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Where fy is the yield strength of the steel used in the flanges. For long span beams, the 

most efficient use of HSS is with a relatively thin web to satisfy shear, and so the web 

will often be Class 3 or 4. Therefore the elastic bending resistance of the cross-sections 

should generally be used for long span beams fabricated from HSS. 

Beams with a longer span: depth ratio will be heavier than in the optimum proportions in 

order to satisfy the serviceability limits. Beams with a shorter span: depth ratio satisfy 

serviceability limits but are deeper than they need to be and are potentially heavier due 

to the deeper web. 

If partial fixity to the columns is used to reduce deflections, the optimum span: depth ratio 

may be increased by approximately 20%. Relative to the use of S355 steel, the optimum 

proportions of beams with partial end fixity is given approximately by: 

• Steel beams subject to uniform loading : Span: beam depth = 19 x (355/fy)  

• Composite beams subject to uniform loading Span: beam depth = 25 x (355/fy)  

2.2.1.2 Natural frequency limits for long span beams 

The natural frequency defines the vibration sensitivity of the floor structure, although this 

has less of an effect for a high participating mass of the floor in relation to the forcing 

function of rapid walking. In most long span applications, the minimum natural frequency 

limit will control, which for a relatively high participating mass of the floor plate, is given 

by: 

            f = 18/ wsw
0.5 ≥ 3 Hz 

where wsw is the deflection (in mm) due to the self-weight of the beam and slab plus other 

permanent loads and 10% of the imposed load applied to the beam. 

This leads to wsw ≤ 36mm. If the self-weight is equal to the imposed load and the other 

permanent loads are 10% of the self-weight, the deflection under the total serviceability 

load should not exceed an absolute value of 63mm. This is independent of the pre-

cambering. Therefore a total deflection limit of 60mm may be used for steel beams 

independent of the steel grade in order to satisfy this natural frequency limit. 

For composite beams, the natural frequency is based on the composite stiffness which 

may be taken as 3 times that of the steel beam. Therefore the natural frequency will 

increase for a given span. For this reason, the most efficient use of HSS is likely to be in 

long span composite beams.  

In order to verify the natural frequency and response factor of the floor system, finite 

element models were created of: 

• Mixed use residential and commercial building: 15m span transfer beams using 

HSS at first floor connected to the columns with 6m span secondary beams using 

IPE 330 at 3m spacing in which the transfer beams support 6 residential levels 

above. 

• Commercial building: 15m span beams using HSS connected to the columns with 

7.5m span secondary beams using IPE 360 at 3m spacing. 

• Commercial building: 9m span beams using HSS connected to the columns with 

9m span secondary beams using IPE 450 at 3m spacing. 
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The results of these analyses are presented in Appendix B. The mixed use building is 

subjected to the self-weight loads from the 6 residential levels above which will reduce 

its natural frequency. Therefore notional account was taken of the stiffening effect of the 

structure of the residential levels by including a ‘spring’ at mid-span of the transfer beam. 

Despite this, the design in S690 steel was controlled by the minimum natural frequency 

limit of 3 Hz. 

2.3 Case 1 Regular 9 x 9m office building floor grid 

In medium–rise office buildings, a 9m x 9m floor grid is often used. In this study, 500mm 

deep primary beams of 9m span were designed to support IPE 450 secondary beams at 

3m spacing that also spanned 9m.The primary beams may be designed with moment 

connections in semi-continuous construction to satisfy serviceability criteria. The 

secondary beams are simply supported and are controlled by serviceability and so use 

S355 grade steel. The office building was taken as 8 storeys high to determine the 

column weight per unit floor area. 

The plan form is shown in Figure 2.1and a side view is shown in Figure 2.2. The 

connection of the primary beams to the columns is shown in Figure 2.3. This can develop 

some end-fixity if required. 

 

 
Figure 2.1 Case 1 structural grid layout for 9m x 9m grid 
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Figure 2.2 Case 1 elevation of the primary beams 

The study showed that there is a benefit in using HSS for the primary beams. The 

quantities in Table 2.2 are determined when expressed per unit of total floor area of the 

building. 

 

 

 
Figure 2.3 Connection details for S690 fabricated primary beams in a 9m x 9m grid 

Table 2.2 Steel quantities for primary beams in 9m x 9m grid in a commercial building 

Steel 

grade 

primary 

beam 

Flange 

size  

(mm) 

Web 

thick-

ness 

(mm) 

Primary 

beam wt. at 

9m spacing 

Primary 

beam 

weight/m2 

floor area 

Secondary 

beams at 3m 

spacing S355 

steel 

Columns at 

GF level 

(S355) 

S355 HR IPE 500 91 kg/m 10 IPE 450 

equivalent to 

25.6 kg/m2 

total floor 

area 

HEB 360 

equivalent to 

7 kg/m2 total 

floor area 

S460 PG 200x15 6 69 kg/m 7.7 

S690 PG 160x15 5 56 kg/m 6.2 

Data for 9m span 0.5m deep primary beams  
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The total steel weight is therefore 43.6 kg/m2 floor area for use of S355 steel, allowing 

for 1 kg/m2 for bracing and steel in the core. This reduces to 41.3 kg/m2 floor area for 

use of S460 steel in the primary beams and 39.8 kg/m2 floor area for use of S690 steel. 

These represent reductions of 5 and 9% respectively in steel use. It would be possible 

to reduce the steel weight further by use of HSS steel in the columns in high-rise buildings 

(> 10 storeys high) – see Case 4. 

The floor slab is taken as 130mm deep on 60mm deep steel decking for all floors, which 

is suitable for 3m span. The concrete weight is therefore 2500 kg/m2 floor area. The 

reinforcement weight is 3 kg/m2 and the decking weight is 10 kg/m2. 

2.4 Case 2a Long-span primary beams with large web 

openings 

In many office buildings, long-span beams are preferred to increase the adaptable use 

of the internal space. These beams often span across the building and have spans of 15 

to 18m. However, to minimise the beam depth, it is necessary to design the beams with 

large rectangular or circular openings for integration of services. Fabricated beams are 

most efficient when they are used as heavily loaded long span primary beams that span 

directly between the columns. 

 

In this study, 800mm deep primary beams of 15m span were designed to create open-

space for use as offices. The secondary beams were IPE 360 profiles spanning 7.5m. 

To allow for service integration, 500mm square openings were introduced at 

approximately the one-third span positions and 750 x 500mm rectangular openings were 

introduced at mid-span. This is a common form of construction for commercial 

developments in cities and so would find immediate application. 

Figure 2.4 shows the plan form in which the 15m span primary beams are designed in 

HSS. Figure 2.5 shows the primary beams with their web openings for services. Figure 

2.6 shows the connections to the columns that develop some end fixity, if required. 
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Figure 2.4  Case 2 structural grid layout for long-span primary beams 

 
Figure 2.5  Case 2 elevation showing the large web openings 

 

 

 
Figure 2.6 Case 2 fabricated primary beam details (S460 primary beams) 

The study showed that there is a benefit in using HSS for the primary beams where the 

design at the web openings is controlled by Vierendeel bending and the total deflection 



STROBE Deliverable D5.1  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\D5.1 24 May 2021.docx 10 

of the long span beams is offset by pre-cambering of 30 to 40mm in manufacture. The 

natural frequency of the primary beams is the controlling condition and this takes account 

of 20% end fixity to the major axis of the columns. The natural frequency of the primary 

beam is 3.6 Hz for the beams using S355 steel, 3.3 Hz for the beams using S460 steel, 

and 3 Hz for the beams using S690 steel.  

 

The IPE 360 secondary beams use S355 steel. The quantities in Table 2.3 are expressed 

per unit of total floor area of the building. The column sizes are based on the loads in an 

8 storey commercial building. 

 

The 4m high columns are HD 360 x162 kg/m at the ground floor when designed for 

combined bending and compression when using primary beams in HSS. The column 

weight can be reduced with the floor level which reduces the average column weight by 

15% to 10.5 kg/m2 floor area. 

 

Table 2.3 Steel quantities for primary beams with large web openings in a commercial 
building 

Steel 

grade 

primary 

beam 

Flange 

size  

(mm) 

Web 

thick-

ness 

(mm) 

Primary 

beam wt. at 

7.5m 

spacing 

Primary 

Beam 

weight/m2 

floor area 

Secondary 

beams at 3m 

spacing S355 

steel 

Columns at 

GF level 

(S355) 

S355 300x30 15 228 kg/m 30.4 IPE 360 

equivalent 

to 23.3 

kg/m2 total 

floor area 

HD 360 

equivalent 

to 10.5kg/m2 

total floor 

area 

S460 300x25 12 188 kg/m 25 

S690 250x25 10 157 kg/m 21 

Data for 15m span 0.8m deep beams with 500mm deep web openings for services 

 

The total steel weight is therefore 65.2 kg/m2 floor area for use of S355 steel allowing for 

1 kg/m2 for bracing and steel in the core. This reduces to 59.8 kg/m2 floor area for use of 

S460 steel in the primary beams and 55.7 kg/m2 floor area for use of S690 steel. These 

represent reductions of 8 and 15% respectively in steel use. It would be possible to 

reduce the steel weight further by use of HSS in the columns in high-rise buildings (> 10 

storeys high) – see Case 4. 

The floor slab is taken as 130mm deep on 60mm deep steel decking for all floors which 

is suitable for 3m span. The concrete weight is therefore 2500 kg/m2 floor area. The 

reinforcement weight is 3 kg/m2 and the decking weight is 10 kg/m2. 

2.5 Case 2b Long-span composite primary beams with large 
web openings 

The analysis was repeated for composite primary and secondary beams using welded 

shear connectors and with the same geometric and composite slab arrangement. The 

primary beams were 700mm deep in this case (i.e. 100mm shallower than Case 2a) and 

had two 450mm deep x 600mm long rectangular openings at 4.5m from each support 

and a 450mm x 800mm opening at mid-span .  
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The composite primary beam using S355 steel is shown in Figure 2.7. Shear connectors 

are welded in pairs at 200mm spacing along the beam. The composite secondary beams 

are IPE 300 and have shear connectors at 300mm spacing along the beam. This is 

equivalent to 2.7 shear connectors per m2 floor area. 

 

Figure 2.7 Case 2b composite primary beam using S355 steel 

As for steel beams, the study showed that there is a benefit in using HSS for the primary 

beams where the design at the web openings is controlled by Vierendeel bending. The 

natural frequency of the primary beams is increased by composite action and does not 

fall below 3.5 Hz for the HSS designs. No end fixity of the beam to column connections 

is required to off-set deflections and so the columns are lighter than for a steel design.  

 

The steel quantities are presented in Table 2.4 and the beam cross-sections are shown 

in Figure 2.8. The asymmetry in flange areas varies from 1.34 to 1.56 with increasing 

steel grade. 
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Table 2.4 Steel quantities for composite primary beams with large web openings in a 
commercial building 

Steel 

grade 

primary 

beam 

Flange 

sizes 

(mm) 

Web 

thick-

ness 

(mm) 

Primary 

beam wt. at 

7.5m 

spacing 

Primary 

beam 

weight/m2 

floor area 

Secondary 

beams at 3m 

spacing S355 

steel 

Columns at GF 

level (S355) 

S355 
250x25 15 

191 kg/m 25.5 

IPE 300  

equivalent to 

16.8 kg/m2 

total floor 

area 

HEB 360  

equivalent to 8.6 

kg/m2 total floor 

area (reduced by 

15% over 8 

storeys) 

280x30 

S460 
200x25 12 

155 kg/m 20.7 

280x25 

S690 
200x20 10 

132 kg/m 17.6 

250x25 

Data for 15m span 0.7m deep beams with 450x600mm deep web openings for services 

 

 
Figure 2.8 Plate girder dimensions for the three composite beam designs  

The total steel weight is therefore 51.9 kg/m2 floor area for use of S355 steel allowing for 

1 kg/m2 for bracing and steel in the core. This is 21% less than for the equivalent steel 

design in Table 3 in S355 steel. The steel use reduces to 47.1 kg/m2 floor area for S460 

steel in the primary beams and 44 kg/m2 floor area for S690 steel in the primary beams. 

These represent reductions of 9 and 15% respectively in steel use for the two steel 

grades relative to the use of S355 steel in the composite designs. The composite designs 

represent reductions of 28 and 33% respectively in steel use for the two steel grades 

relative to the use of S355 steel in the steel design.  
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2.6 Case 3 Transfer beams to support a residential building 

Transfer beams of 15m span were designed at first floor level to support 6 and 8 storeys 

of residential levels above and to create open-space below for use as offices, shops, 

restaurants or communal areas. This is a common form of construction for mixed 

developments in cities and so would find immediate application. The configuration is 

shown in Figure 2.9 and Figure 2.10. 

 

 

Figure 2.9 Case 3 Transfer beam elevation showing the first residential floor level above 

 

Figure 2.10 Case 3 structural grid at transfer level and residential levels 

The connections of the transfer beam to the column are shown in Figure 2.11 which can 

develop some end-fixity. 
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Figure 2.11 Connection of secondary to primary beams and transfer beam end plate 

 

The study showed that there is a benefit in using HSS for the transfer beams where 

serviceability limits do not control. The residential levels would use S355 steel grade. 

The quantities at the first floor transfer level are given in Table 2.5. The steel usage in 

Table 2.6 are expressed per unit of total floor area of the building and include the 

residential levels. 

In the transfer level, the secondary beams are IPE 300 with a weight of 42 kg/m. Their 

weight is therefore 6 x 43/15 = 17.2 kg/m2 at first floor. 

The super-structure uses IPE 330 secondary beams spanning 7.5m and also the same 

primary beams spanning 6m. The IPE 330 weight is 49 kg/m and so the super-structure 

weight is 49/3 + 3 x 49/15 = 26 kg/m2. This is multiplied by 6/7 to obtain the steel 

weight/m2 total floor area for a transfer structure supporting a 6 storey residential 

building. 

At the residential levels, the internal columns are HEB 240 and the external columns are 

HEB 200. The column weight for the residential levels is therefore 5.8 kg/m2 expressed 

per unit total floor area. A further 1 kg/m2 is allowed for bracing and steel in the core. 

Again, the floor slab is taken as 130mm deep on 60mm deep steel decking for all floors 

which is suitable for 3m span. The concrete weight is therefore 2500 kg/m2 floor area. 

The reinforcement weight is 3 kg/m2 and the decking weight is 10 kg/m2. 
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Table 2.5 Steel sizes for transfer beam supporting 6 storey residential building 

Steel grade 

for transfer 

beam 

Transfer 

beam 

depth 

Transfer 

beam wt. at 

6m spacing 

Transfer 

beam 

weight/m2 

total floor 

area 

Secondary 

beams at 

transfer level 

Columns at 

GF level 

Super-structure 

steel weight/m2 

total floor area 

S355 1.0m 534 kg/m 12.7 IPE 300 

equivalent 

to 2 kg/m2 

total floor 

area 

HEB 360 

equivalent 

to 2 kg/m2 

total floor 

area 

23 kg/m2 

beams  + 4  

kg/m2 columns 

+ 1 kg/m2 other 

S460 1.0m 422 kg/m 10.0 

S690 1.1m 316 kg/m 7.8 

 

Table 2.6 Steel quantities for transfer beams supporting 6 storey residential building 

Steel 

grade for 

transfer 

beam 

Transfer 

beam wt. 

at 6m 

spacing 

Steel 

weight at 1st 

floor level/m2 

total floor 

area 

Beams at 

upper 

levels 

Columns at 

GF level 

Columns at 

upper levels 

Steel 

weight/m2 

total floor 

area 

 

S355 534 kg/m 15.2 IPE 330  

equivalent 

to 22.4 

kg/m2 total 

floor area 

HEB 360  

equivalent 

to 2.3 

kg/m2 

floor area 

HEB 240 

internal 

46.7 

S460 422 kg/m 12.5 HEB 200 

external 

44.0 

S690 316 kg/m 10.0 (5.8 kg/m2) 40.5 

A further 1 kg/m2 of steel is allowed for bracing and steel in the core 

The super-structure uses IPE 330 secondary beams spanning 7.5m and also the same 

profile beams spanning 6m. The IPE 330 weight is 49 kg/m and so the super-structure 

weight is 49/3 + 3 x 49/15 = 26 kg/m2. This is multiplied by 6/7 to obtain the steel 

weight/m2 total floor area. The columns are taken as HEA 200 with a steel weight of 41 

kg/m. The column weight for the residential levels is therefore: (6/7) x 3 x 3.6 x 41/ (6 

x15) = 4 kg/m2 expressed per unit total floor area. A further 1 kg/m2 is allowed for bracing 

and steel in the core. 

In the transfer level, the secondary beams are IPE 300 with a weight of 42 kg/m. Their 

weight is therefore 42/3 = 14 kg/m2 at transfer level, or 2 kg/m2 expressed over the total 

floor area. 

The reductions in the weight of the transfer level is 18% and 38% for the two steel grades 

It follows that the reduction in steel weight from 46.7 kg/m2 to 44 kg/m2 for S460 steel 

and to 40.5 kg/m2 for S690 steel when expressed over the total floor area. This is a 

reduction of 6 and 13% respectively.  

The same analysis may be repeated for transfer beams supporting 8 residential levels. 

In this case, the transfer beams are 1.2m deep except for the S690 steel case which is 

1.3m deep. The quantities at the transfer level are shown in Table 2.7. The steel usage 

in Table 2.8 are expressed per unit of total floor area of the building and include the 8 

residential levels. The other material quantities are the same. 

The column sizes at the first and second floor at the residential level are increased to 

HEB 260 internally and HEB 220 externally but the columns on the upper levels are as 

in Table 2.6. 
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Table 2.7 Steel sizes for transfer beams supporting 8 storey residential building 

Steel 

grade for 

transfer 

beam 

Transfer 

beam 

depth 

Flange 

size  

(mm) 

Web 

thick- 

ness 

(mm) 

Transfer 

beam wt. 

at 6m 

spacing 

Secondary 

beams at 

transfer level 

Transfer 

beam 

weight/m2 

floor area  

Total steel  

weight/m2 

floor area 

S355 1.2m 550x50 20 
604 

kg/m 

IPE 300  

at 3m 

centres 

(43 kg/m) 

equivalent to 

17.2 kg/m2 

100.7 117.9 

S460 1.2m 520x40 15 
458 

kg/m 

76.3 93.5 

S690 1.3m 420x35 12 
347 

kg/m 

57.8 75.0 

 

Table 2.8 Steel quantities for transfer beam supporting 8 storey residential building 

Steel grade 

for transfer 

beam 

Transfer 

beam 

depth 

Transfer 

beam wt. 

at 6m 

spacing 

Transfer 

beam 

weight/m2 

total floor 

area 

Secondary 

beams at 

transfer 

level 

Columns at 

GF level 

Super-structure 

steel weight/m2 

total floor area 

 

S355 1.2m 
604 

kg/m 
11.2 

IPE 300  

equivalent 

to 1.5 

kg/m2 total 

floor area 

HEB 380  

equivalent to 

2 kg/m2 total 

floor area 

24  kg/m2 

beams 

 + 5  kg/m2 

columns 

+ 1 kg/m2  

other 

S460 1.2m 
458 

kg/m 
8.5 

S690 1.3m 
347 

kg/m 
6.4 

 

The reductions in the weight of the transfer level is 21% and 36% for the two steel grades 

It follows that the reduction in steel weight is from 45.4 kg/m2 to 42.7 kg/m2 for S460 steel 

and to 40.6 kg/m2 for S690 steel when expressed over the total floor area. This is a 

reduction of 6 and 11% respectively which is 2% less for the S690 steel case compared 

to the building supporting the 6 residential levels.  

2.7 Case 4 Columns to support a 9 x 9m office building floor 

grid 

The use of columns in multi-storey buildings benefit from the use of HSS. The floor grid 

of 9m x 9m in a commercial building was used for this study. The building was taken as 

10 storeys high and floor to floor height was 4m. The results for the column weight for 

the four steel grades are shown in Table 2.9. For conventional design, HD 360 profiles 

were used in S355 and were compared to fabricated sections of equivalent dimensions 

in HSS and also to the equivalent Histar rolled profile in S460 steel. The comparison of 

the column dimensions is shown in Figure 2.12. 

 

The reductions in the weight of the columns is 23% and 25% for Histar in S460 steel and 

39% for S690 steel relative to the rolled profile in S355 steel. When combined with the 

use of HSS in the beams, it follows that the reduction in steel weight is from 46.3 kg/m2 

to 42.1 kg/m2 for S460 steel and 37.7 kg/m2 for S690 steel when expressed over the total 

floor area. This is a reduction of 9 and 19% respectively in total steel weight for the two 

steel grades.   
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Figure 2.12 Case 4 10-storey column sizes 

Table 2.9 Steel quantities for columns in 9m x 9m floor grid in a 10 storey commercial 
building  

Steel 

grade for 

columns 

Column 

flange 

Column 

web 

Column 

weight 

(kg/m) 

Column 

weight/m2 

total floor 

area 

Beam weight 

using the same 

steel grade/m2 

floor area 

Total steel 

weight of beams 

and columns/m2 

S355 HD 360 196 9.7 35.6 46.3 

S460 310x25  260x15 152 7.5 33.3 40.8 

S460 Histar HD 360 147 7.3 33.3 40.6 

S690 300x20 260x12 119 5.9 31.8 37.7 

Columns are 4m high. Steel quantities for columns and beams plus 1kg/m2 for bracing etc 

 

The same analysis was repeated for a 20 storey commercial building. The results for the 

column weight for the four steel grades are shown in Table 2.10. For conventional 

design, HD 400 profiles were used in S355 and were compared to fabricated sections of 

equivalent dimensions in HSS and also to the equivalent Histar rolled profile in S460 

steel. 

 

 
Figure 2.13 Case 4 20-storey column sizes 
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Table 2.10 Steel quantities for columns in 9m x 9m floor grid in a 20 storey commercial 
building  

Steel 

grade for 

columns 

Column 

flange 

Column 

web 

Column 

weight 

(kg/m) 

Column 

weight/m2 

total floor 

area 

Beam weight 

using the same 

steel grade/m2 

floor area 

Total steel 

weight of beams 

and columns/m2 

S355 HD 400 382 18.9 35.6 54.5 

S460 400 x35  330 x 25 285 14.1 33.3 47.4 

S460 Histar 400 287 14.1 33.3 47.4 

S690 350 x30 300 x 15 200 9.9 31.8 41.7 

Columns are 4m high. Steel quantities for columns and beams plus 1kg/m2 for bracing etc 

 

The reductions in the weight of the columns is 25% for the fabricated and Histar profiles 

in S460 steel and 49% for S690 steel relative to the HD rolled profile in S355 steel. When 

combined with the use of HSS in the beams, it follows that the reduction in total steel 

weight is from 54.5 kg/m2 to 47.4 kg/m2 for S460 steel and 41.7 kg/m2 for S690 steel 

when expressed over the total floor area. This is a reduction of 13 and 23% respectively 

in total steel weight for the two steel grades. This is 4% greater reduction in total steel 

use compared to a 10 storey building. 

2.8 Case 5 Berlin Museum hall 

As part of the extensive re-design of the Humboldt Forum in Berlin, six new exhibition 

halls were constructed; two on each storey. Each hall is 30 x 20m in area and is 

supported using 20m fabricated steel beams (S355) spaced at 4.5m. The building form 

is shown in Figure 2.14. 

 

Figure 2.14 Humboldt forum, Berlin 

The composite floor consists of a 300mm thick concrete slab and 950mm deep steel 

girders connected with head bolts. In order to reduce the deflection, the long-span beams 

were precambered. The floor layout of one of the halls is shown in Figure 2.15. 
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Figure 2.15 Structural grid of the exhibition hall of Berlin Museum 

As part of WP4, Hochtief redesigned the floor beams using S460 and S690 plates. The 

beam designs were optimised using the web tool developed under WP1. In addition, 

Hochtief also redesigned the floor system using standard rolled sections.  

The optimised beam designs are shown in Table 2.11. 

Table 2.11 Case 4 Optimised beam designs for the 20m span Museum hall in Berlin 

Steel grade 
Section 

height 

Top 

flange 

width 

Bottom 

flange 

width 

Web 

thickness 

Top 

flange 

thickness 

Bottom 

flange 

thickness 

Section 

weight 

Beam 

length 

  [mm] [mm] [mm] [mm] [mm] [mm] [kg/m] [m] 

S355 950 500 500 20 25 35 375.2 20 

S460 950 525 475 12 25 15 244.7 20 

S690 950 400 450 12 18 15 195.9 20 

HL920x344 

S460 HISTAR 
927 418 418 19.3 32 32 344 20 

2.9 Conclusions 

The following conclusions are made from the use of S460 and S690 steel in these forms 

of construction, which show the greatest benefit in use of HSS: 

Case 1: For a 9m x 9m floor grid in an office building, the primary beams are designed 

in HSS, and the reduction in their weight was 25% and 38% for the two steel grades. 
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 DESIGN OF PRIMARY BEAMS IN HSS IN 9m x 9m FLOOR GRID 
 
 The primary beams in a floor grid of an office building span between the columns and support the 
 in-coming secondary beams.  Consider a 9m square floor grid with secondary beams at 3m 
 spacing.  The primary beams connect to the column flanges and can develop some end fixity 
 which reduces deflections.  This can be advantageous to the use of HSS or the primary beams.  
 The secondary beams are generally designed as simply supported and so are limited by 
 serviceability criteria.  They use S355 steel.   
 

The following calculations demonstrate the weight reduction in S460 and S690 steel for the 
primary beams. The secondary beams use IPE 450 (weight = 77 kg/m) equivalent to 77/3 =25.6 
kg/m2 floor area. 

 
 Data: Span of primary beams  Lp = 9m (less 0.3m for columns) 
  Span of secondary beams  Ls = 9m 
  Spacing of secondary beams  B = 3m 
  Imposed load (office)   qi = 3.5 kN/m2 
  Self-weight of slab and beams qd = 3 kN/m2 

  Other permanent loads  qp = 1 kN/m2
 

   
 Factored load on floor, qEd  =  1.5 x 3.5 + 1.35 x 4.0 =  10.7 kN/m2 
 Point load,  QEd = 10.7 x 3 x 9 = 289 kN 
 Bending moment,  MEd = 289 x (3-0.3) = 780 kNm 
 Shear force,  VEd

  = QEd  = 289 kN 
 
 Use a moment connection to the column capable of resisting a moment of 0.15 MEd.  The applied 
 moment on the primary beam is therefore 0.85 x 780= 597 kNm. 
 
 Use IPE 500 in S355 steel as the primary beams (91 kg/m). Weight = 91/9 = 10 kg/m2  
 Total weight = 25.6+10 = 35.6 kg/m2  
 
 Plastic bending resistance: 
  pM  2194 x 103 x 345 x 10-6 = 757 kNm  > 597 kNm OK  

 Shear resistance: 
  VRd  = 10.2 x 466 x 355/30.5 x 10-3 = 974 kN > 289 kN 
  VEd/VRd = 289/974 = 0.3 < 0.5 – no reduction in pM   

 Point load for serviceability calculations:  QEd,ser = 7.5 x 3 x 9 = 202.5 kN 
  
 Deflection due to 2-point loads where a = 3-0.3 = 2.7m and L=9-0.3 =8.7m 

  wtot  =  
 2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

      

  

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 482 10
 = 44.5 mm  

 This is equivalent to L/195, which does not satisfy the total deflection limit of L/250. 
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 Consider the reduction in deflection due to end fixity given approximately by: 

  conn,Rd
tot,red tot

Ed

2M
w w 1

M

 
  

 
 

 For Mconn,Rd  0.15MEd  wtot,red = 0.7 wtot = 0.7 x 44.5 = 31.1mm.This is equal to L/280 < L/250. 
 
 Consider imposed load QEdiI = 3.5 x 3 x 9 = 94.5 kN 

  wtot  =  
      

  

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 482 10
 = 20.7 mm (= L/420)  < L/360 

 This satisfies the deflection limit for imposed load. 
 
 Design primary beams in S460 Steel: 
 
 Use 500mm deep beam with 200 x 15mm flanges and 6mm thick web.  
 Weight = 69 kg/m or 69/9 = 7.7 kg/m2 floor area. 
 
 Plastic bending resistance, pM  = (200 x 15 x 485 + 8 x 4702/4) x 460 x 10-6 = 872 kNm > 597 kNm  

 Shear resistance,  
  VRd = 8 x 470 x 460/30.5 x 10-3 = 998 kN > 289 kN  
  VEd/VRd = 289/998 = 0.29 < 0.5 

 Slenderness ratio of the web is defined by: 
 

  
  

w
ww 0.5

w

h 470

86.4t 86.4 6 235 / 450
 = 1.25 

 Shear buckling resistance, Vw,b = (0.83 /1.25) x 6 x470 x 450/ 30.5 x 10-3 = 486 kN > 298 kN 

 Second moment of area:  Iyy  =  200 x 15 x  
2 3485 470

6
2 12

= 405 x 106 mm4 

 Deflection due to 2-point loads where a = 3-0.3 = 2.7m and L=9-0.3 =8.7m 

  wtot  =  
 2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

      

  

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 405 10
 = 52.9 mm (=L/165) 

 Pre-camber the beam in manufacture by 30mm. Net deflection = 22.9mm (= span/380)  < L/250 
 
 Consider imposed load QEd,i = 3.5 x 3 x 9 = 94.5 kN 

  wi = 
      

  

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 405 10
 = 24.7 mm (= L/350)  < L/360  not OK 

 Consider the reduction in deflection due to end fixity given approximately by: 

  
 

  
 

conn,Rd
i,red i

Ed

2M
w w 1

M
 

 For Mconn,Rd  0.15MEd  wtot,red = 0.7 wtot = 0.7 x 24.7 = 17.3 mm.This is equal to L/500 < L/360. 
 
 Secondary beam use IPE 450 in S355 steel 
 Weight of steel = 25.6 + 7.7 = 33.3 kg/m2 and reduction in total beam weight = 6.5% 
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 Design primary beams in S690 Steel: 
 
 Use 500mm deep beam with 160 x 15mm flanges and 5mm thick web (Class 3 web).  
 Weight = 56 kg/m or 56/9 = 6.2 kg/m2 floor area. 
 
 Elastic bending resistance: eM = (160 x 15 x 485 + 5 x 4702/6) x 690 x 10-6 = 930 kNm > 597 kNm  

 Shear resistance,  
  VRd = 6 x 470 x 690/30.5 x 10-3 = 1123 kN > 289 kN  
  VEd/VRd = 289/1123 = 0.26< 0.5 

 Slenderness ratio of the web is defined by: 
 

  
  

w
ww 0.5

w

h 470

86.4t 86.4 5 235 / 690
 = 1.87 

 Shear buckling resistance, Vw,b = (0.83 /1.87) x 5 x470 x 690/ 30.5 x 10-3 = 415 kN > 298 kN 

 Second moment of area:  Iyy  =  160 x 15 x  
2 3485 470

5
2 12

= 325 x 106 mm4 

 Deflection due to 2-point loads where a = 3 - 0.3 = 2.7m and L= 9 - 0.3 = 8.7m 

  wtot  =  
 2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

      

  

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 325 10
 = 66 mm (=L/130) 

 Pre-camber the beam in manufacture by 40mm. Net deflection = 26 mm (= span/335) < L/250. 
 
 Consider imposed load , QEd,i = 3.5 x 3 x 9 = 94.5 kN 

  wi = 
      

  

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 325 10
 = 30.7 mm (= L/285)  > L/360 not OK 

 
 Consider the reduction in deflection due to end fixity given approximately by: 

  
 

  
 

conn,Rd
i,red i

Ed

2M
w w 1

M
 

 For Mconn,Rd  0.15MEd  wtot,red = 0.7 wtot = 0.7 x 30.7 = 21.5 mm. This is equal to L/405 < L/360. 
 
 Secondary beam use IPE 450 in S355 steel 
 Weight of steel = 25.6 + 6.2 = 31.8 kg/m2 and reduction in total beam weight = 11%. 
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 DESIGN OF 15m SPAN FABRICATED BEAM WITH LARGE WEB OPENINGS 
 
 Long span primary beams may be designed efficiently using HSS by their semi-continuous 
 connection to the flanges of the columns.  The primary beams support in-coming secondary 
 beams.  Consider a series of 15m span fabricated beams with large rectangular web openings for 
 services with moment resisting connections so that deflections are reduced.  The web thickness 
 is controlled by Vierendeel bending for the web opening sizes and the web can be designed more 
 efficiently using HSS. The in-coming secondary beams span 7.5m at 3m spacing and use
 IPE 360 in S355 steel (steel weight = 58.2x6/15 = 23 kg/m2 floor area) 
 
 Data: Span of primary beam  L = 15m (less 0.3m for columns for  
         deflection calcs) 
  Spacing of primary beams  B = 7.5m 
  Spacing of secondary beams  b = 3m   
  Imposed load    qi = 3.5 kN/m2 
  Self-weight of slab and IPE beams qd = 3 kN/m2 
  Additional permanent loads   qp = 1 kN/m2

 

  Self-weight of primary beam  Qsw = 2 kN/m 
  Web opening size at 4.5m from support, ao  x ho = 500 x 500 
  Web opening size at 5.5m from support, ao  x ho = 750 x 500 
 
 Factored load  qEd  =  1.5 x 3.5 + 1.35 x 4 = 10.7 kN/m2 
 Line load on beam,  QEd = 10.7 x 7.5 + 1.35 x 2  = 83 kN/m 
 Point load on beam,  PEd = 3 x 83 = 249 kN 
 Bending moment,  MEd = 3/5 PEd L = 0.6 x 249 x 15 = 2241 kNm 
 Shear force,  VEd = 2 x 249 = 498 kN 
 
 Bending moment at x = 4.5m ,  MEd,o= 249 x (2 x 4.5 – 1.5) = 1867 kNm 
 Shear force at x  = 4.5m ,  VEd,o = 249 kN 
 
 Use 800mm deep fabricated beam with 300 x 30mm flanges and 15mm thick web in S355 steel. 
 Steel weight = (2x300x30+ 740x15) x7850 x10-6 =228 kg/m = 30.5 kg/m2 floor area 
 
 Shear resistance, VRd = 740 x 15 x 355/30.5 x 10-3 = 2275 kN > 498 kN 
 Plastic bending resistance 
  p ,RdM   (300 x 30 x 770 + 15 x 7402/4) x 345 x 10-6 = 3099 kNm > 2241 kNm 

 Second moment of area: Iyy = 300 x 30 x  
2 3770 740

15
2 12

= 3174 x106 mm4 

 Line load at serviceability limit state, QEd,ser = 7.5 x 7.5 + 2 = 58 kN/mm 

 Deflection due to line load, wtot  =  
  

  

4 9

6

5 58 14.7 10

384 210 3174 10
= 52.9 mm (= L/278)  < L/250  OK 

 Pre-camber the beam by 30mm and so total deflection = 22.9 mm (=L/640) 
 Line load due to imposed load, qI = 3.5 x 7.5 = 26 kN/m 

 Deflection due to line load   wi  =   
  

  

4 9

6

5 26 14.7 10

384 210 3174 10
= 23.7 mm (= L/620) <L/360  OK 
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 Design of web openings for S355 steel in web: 

 Design a beam with 500mm deep x 750mm long unstiffened rectangular openings at mid-span 
 and 500mm x 500mm openings at 4.5m from supports (x = 0.3L):  
 
 Shear resistance at opening, VRd,o = 250 x 15 x 355/30.5 x 10-3 = 768 kN  
 Shear force at opening of x = 7.5m from support for asymmetric imposed load: 
,   VEd,o = 1.5 x 3.5 x 7.5 x 7.5 / 4  = 74 kN 
 Vierendeel bending moment of opening, Mv,Ed = 74 x 0.75/4 = 13.8 kNm 
 Shear force at opening of x = 4.5m from support , VEd,o = 249 kN < 768 kN 
  VEd,o / VRd,o = 249 / 768 = 0.33 < 0.5 – no reduction in effective web thickness 
 Vierendeel bending moment of opening, Mv,Ed = 249 x 0.5/4 = 31.1 kNm 
 
 Vierendeel bending resistance of web-flange T section 
 Outstand depth of web = (800 – 500)/2 – 25 = 125mm 
 Maximum depth for pure compression = 10 tw ε = 10 x15 x 0.81 = 121 mm > 120mm 
 Reduced bending resistance at mid-span opening: 

      

2
6

p ,o
500

M 3009 15 355 10
4

 = 2676 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 15 0.81

36 15 0.8136t 11
500a

 = 253mm > 130mm  OK for Class 2 

 Plastic neutral axis from top of Tee 

  zp = 
  


120 15 300 30

2 300
= 18mm 

 Plastic bending resistance of Tee,  
  Mpl,Rd = (0.5 x (182 +122) x 300 x 345 + 120 x15 x 72 x355 ) x 10-6  
  = 24.2 + 46.0 = 70.2 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 2676 = 0.70 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 70.2 x (1-0.72) =  35.8 kNm  > 31.1 kNm  OK for Vierendeel bending 

 Check web buckling next to the opening 

 Effective length of web = ho = 500mm and slenderness of web,   w 0.5

500

15 / 12
= 115 

 Slenderness ratio         
0.53

w w 1 1/ where 210 10 / 355 = 76 

  w = 115 /76 = 1.52 

  w   = 0.5 x (1 + 0.21 x (1.52 – 0.2) + 1.522) = 1.79 
  w   = [1.79 + (1.792 – 1.522)0.5]-1 = 0.36 
 Buckling resistance Nw,Rd =  w  0.5 hot fy = 0.36 x 0.5 x 500 x 15 x 355 x 10-3 = 479 kN 
 This exceeds the compression force, Nw,Ed = 0.5 VEd = 0.5 x 249 = 125 kN  < 479 kN OK 
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 Natural frequency calculation for primary beams in S355 steel 
 
 For the natural frequency calculation, it may be assumed conservatively that the deflection of 
 the primary beams is reduced by 20% due to the end plate connections to the HEB 360 columns. 
 This analysed more exactly considering the column stiffness on page 11 and is shown to be 
 conservative. 
 
 For natural frequency calculation, take permanent loads + 10% imposed load: 
  Qsw = (4+0.35) x 7.5 +2 = 34.6 kN/m 

 Deflection due to permanent load  wsw  =  
  

  

4 9

6

5 34.6 14.7 10

384 210 3174 10
= 31.6 mm (= L/465)   

 Net deflection is reduced by 20% due to the end connections and wsw = 0.8 x 31.6 = 25.3 mm 
 Natural frequency , f = 18/wsw

0.5 = 18/25.30.5 = 3.57 Hz > 3 Hz   OK 
 In practice, a more precise response factor analysis is required. 
 This shows that the controlling condition is Vierendeel bending at the web openings and the n
 natural frequency limit for the beams 
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 Design in S460 Steel 

 Use 800mm deep fabricated beam with 300 x 25mm flanges and 12mm thick web in S460 steel. 
 Steel weight = (2x300x25+ 750x12) x7850 x10-6 =188 kg/m = 25 kg/m2 floor area 
 
 Shear resistance, VRd = 750 x 12 x 460/30.5 x 10-3 = 2390 kN > 498 kN 
 Plastic bending resistance 
  p ,RdM   (300 x 25 x 775 + 12 x 7502/4) x 440 x 10-6 = 3300 kNm > 2241kNm 

 Second moment of area: Iyy = 300 x 25 x  
2 3775 750

12
2 12

= 2674 x106 mm4 

 Line load at serviceability limit state, QEd,ser = 7.5 x 7.5 + 2 = 58 kN/mm 
 For deflection calcs, take the effective span as 14.7m: 

 Deflection due to line load   wtot  =  
  

  

4 9

6

5 58 14.7 10

384 210 2674 10
= 62.8 mm (= L/235)  < L/250  OK 

 Pre-camber the beam by 30mm and so total deflection = 32.8 mm (=L/445) 
 Line load due to imposed load, qI = 3.5 x 7.5 = 26 kN/m 

 Deflection due to line load   wi  =   
  

  

4 9

6

5 26 14.7 10

384 210 2674 10
= 28.2 mm (= L/520) <L/360  OK 

 
 Design of web openings for S460 steel in web  

 Shear resistance at opening, VRd,o = 250 x 12 x 460/30.5 x 10-3 = 796 kN  
 Shear force at opening of x = 4.5m from support , VEd,o = 249 kN < 796 kN 
  VEd,o / VRd,o = 249 / 796 = 0.31 < 0.5 – no reduction in effective web thickness 
 Vierendeel bending resistance of web-flange T section 
 Maximum depth for pure compression = 10 tw ε = 10 x12 x (235/460)0.5 = 85 mm 
 Effective depth of opening for pure compression = 500 + 2x 40 = 580 mm 
 Reduced bending resistance at mid-span opening: 

      

2
6

p ,o
580

M 3375 12 460 10
4

 = 2911 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 12 0.71

36 12 0.7136t 11
500a

 = 108 mm < 125mm  Treat as Class 2 

 Plastic neutral axis from top of Tee using effective outstand of 82mm: 

  zp = 
  


108 12 300 25

2 300
= 15mm 

 Plastic bending resistance of Tee,  
  Mpl,Rd = (0.5 x (152 + 102) x 300 x 440+ 108 x12 x 64 x460 ) x 10-6  
  = 21.4 + 38.1 = 59.5 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 2911 = 0.64 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 59.5 x (1-0.642) =  35.1 kNm > 31.1 kNm  OK for Vierendeel bending 
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 Check web buckling next to the opening 

 Effective length of web = ho = 500mm and slenderness of web,   w 0.5

500

12 / 12
= 144 

 Slenderness ratio         
0.53

w w 1 1/ where 210 10 / 460 = 67 

  w = 144 //67 = 2.15 

  w   = 0.5 x (1 + 0.21 x (2.15 – 0.2) + 2.152) = 3.01 
  w   = [3.01 + (3.012 – 2.152)0.5]-1 = 0.19 
 Buckling resistance Nw,Rd =  w  0.5hot fy = 0.19 x 0.5 x 500 x 12 x 460 x 10-3 = 262 kN 
 This exceeds the compression force, Nw,Ed = 0.5 VEd = 0.5 x 249 = 125 kN  < 262 kN OK 
 
 Although not required for 500mm wide web openings, for wider openings, use horizontal 
 stiffeners to resist Vierendeel bending. 

 Use100 x10mm stiffeners on each side of opening extending to a distance of 200mm outside 
 ends of opening to be able to resist Vierendeel bending. Consider an opening width of 750mm. 
 
 Vierendeel bending moment of opening, Mv,Ed = 249 x 0.75/4 = 46.7 kNm 
 
 For S460 steel, the stiffeners are Class 3 as the outstand exceeds 10x10x(235/460)0.5 = 71mm 
 Elastic neutral axis for top Tee 

  ze = 
2125 12 75 300 25 / 2 2 100 10 110

39mm
125 12 300 25 2 100 10

       


     
  

 Second moment of area of stiffened Tee 
 Iyy,T = 125 x 12 x 322 + 300 x 25 x 262 + 2 x 100 x 10 x 712 + 12 x 1253/12 = 19.3 x 106mm4 
 Elastic bending resistance of stiffened Tee  

  
  



6 6

e ,Rd
19.3 10 460 10

M
111

  = 80 kNm  

 Elastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 80.0 x (1-0.642) =  47.2 kNm > 46.2 kNm  OK for Vierendeel bending 
 
 Natural frequency calculation for primary beams in S460 steel 

 For natural frequency calculation, Qsw = (4+0.35) x 7.5 +2 = 34.6 kN/m 

 Deflection due to permanent load  wsw  =  
  

  

4 9

6

5 34.6 14.7 10

384 210 2674 10
= 37.5 mm (= L/390)   

 Net deflection is reduced by 20% due to the end connections and wsw = 0.8 x 37.5 = 30 mm 
 Natural frequency , f = 18/wsw

0.5 = 18/300.5 = 3.28 Hz > 3 Hz   OK 
 This shows that the controlling condition is Vierendeel bending at the web openings and the
 natural frequency limit for the S460 beams. 
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 Design in S690 Steel for the web 

 Use 800mm deep beam with 300 x 25mm flanges in S460 steel and 10mm web in S690 steel. 
 
 Shear resistance, VRd = 750 x 10 x 690/30.5 x 10-3 = 2988 kN > 498 kN 
 Plastic bending resistance 
  p ,RdM   (300 x 25 x 775 x 450 x 10-6 + 10 x 7502/4 x 690) x 10-6 = 3586 kNm > 2241kNm 

 Second moment of area: Iyy = 300 x 25 x  
2 3775 750

10
2 12

= 2604 x106 mm4 

 Line load at serviceability limit state, QEd,ser = 7.5 x 7.5 + 2 = 58 kN/mm 
 For deflection calcs, take the effective span as 14.7m: 

 Deflection due to total load   wtot  =  
  

  

4 9

6

5 58 14.7 10

384 210 2604 10
= 64.5 mm (= L/225)  < L/250  OK 

 Pre-camber the beam by 40mm and so total deflection = 24.5 mm (=L/600) 
 Line load due to imposed load, qI = 3.5 x 7.5 = 26 kN/m 

 Deflection due to line load   wi  =   
  

  

4 9

6

5 26 14.7 10

384 210 2604 10
= 28.9 mm (= L/505) <L/360  OK 

 Design of web openings for S690 steel in web  

 Shear resistance at opening, VRd,o = 250 x 10 x 690/30.5 x 10-3 = 996 kN  
 Shear force at opening of x = 4.5m from support , VEd,o = 249 kN < 996 kN 
  VEd,o / VRd,o = 249 / 996 = 0.25 < 0.5 – no reduction in effective web thickness 
 Vierendeel bending resistance of web-flange T section 
 Maximum depth for pure compression = 10 tw ε = 10 x10 x (235/690)0.5 = 58 mm 
 Effective depth of opening for pure compression = 500 + 2x 67= 634 mm 
 Reduced bending resistance at mid-span opening: 

      

2
6

p ,o
634

M 3586 10 690 10
4

 = 2893 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 10 0.58

36 10 0.5836t 11
500a

 = 64 mm < 125mm  Treat as Class 2 

 Plastic neutral axis from top of Tee using effective outstand of 64mm: 

  zp = 
   


64 10 690 / 460 300 25

2 300
= 14mm 

 Plastic bending resistance of Tee,  
  Mpl,Rd = (0.5 x (142 + 112) x 300 x 450+ 64 x10 x 43 x690 ) x 10-6  
  = 21.4 + 19.0 = 40.4 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 2893 = 0.64 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 40.4 x (1-0.642) =  23.8 kNm < 31.1 kNm - not OK for Vierendeel bending 
 Therefore S460 steel for the flanges and S690 steel for the web is not adequate.  
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 Design in S690 Steel for the web and flanges 

 Use 800mm deep fabricated beam with 250 x 25mm flanges and 10mm thick web in S690 steel. 
 Steel weight = (2x250x25+ 750x10) x7850 x10-6 =157 kg/m = 21 kg/m2 floor area 

 Second moment of area: Iyy = 250 x 25 x  
2 3775 750

10
2 12

= 2228 x106 mm4 

 Elastic bending resistance 
  e ,RdM  2228  x106 x 690/ 400 x 10-6 = 3843 kNm > 2241kNm 

 Reduced bending resistance at mid-span opening: 

      

2
6

e ,o
500

M 3843 10 690 10
6

 = 3556 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 10 0.58

36 10 0.5836t 11
500a

 = 64 mm < 125mm  Treat as Class 2 

 Plastic neutral axis from top of Tee using effective outstand of 64mm: 

  zp = 
  


64 10 250 25

2 250
= 14mm 

 Plastic bending resistance of Tee,  
  Mpl,Rd = (0.5 x (142 + 112) x 250 + 64 x10 x 43) x690 x 10-6  
  = 27.3 + 19.0 = 46.3 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 3556 = 0.52 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 46.3 (1-0.522) =  33.8 kNm > 31.1 kNm - OK for Vierendeel bending 
 
 For deflection calcs, take the effective span as 14.7m: 

 Deflection due to total load   wtot  =  
  

  

4 9

6

5 58 14.7 10

384 210 2228 10
= 75.4 mm (= L/195) < L/250  not OK 

 Pre-camber the beam by 40mm and so total deflection = 35.4mm (=L/415) 

 Deflection due to imposed load  wi  =   
  

  

4 9

6

5 26 14.7 10

384 210 2228 10
= 33.8 mm (= L/435) <L/360  OK 

 Check web buckling next to the opening (S690 steel) 

 Effective length of web = ho = 500mm and slenderness of web,   w 0.5

500

10 / 12
= 173 

 Slenderness ratio         
0.53

w w 1 1/ where 210 10 / 690 = 55 

  w = 173 /55 = 3.15 

  w   = 0.5 x (1 + 0.21 x (3.15 – 0.2) + 3.152) = 5.77 
  w   = [5.77 + (5.772 – 3.152)0.5]-1 = 0.09 
 Buckling resistance Nw,Rd =  w  0.5hot fy = 0.09 x 0.5 x 500 x 10 x 690 x 10-3 = 155 kN 
 This exceeds the compression force, Nw,Ed = 0.5 VEd = 0.5 x 249 = 125 kN  < 155 kN OK 
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 Natural frequency calculation for primary beams in S690 steel 
 
 For the natural frequency calculation, it may be assumed conservatively that the deflection of 
 the primary beams is reduced by 20% due to the end plate connections to the HEB 360 columns. 
 This analysed more exactly considering the column stiffness on page 11 and is shown to be 
 conservative. 
 
 For natural frequency calculation, take permanent loads + 10% imposed load: 
  Qsw = (4+0.35) x 7.5 +2 = 34.6 kN/m 

 Deflection due to permanent load  wsw  =  
  

  

4 9

6

5 34.6 14.7 10

384 210 2228 10
= 45 mm (= L/325)   

 Net deflection is reduced by 20% due to the end connections and wsw = 0.8 x 45 = 36 mm 
 Natural frequency , f = 18/wsw

0.5 = 18/365 = 3 Hz just OK 
 In practice, a more precise response factor analysis is required. 
 This shows that the controlling condition is Vierendeel bending at the web openings and the
 natural frequency limit for the beams 
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 DESIGN OF COLUMNS AT GROUND FLOOR FOR SIMPLY SUPPORTED BEAMS 

 Consider the commercial building to be 8 storeys high. 
 Use HEB 360 columns in S355 steel supporting the 15m span primary beams at ground floor 
 Take factored load on roof as qEd,roof  =  1.5 x 1.5 + 1.35 x 3 = 6.3 kN/m2 
 Point load on roof beam , QEd,roof  =  6.3 x 3 x 7.5 = 142 kN 
 
 Compression force in column, NEd = 2.5 QEd (ns -1) + 2.5 QEd,roof  
  NEd = 2.5 x (249 x 7 +142) = 4712 kN 
 Bending moment on column, MEd =  2 x 249 x 0.36/2 = 90 kNm 
 Bending resistance of HEB 360 in S355 steel (142 kg/m) 
  pM   = 2683 x 103 x 345 x 10-6 = 925 kNm   

 Slenderness of column for columns of 3.6m height to centre of beam (4m storey height). 
   λ  = 0.85 x 3600/ 74.8 = 41 
  1 =  (210 x 103/345)0.5 = 77 

    = /1 = 41/77 = 0.53 
  = 0.5 x (1+ 0.49 x (0.53 – 0.2) + 0.532) = 0.72 
  = [0.72 + (0.722 – 0.532)0.5]-1 = 0.83 

 Buckling resistance: Nb,Rd = 0.83 x 18060 x 345 x10-3  = 5171 kN  
  Crushing resistance: NRd = 18060 x 345 x10-3  = 6231 kN  
 
 Combined bending and compression on column for buckling with linear bending moment: 

  



4712 0.6 90

5171 925
 = 0.91 + 0.06 =  0.97 < 1.0  just OK 

 Weight of column = 142 kg/m x 4m = 568 kg 
 Weight of column = 2 x 568 / (15 x 7.5) = 10.1 kg/m2 floor area. 
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 END FIXITY DUE TO HEB 360 COLUMNS AT GROUND FLOOR FOR S690 STEEL BEAMS 
 
 Moment in connection due to uniform loading 

  
 

   

2
Ed 1

conn
1 2

Q L k
M

12 k k
 where  k1 = c b

2

3EI 2EI
and k

H L
  

 This leads to a moment in the connection given by: 

  

  
  

     
   
   

c
2

bEd
conn,v

c

b

I L
1.5

I HQ L
M

12 I L
1 1.5

I H

 where
  

   
 

6
c

6
b

I L 432 10 15.0
1.5 1.5

I H 4.02228 10
= 1.09 

 Because the connections are semi-rigid , reduce the stiffness factor by 50% = 0.5 x 1.09 = 0.55: 
 The moment in the connection due to end fixity is: 

  
 

 
 

conn

5 249 15 0.55
M

12 1 0.55
= 552 kNm 

 Bending moment on beam at mid-span due to vertical load only: 
  MEd = 2241- 552 = 1689 kNm (25% reduction) 
 
 Effective lever arm from bottom of  beam to top 6 bolts, a =800 - 220 = 580 mm 

 Tension force in bolts, 





3

b

552 10
F

6 580
= 158 kN   

 Use 10 no M24 gr 8.8 bolts at 165mm vertical and 120mm horizontal centres and 20mm thick 
 end plate.  
 Tension resistance of bolt = 198 kN > 158 kN 
 For double curvature at 55mm eccentricity on web,  
 Moment in end plate, M = 158 x 0.055/2 = 4.3 kNm  
  Bending resistance of end plate, M = 165 x 202/4 x345 x10-6 = 5.7 kNm > 4.3 kNm OK 
 The moment in the connection due to serviceability load is: 

  
 


 



2

conn,ser

58 15 0.55
M

12 1 0.55
= 386 kNm 

 Reduction in deflection due to end fixity,: wconn = 
 


  

2 2 9
conn,ser

6
yy

M L 386 14.7 10

8EI 8 210 2228 10
 = 22.3mm 

 Net deflection of primary beam, wtot,red = 75.4 – 22.3 = 53.1 mm (= L/275) < L/250 OK 
 Net deflection is reduced by 29% due to the end connections to the HEB 360 columns. 
 
 Revised natural frequency calculation for S690 beams: 

 For natural frequency calculation, Qsw = (4+0.35) x 7.5 +2 = 34.6 kN/m 

 Deflection due to permanent load  wsw  =  
  

  

4 9

6

5 34.6 14.7 10

384 210 2228 10
= 45.0mm (= L/325)   

 Net deflection is reduced by 29% due to the end connections and wsw = 0.71 x 45.0 = 31.9 mm 
 Natural frequency , f = 18/wsw

0.5 = 18/31.90.5 = 3.2 Hz > 3 Hz   OK 
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 DESIGN OF HEB 360 COLUMNS FOR COMBINED COMPRESSION AND BENDING 

 For the use of HSS, it is necessary to consider the stiffening effect of the beam to column 
 connections to reduced deflections and to increase the natural frequency of the primary beams 
 for this 8 storeys high commercial building. This leads to combined bending and compression 
 acting on the columns, which is analysed at the GF. 
 
 Use HEB 360 columns in S355 steel supporting the 15m span primary beams at ground floor 
 Take factored load on roof as qEd,roof  =  1.5 x 1.5 + 1.35 x 3 = 6.3 kN/m2 
 Point load on roof beam , QEd,roof  =  6.3 x 3 x 7.5 = 142 kN 
 
 Compression force in column, NEd = 2.5 QEd (ns -1) + 2.5 QEd,roof  
  NEd = 2.5 x (249 x 7 +142) = 4712 kN 
 Bending moment on column is resisted equally above and below the beam: 
    MEd =  552/2 = 276 kNm 
 Bending resistance of HEB 360 in S355 steel (142 kg/m) 
  pM   = 2683 x 103 x 345 x 10-6 = 925 kNm   

 Slenderness of column for columns of 3.6m height to centre of beam (4m storey height). 
   λ  = 0.85 x 3600/ 74.8 = 41 
  1 =  (210 x 103/345)0.5 = 77 

    = /1 = 41/77 = 0.53 
  = 0.5 x (1+ 0.49 x (0.53 – 0.2) + 0.532) = 0.72 
  = [0.72 + (0.722 – 0.532)0.5]-1 = 0.83 

 Buckling resistance: Nb,Rd = 0.83 x 18060 x 345 x10-3  = 5171 kN  
  Crushing resistance: NRd = 18060 x 345 x10-3  = 6231 kN  
 
 Combined bending and compression on column for buckling taking account of linear bending 
 moment diagram: 

  



4712 0.4 276

5171 925
 = 0.91 + 0.12 =  1.03 > 1.0 

 Combined bending and compression on column for local resistance at top of column: 

  
4712 276

6231 925
 = 0.76 + 0.30=  1.06 > 1.0 not adequate  

 This shows that it is necessary to increase the column size to resist this moment when using 
 HSS fabricated beams. Use HD 360 x 162 kg/m columns in S355 steel at GF-see next page. 
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 DESIGN OF HD 360 x 162 kg/m COLUMNS FOR COMBINED COMPRESSION AND 
 BENDING DUE TO STIFFENING EFFECT ON HSS BEAMS 

 For the use of HSS, it is necessary to consider the stiffening effect of the beam to column 
 connections This leads to combined bending and compression acting on the columns 
 
 Use HD 360 x162 kg/m columns in S355 steel at GF supporting the 15m span primary beams. 
 Take factored load on roof as qEd,roof  =  1.5 x 1.5 + 1.35 x 3 = 6.3 kN/m2 
 Point load on roof beam , QEd,roof  =  6.3 x 3 x 7.5 = 142 kN 
 Compression force in column, NEd = 2.5 QEd (ns -1) + 2.5 QEd,roof  
  NEd = 2.5 x (249 x 7 +142) = 4712 kN 
 The moment in the connection given by: 

  

  
  

     
   
   

c
2

bEd
conn,v

c

b

I L
1.5

I HQ L
M

12 I L
1 1.5

I H

 where
  

   
 

6
c

6
b

I L 515 10 15.0
1.5 1.5

I H 4.02228 10
= 1.3 

 Because the connections are semi-rigid , reduce the stiffness factor by 50% = 0.5 x 1.3 = 0.65: 
 The moment in the connection due to end fixity is: 

  
 

 
 

conn

5 249 15 0.65
M

12 1 0.65
= 613 kNm 

 Bending moment on column is resisted equally above and below the beam: 
    MEd =  613/2 = 307 kNm 
 Bending resistance of HD 360 in S355 steel (162 kg/m) 
  pM   = 3140 x 103 x 345 x 10-6 = 1083 kNm   

 Slenderness of column for columns of 3.6m height to centre of beam (4m storey height). 
   λ  = 0.85 x 3600/ 94.9 = 32 
  1 =  (210 x 103/345)0.5 = 77 

    = /1 = 32/77 = 0.42 
  = 0.5 x (1+ 0.49 x (0.42 – 0.2) + 0.422) = 0.64 
  = [0.64 + (0.642 – 0.422)0.5]-1 = 0.89 

 Buckling resistance: Nb,Rd = 0.89 x 20600 x 345 x10-3  = 6325 kN  
  Crushing resistance: NRd = 20600 x 345 x10-3  = 7107 kN  
 Combined bending and compression on column for buckling taking account of linear bending 
 moment diagram: 

  



4712 0.4 307

6325 1083
 = 0.74 + 0.11 =  0.85 < 1.0 

 Combined bending and compression on column for local resistance at top of column: 

  
4712 307

7107 1083
 = 0.66 + 0.28=  0.94  < 1.0 

 Weight of column = 162 kg/m x 4m = 648 kg 
 Weight of column = 2 x 648 / (15 x 7.5) = 11.5 kg/m2 floor area (14% increase in column weight). 
 From levels 3 to 5, reduce column weight to HD 360 x 147 kg/m (10.4 kg/m2) 
 From levels 6 to 8, reduce column weight to HD 360 x 134 kg/m (9.4 kg/m2) 
 Average column weight on all floors = 10.5 kg/m2 



 
 

 
Silwood Park, Ascot, Berks SL5 7QN 
Tel: (01344) 636525  Fax: (01344) 636570 
CALCULATION SHEET 

Job No. Sheet      13 of 22 Rev. B 

Job Title 
 STROBE  
Subject 
 Design of 15m Span Composite Fabricated Beam with Web openings 
Client 
   

Made by      RML Date  01/2021 
Checked by Date 

 
 DESIGN OF 15m SPAN COMPOSITE FABRICATED BEAM WITH LARGE WEB 
 OPENINGS 

 Long span primary beams may be designed compositely using HSS. The primary beams support 
 in-coming secondary beams.  The composite sections are lighter and stuffer than the equivalent 
 steel sections and so not rely on partial fixity at the column connections. Consider the design of 
 15m span composite fabricated beams with large rectangular web openings for services. The
 web thickness is controlled by Vierendeel bending for the web opening sizes and the web can be 
 designed more efficiently using HSS. The in-coming secondary beams span 7.5m at 3m spacing 
 and use IPE 300 in S355 steel when designed compositely using welded shear connectors at 
 300mm spacing (steel weight = 42x6/15 = 16.8 kg/m2 floor area). 
 
 Data: Span of primary beam  L = 15m (less 0.3m for columns) 
  Spacing of primary beams  B = 7.5m 
  Spacing of secondary beams  b = 3m   
  Imposed load    qi = 3.5 kN/m2 
  Self-weight of slab and IPE beams qd = 3 kN/m2 
  Additional permanent loads   qp = 1 kN/m2

 

  Self-weight of primary beam  Qsw = 2 kN/m 
  Web opening size at 4.5m from support, ao  x ho = 450 x 450 
  Web opening size at 5.5m from support, ao  x ho = 700 x 450 
 
 Factored load  qEd  =  1.5 x 3.5 + 1.35 x 4 = 10.7 kN/m2 
 Line load on beam,  QEd = 10.7 x 7.5 + 1.35 x 2  = 83 kN/m 
 Point load on beam,  PEd = 3 x 83 = 249 kN 
 Bending moment,  MEd = 3/5 PEd L = 0.6 x 249 x 15 = 2241 kNm 
 Shear force,  VEd = 2 x 249 = 498 kN 
 
 Use 700mm deep fabricated beam with 280x30mm and 250x25 flanges and 15mm thick web in  
 S355 steel. Steel weight = (280x30 + 250x25+645x15) x7850 x10-6 = 191 kg/m (25.5 kg/m2) 

 

Composite beam in S355 steel 
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 Plastic bending resistance of composite beam 

 Compression resistance of concrete slab over Beff = L/4 = 3750mm: 

  Nc,Rd = 0.85 x 
30

1.5
 x 70 x 3750 x 10-3 = 4462 kN 

 Tensile resistance of steel section 
  Na,Rd = 24.3 x 103 x 345 x 10-3 = 8383 kN 
 
 Plastic neutral axis (PNA) lies in steel beam as Na,Rd >  Nc,Rd. 
 Tensile resistance of top flange, Nft,Rd = 250 x 25 x 345 x 10-3 = 2156 kN 
 Therefore, 4462 + 2156 > 8383 – 2156 = 6227 kN < 6618 kN.  PNA lies at base of top flange: 
 
 Plastic resistance of bottom flange, Nfb,Rd = 280 x 30 x 345 x 10-3 = 2898 kN 
 Plastic resistance of web, Nw,Rd = 645 x 15 x 355 x 10-3 = 3434 kN 
 
 Plastic bending resistance of composite beam (PNA at base of top flange) 

  Mc,Rd = 4462 x (130 – 35 + 25) x 10-3 + 2998 x 660 x 10-3 
   + 3434 x 323 x 10-3 = 534 + 1912 + 1109 = 3555 kNm > 2241 kNm 
 
 Shear resistance, VRd = 645 x 15 x 355/30.5 x 10-3 = 1983 kN > 498 kN 
 Longitudinal shear force, Nsc,Ed = 4462 kN 
 Use 19mm dia. x 100mm long shear connectors in pairs at 200mm centres with a design 
 resistance of 80 kN. Distance to 2nd point load = 6m and number of shear connectors = 60.  
 Longitudinal shear resistance, Nsc,Rd = 60 x 80 =4800 kN > 4462 kN  OK for full shear connection 
 
 Construction stage 

 Bending moment on steel section allowing for 0.75 kN/m2 temporary construction load: 
  Factored load, qEd,con = 1.5 x 0.75 + 1.35 x 3.0 = 5.2 kN/m2 
  Bending moment, MEd,con = 5.2 x 7.5 x 14.72/8 = 1053 kNm   
 
 Properties of steel section 

 Area, A = 280 x 30 + 250 x 25 + 645 x 15 = 24.3 x 103 mm4 

 Elastic neutral axis from top of beam   
     


    

2

s
280 30 685 15 350 250 25 / 2

y
280 30 250 25 645 15

 =379mm 

 Second moment of area of steel section: 
  Iyy = 280 x 30 x 3062 + 250 x 25 x 3672 + 645 x 15 x 492 + 15 x 6453/12 = 1987 x 106 mm4 

 Bending resistance of steel section: 
6 6

e ,Rd
1987 10 345 10

M 1809 kNm
379

  
   > 1053 kNm  

 Deflection of steel beam after construction:
   


  

4 9

a 6

5 3.0 7.5 14.7 10
w

384 210 1987 10
= 32.8mm  (=span/445) 

 Pre-camber the beam by 30mm to offset the permanent deflection. 
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 Properties of composite section: 
  Effective width  Beff = 15000/4 = 3750mm 
  Area of concrete Ac  =  70 x 3750 = 262 x 103

 mm2 

  Modular ratio,  n    =  10 for imposed load 
  Modified area for stiffness, Ac/n  =  26.2 x 103 mm2 
 
 Elastic neutral axis of composite section from top of slab: 

  
 

 
     


 

3 3

c 3

26.2 10 35 24.3 10 379 130
y

26.2 24.3 10
 =263mm 

 Second moment of area of composite section 
  Iyy,comp = 24.3 x 103 x (130 + 379 – 263) + 26.2 x 103 x (263 – 35)2 + 1987 x 106 

   = (1470 + 1362 + 1987) x 106 = 4819 x 106 mm4 (= 2.42 Iyy)  
 Check deflection under imposed load 

  wi = 
   

  

4 9

6

5 4.5 7.5 14.7 10

384 210 4879 10
 = 20.3mm (=span/725) < span/360  OK 

 Total deflection = 32.8 + 20.3 = 43.1mm (= span/340) < span/250  
 
 Check natural frequency of beam for permanent loads + 10% imposed load: 

  wsw = 
   

  

4 9

6

5 4.35 7.5 14.7 10

384 210 4819 10
 =19.6 mm 

 Natural frequency, f = 18/19.60.5 = 4.06 Hz - this shows the beam is adequately stiff. 
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 Design of web openings for S355 steel in web: 

 Design a beam with 450mm deep x 800mm long unstiffened rectangular openings at mid-span 
 and 450mm x 600mm openings at 4.5m from supports (x = 0.3L):  
 Bending moment at x = 4.5m ,  MEd,o= 249 x (2 x 4.5 – 1.5) = 1867 kNm 
 Shear force at x  = 4.5m ,  VEd,o = 249 kN 
 
 Shear resistance at opening, VRd,o = 195 x 15 x 355/30.5 x 10-3 = 599 kN  
 Shear force at opening of x = 7.5m from support for asymmetric imposed load: 
,   VEd,o = 1.5 x 3.5 x 7.5 x 7.5 / 4  = 74 kN 
 Vierendeel bending moment of opening, Mv,Ed = 74 x 0.75/4 = 13.8 kNm 
 Shear force at opening of x = 4.5m from support , VEd,o = 249 kN < 599 kN 
  VEd,o / VRd,o = 249 / 599 = 0.42 < 0.5 – no reduction in effective web thickness 
 Total Vierendeel bending moment at opening, Mv,Ed = 249 x 0.6 = 149.4 kNm 
 
 Vierendeel bending resistance of web-flange T section 
 Outstand depth of web = (700 – 450)/2 – 25 = 100mm 
 Maximum depth for pure compression = 10 tw ε = 10 x15 x 0.81 = 121 mm > 100mm OK 
 Bending resistance at mid-span opening: 

        
6

p ,oM 3555 15 450 (350 25) 355 10  = 2776 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 15 0.81

36 15 0.8136t 11
500a

 = 253mm > 100mm  OK for Class 2 

 Plastic neutral axis from top of top Tee, zp = 
  


100 15 250 25

2 250
= 16mm 

 Plastic bending resistance of top Tee,  
  Mpl,Rd = (0.5 x (162 +92) x 250 x 345 + 100 x15 x 59 x355 ) x 10-6  
  = 14.5 + 31.4 = 45.9 kNm 

 Plastic neutral axis from bottom of bottom Tee, zp = 
  


95 15 300 30

2 300
= 17mm 

 Plastic bending resistance of bottom Tee,  
  Mpl,Rd = (0.5 x (172 +132) x 300 x 345 + 95 x15 x 60 x 355 ) x 10-6  
  = 23.7 + 30.3 = 54.0 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 2776 = 0.67 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 54.0 x (1-0.672) =  29.7 kNm 
   Vierendeel bending resistance due to 4 shear connectors over a 600mm long opening: 
  Mvc,Rd  =4 x 80 x (130 - 35 + 16) x10-3 = 35.5 kNm 
   Combined Vierendeel bending resistance over a 600mm long opening: 
  Mv,Rd  = 35.5 + 2 x 45.9 + 2x 29.7 =  186.7 kNm  > 149.4 kNm  OK 
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 For S 460 Steel, the section for composite beam design is shown below: 

 
 Properties of steel section 

 Area, A = 280 x 25 + 200 x 25 + 650 x 12= 19.8 x 103 mm4 

 Steel weight = 19.8 x 103 x7850 x10-6 = 155 kg/m (20.7 kg/m2) 

 Elastic neutral axis from top of beam,
      


    

2

s
280 25 687 12 650 350 200 25 / 2

y
280 25 200 25 650 12

 =384mm 

 Second moment of area of steel section: 
  Iyy = 280 x 25 x 3032 + 200 x 25 x 3722 + 650 x 12 x 342 + 12 x 6503/12 = 1618 x 106 mm4 

 Bending resistance of steel section: 
  



6 6

e ,Rd
1618 10 345 10

M
384

 > 1453 kNm > 1053 kNm 

 Deflection of steel beam after construction:
   


  

4 9

a 6

5 3.0 7.5 14.7 10
w

384 210 1618 10
= 40.2mm  (=span/365) 

 Pre-camber the beam by 40mm to offset the permanent deflection. 
 
 Plastic bending resistance of composite beam 

 Compression resistance of concrete slab over Beff = L/4 = 3750mm: 

  Nc,Rd = 0.85 x 
30

1.5
 x 70 x 3750 x 10-3 = 4462 kN 

 Tensile resistance of steel section 
  Na,Rd = 18.9 x 103 x 440 x 10-3 = 8316 kN 
 
 Plastic neutral axis (PNA) lies in steel beam as Na,Rd >  Nc,Rd. 
 Tensile resistance of top flange, Nft,Rd = 250 x 25 x 440 x 10-3 = 2750 kN 
 Therefore, 4462 + 2750 > 8316 – 2750 = 7212 kN > 5566 kN.  PNA lies in top flange: 
 
 Plastic resistance of bottom flange, Nfb,Rd = 280 x 25 x 440 x 10-3 = 3080 kN 
 Plastic resistance of web, Nw,Rd = 650 x 12 x 460 x 10-3 = 3588 kN 
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 Plastic bending resistance of composite beam (PNA at base of top flange) 

  Mc,Rd = 4462 x (130 – 35 + 25) x 10-3 + 3588 x 662 x 10-3 
   + 3588 x 325 x 10-3 = 535 + 2375 + 1166 = 4076 kNm > 2241 kNm 
 
 Shear resistance, VRd = 650 x 12 x 460/30.5 x 10-3 = 2071 kN > 498 kN 
 Longitudinal shear force, Nsc,Ed = 4462 kN 
 Use 19mm dia. x 100mm long shear connectors in pairs at 200mm centres with a design 
 resistance of 80 kN. Distance to 2nd point load = 6m and number of shear connectors = 60.  
 Longitudinal shear resistance, Nsc,Rd = 60 x 80 =4800 kN > 4462 kN  OK 
 
 Properties of composite section: 

 Modified concrete area for stiffness, Ac/n  =  26.2 x 103 mm2 

 
 Elastic neutral axis of composite section from top of slab: 

  
 

 
     


 

3 3

c 3

26.2 10 35 19.8 10 350 130
y

26.2 19.8 10
 = 226 mm 

 Second moment of area of composite section 
  Iyy,comp = 19.8 x 103 x (130 + 384 - 226)2 + 26.2 x 103 x (226 – 35)2 + 1618 x 106 

 
   = (1642 + 956 + 1618) x 106 = 4216 x 106 mm4 (= 2.6 Iyy)  
 Check deflection under imposed load 

  wi = 
   

  

4 9

6

5 4.5 7.5 14.7 10

384 210 4216 10
 = 23.2 mm (=span/630) < span/360 

 Total deflection = 40.2 + 32.2 – 40 = 32.4mm (= span/450) < span/250  
 
 Check natural frequency of beam for permanent loads + 10% imposed load: 

  wsw = 
   

  

4 9

6

5 4.35 7.5 14.7 10

384 210 4216 10
 =22.4 mm 

 Natural frequency, f = 18/22.40.5 = 3.8 Hz - this shows the beam is adequately stiff. 
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 Design of web openings for S460 steel in web: 

 Vierendeel bending resistance of web-flange T section 
 Outstand depth of web = (700 – 450)/2 – 25 = 100mm 
 Maximum depth for pure compression = 10 tw ε = 10 x12 x 0.71 = 85 mm < 100mm  
 
 Bending resistance at mid-span opening for opening depth of 450+ 2x15 = 480mm: 

        
6

p ,oM 4076 12 480 (350 25) 460 10  = 3215 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 12 0.71

36 12 0.7136t 11
600a

 = 99mm ≈ 100mm  OK for Class 2 

 Plastic neutral axis from top of top Tee, zp = 
  


100 12 200 25

2 200
= 16mm 

 Plastic bending resistance of top Tee,  
  Mpl,Rd = (0.5 x (162 +92) x 200 x 440 + 100 x12 x 59 x460 ) x 10-6  
  = 14.8 + 32.5 = 47.3 kNm 

 Plastic neutral axis from bottom of bottom Tee, zp = 
  


100 12 280 25

2 280
= 15mm 

 Plastic bending resistance of bottom Tee,  
  Mpl,Rd = (0.5 x (152 +102) x 280 x 440 + 100 x12 x 60 x 460 ) x 10-6  
  = 20.0 + 33.1 = 53.1 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 3215 = 0.58 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 53.1 x (1-0.582) =  35.2 kNm 
   Vierendeel bending resistance due to 4 shear connectors over a 600mm long opening: 
  Mvc,Rd  =4 x 80 x (130 - 35 + 15) x10-3 = 35.2 kNm 
   Combined Vierendeel bending resistance over a 600mm long opening: 
  Mv,Rd  = 35.2 + 2 x 47.3 + 2x 35.2 =  200.2 kNm  > 149.4 kNm  OK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Silwood Park, Ascot, Berks SL5 7QN 
Tel: (01344) 636525  Fax: (01344) 636570 
CALCULATION SHEET 

Job No. Sheet      20  of 22  Rev.  B 

Job Title 
 STROBE 
Subject 
 Design of 15m Span Composite Fabricated Beam with Web Openings 
Client 
   

Made by      RML Date  01/2021 
Checked by Date 

 
 For S 690 Steel, the section for composite beam design is shown below: 

 
 Properties of steel section 

 Area, A = 250 x 25 + 200 x 20 + 655 x 10= 16.8 x 103 mm4 

 Steel weight = 16.8 x 103 x7850 x10-6 = 132 kg/m (17.6 kg/m2) 

 Elastic neutral axis from top of beam,
      


    

2

s
250 25 687 10 656 350 200 20 / 2

y
250 25 200 20 655 10

 =394mm 

 Second moment of area of steel section: 
  Iyy = 250 x 25 x 2942 + 200 x 20 x 3842 + 650 x 10 x 442 + 10 x 6553/12 = 1377 x 106 mm4 

 Bending resistance of steel section: 
  



6 6

e ,Rd
1377 10 690 10

M
394

=  2411 kNm > 1053 kNm 

 Deflection of steel beam after construction:
   


  

4 9

a 6

5 3.0 7.5 14.7 10
w

384 210 1377 10
= 47.3mm  (=span/310) 

 Pre-camber the beam by 40mm to offset the permanent deflection. 
 
 Plastic bending resistance of composite beam 

 Compression resistance of concrete slab over Beff = L/4 = 3750mm: 

  Nc,Rd = 0.85 x 
30

1.5
 x 70 x 3750 x 10-3 = 4462 kN 

 Tensile resistance of steel section 
  Na,Rd = 16.8 x 103 x 690 x 10-3 = 11,592 kN 
 Plastic neutral axis (PNA) lies in steel beam as Na,Rd >  Nc,Rd. 
 Tensile resistance of top flange, Nft,Rd = 200 x 20 x 690 x 10-3 = 2760 kN 
 Therefore, 4462 + 2760 > 11,592 – 2750 = 7222 kN < 8842 kN.  PNA lies in web 
 Depth of web in compression, yw = (8842-7222) x103 / (2x10x690) = 117mm 
 tension resistance of bottom flange, Nfb,Rd = 250 x 25 x 690 x 10-3 = 4312 kN 
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 Plastic bending resistance of composite beam (PNA at base of top flange) 

  Mc,Rd = 4462 x (130 – 35 + 20 +117 ) x 10-3 + 2760 x 127 x10-3  
  +4312 x (600 –117 – 20 –13) x 10-3+ 0.5 x (1172 + 5382) x 10 x 690 x 10-6  
  = 1035 + 350 + 1940 + 1045 = 4370 kNm > 2241 kNm 
 
 Shear resistance, VRd = 655 x 10 x 690/30.5 x 10-3 = 2609 kN > 498 kN 
 Longitudinal shear force, Nsc,Ed = 4462 kN 
 Use 19mm dia. x 100mm long shear connectors in pairs at 200mm centres with a design 
 resistance of 80 kN. Distance to 2nd point load = 6m and number of shear connectors = 60.  
 Longitudinal shear resistance, Nsc,Rd = 60 x 80 =4800 kN > 4462 kN  OK 
 
 Properties of composite section: 

 Modified concrete area for stiffness, Ac/n  =  26.2 x 103 mm2 

 
 Elastic neutral axis of composite section from top of slab: 

  
 

 
     


 

3 3

c 3

26.2 10 35 16.8 10 394 130
y

26.2 16.8 10
 = 226 mm 

 Second moment of area of composite section 
  Iyy,comp = 16.8 x 103 x (130 + 394 - 226)2 + 26.2 x 103 x (226 – 35)2 + 1377 x 106 

 
   = (1492 + 956 + 1377) x 106 = 3825 x 106 mm4 (= 2.78 Iyy)  
 Check deflection under imposed load 

  wi = 
   

  

4 9

6

5 4.5 7.5 14.7 10

384 210 3826 10
 = 25.5 mm (=span/575) < span/360 

 Total deflection = 47.3 + 25.5 – 40 = 32.8mm (= span/450) < span/250  
 
 Check natural frequency of beam for permanent loads + 10% imposed load: 

  wsw = 
   

  

4 9

6

5 4.35 7.5 14.7 10

384 210 3826 10
 = 24.7 mm 

 Natural frequency, f = 18/24.70.5 = 3.6 Hz - this shows the beam is adequately stiff. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
Silwood Park, Ascot, Berks SL5 7QN 
Tel: (01344) 636525  Fax: (01344) 636570 
CALCULATION SHEET 

Job No. Sheet      22 of 22 Rev. B 

Job Title 
 STROBE 
Subject 
 Design of 15m Span Composite Fabricated Beam with Web Openings 
Client 
   

Made by      RML Date  01/2021 
Checked by Date 

 
 Design of web openings for S690 steel in web: 

 Vierendeel bending resistance of web-flange T section 
 Outstand depth of web = (700 – 450)/2 – 20 = 105mm 
 Maximum depth for pure compression = 10 tw ε = 10 x10 x 0.58 = 58 mm < 105mm  
 
 Bending resistance at mid-span opening for opening depth of 450+ 2x42= 534mm: 

        
6

p ,oM 4370 10 534 (350 25) 690 10  = 3195 kNm > 2241 kNm 

 Limiting outstand depth for Class 2 web in Vierendeel bending: 

  dt ≤ 
  


                       

w
0.5 0.52 2

w

o

10t 10 10 0.58

36 10 0.5836t 11
600a

 = 62 mm < 100mm  reduce for Class 2 

 Plastic neutral axis from top of top Tee, zp = 
  


62 10 200 20

2 200
= 12 mm 

 Plastic bending resistance of top Tee,  
  Mpl,Rd = (0.5 x (122 +82) x 200 x 690 + 62 x10 x 39 x690 ) x 10-6  
  = 14.3 + 16.7 = 31.0 kNm 

 Plastic neutral axis from bottom of bottom Tee, zp = 
  


62 10 250 25

2 250
= 14 mm 

 Plastic bending resistance of bottom Tee,  
  Mpl,Rd = (0.5 x (142 +112) x 250 x 690 + 62 x10 x 42 x 690 ) x 10-6  
  = 27.3 + 18.0 = 45.3 kNm 
 Ratio,  MEd,o/ MRd,o = 1867/ 3195 = 0.58 
 Plastic bending resistance of Tee reduced for axial forces due to pure bending:  
  Mpl,Rd,red = 45.3 x (1-0.582) =  30.0 kNm 
   Vierendeel bending resistance due to 4 shear connectors over a 600mm long opening: 
  Mvc,Rd  =4 x 80 x (130 - 35 + 11) x10-3 = 33.9 kNm 
   Combined Vierendeel bending resistance over a 600mm long opening: 
  Mv,Rd  = 33.9 + 2 x 31.0 + 2x 30.0 =  155.9 kNm  > 149.4 kNm  just OK 
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 DESIGN OF 15M SPAN TRANSFER BEAM TO SUPPORT RESIDENTIAL BUILDING 
 
 Design a 15m span transfer beam at first floor to support 6 floors of a residential building above.  
 The columns to the structure above are based on a 7.5m x 6m grid and so a single point load 
 acts on the transfer beam at mid-span.  The transfer beam is fabricated from plate and is 1m 
 deep.  A comparative design is made between the plate thicknesses for the beam made from 
 S355 steel and from HSS. The structure is stabilised by a concrete core. 
 

The designs are based on the bending resistance of the transfer beams from the residential 
levels above assuming that the roof is also in the same form and is accessible for use. Therefore 
7 loaded levels act on the transfer beams at first floor level. The beams are designed as simply 
supported at the columns to the ground floor at 6m spacing so that the ground floor can be used 
for a supermarket, offices or communal space. This is a common form of construction in cities 
and is a good application of HSS in cases where the stronger steel leads to a lighter profile. 

 
 Data: Span of transfer beam  L = 15m less 0.3m for column 
  Spacing of transfer beams  B = 6m 
  Imposed load on residential levels qi = 2.5 kN/m2 

  Imposed load on roof   qi = 1.5 kN/m2 
  Self-weight of floor slab and beams qd = 3 kN/m2 (also roof) 
  Other permanent loads on floors qp = 0.5 kN/m2

 
  Allowance for lightweight walls qw = 1 kN/m2 
  Self-weight of transfer beam  Qsw = 5 kN/m 
  Number of residential levels  ns = 6 plus roof 
  Imposed load reduction factor ψ = 0.6 for residential levels 
 
 Factored load on floor, qEd  =  1.5 x 2.5 x 0.6 + 1.35 x 4.5 = 8.3 kN/m2 

 Factored load on roof, qEd  =  1.5 x 1.5 x 0.6 + 1.35 x 3.0 = 5.4 kN/m2 
 Point load on beam,  QEd = (5 x 8.3+5.4) x 6 x 7.5 = 2110 kN 
 Bending moment,  MEd = 2110 x 14.7/4 + (8.3 x 6 + 1.35 x 5) x 14.72/8 = 9283 kNm 
 Shear force,  VEd = 2110/2 + (8.3 x 6 + 1.35 x 5) x 14.7/2 = 1470 kN 
 
 Use 1m deep beam with flange dimensions of 500 x 50mm and web thickness of 20mm. 
 Shear resistance, VRd = 20 x 920 x 355/30.5 x 10-3 = 3771 kN > 1470 kN 
 VEd/VRd = 0.39 < 0.5, and so there is no reduction in bending resistance of web. 
 For a Class 1 section, plastic bending resistance of beam:   
  p ,RdM = (500 x 50 x 950 + 20 x 9002/4) x 335 x 10-6 = 9313 kNm > 9282 kNm just OK 
 Point load for serviceability calculation  QEd,ser = (5 x 6.0 + 3.9) x 6 x 7.5 = 1525 kN 

 Second moment of area:  Iyy  =  500 x 50 x + ×
2 3950 90020

2 12
= 12,496 x 106 mm4 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
1525 14.7 10

48 210 12496 10
  = 38.5mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10

384 210 12496 10
  = 9.5mm  

 Total deflection = 48 mm, which is less than the limit of L/250 = 60mm and is satisfactory.  
 Pre-camber the beam by 30mm to offset the self-weight deflection.  
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 Point load for imposed load and partitions, QEd,i = (5x (2.5x0.6 +1.0)+ 1.5x0.6) x 6 x 7.5 = 603 kN 

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
603 14.7 10

48 210 12496 10
  = 15.2 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 12496 10

  = 3.5mm  

 Total deflection due to imposed load = 15.2 +3.5 = 18.7mm (= L/785) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
 S 460 Steel: 
 Use 1m deep beam with flange dimensions of 500 x 40mm and web thickness of 15mm. 
 Shear resistance, VRd = 15 x 920 x 460/30.5 x 10-3 = 3665 kN > 1470 kN 
 VEd/VRd = 0.4< 0.5, and so there is no reduction in bending resistance of web. 

 Second moment of area:  Iyy  =  500 x 40 x + ×
2 3960 92015

2 12
= 10,189 x 106 mm4 

 For a Class 3 section, elastic bending resistance of beam:   
  =e ,RdM 10182 x 106 x 450 / (500 - 20)x 10-6 = 9545 kNm > 9282 kNm OK 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
1525 14.7 10

48 210 10189 10
  = 47.2 mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10

384 210 10189 10
  = 11.6 mm  

 Total deflection = 58.8mm, which is less than the limit of L/250 = 60mm and is just satisfactory. 
 Pre-camber the beam by 40mm to offset the self-weight deflection.  

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
603 14.7 10

48 210 10189 10
  = 18.6 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 10189 10

  = 5.2mm  

 Total deflection due to imposed load = 18.6 + 4.2 = 22.8mm (= L/645) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
  Steel weight for S 460 steel = (2 x 500 x 40 + 15 x 920) x 7850 x10-9 = 422 kg/m 
 Steel weight for S 355 steel = (2 x 500 x 50 + 20 x 900) x 7850 x10-9 = 534 kg/m 
 Reduction in steel weight = 21% 
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 S 690 Steel: 
 Because the use of S460 steel just satisfies the serviceability limit, there is no benefit in using for 
 S 690 steel for the same beam depth. There use 1.1m deep beam with flange dimensions of
 400 x 35mm and web thickness of 12mm in S690 steel which is lighter but 100mm deeper. 
 Shear resistance, VRd = 12 x 1030 x 690/30.5 x 10-3 =4924 kN > 1470 kN 
 VEd/VRd = 0.25 < 0.5, and so there is no reduction in bending resistance of web. 
 Slenderness ratio of the web is defined by: 

( )
λ = =

ε × ×
w

ww 0.5
w

h 1030
86.4t 86.4 12 235 / 690

=  1.71 

 Shear buckling resistance, Vw,b = (0.83 /1.87) x 12 x1030 x 690/ 30.5 x 10-3 =2398 kN > 1470 kN 

 Second moment of area:  Iyy  =  400 x 35 x + ×
2 31065 103012

2 12
= 9,032 x 106 mm4 

 For a Class 3 section, elastic bending resistance of beam:   
  =e ,RdM 9032 x 106 x 670 / (550 - 18)x 10-6 = 9575 kNm > 9282 kNm OK 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
1525 14.7 10

48 210 9032 10
  = 53.2 mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10

384 210 9032 10
  = 13.1 mm  

 Total deflection = 66.3mm, which exceeds the limit of L/250 = 60mm. 
 Pre-camber the beam by 40mm to offset the self-weight deflection. 

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
603 14.7 10

48 210 9032 10
  = 21.0 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 9032 10

  = 5.9mm  

 Total deflection due to imposed load = 21.0 + 5.9 = 26.9 mm (= L/545) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
  Steel weight for S 690 steel = (2 x 400 x 35 + 12 x 1030) x 7850 x10-9 = 317 kg/m 
 Steel weight for S 355 steel = (2 x 500 x 50 + 20 x 900) x 7850 x10-9 = 534 kg/m 
 Reduction in steel weight = 41% but the beam is 100mm deeper 
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 DESIGN OF COLUMNS AT GROUND FLOOR 
 
 Use HEB 360 in S355 steel supporting transfer beam at ground floor 
 Compression force in column, NEd =  2110/2 + (8.3 x 6 + 1.35 x 5) x 14.7/2 = 1470 kN 
 Bending moment on column, MEd =  1470 x 0.36/2 = 265 kNm 
 Bending resistance of HEB 360 in S355 steel 
  pM   = 2683 x 103 x 345 x 10-6 = 925 kNm   
 Slenderness of column for columns of 4.2m height to centre of beam (4.8m storey height). 
   λ  = 0.85 x 4200/ 74.8 = 48 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 = 48/77 = 0.62 

φ  = 0.5 x (1+ 0.49 x (0.62 – 0.2) + 0.622) = 0.79 
χ  = [0.79 + (0.792 – 0.622)0.5]-1 = 0.78 

 Buckling resistance: Nb,Rd = 0.78 x 18060 x 345 x10-3  = 4860 kN   
 
 Combined bending and compression on column: 

  +
1470 265
4880 925

 = 0.30 + 0.29 =  0.59 < 1.0 

 Weight of column = 142 kg/m x 4.8m = 682 kg 
 Weight of column = 2 x 682 / (15 x 6) = 15.2 kg/m2 at transfer level or 2.2 kg/m2 total area. 
 
 DESIGN OF COLUMNS AT FIRST FLOOR 
 
 Use HEB 260 in S355 steel supporting internal beams at first floor 
 Compression force in column, NEd =  2110 kN 
 Bending moment on column, MEd =  2110 x 0.1/2 = 105 kNm 
 Bending resistance of HEB 260 in S355 steel 
  pM   = 1184 x 103 x 345 x 10-6 = 408 kNm   
 Slenderness of column for columns of 2.8m height to centre of beam (3m storey height). 
   λ  = 0.85 x 2800/ 65.8 = 36 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 =36/77 = 0.47 

φ  = 0.5 x (1+ 0.49 x (0.47 – 0.2) + 0.472) = 0.68 
χ  = [0.68+ (0.682 – 0.472)0.5]-1 = 0.85 

 Buckling resistance: Nb,Rd = 0.85 x 11840 x 345 x10-3  = 3472 kN   
 
 Combined bending and compression on column: 

  +
2110 105
3472 408

 = 0.61 + 0.26 =  0.87 < 1.0 

 Weight of column = 93 kg/m x 3m = 279 kg 
 Weight of column = 279 / (15 x 6) = 3.1 kg/m2 floor area. 
 For outer columns, use HEB 200  
 Weight of column = 61 kg/m x 3m = 183 kg 
 Weight of column = 2 x 183 / (15 x 6) = 4.1 kg/m2 floor area. 
 Total weight of columns = 3.1 + 4.1 = 7.2 kg/m2 residential floor area. 
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 END FIXITY DUE TO HEB 360 COLUMNS AT GROUND FLOOR FOR S690 STEEL BEAMS 
 
 Moment in connection due to vertical load as a single point load 

  
 

=  + 
Ed 1

conn
1 2

Q L kM
8 k k

 where  k1 = c b
2

3EI 2EIand k
H L

=  

 This leads to a moment in the connection given by: 

  

  
  

  =   
 +  
   

c

bEd
conn,v

c

b

I L1.5
I HQ LM

8 I L1 1.5
I H

 where 
  ×

= × × 
× 

6
c

6
b

I L 432 10 15.01.5 1.5
I H 4.59032 10

= 0.24 

 The moment in the connection due to point load is: 

  
( )

×
= ×

+conn
2110 15 0.24M

8 1 0.24
= 766 kNm 

 The moment in the connection due to uniform loading given by: 

  ( )× + × ×   = =   + +   

22
Ed

conn,v
6 8.3 1.35 5 15q L 0.24 0.24M

12 1 0.24 12 1 0.24
  = 205 kNm 

 The total moment in the connection is Mconn,Ed = 766 + 205 = 971 kNm  > 925 kNm 
 
 Bending moment on beam at mid-span due to vertical load only: 
  MEd = 9282- 971 = 8311 kNm (10% reduction) 
 
 The moment in the connection due to serviceability load is: 

  
( )

 × ×
= + ×  + 

2

conn,ser
1525 15 41 15 0.25M

8 12 1 0.25
= 725 kNm 

 Effective lever arm from bottom of  beam to top 6 bolts, a =1100- 220 = 880 mm 

 Tension force in bolts, ×
=

×

3

b
971 10F
6 880

= 184 kN   

 Use M24 gr 8.8 bolts and 20mm thick end plate. Tension resistance = 198 kN > 184 kN 
 For double curvature at 55mm eccentricity on web,  
 Moment in end plate, M = 184 x 0.055/2 = 5.1 kNm  
  Bending resistance of end plate, M = 150 x 202/4 x345 x10-6 = 5.2 kNm > 5.1 kNm  

 Reduction in deflection; due to connection,: wconn  =  × ×

× × ×

2 9

6
725 15 10

8 210 9032 10
  = 10.8mm 

 Net deflection of transfer beam = 66.3 – 10.8 = 55.5 mm (= L/270)  
 Net deflection is reduced by 16% due to the end connections to the HEB 360 columns. 
 However, in order to transfer this moment larger columns are required –see next page.. 
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 END FIXITY DUE TO HEM 300 COLUMNS AT GROUND FLOOR FOR S690 STEEL BEAMS 
 
 The moment in the connection is given by: 

  

  
  

  =   
 +  
   

c

bEd
conn,v

c

b

I L1.5
I HQ LM

8 I L1 1.5
I H

 where 
  ×

= × × 
× 

6
c

6
b

I L 592 10 15.01.5 1.5
I H 4.59032 10

= 0.33 

 The moment in the connection due to point load is: 

  
( )

×
= ×

+conn
2110 15 0.33M

8 1 0.33
= 981 kNm 

 The moment in the connection due to uniform loading given by: 

  ( )× + × ×   = =   + +   

22
Ed

conn,v
6 8.3 1.35 5 15q L 0.25 0.33M

12 1 0.25 12 1 0.33
  = 263 kNm 

 The total moment in the connection is Mconn,Ed = 881 + 263 = 1144 kNm 
 
 Bending resistance of HEM 300 in S355 steel 
  pM   = 4435 x 103 x 335 x 10-6 = 1486 kNm > 1144 kNm 
 Bending moment on beam at mid-span due to vertical load only: 
  MEd = 9282- 1144 = 8138 kNm (12% reduction) 
 Slenderness of column for columns of 4.2m height to centre of beam (4.8m storey height). 
   λ  = 0.85 x 4200/ 80 = 45 
  λ1 = π (210 x 103/335)0.5 = 78 
  λ  = λ/λ1 = 45/78 = 0.58 

φ  = 0.5 x (1+ 0.49 x (0.58 – 0.2) + 0.582) = 0.76 
χ  = [0.76 + (0.762 – 0.582)0.5]-1 = 0.8 

 Buckling resistance: Nb,Rd = 0.8 x 30310 x 335 x10-3  = 8123 kN   
 
 Combined bending and compression on column: 

  +
1470 1144
8123 1486

 = 0.18 + 0.77 =  0.95 < 1.0 

 Weight of column = 236 kg/m x 4.8m = 1142 kg 
 Weight of column = 2 x 1142 / (15 x 6) = 25.4 kg/m2 at transfer level or 3.6 kg/m2 total area. 
 
. 
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 DESIGN OF 15M SPAN TRANSFER BEAM TO SUPPORT RESIDENTIAL BUILDING 

- Alternative Design for 8 storey residential building 
 
 Design a 15m span transfer beam at first floor to support 8 floors of a residential building above.  
 The columns to the structure above are based on a 7.5m x 6m grid and so a single point load 
 acts on the transfer beam at mid-span.  The transfer beam is fabricated from plate and is 1.2m 
 deep.  A comparative design is made between the plate thicknesses for the beam made from 
 S355 steel and from HSS. The structure is stabilised by a concrete core. 
 

The designs are based on the bending resistance of the transfer beams from the residential 
levels above assuming that the roof is also in the same form and is accessible for use. Therefore 
9 loaded levels act on the transfer beams at first floor level. The beams are designed as simply 
supported at the columns to the ground floor at 6m spacing. 
 

 Data: Span of transfer beam  L = 15m less 0.3m for column 
  Spacing of transfer beams  B = 6m 
  Imposed load on residential levels qi = 2.5 kN/m2 

  Imposed load on roof   qi = 1.5 kN/m2 
  Self-weight of floor slab and beams qd = 3 kN/m2 (also roof) 
  Other permanent loads on floors qp = 0.5 kN/m2

 
  Allowance for lightweight walls qw = 1 kN/m2 
  Self-weight of transfer beam  Qsw = 5 kN/m 
  Number of residential levels  ns = 8 plus roof 
  Imposed load reduction factor ψ = 0.6 for residential levels 
 
 Factored load on floor, qEd  =  1.5 x 2.5 x 0.6 + 1.35 x 4.5 = 8.3 kN/m2 

 Factored load on roof, qEd  =  1.5 x 1.5 x 0.6 + 1.35 x 3.0 = 5.4 kN/m2 
 Point load on beam,  QEd = (7 x 8.3+5.4) x 6 x 7.5 = 2857 kN 
 Bending moment,  MEd = 2857 x 14.7/4 + (8.3 x 6 + 1.35 x 5) x 14.72/8 = 12,027 kNm 
 Shear force,  VEd = 2865/2 + (8.3 x 6 + 1.35 x 5) x 14.7/2 = 1848 kN 
 
 Use 1.2m deep beam with flange dimensions of 550 x 50mm and web thickness of 20mm. 
 Shear resistance, VRd = 20 x 1020 x 355/30.5 x 10-3 = 4181 kN > 1848 kN 
 VEd/VRd = 0.44 < 0.5, and so there is no reduction in bending resistance of web. 
 For a Class 1 section, plastic bending resistance of beam:   
  p ,RdM = (550 x 50 x 1150 + 20 x 11002/4) x 335 x 10-6 = 12,620 kNm > 12,027 kNm OK 
 
 Point load for serviceability calculation  QEd,ser = (7x 6 +3.9) x 6 x 7.5 = 2065 kN 

 Second moment of area:  Iyy  =  550 x 50 x + ×
2 31150 110020

2 12
= 20,040 x 106 mm4 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
2065 14.7 10

48 210 20040 10
  = 32.5mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10
384 210 20040 10

  = 1.9mm  

 Total deflection = 34.4mm, which is less than the limit of L/250 = 60mm and is satisfactory. 
  



 
 
 

 
Silwood Park, Ascot, Berks SL5 7QN 
Tel: (01344) 636525  Fax: (01344) 636570 
CALCULATION SHEET 

Job No. Sheet      8 of 22 Rev. 

Job Title 
 STROBE 
Subject 
 Design of 15m span Transfer Beam to Support 8 Residential Levels 
Client 
   

Made by      RML Date  01/2021 
Checked by Date 

  
 Point load for imposed load and partitions, QEd,i = (7x (2.5x0.6 +1.0)+ 1.5x0.6) x 6 x 7.5 = 828 kN 

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
828 14.7 10

48 210 20040 10
  = 13.0 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 20040 10

  = 2.2 mm  

 Total deflection due to imposed load = 15.2 mm (= L/965) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
 S 460 Steel: 
 Use 1.2m deep beam with flange dimensions of 520 x 40mm and web thickness of 15mm. 
 Shear resistance, VRd = 15 x 1120 x 460/30.5 x 10-3 = 4461 kN > 1740 kN 
 VEd/VRd = 0.39< 0.5, and so there is no reduction in bending resistance of web. 

 Second moment of area:  Iyy  =  520 x 40 x + ×
2 31160 112015

2 12
= 15,750 x 106 mm4 

 For a Class 3 section, elastic bending resistance of beam:   
  =e ,RdM 15,750 x 106 x 450 / (600 - 20)x 10-6 = 12,220 kNm > 12,027 kNm OK 
 
 Point load for serviceability calculation  QEd,ser = (7x 6 +3.9) x 6 x 7.5 = 2065 kN 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
2065 14.7 10

48 210 15750 10
  = 41,3 mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10

384 210 15750 10
  = 2.4 mm  

 Total deflection = 43.7 mm, which is less than the limit of L/250 = 60mm and is satisfactory. 
 Pre-camber the beam by 30mm. 

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
828 14.7 10

48 210 15750 10
  = 16.5 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 15750 10

  = 2.8 mm  

 Total deflection due to imposed load = 19.3 mm (= L/760) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
 
  Steel weight for S 460 steel = (2 x 520 x 40 + 15 x 1120) x 7850 x10-9 = 458 kg/m 
 Steel weight for S 355 steel = (2 x 550 x 50 + 20 x 1100) x 7850 x10-9 = 604 kg/m 
 Reduction in steel weight = 24% 
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 S 690 Steel: 
 Use 1.3m deep beam with flange dimensions of 420 x 35mm and web thickness of 12mm in 
 S690 steel. 
 Shear resistance, VRd = 12 x 1230 x 690/30.5 x 10-3 =5882 kN > 1681 kN 
 VEd/VRd = 0.31 < 0.5, and so there is no reduction in bending resistance of web. 
 Slenderness ratio of the web is defined by: 

( )
λ = =

ε × ×
w

ww 0.5
w

h 1230
86.4t 86.4 12 235 / 690

 = 2.03 

 Shear buckling resistance, Vw,b = (0.83 /2.03) x 12 x1230 x 690/ 30.5 x 10-3 = 2404 kN > 18481 kN 
 

 Second moment of area:  Iyy  =  420 x 35 x + ×
2 31265 123012

2 12
= 13,622 x 106 mm4 

 For a Class 3 section, elastic bending resistance of beam:   
  =e ,RdM 13,622 x 106 x 670 / (650 - 18)x 10-6 = 14,441 kNm > 12,027 kNm OK 

 Deflection due to point load: wtot  =  × ×

× × ×

3 9

6
2065 14.7 10

48 210 13662 10
  = 47.5 mm  

 Deflection due to uniform load.: w1st  =  ( )× × + × ×

× × ×

4 9

6
5 6 6 5 14.7 10

384 210 13662 10
  = 2.8 mm  

 Total deflection = 50.3 mm, which is less than the limit of L/250 = 60mm and is satisfactory. 
 Pre-camber the beam by 30mm. 

 Deflection due to imposed load as a point load: wi  =  × ×

× × ×

3 9

6
828 14.7 10

48 210 13662 10
  = 19.0 mm  

 Deflection due to uniform load.: wi  =  × × × ×

× × ×

4 9

6
5 2.5 6 14.7 10
384 210 13662 10

  = 3.2 mm  

 Total deflection due to imposed load = 22.2 mm (= L/660) 
 For a transfer beam, this is less than the limit on imposed load deflection is taken as a limit of 
 L/500 and is satisfactory. 
 
  Steel weight for S 690 steel = (2 x 420 x 35 + 12 x 1230) x 7850 x10-9 = 347 kg/m 
 Steel weight for S 355 steel = (2 x 550 x 50 + 20 x 1100) x 7850 x10-9 = 604 kg/m 
 Reduction in steel weight = 43% but the beam is 100mm deeper. 
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 DESIGN OF PRIMARY BEAMS IN HSS IN 9m x 9m FLOOR GRID 
 
 The primary beams in a floor grid of an office building span between the columns and support the 
 in-coming secondary beams.  Consider a 9m square floor grid with secondary beams at 3m 
 spacing.  The primary beams connect to the column flanges and can develop some end fixity 
 which reduces deflections.  This can be advantageous to the use of HSS or the primary beams.  
 The secondary beams are generally designed as simply supported and so are limited by 
 serviceability criteria.  They use S355 steel.   
 

The following calculations demonstrate the weight reduction in S460 and S690 steel for the 
primary beams. The secondary beams use IPE 450 (weight = 77 kg/m) equivalent to 77/3 =25.6 
kg/m2 floor area. 

 
 Data: Span of primary beams  Lp = 9m (less 0.3m for columns) 
  Span of secondary beams  Ls = 9m 
  Spacing of secondary beams  B = 3m 
  Imposed load (office)   qi = 3.5 kN/m2 
  Self-weight of slab and beams qd = 3 kN/m2 

  Other permanent loads  qp = 1 kN/m2
 

   
 Factored load on floor, qEd  =  1.5 x 3.5 + 1.35 x 4.0 =  10.7 kN/m2 
 Point load,  QEd = 10.7 x 3 x 9 = 289 kN 
 Bending moment,  MEd = 289 x (3-0.3) = 780 kNm 
 Shear force,  VEd

  = QEd  = 289 kN 
 
 Use a moment connection to the column capable of resisting a moment of 0.15 MEd.  The applied 
 moment on the primary beam is therefore 0.85 x 780= 597 kNm. 
 
 Use IPE 500 in S355 steel as the primary beams (91 kg/m). Weight = 91/9 = 10 kg/m2  
 Total weight = 25.6+10 = 35.6 kg/m2  
 
 Plastic bending resistance: 
  pM = 2194 x 103 x 345 x 10-6 = 757 kNm  > 597 kNm OK  
 Shear resistance: 
  VRd  = 10.2 x 466 x 355/30.5 x 10-3 = 974 kN > 289 kN 
  VEd/VRd = 289/974 = 0.3 < 0.5 – no reduction in pM   
 Point load for serviceability calculations:  QEd,ser = 7.5 x 3 x 9 = 202.5 kN 
  
 Deflection due to 2-point loads where a = 3-0.3 = 2.7m and L=9-0.3 =8.7m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 482 10
 = 44.5 mm  

 This is equivalent to L/195, which does not satisfy the total deflection limit of L/250. 
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 Consider the reduction in deflection due to end fixity given approximately by: 

  conn,Rd
tot,red tot

Ed

2M
w w 1

M
 

= − 
 

 

 For Mconn,Rd ≈ 0.15MEd  wtot,red = 0.7 wtot = 0.7 x 44.5 = 31.1mm.This is equal to L/280 < L/250. 
 
 Consider imposed load QEdiI = 3.5 x 3 x 9 = 94.5 kN 

  wtot  =  
( )× × × − × ×

× × ×

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 482 10
 = 20.7 mm (= L/420)  < L/360 

 This satisfies the deflection limit for imposed load. 
 
 Design primary beams in S460 Steel: 
 
 Use 500mm deep beam with 200 x 15mm flanges and 6mm thick web.  
 Weight = 69 kg/m or 69/9 = 7.7 kg/m2 floor area. 
 
 Plastic bending resistance, pM  = (200 x 15 x 485 + 8 x 4702/4) x 460 x 10-6 = 872 kNm > 597 kNm  
 Shear resistance,  
  VRd = 8 x 470 x 460/30.5 x 10-3 = 998 kN > 289 kN  
  VEd/VRd = 289/998 = 0.29 < 0.5 
 Slenderness ratio of the web is defined by: 

( )
λ = =

ε × ×
w

ww 0.5
w

h 470
86.4t 86.4 6 235 / 450

 = 1.25 

 Shear buckling resistance, Vw,b = (0.83 /1.25) x 6 x470 x 450/ 30.5 x 10-3 = 486 kN > 298 kN 

 Second moment of area:  Iyy  =  200 x 15 x + ×
2 3485 4706

2 12
= 405 x 106 mm4 

 Deflection due to 2-point loads where a = 3-0.3 = 2.7m and L=9-0.3 =8.7m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 405 10
 = 52.9 mm (=L/165) 

 Pre-camber the beam in manufacture by 30mm. Net deflection = 22.9mm (= span/380)  < L/250 
 
 Consider imposed load QEd,i = 3.5 x 3 x 9 = 94.5 kN 

  wi = 
( )× × × − × ×

× × ×

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 405 10
 = 24.7 mm (= L/350)  < L/360  not OK 

 Consider the reduction in deflection due to end fixity given approximately by: 

   
= − 

 
conn,Rd

i,red i
Ed

2M
w w 1

M
 

 For Mconn,Rd ≈ 0.15MEd  wtot,red = 0.7 wtot = 0.7 x 24.7 = 17.3 mm.This is equal to L/500 < L/360. 
 
 Secondary beam use IPE 450 in S355 steel 
 Weight of steel = 25.6 + 7.7 = 33.3 kg/m2 and reduction in total beam weight = 6.5% 
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 Design primary beams in S690 Steel: 
 
 Use 500mm deep beam with 160 x 15mm flanges and 5mm thick web (Class 3 web).  
 Weight = 56 kg/m or 56/9 = 6.2 kg/m2 floor area. 
 
 Elastic bending resistance: eM = (160 x 15 x 485 + 5 x 4702/6) x 690 x 10-6 = 930 kNm > 597 kNm  
 Shear resistance,  
  VRd = 6 x 470 x 690/30.5 x 10-3 = 1123 kN > 289 kN  
  VEd/VRd = 289/1123 = 0.26< 0.5 
 Slenderness ratio of the web is defined by: 

( )
λ = =

ε × ×
w

ww 0.5
w

h 470
86.4t 86.4 5 235 / 690

 = 1.87 

 Shear buckling resistance, Vw,b = (0.83 /1.87) x 5 x470 x 690/ 30.5 x 10-3 = 415 kN > 298 kN 

 Second moment of area:  Iyy  =  160 x 15 x + ×
2 3485 4705

2 12
= 325 x 106 mm4 

 Deflection due to 2-point loads where a = 3 - 0.3 = 2.7m and L= 9 - 0.3 = 8.7m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

202.5 2.7 3 8.7 4 2.7 10

24 210 325 10
 = 66 mm (=L/130) 

 Pre-camber the beam in manufacture by 40mm. Net deflection = 26 mm (= span/335) < L/250. 
 
 Consider imposed load , QEd,i = 3.5 x 3 x 9 = 94.5 kN 

  wi = 
( )× × × − × ×

× × ×

2 2 9

6

94.5 2.7 3 8.7 4 2.7 10

24 210 325 10
 = 30.7 mm (= L/285)  > L/360 not OK 

 
 Consider the reduction in deflection due to end fixity given approximately by: 

   
= − 

 
conn,Rd

i,red i
Ed

2M
w w 1

M
 

 For Mconn,Rd ≈ 0.15MEd  wtot,red = 0.7 wtot = 0.7 x 30.7 = 21.5 mm. This is equal to L/405 < L/360. 
 
 Secondary beam use IPE 450 in S355 steel 
 Weight of steel = 25.6 + 6.2 = 31.8 kg/m2 and reduction in total beam weight = 11%. 
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 DESIGN OF COLUMNS IN 10 STOREY BUILDING 
 
 Design a column in a 10 storey office building for a 9m square grid in S355, S460 and S690 steel 
 to determine the reduced streel weight and profile size. 
 
 Data: Span of primary beam  L = 9m 
  Span of secondary beams  Ls = 9m 
  Column height    L = 4m to centre of beams 
  Number of storeys   ns = 10 
  Imposed load (office)   qi = 3.5 kN/m2 
  Self-weight of slab and beams qd = 3 kN/m2 

  Other permanent loads  qp = 1 kN/m2 
  Reduction factor for ns > 5  ψ = 0.6 
   
 Factored load,  qEd  =  1.5 x 0.6 x 3.5 + 1.35 x 4  =  8.6 kN/m2 
 Compression load,   NEd = 10 x 8.6 x 92 = 6966 kN 
 
 Use HD 360x 196 kg/m in S355 steel (b x h =374 x 372mm)  
 
 Crushing resistance, NRd = 2503 x 103 x 345 x 10-6 = 8,635 kN 
 Slenderness, λ = 0.85 x 4000/95.6= 40 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 = 40/77 = 0.52 

φ  = 0.5 x (1+ 0.49 x (0.52 – 0.2) + 0.522) = 0.71 
χ  = [0.71 + (0.712 – 0.522)0.5]-1 = 0.84 

 Buckling resistance, Nb,Rd = 0.84 x 8,635 = 7253 kN  > 6966 kN  OK 
 
 As an alternative, use a fabricated column of 360x 360mm using 360 x 25mm flanges and 310 x 
 20mm web. Area, A = 2 x 360 x 25 + 310 x 20 = 24.2 x 103 mm2 (weight = 190 kg/m) 
 
 Crushing resistance, NRd = 24.2 x 103 x 345 x 10-6 = 8349 kN 
 Minor axis inertia: Izz = 2 x 25 x 3603/12 = 194 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (194 x 106/24.2 x 103)0.5 = 89 mm 
 Slenderness, λ = 0.85 x 4000/89 = 38 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 = 38/77 = 0.49 

φ  = 0.5 x (1+ 0.49 x (0.49 – 0.2) + 0.492) = 0.69 
χ  = [0.69 + (0.692 – 0.492)0.5]-1 = 0.85 

 Buckling resistance: Nb,Rd = 0.85 x 8349 = 7096 kN  > 6966 kN 
 Therefore 3 % weight decrease in use of fabricated column in S355 relative to HD 360.  
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 DESIGN OF S460 COLUMNS IN 10 STOREY BUILDING 
   
 For 10 storey building, compression load, NEd = 10 x 8.6 x 92 = 6966 kN 
 
 For S460 steel, use a fabricated column of 310x 310mm using 310 x 25mm flanges and 260 x 
 15mm web. Area, A = 2 x 310 x 25 + 260 x 15 = 19.4x 103 mm2 (weight = 152 kg/m) 
 
 Crushing resistance, NRd = 19.4 x 103 x 440 x 10-6 = 8536 kN 
 Minor axis inertia: Izz = 2 x 25 x 3103/12 = 124 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (124 x 106/19.4x 103)0.5 = 80 mm 
 Slenderness, λ = 0.85 x 4000/80= 38 
  λ1 = π (210 x 103/440)0.5 = 68.5 
  λ  = λ/λ1 = 42.5/68.5 = 0.62 
 Use buckling curve ‘b’ for S460 steel: 

φ  = 0.5 x (1+ 0.34 x (0.62 – 0.2) + 0.622) = 0.76 
χ  = [0.76 + (0.762 – 0.622)0.5]-1 = 0.83 

 Buckling resistance: Nb,Rd = 0.83 x 8536 = 7116 kN  > 6966 kN 
 
 Weight reduction in fabricated column = 23% relative to HD 360.  
 Weight reduction in fabricated column = 20% relative to S355 fabricated column. 
 
 DESIGN OF S690 COLUMNS IN MULTI-STOREY BUILDING 
 
 For S690 steel, use a fabricated column of 300x 300mm using 300 x 20mm flanges and 260 x 
 12mm web. Area, A = 2 x 300 x 20 + 260 x 12 = 15.1 x 103 mm2 (weight = 119 kg/m) 
 
 Crushing resistance, NRd = 15.1 x 103 x 690 x 10-6 = 10,419 kN 
 Minor axis inertia: Izz = 2 x 20 x 3003/12 = 90 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (90 x 106/15.1 x 103)0.5 = 77 mm 
 Slenderness, λ = 0.85 x 4000/77= 44 
  λ1 = π (210 x 103/690)0.5 = 55 
  λ  = λ/λ1 = 44/55 = 0.80 
 Use buckling curve ‘b’ for S690 steel: 

φ  = 0.5 x (1+ 0.34 x (0.80 – 0.2) + 0.802) = 0.92 
χ  = [0.92 + (0.922 – 0.82)0.5]-1 = 0.73 

 Buckling resistance: Nb,Rd = 0.73 x 10,419 =7605 kN  > 6966 kN 
 
 Weight reduction in fabricated column = 39% relative to HD 360.  
 Weight reduction in fabricated column = 43% relative to S355 fabricated column.  
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 DESIGN OF COLUMNS IN 20 STOREY BUILDING 
 
 Design a column in a 20 storey office building for a 9m square grid in S355, S460 and S690 steel
 to determine the reduced streel weight and profile size.  
 
 Data: Span of primary beam  L = 9m 
  Span of secondary beams  Ls = 9m 
  Column height    L = 4m to centre of beams 
  Number of storeys   ns = 20 
  Imposed load (office)   qi = 3.5 kN/m2 
  Self-weight of slab and beams qd = 3 kN/m2 

  Other permanent loads  qp = 1 kN/m2 
  Reduction factor for ns > 5  ψ = 0.6 
   
 Factored load,  qEd  =  1.5 x 0.6 x 3.5 + 1.35 x 4  =  8.6 kN/m2 
 Compression load,   NEd = 20 x 8.6 x 92 =13,932 kN 
 Use HD 400 x 382 kg/m in S355 steel (b x h =406 x 416 mm)  
 
 Crushing resistance, NRd = 48710 x 103 x 345 x 10-6 = 16,805 kN 
 Slenderness, λ = 0.85 x 4000/104.9 = 33 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 =33/77 = 0.43 

φ  = 0.5 x (1+ 0.49 x (0.43 – 0.2) + 0.432) = 0.65 
χ  = [0.65 + (0.652 – 0.432)0.5]-1 = 0.88 

 Buckling resistance, Nb,Rd = 0.88 x 16,805 = 14,788 kN  > 13,932 kN  OK 
 
 As an alternative, use a fabricated column of 410x 410mm using 410 x 45mm flanges and 320 x 
 35mm web. Area, A = 2 x 410 x 45+ 320 x 35 = 48.1 x 103 mm2 (weight = 380 kg/m)  
 
 Crushing resistance, NRd = 48.1 x 103 x 345 x 10-6 = 16,595 kN 
 Minor axis inertia: Izz = 2 x 45 x 4103/12 = 517 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (517 x 106/48.1 x 103)0.5 = 104 mm 
 Slenderness, λ = 0.85 x 4000/104 = 32 
  λ1 = π (210 x 103/345)0.5 = 77 
  λ  = λ/λ1 = 32/77 = 0.42 
 Use buckling curve ‘d’ for S355 steel with t> 40mm: 

φ  = 0.5 x (1+ 0.76 x (0.42 – 0.2) + 0.422) = 0.67 
χ  = [0.67 + (0.672 – 0.422)0.5]-1 = 0.84 

 Buckling resistance: Nb,Rd = 0.84 x 16,595 = 13,940 kN  ≈ 13,932 kN 
 
 Weight reduction in fabricated column in S355 = 1% relative to HD 400x 382 kg/m.  
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 DESIGN OF S460 COLUMNS IN 20 STOREY BUILDING 
   
 For 20 storey building, compression load,  NEd = 20 x 8.6 x 92 = 13,932 kN 
 
 For S460 steel, use a fabricated column of 400 x 400mm using 400 x 35mm flanges and 330 x 
 25mm web. Area, A = 2 x 400 x 35 + 330 x 25 = 36.25 x 103 mm2 (weight = 284 kg/m) 
 
 Crushing resistance, NRd = 36.25 x 103 x 440 x 10-6 = 15,950 kN 
 Minor axis inertia: Izz = 2 x 35 x 4003/12 = 373 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (373 x 106/36.25 x 103)0.5 = 101 mm 
 Slenderness, λ = 0.85 x 4000/101= 33.7 
  λ1 = π (210 x 103/440)0.5 = 68.5 
  λ  = λ/λ1 = 33.7/68.5 = 0.49 
 Use buckling curve ‘b’ for S460 steel: 

φ  = 0.5 x (1+ 0.34 x (0.49 – 0.2) + 0.492) = 0.67 
χ  = [0.67 + (0.672 – 0.492)0.5]-1 = 0.89 

 Buckling resistance: Nb,Rd = 0.89 x 15,950 = 14,195 kN  > 13,932 kN 
 
 Weight reduction in fabricated column = 25% relative to HD 400x 382 kg/m. 
 Weight reduction in fabricated column = 25% relative to S355 fabricated column 
 
 DESIGN OF S690 COLUMNS IN MULTI-STOREY BUILDING 
 
 For S690 steel, use a fabricated column of 350 x 350mm using 360 x 30mm flanges and 300 x 
 15mm web. Area, A = 2 x 350 x 30 + 300 x 12 = 25.5 x 103 mm2 (weight = 200 kg/m) 
 
 Crushing resistance, NRd = 15.5 x 103 x 690 x 10-6 = 17,595 kN 
 Minor axis inertia: Izz = 2 x 30 x 3503/12 = 214 x 106 mm4 
 Radius of gyration: izz = (IZZ/A)0.5 = (214 x 106/25.5 x 103)0.5 = 91 mm 
 Slenderness, λ = 0.85 x 4000/91= 37 
  λ1 = π (210 x 103/690)0.5 = 55 
  λ  = λ/λ1 = 37/55 = 0.67 
 Use buckling curve ‘b’ for S690 steel: 

φ  = 0.5 x (1+ 0.34 x (0.67 – 0.2) + 0.672) = 0.8 
χ  = [0.8 + (0.82 – 0.672)0.5]-1 = 0.81 

 Buckling resistance: Nb,Rd = 0.81 x 17,595 = 14,252 kN  > 13,932 kN 
 
 Weight reduction in fabricated column in S690 steel = 48% relative to HD 400x 382 kg/m.  
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 DESIGN OF PRIMARY BEAMS IN HSS IN 7.5m x 7.5m MEZZANINE FLOOR GRID 
 
 In some industrial buildings, a mezzanine floor is designed in which the beams run over the 
 columns and can be designed continuously. The primary beams in a floor grid of a mezzanine
 floor span between the columns and support the in-coming secondary beams.  Consider a 7.5m 
 square floor grid with secondary beams at 2.5m spacing.  The primary beams are designed as 2 
 span beams as Class 1 sections column flanges which also reduces deflections.  This can be 
 advantageous to the use of HSS or the primary beams.  The secondary beams are generally 
 designed as simply supported and so are limited by serviceability criteria.  They use S355 steel.  
  Mezzanine floors are often designed for high floor loading as they can act as production or  
 storage areas. 
 

The following calculations demonstrate the weight reduction in S460 and S690 steel for the 
primary beams. The secondary beams use IPE 400 (weight = 66 kg/m) equivalent to 66/2.5 
=26.4 kg/m2 floor area. 

 
 Data: Span of 2 span primary beams Lp = 7.5m  
  Span of secondary beams  Ls = 7.5m 
  Spacing of secondary beams  B = 2.5m 
  Imposed load (mezzanine)  qi = 7.5 kN/m2 
  Self-weight of slab and beams qd = 4 kN/m2 

   
 Factored load on floor, qEd  =  1.5 x 7.5 + 1.35 x 4.0 =  16.7 kN/m2 
 Point load,  QEd = 16.7 x 2.5 x 7.5 = 313 kN 
 Bending moment,  MEd = 313x 2.5 = 783 kNm on the simply supported beam 
 Bending moment at fixed support,  M-

Ed = 2 QEd L2/9= 2 x 313 x 7.5/9 = 522 kNm  
 Bending moment at first point load,  M+

Ed = 783 - 522/3 = 609 kNm  
 Shear force,  VEd

  = 313  + 522/7.5 = 383 kN 
 
 Use IPE 450 in S355 steel as the primary beams (79 kg/m). Weight =79/7.5 = 10.5 kg/m2  
 Total weight = 26.4+10.5 = 36.9 kg/m2  
 
 Plastic bending resistance: 
  pM = 1702 x 103 x 355 x 10-6 = 614 kNm  > 609 kNm just OK  
 Shear resistance: 
  VRd  = 10.2 x 466 x 355/30.5 x 10-3 = 974 kN > 313 kN 
  VEd/VRd = 383/974 = 0.39 < 0.5 – no reduction in pM   
 Point load for serviceability calculations:  QEd,ser = 11.5 x 2.5 x 7.5 = 215.6 kN 
  
 Deflection of simply supported beam due to 2-point loads where a = 2.5m and L= 7.5m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

215.6 2.5 3 7.5 4 2.5 10

24 210 482 10
 = 31.9 mm  

 This is equivalent to L/245, which does not satisfy the total deflection limit of L/250 –see over 
 page for end fixity. 
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 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 215.6 7.5 10w 31.3
1053 210 482 10

 = 31.3 -14.5 = 16.8mm ( = L/445 < L/250) 

 
 Design primary mezzanine beams in S460 Steel: 
 
 Use 450mm deep beam with 165 x 15mm flanges and 8mm thick web.  
 Weight = 65 kg/m or 65/7.5 = 8.6 kg/m2 floor area. 
 
 Plastic bending resistance, pM  = (165 x 15 x 435 + 8 x 4202/4) x 460 x 10-6 = 642 kNm > 609 kNm  
 Shear resistance,  
  VRd = 8 x 420 x 460/30.5 x 10-3 = 892 kN > 383 kN  
  VEd/VRd = 383/892 = 0.43 < 0.5 

 Second moment of area:  Iyy  =  165 x 15 x + ×
2 3435 4208

2 12
= 284 x 106 mm4 

 Deflection due to 2-point loads where a = 3-0.3 = 2.7m and L=9-0.3 =8.7m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

215.6 2.5 3 7.5 4 2.5 10

24 210 284 10
 = 54 mm  

 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 215.6 7.5 10w 54.0
1053 210 284 10

 = 54.0 - 24.5 = 29.5mm ( = L/255 < L/250) 

 Secondary beam use IPE 400 in S355 steel 
 Weight of steel = 26.4 + 8.6 = 35 kg/m2 and reduction in total beam weight for S460 steel= 5% 
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 Design primary beams in S690 Steel: 
 
 Use 450mm deep beam with 150 x 15mm flanges and 6mm thick web.  
 Weight = 55 kg/m or 55/7.5 = 7.3 kg/m2 floor area. 

 Second moment of area:  Iyy  =  150 x 15 x + ×
2 3435 4206

2 12
= 250 x 106 mm4 

 Elastic bending resistance, eM = 250 x 106 x 690/ 225x 10-6 = 766 kNm > 609 kNm  
 Shear resistance,  
  VRd = 6 x 420 x 690/30.5 x 10-3 = 1004 kN > 383 kN  
  VEd/VRd = 383/1004 = 0.38 < 0.5 
 Slenderness ratio of the web is defined by: 

( )
λ = =

ε × ×
w

ww 0.5
w

h 420
86.4t 86.4 6 235 / 690

 = 1.39 

 Shear buckling resistance, Vw,b = (0.83 /1.39) x 6 x430 x 690/ 30.5 x 10-3 = 613  kN > 383 kN 
 Deflection due to 2-point loads 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

215.6 2.5 3 7.5 4 2.5 10

24 210 250 10
 = 61.3 mm  

 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 215.6 7.5 10w 61.3
1053 210 250 10

 = 61.3 – 27.8 = 33.5mm ( = L/225 < L/250) 

.  Pre-camber the beam by 20mm and net deflection =13.5mm. 
 
 Consider deflection due to imposed load , QEd,i = 7.5 x 2.5 x 7.5 = 140.6 kN 

  wi  =  
( )× × × − × ×

× × ×

2 2 9

6

140.6 2.5 3 7.5 4 2.5 10

24 210 250 10
 = 40 mm 

 Consider the reduction in imposed load deflection due to end fixity is given by: 

  × × ×
= −

× × ×

3 9

i,red 6
17 140.6 7.5 10w 40
1053 210 250 10

 = 40 – 18.1 = 21.9 mm ( = L/340 < L/300)  

 Secondary beam use IPE 400 in S355 steel 
 Weight of steel = 25.6 + 7.3 = 32.9 kg/m2 and reduction in total beam weight for S690 steel = 11%. 
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 DESIGN OF PRIMARY BEAMS IN HSS IN 9m x 6m MEZZANINE FLOOR GRID 
 
 In some industrial buildings, a mezzanine floor is designed in which the beams run over the 
 columns and can be designed continuously. The primary beams in a floor grid of a mezzanine
 floor span between the columns and support the in-coming secondary beams.  Consider a 9m x
 6m floor grid with secondary beams at 3m spacing.  The primary beams are designed as 2 
 span beams as Class 1 sections column flanges which also reduces deflections.  This can be 
 advantageous to the use of HSS or the primary beams.  The secondary beams are generally 
 designed as simply supported and so are limited by serviceability criteria.  They use S355 steel.  
  Mezzanine floors are often designed for high floor loading as they can act as production or 
 storage areas. 
 

The following calculations demonstrate the weight reduction in S460 and S690 steel for the 
primary beams. The secondary beams use IPE 330 (weight = 49 kg/m) equivalent to 49/3.0 
=16.3 kg/m2 floor area. 

 
 Data: Span of 2 span primary beams Lp = 9m  
  Span of secondary beams  Ls = 6m 
  Spacing of secondary beams  B = 3m 
  Imposed load (mezzanine)  qi = 7.5 kN/m2 
  Self-weight of slab and beams qd = 4 kN/m2 

   
 Factored load on floor, qEd  =  1.5 x 7.5 + 1.35 x 4.0 =  16.7 kN/m2 
 Point load,  QEd = 16.7 x 3.0 x 6.0 = 301 kN 
 Bending moment,  MEd = 301 x 3.0 = 903 kNm on the simply supported beam 
 Bending moment at fixed support,  MEd = 2 QEd L/9= 2 x 301 x 9.0/9 = 602 kNm  
 Bending moment at first point load,  M+

Ed = 903 - 602/3 = 702 kNm  
 Shear force,  VEd

  = 301  + 602/9.0 = 368 kN 
 
 Use IPE 500 in S355 steel as the primary beams (91 kg/m). Weight =91/6.0 = 15.2 kg/m2  
 Total weight = 16.3+15.2 = 31.5 kg/m2  
 
 Plastic bending resistance: 
  pM = 2194 x 103 x 355 x 10-6 = 779 kNm  > 702 kNm OK  
 Shear resistance: 
  VRd  = 10.2 x 466 x 355/30.5 x 10-3 = 974 kN > 368 kN 
  VEd/VRd = 368/974 = 0.38 < 0.5 – no reduction in pM   
 Point load for serviceability calculations:  QEd,ser = 11.5 x 3.0 x 6.0 = 207 kN 
  
 Deflection of simply supported beam due to 2-point loads where a = 3m and L= 9m 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

207 3.0 3 9.0 4 3.0 10

24 210 482 10
 = 52.9 mm  

 This is equivalent to L/170, which does not satisfy the total deflection limit of L/250 –see over 
 page for end fixity. 
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 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 207 9.0 10w 52.9

1053 210 482 10
 = 52.9 - 24.0 = 28.9 mm ( = L/310 < L/250) 

 
 Design primary mezzanine beams in S460 Steel: 
 
 Use 500mm deep beam with 175 x15mm flanges and 8mm thick web.  
 Weight =71 kg/m or 71/6.0= 11.8 kg/m2 floor area. 

 Second moment of area:  Iyy  =  175 x 15 x + ×
2 3485 4708

2 12
= 378 x 106 mm4 

 Elastic bending resistance, eM = 378 x 106 x 460/ 243x 10-6 = 715 kNm > 702 kNm  
 Shear resistance,  
  VRd = 8 x 470 x 460/30.5 x 10-3 = 998 kN > 368 kN  
  VEd/VRd = 368/998 = 0.37 < 0.5 
 
 Deflection due to 2-point loads where a = 3m and L= 9m: 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

207 3.0 3 9.0 4 3.0 10

24 210 378 10
 = 67.4 mm  

 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 207 9.0 10w 67.4

1053 210 378 10
 = 67.4 – 30.6 = 36.8 mm ( = L/245> L/250) 

 Pre-camber the beam by 20mm and net deflection =16.8mm. 
 Consider deflection due to imposed load , QEd,i = 7.5 x 3.0 x 6.0 = 135 kN 

  wi  =  
( )× × × − × ×

× × ×

2 2 9

6

135 3.0 3 9.0 4 3.0 10

24 210 378 10
 = 43.9 mm 

 Consider the reduction in imposed load deflection due to end fixity is given by: 

  × × ×
= −

× × ×

3 9

i,red 6
17 135 9.0 10w 43.9

1053 210 378 10
 = 43.9 – 20.0 = 23.9 mm ( = L/375 < L/300) 

 Secondary beam use IPE 330 in S355 steel 
 Weight of steel = 16.3 + 11.8 = 28.1 kg/m2 and reduction in total beam weight for S460 steel= 11% 
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 Design primary beams in S690 Steel: 
 
 Use 500mm deep beam with 160 x15mm flanges and 6mm thick web.  
 Weight =60 kg/m or 60/6.0= 10 kg/m2 floor area. 

 Second moment of area:  Iyy  =  160 x 15 x + ×
2 3485 4706

2 12
= 334 x 106 mm4 

 Elastic bending resistance, eM = 334 x 106 x 690/ 243x 10-6 = 948 kNm > 702 kNm  
 Shear resistance,  
  VRd = 8 x 470 x 690/30.5 x 10-3 = 1498 kN > 368 kN  
 
  VEd/VRd = 368/1498 = 0.25 < 0.5 
 Deflection due to 2-point loads where a = 3m and L= 9m: 

  wtot  =  
( )−2 2

Ed,ser

yy

Q a 3L 4a

24EI
 =  

( )× × × − × ×

× × ×

2 2 9

6

207 3.0 3 9.0 4 3.0 10

24 210 334 10
 = 76.3 mm  

 Consider the reduction in deflection due to end fixity given approximately by: 

  = −
3

Ed,ser
tot,red tot

yy

17Q L
w w

1053EI
 

  × × ×
= −

× × ×

3 9

tot,red 6
17 207 9.0 10w 76.3

1053 210 334 10
 = 76.3 – 34.6 = 41.7 mm ( = L/215 > L/250) 

 Pre-camber the beam by 30mm and net deflection =11.7 mm. 
 Consider deflection due to imposed load , QEd,i = 7.5 x 3.0 x 6.0 = 135 kN 

  wi  =  
( )× × × − × ×

× × ×

2 2 9

6

135 3.0 3 9.0 4 3.0 10

24 210 334 10
 = 49.6 mm 

 Consider the reduction in imposed load deflection due to end fixity is given by: 

  × × ×
= −

× × ×

3 9

i,red 6
17 135 9.0 10w 49.6

1053 210 334 10
 = 49.6 – 22.6 = 27.0 mm ( = L/330 < L/300) 

 Secondary beam use IPE 330 in S355 steel 
 Weight of steel = 16.3 + 10.0 = 26.3 kg/m2 and reduction in total beam weight for S690 steel= 17% 
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APPENDIX B SERVICEABILITY DESIGN 



Appendix B: Serviceability design of HSS beams 
The efficient use of high strength steel (HSS) in beams is based on reducing the weight of the 
steel beam to achieve the required bending and shear resistance but also to satisfy the 
serviceability limits of deflections  and control of floor vibrations. The most efficient design of 
the HSS beams is to connect these beams to the major axis of the columns so that the partial 
fixity will reduce deflections and so satisfy the required serviceability limits. 

Fabricated HSS beams may be designed with a small pre-camber (pre-deflection) by cutting 
the web of the beams to a profile to offset the self-weight deflection of the beam. The pre-
camber is typically equal to beam span/350. However, the beam design may be controlled by 
the imposed load deflection limit or the absolute minimum natural frequency of 3 Hz, which is 
itself dependent on the self-weight deflection.   

B1: Efficient span: depth ratios of beams 

For simply supported beams, the span: depth ratio defines the most efficient use of steel which 
satisfies the bending resistance and serviceability limits. Relative to the use of S355 steel, the 
optimum proportions of a simply supported beam are given by: 

 Steel beams subject to uniform loading : Span: beam depth = 16x (355/fy)  
 Composite beams subject to uniform loading Span: beam depth = 22 x (355/fy)  

Where fy is the yield strength of the steel used in the flanges. For long span beams, the most 
efficient use of HSS is with a relatively thin web to satisfy shear, and so the web will often be 
Class 3 or 4. Therefore the elastic bending resistance of the cross-sections should generally 
be used for long span beams fabricated from HSS. 

Beams with a longer span: depth ratio will be heavier than in the optimum proportions in order 
to satisfy the serviceability limits. Beams with a shorter span: depth ratio satisfy serviceability 
limits but are deeper than they need to be and are potentially heavier due to the deeper web. 

If partial fixity to the columns is used to reduce deflections, the optimum span: depth ratio may 
be increased by approximately 20%.  The method of EN 1993-1-8 may be used to determine 
the bending resistance of end plate connections to the column flanges and also the stiffness 
of the connections. 

Relative to the use of S355 steel, the optimum proportions of beams with partial end fixity is 
given approximately by: 

 Steel beams subject to uniform loading : Span: beam depth = 19 x (355/fy)  
 Composite beams subject to uniform loading Span: beam depth = 25 x (355/fy)  

In most long span applications, the natural frequency limit will control, which is given by: 

 f = 18/ wsw
0.5 ≥ 3 Hz 

where wsw is the deflection (in mm) due to the self-weight of the beam and slab plus other 
permanent loads and 10% of the imposed load applied to the beam. 

This leads to wsw ≤ 36mm. If the self-weight is equal to the imposed load and the other 
permanent loads are 10% of the self-weight, the deflection under the total serviceability load 
should not exceed an absolute value of 63mm. This is independent of the pre-cambering. 
Therefore a total deflection limit of 60mm may be used for steel beams independent of the 
steel grade in order to satisfy this natural frequency limit. 



For composite beams, the natural frequency is based on the composite stiffness which may 
be taken as 3 times that of the steel beam. Therefore the natural frequency will increase for a 
given span. For this reason, the most efficient use of HSS is likely to be in long span composite 
beams.  

In order to verify the natural frequency and response factor of the floor system, s finite element 
model was created of: 

 Mixed use residential and commercial building: 15m span transfer beams using HSS 
at first floor connected to the columns with 6m span secondary beams using IPE 330 
at 3m spacing in which the transfer beams support 6 residential levels above. 

 Commercial building: 15m span beams using HSS connected to the columns with 7.5m 
span secondary beams using IPE 360 at 3m spacing. 

 Commercial building: 9m span beams using HSS connected to the columns with 9m 
span secondary beams using IPE 450 at 3m spacing. 

B2: Modelling Assumptions in Finite Element Models for Vibration Analysis 

The following assumptions were made in the modelling of the beam, column and floor slab 
structures: 

 Structure modelled in Oasys GSA. 
 Response factor analysed using SCI P354 FE method, with a walking pace frequency 

range of 1.8 Hz to 2.2 Hz. 
 Damping assumed constant at 3%. 
 Beam elements used to model primary beams, secondary beams and columns.  
 Shell elements used to model composite floor slab. Shell element material property was 

orthotropic concrete with Elastic Modulus modified in each direction to capture different 
stiffnesses in directions parallel and perpendicular to span of a 130mm deep composite 
slab using 60mm trapezoidal decking.  

 Shell elements offset and modelled with thickness of concrete above steel sheeting of 
composite slab in accordance with SCI P354 guidance. Beam elements offsite 
downwards to align top flanges and achieve composite behaviour. 

 Short term dynamic elastic modulus of concrete used. 
 Full composite behaviour assumed between floor slab and beams based on friction 

between the beams and floor sab for small amplitude of vibration. 
 Columns extended to mid-height of adjacent stories (assumed to be 3m clear between 

floor and steel beams) i.e. 1.5m above the floor level and 2.5m below floor level 
(accounting for an approx. 1m deep primary beam).  

 Columns pinned at their ends to model column inflexion points. 
 Floor slab elements taken as 0.5mx0.5m. Beam elements taken as 0.5m long. Columns 

divided into 4 equal elements. 
 Perimeter of floor simply supported to account for restraining effect of cladding (in 

accordance with guidance in SCI P354). 
 Connections between the members were assumed to be fully fixed (in accordance with 

guidance in SCI P354).  
 Primary beam, secondary beam and column sections based on the member design in 

this Report. 
 In addition to self-weight, loads applied were additional permanent loads plus 10% of 

variable loads.    



B3:  Vibration Analysis of 15m Span Transfer Beam to Support Residential 
Building 

The residential levels were included in terms of their self-weight, which will reduce the natural 
frequency of the transfer beams. To partly compensate for this, the stiffening effect of the 
super-structure was calculated conservatively as 17.2 kN/mm based on the bending stiffness 
if the IPE 330 beams over a length of 15m. The results are presented below for the designs 
of the transfer beams using the two steel grades and treating the transfer beams as either 
non-composite or composite for small vibrations. The natural frequencies of the structure 
considered as non-composite are 3.2Hz and 2.9 Hz respectively for the two steel grades. The 
use of composite properties is justified given the nature of vibrations which shows that the 
transfer beam has a natural frequency of 3.7 Hz, that exceeds the minimum value of 3 Hz. 

S355 Steel: Natural frequency, f = 3.2 Hz (treating the beams as non-composite) 

 

S690 Steel: Natural frequency, f = 2.9 Hz (treating the beams as non-composite) 

 



 

S690 Steel: Natural frequency, f = 3.7 Hz (treating the beams as composite) 

 

The steady state response factor defines the acceleration relative to the base acceleration. A 
response factor of 8 is generally considered acceptable for a commercial building. For transfer 
beams using S355 steel, the response factor is 2.5 and this increases to 6.4 for S 690 steel 
but reduces to 2.1 when the transfer beams are treated as composite for vibration analysis. 

S355 Steel: Steady-State Response Factor. Max. value = 2.5  

 

 



S690 Steel: Steady-State Response Factor. Max. value = 6.4 (treating the beams as non-
composite) 

 

S690 Steel: Steady-State Response Factor. Max. value = 2.1(treating the beams as 
composite) 

 

The transient response factor defines the acceleration relative to the base acceleration for a 
short term vibration event that may occur infrequently or as the walker passes over the floor. 
The transient response factors are 10 and 9.5 for the two steel grades. A higher transient 
response factor of 12 is generally considered acceptable for a commercial building. 



S355 steel: Transient Response Factor. Max. value of 10 but very localised.

 

 S 690 steel: Transient Response Factor. Max. value of 9.5 but very localised.

 

It is concluded that the response factor of the transfer beams using HSS supporting the 
residential levels is acceptable. 

B3:  Vibration Analysis of 15m Span beam with large web openings 

The results are presented below for the designs of the commercial building with 15m span 
primary beams with large web openings using the two steel grades. The use of composite 
properties is justified given the nature of vibrations. The natural frequency of the floor structure 
using primary beams using S 355 steel is 6 Hz and this reduces to 5.5 Hz for primary beams 
using S 690 steel, both of which are relatively high and indicate low vibration response. The 



main component of vibration is due to the secondary beams ad floor slab that are common to 
the designs for both steel grades. 

The steady state response factor is 4.5 (< 8) which is acceptable for both steel grades. The 
transient response factor is 8 for both steel grades, as shown below for the case of S690 steel. 

S355 Steel: Fundamental Mode, Natural frequency, f = 6.0 Hz: 

 

S690 Steel – Fundamental Mode. Natural frequency, f = 5.5 Hz

 

 

 

 



 

 

S355: Steady-State Response Factor. Max. value = 4.5 

 

S690 Steel: Steady-State Response Factor.  Max. value = 4.5  

 

  



S690 Steel: Transient Response Factor.  Max. value = 8 

 

It is concluded that the vibration response of the long span floor system in a commercial 
building acceptable for primary beams designed in both S355 and S690 steel. The vibration 
response is more controlled by the secondary beams and the floor slab that are common to 
both cases. 

 

B4:  Vibration Analysis of 9mx 9m Floor Grid  

The results are presented below for the designs of the 9m x 9m floor grid for primary beams 
using the two steel grades. Because of the relatively short spans, the vibration analysis is not 
critical. The floor structure using primary beams in S355 steel has a natural frequency of 9.46 
Hz and this reduces to 8.8 Hz for primary beams in S 690 steel.  

The steady state response factor is 3.3 for S 355 steel (< 8) and this increases to 5.9 for S690 
steel, as shown below, which is acceptable for both steel grades. The transient response 
factors were 6.2 and 5.8 respectively for the two steel grades.  

It is concluded that the vibration response of the 9mx 9m floor system in a commercial building 
acceptable for primary beams designed in both S355 and S690 steel.  

  



 

S355 Steel: Steady-State Response Factor. Max. value = 3.3  

 

S690 Steel: Steady-State Response Factor. Max. value = 5.9  
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