (𝑠𝑒𝑓𝑦 + 𝑡𝑒𝑝 𝑓𝑦,𝑒𝑝) (A.3) 

 589 

where tep is the thickness of the end-plate 590 
 fy,ep is the yield strength of the end-plate 591 
 592 

Mode 2: Buckling of the end-post to BS EN1993-1-13 593 

The design method for web buckling of end-posts is presented in BS EN1993-1-13 [9] This 594 

action in the end-post is shown in Figure A.2, in which the compression force, Nep,Ed, acting on 595 
the equivalent strut is taken as equal to the shear force in the top Tee and its effective width is 596 
taken as beff = 0.5se. For an end-post next to a circular opening, the effective length of the 597 

equivalent strut is taken as the diagonal distance over half of the end-post width and half of the 598 

opening depth. The equivalent strut slenderness is obtained by dividing the effective length by 599 
tw/120.5, which gives an end-post slenderness ratio of: 600 

𝜆̄𝑒𝑝 = 1.75 
(𝑠𝑒

2 + ℎ𝑜
2)

0.5

𝑡𝑤 𝜆1
 ≤  

2.45ℎ𝑜

𝑡𝑤 𝜆1
 (A.4) 

 601 

where  𝜆1 = 3.14 (𝐸 𝑓𝑦⁄ )0.5 602 

 603 
The buckling resistance of the end-post is obtained from buckling curve ‘a’ to EN1993-1-1 604 
[29], which is justified because the plate restraint to buckling is greater than that of the web 605 

considered as an equivalent strut. 606 

 607 



 608 
Figure A.2: Illustration of strut buckling model for an end-post in BS EN 1993-1-13 [9]. 609 

 610 
For an end-post that is partly stabilised by an end-plate connection, the end-post slenderness is 611 

modified according to: 612 
 613 

𝜆̄𝑒𝑝 = 1.75 
((0.7𝑠𝑒)2 + ℎ𝑜

2)
0.5

𝑡𝑤 𝜆1
 ≤  

2.1ℎ𝑜

𝑡𝑤 𝜆1
 (A.5) 

 614 
For an end-post connected by a fin plate with partial loss of restraint by a notch to the 615 

compression flange, the end-post slenderness is modified according to: 616 

 617 

𝜆̄𝑒𝑝 = 1.75 
((1.2𝑠𝑒)2 + ℎ𝑜

2)
0.5

𝑡𝑤 𝜆1
 ≤  

2.7ℎ𝑜

𝑡𝑤 𝜆1
 (A.6) 

 618 

The buckling resistance of the end-post should exceed the compression force transferred from 619 
shear in the top Tee, which is given by: 620 
 621 

𝑁𝑒𝑝,𝑏,𝑅𝑑 = 𝜒𝑒𝑝 0.5 𝑠𝑒 𝑡𝑤 𝑓𝑦  ≥  𝑁𝑒𝑝,𝐸𝑑 (A.7) 

 622 

Where ep is the reduction factor due to buckling of the end-post using the non-dimensional 623 

slenderness in Eq. (A.5) and Eq. (A.6), and Nep,Ed is the compression force due to shear in the 624 

top Tee (= 0.5 VEd for a symmetric section). 625 
 626 

For a symmetric section, the 0.5 factors on each side of this equation cancel to give the formula 627 
in BS EN 1993-1-13 [9]. This equivalent strut method is conservative because the lower part 628 
of the end-post acts in tension and can resist a higher tie force which leads to a re-distribution 629 

of shear forces between the Tees, which is not included in the design method. 630 
 631 

Example. Fin plate connection (no notch) with se = 100 mm; ho = 400 mm; tw = 9.0 mm; fy = 632 
355 N/mm2: 633 

leff = 0.5 x (1002+4002)0.5 = 206 mm 634 

ep  = 3.46 x 206/ 9.0 = 79 635 

𝜆̄𝑒𝑝 = 79/76 = 1.04 636 



The end=post buckling resistance obtained using buckling curve ‘a’ is given by: 637 

 Nb,Rd  = 0.63 x 50 x 9.0 x 355 x 10-3 = 100.6 kN 638 

For a symmetric section, the end shear force limited by end-post buckling is VEd ≤ 2Nb,Rd = 201 639 
kN. 640 
 641 

Mode 3a: In-plane bending of narrow end-post to fin-plate or angle connection 642 

A narrow end-post in a cellular beam may fail in in-plane bending due to the effect of the 643 
horizontal shear force, as shown in Figure A.1. The critical distance ye of the horizontal plane 644 
above the centre-line of the opening is when the in-plane bending resistance of the end-post is 645 

equal to the moment due to the horizontal shear force, Vep. 646 
 647 
For a fin plate connection with a line of bolts in vertical shear, the end-plate or fin plate should 648 
be connected to the web over a minimum length of 0.8h, and it is assumed that the vertical 649 

shear force is distributed uniformly by the bolts in the connection. 650 
 651 
The end-post horizontal shear force, Vep, is given by Eq. (A.1), and the in-plane moment acting 652 
on any horizontal plane of the end-post and ignoring the restoring effect of the vertical shear 653 

force in the bolts over a distance ye is given by: 654 
 655 

𝑀𝑒𝑝,𝛼 = 𝑉𝑒𝑝 𝑦𝑒= 𝑉𝑒𝑝 0.5 ℎ𝑜 𝑠𝑖𝑛𝑎 (A.8) 

 656 

where  is the angle from the centre of the opening to the height of the horizontal plane in the 657 
end-post. 658 
 659 

The width of the end-post on the horizontal plane at an angle  is given by: 660 
 661 

𝑥𝑒 = 𝑠𝑒 + 0.5ℎ𝑜(1 − 𝑐𝑜𝑠 𝛼) (A.9) 

 662 

The in-plane bending resistance of the end-post based on its plastic bending resistance is: 663 
 664 

𝑀𝑒𝑝,𝛼,𝑅𝑑 =
𝑥𝑒

2

4
𝑡𝑤𝑓𝑦 (A.10) 

 665 

It is required that Mep, ≤ Mep,Rd and so the horizontal shear force in the end-post should be less 666 
than: 667 
 668 

𝑉𝑒𝑝 ≤
(𝑠𝑒 + 0.5ℎ𝑜(1 − 𝑐𝑜𝑠 𝛼))

2

2 ℎ𝑜 𝑠𝑖𝑛 𝛼
 𝑡𝑤𝑓𝑦 (A.11) 

 669 

The critical in–plane section may be obtained by differentiating Eq. (A.11) with respect to  670 
which reduces to a quadratic equation, with a solution given by: 671 

 672 

𝑐𝑜𝑠 𝛼 = − (0.5 +
𝑠𝑒

ℎ𝑜
) + [(0.5 +

𝑠𝑒

ℎ𝑜
)

2

+ 2]

0.5

 (A.12) 

 673 



For a typical narrow end-post with se = 0.25ho, the critical angle is  = 32o to the horizontal 674 

and 𝑥𝑒  ≈  1.3 𝑠𝑒 675 

 676 
The critical height of the end-post for in-plane bending is given from Eq. (A.12) as 677 

approximately: 678 
 679 

𝑦𝑒  ≈  0.55 (𝑠𝑒ℎ𝑜)0.5 (A.13) 

 680 
The horizontal shear resistance for in-plane bending of the end-post with a fin-plate or double 681 
angle connection is obtained with reasonable accuracy from these equations as: 682 
 683 

𝑉𝑒𝑝,𝑏𝑒𝑛𝑑𝑖𝑛𝑔,𝑅𝑑 = 0.77 (
𝑠𝑒

ℎ𝑜
)

0.5

𝑠𝑒𝑡𝑤𝑓𝑦 (A.14) 

 684 

The use of this method is given in the example below: 685 
 686 
Example: se= 100mm; ho = 400mm; eb = 35mm; ev = 60mm; tw = 9.0mm; h = 600mm; heff = 687 
570mm; fy = 355 N/mm2: 688 

 689 
The horizontal shear resistance in in-plane bending of the end-post is given in Eq. (A.14) as:  690 

𝑉𝑒𝑝,𝑏𝑒𝑛𝑑𝑖𝑛𝑔,𝑅𝑑 = 0.77 × 0.250.5 × 100 × 9.0 × 355 × 10−3 = 123 kN 691 

The vertical shear force corresponding to this horizontal shear resistance in end-post bending is 692 

obtained from Eq. (A.1) as: 693 

𝑉𝐸𝑑 = 123 ×
570

(100+200−35)
 = 264 kN 694 

This shear force exceeds the end-post buckling resistance of 201 kN for a fin-plate connection 695 
(Mode 2) and shows that in-plane bending of the 100mm wide end-post will not control. 696 
 697 

Mode 3b: In-plane bending of narrow end-post with end-plate connection  698 

For a narrow end-post in a cellular beam with an end-plate connection, the end-plate acts as 699 
the flange of a T- section together with the web of the end-post, and so it adds to the bending 700 

resistance on the horizontal plane. This also applies to a partial depth end plate connection in 701 
which the depth of the end-plate exceeds 0.8h, as shown in Figure A.3. 702 
 703 
Generally, the plastic neutral axis of a T-section will be in or close to the flange (the end-plate 704 

in this case). In this case, the in-plane bending resistance of the end-post may be taken as: 705 
 706 

𝑀𝑒𝑝,𝛼,𝑅𝑑 = 0.5𝑥𝑒
2 𝑡𝑤 𝑓𝑦 (A.15) 

 707 

where 𝑥𝑒 is the width of the end-post at the critical section. 708 

 709 



 710 
Figure A.3: Moment acting on the horizontal plane of a narrow end-post with an end-plate 711 

connection. 712 
 713 

Using the same approach as for fin plate connections, the horizontal shear resistance due to 714 
end-post bending is given by: 715 

 716 

𝑉𝑒𝑝,𝑏𝑒𝑛𝑑𝑖𝑛𝑔,𝑅𝑑 = 1.54 (
𝑠𝑒

ℎ𝑜
)

0.5

𝑠𝑒 𝑡𝑤 𝑓𝑦 (A.16) 

 717 
It is apparent that this mode of failure will not occur for se = 0.25ho. Therefore, minimum end-718 

post width may be reduced to se = 0.2ho for end plate connections. 719 
 720 

Mode 4: Local failure at a notch in the section due to compression and in-plane bending 721 
of the end-post 722 

In a notched connection, part of the in-coming beam flange and web is cut away to connect the 723 

beam to a supporting beam. For a narrow end-post, the presence of the notch close to the 724 
opening reduces the resistance to Vierendeel bending on the notch side. The failure mode by 725 
plasticity and buckling at the narrow end-post at a notched connection is shown in Figure A.4. 726 

 727 
For use of this method, the maximum dimensions of the notches in a cellular beam are proposed 728 
as follows: 729 
 730 

Length of notch: cn ≤ 0.2h, but cn ≤ se 731 
Depth of notch: dn ≤ 0.1h 732 
 733 
The equilibrium of forces and moments on a narrow end–post at the top Tee is shown in Figure 734 
A.5. The minimum width of web is the radial distance between the corner of the notch and the 735 

edge of the opening, and for the top Tee, it is subject to a combination of axial compression 736 
and in-plane bending. 737 
 738 



 739 

Figure A.4: Buckling at narrow end post of notched beam. 740 
 741 
The angle of the critical plane of the notch to the vertical is given by: 742 

 743 

𝜃𝑛 = 𝑡𝑎𝑛−1 (
𝑠𝑒 − 𝑐𝑛 + 0.5ℎ𝑜

0.5ℎ − 𝑑𝑛
) (A.17) 

 744 

Where θn is the angle of the plane to the vertical from the centre of the opening. 745 
 746 
For a notch with a corner radius, rn, the inclined width, bn, at the notch may be increased by 747 

approximately 0.4rn and is given as follows: 748 

 749 

𝑏𝑛 =
0.5ℎ − 𝑑𝑛

𝑐𝑜𝑠 𝜃𝑛
− 0.5ℎ𝑜 + 0.4𝑟𝑛 (A.18) 

 750 

 751 
Figure A.5: Forces on the notched end–post at the centre-line of the first opening. 752 

 753 
The axial force acting normal to the inclined web at the notch is: 754 
 755 

𝑁𝑛 = 𝑉𝑒𝑝 𝑐𝑜𝑠 𝜃𝑛 + 0.5 𝑉𝐸𝑑 sin 𝜃𝑛 (A.19) 

 756 



Inserting Vep from Eq. (A.1) in Eq. (A.19) gives an axial force on the inclined web of: 757 
 758 

𝑁𝑛 = 0.5𝑉𝐸𝑑 𝑠𝑖𝑛 𝜃𝑛 [ 1 +
(ℎ𝑜 + 2(𝑠𝑒 − 𝑒𝑏))

ℎ𝑒𝑓𝑓
𝑐𝑜𝑡 𝜃𝑛 ] (A.20) 

 759 
At the first opening, it is reasonable to take heff = h-tf, where tf is the flange thickness. 760 
Taking moments about the centre of bn gives an in-plane moment at the notch as: 761 
 762 

𝑀𝑛 = 0.5 𝑉𝑒𝑝 (ℎ𝑜 + 𝑏𝑛) 𝑐𝑜𝑠 𝜃𝑛 − 0.5 𝑉𝐸𝑑 (𝑐𝑛 −  𝑒𝑏 + 0.5𝑏𝑛 sin 𝜃𝑛) (A.21) 

 763 
Inserting Vep from Eq. (A.1) gives an in-plane moment of: 764 
 765 

𝑀𝑛 = 0.25𝑉𝐸𝑑 [ 
(ℎ𝑜 + 2(𝑠𝑒 − 𝑒𝑏))

ℎ𝑒𝑓𝑓

(ℎ𝑜 + 𝑏𝑛) 𝑐𝑜𝑠 𝜃𝑛 − 2(𝑐𝑛 − 𝑒𝑏) − 𝑏𝑛 𝑠𝑖𝑛 𝜃𝑛 ] (A.22) 

 766 

For the top Tee, the reduced bending resistance of the web at the notch due to the combination 767 
of moment and axial force is given by: 768 
 769 

𝑀𝑛,𝑟𝑒𝑑,𝑅𝑑 = 𝑀𝑏,𝑛,𝑅𝑑 [1 − (
𝑁𝑛

𝑁𝑏,𝑛,𝑅𝑑
)

2

] (A.23) 

 770 

The buckling resistance of the strut at the notch is:  𝑁𝑏,𝑛,𝑅𝑑 = 𝜒𝑛 𝑏𝑛 𝑡𝑤 𝑓𝑦 771 

where 𝜒𝑛is the reduction factor due to buckling of the web at the notch. 772 

 773 
The plastic bending resistance of the narrow web at the notch is given by: 774 
 775 

𝑀𝑛,𝑅𝑑 = 0.25 𝑏𝑛
2 𝑡𝑤𝑓𝑦 (A.24) 

 776 
For compression acting on the narrow web at the notch, the end-post slenderness is dependent 777 
on the length of the unsupported web at the notch normal to the inclined width of the web. This 778 
may be approximated for design purposes as an effective buckling length of:  779 

 780 

𝑙𝑒𝑓𝑓 = 𝑐𝑛 + 𝑑𝑛 (A.25) 

 781 

The effective length is also dependent on the unsupported edge of the opening, which is given 782 
for design purposes as corresponding to a 40o arc. This is given by a lower bound effective 783 

length of 𝑙𝑒𝑓𝑓≥ 0.35ho.   784 

 785 

The buckling resistance of the narrow web is taken as its plastic resistance multiplied by χn, 786 
which is obtained from strut buckling curve ‘a’. Buckling does not occur for a web slenderness 787 
ratio of 0.4 taking account of the stabilising effect of the adjacent flange and web in comparison 788 

to an isolated strut, in which case χn= 1.0. For combined bending and compression, this leads 789 
to a reduced bending resistance at the notch of: 790 

 791 

𝑀𝑛,𝑟𝑒𝑑,𝑅𝑑 =
𝑏𝑛

2𝑡𝑤𝑓𝑦

4
[1 − (

𝑁𝑛

𝑏𝑛𝑡𝑤𝜒𝑛𝑓𝑦
)

2

] (A.26) 

 792 



For equilibrium, it is required that: Mn,red, Rd ≥ Mn  and Nb,n,red, Rd ≥ Nn . 793 
 794 
Example for a notched beam with a fin plate connection: se = 100mm; cn = 90mm (< se); dn 795 
= 55mm (< 0.1h); rn = 20mm; ho = 400mm; h = 600mm; heff = 570mm; eb = 35mm; tw = 9.0mm; 796 

fy = 355 N/mm2: 797 

Take the design shear force as VEd = 200 kN. 798 
 799 

𝜃𝑛 = 𝑡𝑎𝑛−1 (
100−90+0.5×400

0.5×600−55
) = 41o to the vertical 800 

𝑏𝑛 =
0.5×600−55

𝑐𝑜𝑠 41
 - 200 + 0.4 x 20 = 132 mm 801 

𝑙𝑒𝑓𝑓 = 90+55 =145mm   > 0.35 x 400 =140mm 802 

The slenderness of the web at the notch is: 803 

 𝜆𝑒𝑝 =
ℓ𝑒𝑓𝑓

𝑡𝑤/120.5 =
145

9.0
× 3.46 = 56 804 

For buckling curve ‘a’ the buckling resistance of the notched web as an equivalent strut is: 805 

Nb,n,Rd = 0.82 x 132 x 9.0 x 355 x 10-3 = 346 kN 806 

Bending resistance of web at notch: Mn,Rd = 0.25 x 1322 x 9.0 x 355 x 10-6 = 13.9 kNm 807 

The compression force at the notch is: 𝑁𝑛 = 0.5 × 200 × 0.66 [1 +
(400+2×65)

570
× 1.15] = 136 808 

kN 809 

The horizontal shear force in the end-post is: 𝑉𝑒𝑝 = 200 ×
265

570
 = 93 kN 810 

The moment acting in the web at a notch is obtained from Eq. (A.21) is: 811 

Mn = 0.5 x 93 x (400 +132) x 0.75 x 10-3 - 0.5 x 200 x (55 + 0.5 x 132 x 0.66) x 10-3  812 

= 18.5 – 9.8 = 8.7 kNm 813 

The reduced bending resistance of the web at the notch when subject to compression is: 814 

𝑀𝑛,𝑟𝑒𝑑,𝑅𝑑 = 13.9 × [1 − (
146

346
)

2

] = 11.4 kNm > 8.7 kNm 815 

This shows that the resistance of the end-post at the notch is satisfied for a design shear force 816 
of VEd = 200 kN. 817 
 818 

Mode 5: Design of half infill plates to form an end-post in a cellular beam 819 

A half infill plate may be used to satisfy the minimum width of the end-post and to provide the 820 
necessary shear resistance in the case of a notched beam, as shown in Figure A.6. For use of 821 
half infill plate, the minimum width of the end post is se ≥ 0.5ho and if this is not satisfied, a 822 
full infill plate should be used.  823 
 824 

The limits on the notch dimensions for use of half infill plates to cellular beams may be taken 825 

as the same as for as for a plain beam but with the additional requirement that cn ≤ 0.5se, where 826 
se is the width of the end-post including the half infill. A further limit is that cn ≤ 0.2h to avoid 827 
local instability of the top flange. An isolated half infill plate is designed as an equivalent strut 828 



to transfer the compression force from the top Tee. The effective width of the half infill plate 829 
is taken as beff = 0.25ho. 830 
 831 

 832 
Figure A.6: Forces in end-post formed by a half infill plate. 833 

 834 
The equivalent slenderness ratio of the infill plate is adapted from Eq. (A.4) and is therefore: 835 

 836 

𝜆̄𝑖 =
1.75((0.5ℎ𝑜)2 + ℎ𝑜

2)
0.5

𝑡𝑖𝜆1
=

1.95ℎ𝑜

𝑡𝑖𝜆1
 (A.27) 

  837 

where ti is the infill plate thickness (≤ tw) 838 
 fy,i is the yield strength of infill plate (≤ fy) 839 

 840 
The buckling resistance of the infill plate should satisfy: 841 
 842 

𝑁𝑖,𝑅𝑑 = 𝜒𝑖  𝑏𝑒𝑓𝑓 𝑡𝑖 𝑓𝑦,𝑖  ≥  𝑁𝑏,𝐸𝑑 (A.28) 

 843 

where  i  is the reduction factor due to buckling of the infill plate 844 

Nb,Ed  is the compression force transferred from the top Tee (= 0.5VEd for a symmetric 845 
section) 846 

 847 
Example for half infill plate: se = 200mm; ho = 400mm; ti = 9.0mm; fy = 355 N/mm2: 848 
 849 

𝑙𝑒𝑓𝑓 =0.5 x (2002+4002)0.5 = 234 mm 850 

ep = 3.46 x 234/ 9.0 = 90 851 

𝜆̄𝑒𝑝= 90/76 = 1.18 852 

The buckling resistance of the half infill plate is:  853 

Nb,Rd = 0.54 x 100 x 9.0 x 355 x 10-3 = 172.5 kN 854 

For a symmetric section, it follows that the end shear force, VEd ≤ 2Nb,Rd = 345 kN when limited 855 
by buckling of the half infill plate. 856 
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