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EXECUTIVE SUMMARY 

This deliverable presents the work done and the results obtained under WP5 of the 

STROBE project. The objective of WP5 was to quantify the weight, cost and embodied 

carbon savings of high strength steel (HSS) relative to S355 steel. 

Five structural cases were defined in which it was considered that the use of HSS was 

likely to show savings, both in carbon emissions and/or costs relative to S355 steel. 

These cases include highly loaded members where serviceability limits do not control or 

where sections are relatively stocky to overcome the effects of local buckling. In addition, 

a case study of a museum hall, constructed using long-span plate girders in S355 steel, 

was re-designed in HSS. 

Embodied carbon and cost assessments were undertaken on the chosen designs in 

particular comparing the HSS designs with the S355 designs. The assumptions and data 

used in the assessments are described in Sections 3 and 4. 

In the comparisons undertaken, S355 was used as the benchmark design and S460 and 

S690 plate girder designs as the HSS options. In some cases, rolled sections in S355 

steel were compared with fabricated members in HSS but in general, fabricated 

members were compared for S355 and HSS. 

Detailed results of the comparative assessments are presented in Section 5. However, 

the summary of the results show that: 

• Steel weight savings of between 18% and 49% are achievable using HSS. 

• Cost savings of up to 14% are achievable using HSS although some HSS showed 

a small increase in cost due to the increased fabrication relative to rolled profiles. 

• Embodied carbon savings of between 6% and 45% are achievable using HSS. 
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1 INTRODUCTION 

This report is deliverable D5.1 of the STROBE project. It summarises the findings of the 

work conducted under Tasks 5.1, 5.2 and 5.3. This comprises: 

• Task 5.1 Designs comparing conventional designs in S355 steel with HSS designs 

adopting the recommendations developed under WP3. 

• Task 5.2 Comparative embodied carbon assessment of the designs developed 

under Task 5.1 

• Task 5.3 Comparative life cycle cost assessment of the designs developed under 

Task 5.1 

The comparative designs were identified as cases where the use of HSS is likely to be 

economically and environmentally beneficial. These include long-span beams, columns in 

high-rise buildings, mezzanine floors, transfer beams supporting residential floors above 

and highly loaded beams in public halls such as museums. 

Section 2 describes the comparative designs undertaken under Task 5.1. Section 3 

describes the embodied carbon comparative assessments undertaken under Task 5.2 and 

Section 4 describes the comparative cost assessments undertaken under Task 5.3. 

Conclusions are presented in Section 5. 

Appendix A contains the detailed designs undertaken under Task 5.1 and Appendix B 

describes the serviceability design of the HSS beams under Task 5.1. 
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2 DESIGNS IN CONVENTIONAL AND HIGH 

STRENGTH STEEL GRADES 

High strength steel (HSS) is most efficient in buildings when used in highly loaded 

members where serviceability limits do not control. Examples of these cases include: 

• Primary beams with some end fixity to the major axis of columns, where their 

span: depth ratio does not exceed 20 so that serviceability does not control. 

• Long span primary beams with large web openings in which the perforated web 

may gain from being higher strength. 

• Deep heavily loaded transfer beams that support columns from a number of 

levels above and which create column-free space below. 

• Columns in high-rise buildings, where a reduction in column size can be beneficial 

• Corner posts in 3-D modules so that the dimensions of the posts can be 

minimised so that they can be located in the walls of the modules. 

The high strength steel used in this context may be taken as S460 and S690 grades, 

which have the following yield strengths as a function of plate thickness: 

 

Table 2.1 Steel yield strengths for different steel grades 

Grade t ≤ 16mm t ≤ 40mm t ≤ 63mm EN Standard 

S355 steel 355 N/mm2 345 N/mm2 335 N/mm2 EN 10025-2 

S460 steel 460 N/mm2 440 N/mm2 430 N/mm2 EN 10025-3/4 

Histar 460 460 N/mm2 460 N/mm2 460 N/mm2 
EN 10025-4 

ETA 10/0156 

  t ≤ 50mm t > 50mm  

S690 steel - 690 N/mm2 650 N/mm2 EN 10025-6 

 

In accordance with the recommendations from WP2 and 3 of STROBE, the following 

parameters were assumed in the designs: 

Flexural buckling of welded I sections for S460 to S690 steel 

Flange thickness ≤40 mm: curve a (=0.21) (y-y buckling), curve b (=0.34) (z-z 

buckling) 

Flange thickness>40 mm, curve b (=0.34)  (y-y buckling), curve c (=0.49)  (z-z 

buckling) 

Class 1 section limits for S690 steel for plastic analysis 

Flange c/t≤8 (limit for S355/S460 is c/t≤9) 

Web in bending c/t≤ 60  (limit  for S355/S460 is c/ t≤ 72) 



 STROBE Deliverable D5.1 

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\D5.1 24 May 2021.docx 3 

2.1 Design cases 

The following designs have been made under Task 5.1: 

Case 1: 9m x 9m floor grid in an office building in which the primary beams support 2 in-

coming beams. The primary beams are connected to the column flanges and develop 

partial fixity. They are designed in HSS, whereas the secondary beams are designed in 

S355. 

 

Case 2a: 15m x 7.5m floor grid in an office building where the primary beams span 15m 

and support in-coming IPE beams at 3m spacing. The primary beams are designed with 

large web openings and develop partial fixity with the columns. All of these primary 

beams are fabricated in S355 steel or HSS and the secondary beams are designed in 

IPE profiles in S355 steel. 

 

Case 2b Case 2a was repeated for composite primary and secondary beams to evaluate 

the benefits of composite action on the proportionate weight savings. 

 

Case 3: Transfer beams of 15m span and 6m spacing of 1 to 1.3m depth at first floor 

level that support 6 or 8 residential levels above. The super-structure is designed 

conventionally in S355 steel but the transfer beams are designed in S355 steel and in 

HSS. The overall LCA analysis also takes into account the common aspects of the super-

structure as well as the transfer beams in their various steel grades at first floor. 

 

Case 4: Columns to support a 9m x 9m floor grid in an office building of 10 and 20 storeys 

height to evaluate the benefits of HSS also in terms of the column dimensions. The 

columns in S355 steel use HD profiles whereas the columns in HSS use fabricated 

profiles.  

 

Case 5: Museum hall Berlin. 30 x 20 m hall supported by 20m span composite beams 

at 4.5m spacing. 

 

The following sections describe the designs undertaken and give the resulting quantities 

of materials that have been used in the embodied carbon and cost assessments 

described in Sections 3 and 4 respectively. Detailed design calculations are given in 

Appendix A. 

2.2 Design criteria 

The beams are designed for their bending and shear resistance using the S355 and HSS 

steel. Where the beam size permits, rolled profiles are used in S355 steel, whereas the 

fabricated sections are designed in S460 and S690 steel. The minimum weight of these 

HSS members is generally when the web thickness is minimised to satisfy its shear 

resistance as the flange area contributes more to the bending resistance and stiffness. 

The optimum span of a steel beam is 16 to 18 x profile depth, and this increases to 22 x 

profile depth for a composite beam.  

In addition, the following serviceability criteria were adopted for the beam design: 
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• Deflection under total load < span/250 but including pre-cambering of the self -

weight deflection for fabricated profiles, in which case, this condition is not 

generally critical, subject to the limit on the natural frequency noted below. 

• Deflection under imposed load < span/300 generally, but span/360 for office 

buildings. 

• Minimum natural frequency of 3 Hz calculated for all permanent loads plus 10% 

imposed load. This corresponds to a deflection under this load of 36mm. 

Assuming that this load is 60% of the total serviceability load, the absolute 

deflection limit on the total loading is therefore 60mm in order to satisfy this 

condition. 

Although it is not normal practice to include the stiffening effect of the connections on 

deflections, this becomes more important when using beams in HSS because of their 

lighter section properties. The connections of the primary beams to the major axis of the 

columns can provide some semi-rigid action, whereas the connection of the secondary 

beams to the primary beams are generally simply supported. Therefore the primary 

beams benefit from using HSS whereas the secondary beams use S355 steel. 

For the beams with large web openings, the Vierendeel bending resistance of the web-

flange Tee sections is generally the controlling condition and therefore the use of HSS 

for the web is beneficial, subject to other checks on web buckling. 

The columns are designed purely on their buckling resistance over an effective length 

dependent on the floor to floor height that is taken as 4m for commercial buildings. It is 

also common to use double storey high columns at the ground floor and these will often 

be in the form of fabricated sections in HSS. Double height columns were not considered 

in this study. 

2.2.1 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.  

2.2.1.1 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)  
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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 
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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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The reduction in overall steel weight of the structure was 5 and 9% for the two steel 

grades. 

Case 2a: 15m x 7.5m floor grid in an office building where the primary beams span 

15m.The primary beams are designed with large web openings with partial fixity at the 

columns. The HSS beam designs are controlled by the minimum natural frequency of 3 

Hz. The primary beams are designed in HSS, and the reduction is their weight was 18% 

and 31% for the two steel grades. The reduction in overall steel weight was 9 and 15% 

for the two steel grades. 

Case 2b: The composite primary beam designs are a further 20% lighter and 100mm 

shallower than the equivalent steel profiles. They have a higher natural frequency due to 

composite action and do not rely on partial fixity at the columns. Composite beams 

represent a good use of HSS as most of the steel profile is in tension and so the section 

class is less critical. 

Case 3: Transfer beams of 15m span and 6m spacing of 1m to 1.3m depth at first floor 

level that support 6 or 8 residential levels and provide open space at the ground floor. 

The transfer beams are designed in HSS, and the reduction is their steel weight was 

21% and 41% for the two steel grades. The reduction in overall steel weight of the 

structure was 6 and 11% for the two grades. These results were similar for transfer 

beams supporting 8 residential levels. 

Case 4: Columns to support a 9m x 9m floor grid in an office building of 10 and 20 storeys 

height. The reduction in the column weight was 25% and 49% for the two steel grades 

in a 20 storey building. The reduction in overall steel weight of the structure for a 9m x9m 

floor grid was 13 and 23% for the two steel grades used in the beams and columns. 

These results are summarised in Table 2.12 for these seven cases. The mean reduction 
in member weight is 22% for S460 steel and 39% for S690 steel compared to S355 steel. 
The overall reduction in steel weight including all steel members is 5 to 13% for S460 
steel and 8 to 23% for S690 steel. 
 
Based on this study, the most beneficial applications of HSS are in columns in multi-

storey buildings and long-span composite beams, and heavily loaded transfer beams 

supporting 6 to 8 residential levels in mixed use buildings. 
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Table 2.12 Summary of reductions in member weights and overall steel weights for the 
design studies for two HSS steel grades 

Floor grid Application Steel member weight 

reduction from S355 

Overall steel weight 

reduction from S355 

S460 steel S690 steel S460 steel S690 steel 

9m x 9m  Primary beams 25% 38% 5% 9% 

15m x 7.5m  Primary beams with 

web openings 

18% 31% 8% 15% 

 Composite beams with 

web openings 

19% 31% 9% 15% 

15m x 6m  Transfer beams 

supporting 6 storeys 

21% 41% 6% 13% 

15m x 6m  Transfer beams 

supporting 8 storeys 

24% 43% 6% 11% 

9m x 9m Columns in 10 storey 

building 

23% to 25% 39% 9% to 11%  19% 

9m x 9m Columns in 20 storey 

building 

25% 49% 13% 23% 
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3 COMPARATIVE EMBODIED CARBON 

ASSESSMENT 

3.1 Introduction 

There is growing appreciation of the need to address climate change and particularly to 

reduce man-made greenhouse gas emissions (GHG). This is particularly relevant for the 

construction and the steel production sectors since it is estimated that buildings (in 

construction and use) are responsible for around 40% of global greenhouse gas 

emissions and steel production globally is responsible for around 8% of all greenhouse 

gas emissions. 

While steel producers have developed roadmaps to decarbonise steel-making, generally 

in alignment with the targets required under the Paris Agreement, there is also a 

requirement for structural engineers to design buildings more efficiently so that demand 

for structural materials is reduced. Many European countries are taking measures to 

reduce the greenhouse gas emissions associated with the manufacture of construction 

products and the construction of buildings. 

One way of reducing the greenhouse gas emissions associated with the construction of 

buildings is to use higher strength steel (HSS) in structural applications. The aim of Task 

5.2 was to quantify what reductions in GHG emissions might be achievable for certain 

structural applications, using HSS. 

3.2 Embodied carbon and life cycle assessment 

Embodied carbon assessment is a subset of a broader discipline called Life Cycle 

Assessment (LCA) which covers a range of different environmental impacts. As such, 

many of the principles are equally applicable to both assessment methods. 

First developed in the 1960s, Life Cycle Assessment (LCA) is the most widely used and 

highly regarded tool for quantifying the environmental impacts of products and services. 

Despite being conceptually quite straightforward, LCA can be very complex with many 

important, often material-specific, assumptions than can significantly influence the 

outcome. LCA is the methodology that is used to develop Environmental Product 

Declarations (EPD) which are a standardised set of environmental information based on 

a common set of rules called Product Category Rules (PCRs). EPD are increasingly 

being used by construction product manufacturers in the EU to provide robust, quantified 

environmental data for their products. There are now over 6,000 verified EPD to EN 

158041 for construction products registered globally. 

LCA involves the collection and evaluation of quantitative data on the inputs and outputs 

of material, energy and waste flows associated with a product over its entire life cycle so 

that its whole-life environmental impacts can be determined. 

An LCA essentially comprises three steps: 



 STROBE Deliverable D5.1 

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\D5.1 24 May 2021.docx 23 

1. Compiling an inventory of relevant energy and material inputs and environmental 

releases (outputs) associated with a defined system. Releases can be solid 

wastes or emissions to air or water. 

2. Evaluating the potential impacts associated with these inputs and releases, e.g. 

the global warming impact from CO2 and other greenhouse gas emissions. 

3. Interpreting the results to help make informed decisions. 

If the LCA study is to make comparative results public then a critical review of the study 

to ISO 140442 must be provided. 

An important first step in any LCA is to clearly define the goal and scope of the study. 

The goal and scope of the study should define key details of the study including: 

• The functional unit of the product or system to be assessed, e.g. a tonne of 

structural steel, 1m2 of external wall or a whole building, etc. over a defined 

timescale, typically 60 years in the case of building assessments. 

• The system boundaries, i.e. what is included/excluded from the scope of the 

assessment. 

• Any specific assumptions and limitations of the study. 

• The allocation methods used to partition the environmental load of a process 

when several products or functions share the same process, e.g. blast furnace 

slag is a valuable by-product of steelmaking from iron ore and therefore should 

carry a proportion of the environmental impact from steelmaking to the product 

in which it is used. Allocation is used to ‘allocate’ or share a proportion of the 

environmental impact from steelmaking to the blast furnace slag. 

• The environmental impact categories chosen, e.g. if only the climate change 

impact is included within the scope of the LCA, then the assessment is in fact 

an embodied carbon assessment. 

LCA methodology is very flexible in terms of the goal and hence scope of assessment, 

however a robust, whole LCA of a construction product (or a building) should include the 

impacts of: 

• Extraction of the relevant raw materials, e.g. quarrying, mining 

• Refinement and conversion to process materials, e.g. steelmaking or cement 

production 

• Manufacturing and packaging processes, e.g. steelwork fabrication or making 

precast concrete products 

• Transportation and distribution between each stage 

• Waste at each stage 

• On-site construction impacts, e.g. water and energy use, temporary works, 

shuttering, worker commuting, etc 

• Operation during the lifetime of the building including maintenance, 

refurbishment, replacement, etc. 
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• At the end of its useful life, demolition, final transportation, waste treatment and 

disposal. 

Any recycling or recovery operations built into the life cycle should lead to a proportionate 

reduction in the adverse environmental impact and should be accounted for. 

The impact of the inventory of flows or outputs from a system is assessed and interpreted 

by linking them to environmental impact categories through a process known as 

characterisation. The environmental impact categories generally considered in a 

construction or building LCA study are shown; the most common categories assessed 

are shown in bold. 

Global warming potential Ecotoxicity to land 

Water extraction Waste disposal 

Mineral resource extraction Fossil fuel depletion 

Stratospheric ozone depletion Eutrophocation 

Human toxicity Photochemical ozone creation 

Ecotoxicity to freshwater Acidification 

Nuclear waste (high level)  

 

Environmental impacts in one category can be caused by many different emissions and 

therefore characterisation factors are used to combine the impact of different 

substances. A good example of this, which is also relevant to embodied 

carbon assessments, is the impact category of global warming potential (GWP). 

Global warming is caused by a number of different greenhouse gases each which have 

a greater or lesser impact on the climate over time. In LCA therefore (and in 

robust embodied carbon studies) climate change characterisation factors (or global 

warming potentials (GWP) - see Table 3.1) are used to combine the global warming 

potential of different greenhouse gases to derive a single metric, in this case CO2e or 

carbon dioxide equivalents. Similar characterisation processes are undertaken for 

other LCA impact categories. 

Table 3.1 Global warming potential (GWP) of common greenhouse gases 

Greenhouse gas GWP – 100 year timeframe (kgCO2e) 

Carbon dioxide (CO2) 1 

Methane (CH4) 25 

Nitrous oxide (N2O) 298 

Sulphur hexafluoride (SF6) 22800 

Perfluorobutane (C4F10) 8860 

HFC 134a (tetrafluoroethane) 1430 
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The GWP of greenhouse gases (GHG) is also a function of time, i.e. some greenhouse 

gases are more persistent in the atmosphere than others. For most GWP assessments 

the 100-year timeframe is used. 

Having established quantitative measures for each of the impact categories within the 

scope of the LCA, a further step undertaken in some LCA methodologies is to weight the 

different impact categories to produce a single value of environmental impact. Although 

this approach is not endorsed in LCA standards, it can be used to produce a single metric 

scoring system that is easy to understand for users. 

An example of an LCA methodology which uses this approach is BRE’s Environmental 

Profiles, (for which a methodology guide is available3). To produce a single value of 

environmental impact, two steps are employed: 

1. Normalisation – the 13 environmental impact category scores assessed by BRE 

are normalised to the annual impact of an average European citizen 

2. Weighting – the normalised category scores are then combined using weightings 

of environmental importance, derived from a panel of European experts. 

The resulting single value of environmental impact has the units of Ecopoints where 100 

Ecopoints is equivalent to the annual impact of an average European citizen. This 

methodology is intended to simplify the assessment and comparison of different 

environmental impacts however the approach is also criticised by some because the 

weightings applied are subjective and will vary over time. 

In the context of building and construction LCA, the standards developed by CEN TC 

350 are important in defining how the sustainability impacts of construction products and 

buildings are assessed and ensure that such assessments are undertaken on a robust 

and consistent basis throughout the EU. 

These standards were developed in response to the plethora of different sustainability 

schemes being developed in Europe, which prompted the European Commission to 

issue a mandate to CEN to develop horizontal standardised methods for the assessment 

of the integrated environmental performance of buildings. Subsequently the remit was 

broadened to include social and economic dimensions and to widen the scope to include 

civil engineering works. 

European Standards Technical Committee CEN/TC350 and its various working groups, 

began work in 2005 and a suite of standards have been developed. These include: 

▪ EN 15643-14 

▪ EN 15643-25 

▪ EN 15643-36 

▪ EN 15643-47 

▪ EN 158048 

▪ EN 159789 

▪ EN 1630910 

▪ EN 1662711. 
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The importance of European Standards is that EU Member States, must use European 

Standards where they exist when regulating and, if they exist, National Standards must 

be withdrawn if they are in conflict with European Standards. So, for example, if a 

Member State decided to regulate on measuring the sustainability of buildings and 

construction products then that Member State will have to use the CEN/TC350 

standards. 

European Standards remain voluntary but their transposition into national standards and 

the withdrawal of diverging national standards is mandatory according to the internal 

rules of the European Standards Organisations. 

The term ‘embodied carbon’ refers to the lifecycle greenhouse gas emissions (expressed 

as carbon dioxide equivalents – CO2e) that occur during the manufacture and transport 

of construction materials and components, as well as the construction process itself and 

end-of-life aspects of the building. In recent years, the term ‘embodied carbon’ of 

construction materials and products has become synonymous with the term ‘carbon 

footprint’. An embodied carbon or carbon footprint assessment is a subset of 

most LCA studies, i.e. only considering the GHG environmental impact category. 

The embodied carbon and the in-use carbon emissions from the operation of the building 

(operational carbon) together make up the complete lifecycle carbon footprint of the 

building. 

The scale of the potential threat of global climate change has focused attention on carbon 

emissions and therefore most construction related environmental impact studies focus 

on this impact category. While carbon emissions are clearly an important priority, more 

thorough environmental assessments should consider a wider range of impact 

categories; as is routinely done in LCA studies. 

While recent initiatives to reduce operational carbon have increased, the relative 

importance of embodied carbon, as part of a whole life building assessment has also 

increased. As Figure 3.1, taken from the LETI Climate emergency design guide12 shows, 

operational carbon of new buildings still makes up most (around 2/3) of the whole life 

carbon emissions over 60 years and therefore remains the priority for further reductions. 

However, as further operational carbon reductions are made and the electricity grid is 

decarbonised, the relative importance of embodied carbon increases. 
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Figure 3.1 Current breakdown of whole life carbon for a typical office, residential and school 

development over 60 years (LETI Climate emergency design guide) 

EN 15804 provides a core set of Product Category Rules (PCRs) for the Europe-wide 

generation of EPD for construction products. PCRs define the methods for the collection 

of data, the calculation of environmental impact and how the information should be 

presented. 

EN 15804 defines the various building life cycle stages that can be included 

within LCAs and EPD and these are shown. Different life cycle stages are either 

mandatory or optional for different scope of EPD see Figure 3.2 

In the latest version of EN 15804, published in 2019, in recognition of the importance of 

the circular economy and the need to recycle and reuse construction materials more and 

better, reporting of Module C and D impacts in EPD is now mandatory. Cl 5.2 states that 

‘All construction products and materials shall declare modules A1-A3, modules C1-C4 

and module D’. 
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Module D allows supplementary information beyond the building life cycle to be 

considered. For construction products, this means the benefits and burdens of disposal 

after demolition are taken into account. The use of Module D is consistent with a cradle-

to-cradle approach. 

For the metals industries, Module D provides the opportunity to take into account the fact 

that metals are not limited to one life cycle, and can be recycled almost indefinitely 

without loss of properties, and also that this has the positive effect of displacing 

production from primary materials. 

The net benefit of this indefinite recycling, taking care not to include the impacts of 

recycled material already used in production, can then be credited against the impacts 

of the original production from the primary materials. 

In summary, the presence of Module D in EN 15804 allows credits to be taken now for 

the eventual reuse or recycling of material in the future as long as the reuse and 

recycling scenario is based on current practices (and supported by robust data). 

Module D can be used in many scenarios. It is not required only in order to quantify 

material recovery benefits. It can also, for example, be used to quantify the benefits of 

surplus energy that might be generated by a building. For example, a building that 

generates renewable PV electricity and exports surplus energy to the grid, can report the 

carbon emission reduction benefits of generating that additional energy in Module D, 

since the building also has to report the embodied carbon of the PV installation in Module 

A. The use of Module D may be the only way to report these benefits and this gives 

validity to its use. 

It is noted that EN 15978:2011, which has been produced by CEN TC 350 with the 

objective of aggregating the impacts from the EPD developed using EN 15804, to the 

whole building level, states that If relevant information is provided at the product level on 

Module D, this information should be reported. In other words, if the information required 

to use Module D is available (in the case of construction materials this is the 

recycling/reuse/landfill etc rates at end of life) it should be used. 

EN 15978:2011 is currently being revised by CEN TC350 and it is expected that it will be 

aligned with EN 15804:2019 in mandating the inclusion of Modules C and D in whole 

building assessments. 
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Figure 3.2 CEN TC350 building life cycle information modules 

3.3 Scope and objective of the embodied carbon assessments 

The objective of the assessments is to compare the embodied carbon impact of the 

various structural designs using S355 steel and higher strength (HSS) structural steel 

grades.  

The scope of assessment is case specific and is described in the relevant sections below. 

For the defined scope of assessment, the designs are functionally equivalent, i.e. for the 

defined design loadings and chosen structural grid, etc. the S355 design performs 

exactly the same structural function as the equivalent HSS design. 

The scope of assessment is, as defined in EN 15804, is ‘cradle to gate with options’. The 

exception to this is where data are unavailable. For example, where end-of-life data 

(Module C) are unavailable for some products – see Section 3.4. 

Module B is excluded from the scope of assessment as it is not relevant to the structural 

elements studied. Operational energy use (Module B6) during the life of the building will 

not vary between the different structural forms considered and no replacement or repair 

of the structure is expected over the building design life. 

In the case of the assessment of upper floor plates, materials other than the structural 

steel elements have been included where relevant, e.g. concrete, steel decking, rebar 

and mesh, etc. where data are available. Although these elements do not vary between 

the S355 and HSS designs assessed, they are included to give a better understanding 

of the relative savings achievable using HSS. 
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There may be other consequential benefits, in the context of the whole building, that can 

be achieved through the use of HSS. For example, lower structural weight requiring 

fewer foundations or a lower structural depth reducing the façade area. Any 

consequential benefits resulting from the use of HSS have not been quantified as part of 

the embodied carbon assessments. 

3.4 Data used in the assessments 

The embodied carbon emission factors used in the assessments are summarised in 

Table 3.2 and are described and referenced below. These have taken from a variety of 

EPD and other sources held by SCI or studies undertaken by SCI. The data used are 

described in the following sub-sections. 
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 EN 15804 building life cycle stages or modules (kgCO2e/kg) 

  A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

  Primary 

production 

Transport Secondary 

production 

Transport 

to site 

On-site 

impacts 

Demolition/ 

deconstruction 

Transport Waste 

processing 

Disposal Recycling 

credits 

Structural steel sections 2.45 0.024 0.247 0.013 0.0023 0.02 0.04 0 0 -1.6 

Steel plate (S355) 2.6 0.024 0.247 0.013 0.0023 0.02 0.04 0 0 -1.8 

Steel decking 2.49 0.028 0.0203 0.024   0.02 0.04 0 0 -1.45 

Mesh and rebar 1.27 0.028 0.0203 0.024   0.019 0.042 0 0 -0.426 

C40 Concrete 0.13     0.0026   0.0056 0.0017 0.0024 -0.0054 -0.0053 

Intumescent 2.91     0.024             

Table 3.2 Carbon emission factors used in the assessments 
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3.4.1 Wastage rates 

Wastage of materials is included in the assessments performed. Depending on the 

material/product, waste can occur during the fabrication stage (A3), during the on-site 

construction stage (A4) or both. The waste factors used in the assessments are given in 

Table 3.3. They are based on a range of sources held by SCI. 

 

Table 3.3 Construction waste factors used in the assessments 

Product A3 fabrication 

wastage rate (%) 

A5 construction 

wastage rate (%) 

Notes 

Rolled steel sections 4 0  

Steel plate girders 15 0  

Coatings (overspray) 30 - Off-site application of 

paint and intumescent 

assumed 

Steel decking 2 10 10% allowance for edge 

trim 

Concrete - 3.3  

Rebar/mesh 3 5 5% allowance for laps 

 

The waste rate of 15% for steel plate is an average industry figure which includes plasma 

cutting of flange and web plates from larger plates. For more efficient use of higher 

strength steels, it is possible to order plate widths and thicknesses which are cut 

longitudinally to form flange and web plates efficiently with much reduced wastage. 

Therefore, it is possible to argue that for fabrication of multiple plate girders and columns 

using plates of the same width and thickness, the wastage for use of higher strength 

steels may be taken at a lower rate typically in the range of 6 to 10%. 

A reduced waste rate from 15 to 10% corresponds to a 2 to 3% reduction in total 

fabricated cost but almost a proportionate reduction in carbon emissions. It follows that 

some form of standardisation in plate dimensions aimed at reducing waste is an 

important part of the design and fabrication strategy. 

The coating overspray rate of 30% is taken for manual application. Where coating by an 

automatic-controlled spraying technique is possible, this over-spray rate will reduce 

significantly. 

3.4.2 Steel data 

The scope of assessment undertaken and the availability of some steel data means that 

certain assumptions have been made in the embodied carbon data used in the 

assessments. These are described and explained below. 

3.4.2.1 Module A1 manufacture of steel 

Carbon steel is primarily made by one of two production processes: 
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• The primary or basic oxygen furnace (BF-BOF) route; based primarily on the 

reduction of iron ore and incorporating typically 10% to 20% of scrap steel  

• The secondary or electric arc furnace (EAF) route; generally a 100% scrap-based 

production although DRI (direct reduced iron) can be used as feedstock to EAF 

production. 

Together these two production route account for 99.5% of global production. The current 

(2019) global split13 is BF-BOF (72%) and EAF (28%).  

Although all steel products can be produced via either production route, for various 

technical and economic reasons, some steel products are produced mainly via either the 

BOS or EAF production route. Plate, for example is produced exclusively via the BF-

BOS route whereas hot-rolled sections are produced via either production route.  

Within the scope of some of the design cases assessed under WP5, rolled section 

designs are compared with equivalent fabricated section designs. Given that the principle 

objective of WP5.2 is to assess the carbon reduction benefit of using HSS, a BF-BOS 

steel production value (Module A1) has been used for both rolled sections and for plate. 

If an average sections embodied carbon value was used for sections, this would distort 

the comparison. 

For Module A1 therefore the following values have been adopted for structural steel 

rolled sections and plate: 

• Structural sections – 2.45 kgCO2e/kg taken from the British Steel EPD14 

• Heavy plate – 2.6 kgCO2e/kg taken from the ArcelorMittal EPD15 (note that this is 

the same value as provided by worldsteel for EU-produced plate). 

3.4.2.2 Embodied carbon of different steel grades 

Several European steel producers have published environmental product declarations 

(EPDs) on structural steel sections and plates. 

At a European level, the EPD published by bauforumstahl16 is probably the most 

commonly used for structural steel. The scope of this EPD is ‘steel products rolled out to 

structural sections, merchant bars and heavy plates, intended for bolted, welded or 

otherwise connected constructions of buildings, bridges and other structures’. The data 

provided are average data based on the production routes of the largest EU producers 

of steel plate and steel sections. As such, the EPD data presented includes both BOS 

and EAF steelmaking, i.e. an average. The production split stated in the EPD is 26:74 

[BF-BOF:EAF]. 

The bauforumstahl EPD applies to 1 tonne of structural steel (sections and plates) and 

covers steel products of the grades S235 to S960 rolled out to structural sections, 

merchant bars and heavy plates. 

The EPD produced by AISC for fabricated structural steel sections and sections from 

fabricated steel plate17, makes no reference to the yield strength of the steel covered by 

the scope of the EPD. 

The Norwegian Steel Association has published an EPD for hot-rolled steel plates used 

in construction works18. The scope of this EPD is the ‘standard steel grade’, i.e. ≤ S355. 
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A number of producer-specific EPDs are also available. These EPD either refer to standard 

grade steel or make no mention of the scope of the steel grades covered by the EPD. 

ArcelorMittal has published an EPD for their HISTAR section range19. HISTAR steel is 

produced using quenching and self-tempering (QST) processes. However, since the EPD 

only covers steel production via the EAF route, it is not possible to compare the 

environmental impact of HISTAR with traditional structural steel grades and hence infer the 

impact of the additional QST process. 

A small number of studies have investigated the relationship between environmental 

impact and increasing steel strength. These studies are summarised in D7.1. Based on 

a review of these studies, the average increase in embodied carbon emission factors 

(Module A1), relative to S355 plate, are as follows: 

• S460 plate – increase of 1.5% relative to S355 plate 

• S690 plate – increase of 6.2% relative to S355 plate. 

In the absence of more specific environmental impact data for the HSS plate grades of 

interest, these values have been used in the current embodied carbon assessments. 

3.4.2.3 Module A2 transport of steel from steel mill to fabricator 

In 2013, as part of a study to calculate the generic carbon footprint of UK steelwork 

fabrication20, SCI calculated the Module A2 impact as 24 kgCO2e per tonne of structural 

steel. This impact is clearly location specific, i.e. dependent upon the location of the 

source steel mill, the stockholder and the fabricator. The weighted average was 

calculated based on the results obtained from the steelwork contractors who participated 

in the 2013 study. 

The calculation is based on: 

• Travel distance 

• Average load 

• Vehicle type, size and % laden 

• Return trip assumption. 

As noted above, there is some uncertainty, in some steel LCA studies, on the definition 

of the ‘A’ Modules. Modules A2 and A4 is an example of this, i.e. transport of semi-

finished products (sections and plate) from mill to fabricator or transport from fabricator 

to the construction site. In the different LCA studies reviewed by SCI, the A2 impact is 

10 to 24 kgCO2e per tonne of structural steel. 

3.4.2.4 Module A3 fabrication of structural steelwork 

In 2013, as part of a study to calculate the generic carbon footprint of UK steelwork 

fabrication, SCI calculated the Module A3 impact as 247 kgCO2e per tonne of structural 

steel. This impact was derived based on the average annual impacts of four large UK 

steelwork fabricators.  

The impact includes: 
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• Consumables including welding wire and gas, packaging, shot and grit, primer 

and paint 

• Waste 

• Energy consumption within the factory including vehicle use. 

In auditing of steelwork contractors it was only viable to collect average data over a 

defined timescale, typically a financial year. For example, this included total energy 

consumption, total production tonnage, paint consumption, etc. to derive average 

impacts, typically over one year. 

This approach is suitable for deriving an average, steel fabrication A3 impact but does 

not take account of the type or complexity of the fabrication undertaken. In the context 

of this study therefore, this data is insufficiently detailed to distinguish between the 

fabrication impact of, for example, fabricating rolled sections and fabricating plate 

girders.  

The Ruukki EPD21 provides equivalent Module A3 data; the value in this EPD is 250 

kgCO2e per tonne of structural steel which is in good agreement with the SCI-derived 

value. 

3.4.2.5 Module A4 transport of fabricated steelwork to site 

In 2013, as part of a study to calculate the generic carbon footprint of UK steelwork 

fabrication, SCI calculated the Module A2 impact as 14 kgCO2e per tonne of structural 

steel. This impact is clearly location specific, i.e. the location of the construction site and 

the steelwork contractor. The weighted average was calculated based on the results 

obtained from the steelwork contractors who participated in the 2013 study. 

As for Module A2, the A4 calculation is based on: 

• Travel distance  

• Average load 

• Vehicle type, size and % laden 

• Return trip assumption. 

Although Module A2 is highly variable and manufacturing and construction site specific, 

the EPDs which specifically provide A2 carbon impacts for structural steel, give a range 

of 16 to 24 kgCO2e per tonne of structural steel. Return trip assumptions in particular, 

strongly influence the A4 impact. 

3.4.2.6 Module A5 steelwork erection 

Detailed, product-specific data on construction activities are scarce and difficult to define. 

In addition, impacts are very project specific and depend on the construction plant and 

techniques used.  

In place of product specific data for Module A5, impact data from the construction of the 

above-ground structure of an 8-storey office building has been used. The scope includes 

the erection of the above-ground steelwork, placement of the steel-decking and mesh, 

on-site welding of shear studs and pouring of concrete. The scope also includes the 
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delivery of materials and products, other than the fabricated steelwork, to the 

construction site. This assessment is described in SCI RT 152322. 

The embodied carbon value used is 3.07 kgCO2e/m2 GIFA. 

3.4.2.7 Modules B1 to B7 use stage 

Modules B1 to B7 are not relevant to the scope of this study. Impacts relating to the 

operational energy use of the building (B6) are not relevant to the steel frame and it is 

assumed that there are no maintenance, repair, refurbishment or replacement 

requirements of the structure during the building lifetime. 

3.4.2.8 Modules C1 to C4 end of life stage 

Module C impacts relate to the end-of-life stages of the building including deconstruction, 

transport, waste processing and disposal. PE International has undertaken an LCA 

study23 of the average end-of-life conditions for steel sections used in a building in the 

UK. Descriptions of how the C and D modules have been calculated by PE is explained 

below. 

Demolition (Module C1) has been modelled based on information related to the 

demolition of office building structural systems [Athena 199724]. The cited report listed 

energy demands from diesel for the demolition of concrete, wood and steel-based 

structural frames. Energy demand varies depending on the type of building element 

being demolished, so an average for 1kg of steel building elements was made. Overall, 

the average energy demand for demolition from diesel was calculated to be 0.233 MJ/kg. 

Steel scrap is assumed to reach an end-of-waste stage following demolition and no 

further processing prior to remelting or reuse has been modelled. Consequently, module 

C3 contains no values. The C1 value calculated by PE International is 20 kgCO2e per 

tonne of structural steel. 

The only other EPD data that include Module C1 impacts give much lower values of 1 

to 2 kgCO2e per tonne of structural steel. 

Transport of steel (Module C2): Transport distances for steel sent to landfill or reuse 

are based on average travel for construction steel scrap sent to waste transfer stations, 

an average distance of 21km [BRE 201225]. Steel scrap generated in the UK and sent 

for recycling was deemed to have three potential destinations: BF steel production in the 

UK, EAF steel production in the UK or export. An average was made based on the 

weighted transport distance to BOF, EAF and export using information on steel waste 

arisings and fates [EMR 200626] [EEF 201027]. For BOF, transport distance was 

calculated based on average distance by road from ten UK urban areas to Scunthorpe 

and Port Talbot (where Tata Steel operate blast furnaces). For EAF, transport was based 

on distance to South Wales and South Yorkshire where all bar one of the UK’s EAF 

producers are based. For export, transport by road and ship to Luxembourg and 

Germany was deemed representative. Based on this averaging method, the overall 

transport distance for 1kg of steel scrap was calculated to be 463km by road and 158km 

by ship. The C2 value calculated by PE International is 40 kgCO2e per tonne of structural 

steel. 

The only other available EPD data that include Module C2 impacts gives a range of 3 to 

39 kgCO2e per tonne of structural steel. 
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Landfill of steel sections (C4): The dataset used for modelling the landfill of steel 

sections represents the environmental profile of inert steel waste in a typical European 

municipal waste landfill. The C4 value calculated by PE International is zero kgCO2e per 

tonne of structural steel. 

The one EPD, produced by BRE28, that includes Module C4 information for steel rebar, 

gives a value of 1.08 kgCO2e per tonne of structural steel. 

3.4.2.9 Module D benefits and loads beyond the system boundary 

Reporting of Module D is now mandated in EN 15804:2019. Whether Module D impacts 

should be included in LCA studies and the methodology by which Module D values are 

calculated is a controversial subject in LCA. The metals industries are keen to include 

Module D for metal products because of the recyclability properties of metals and 

because of the high recovery and reuse/recycling rates achieved. The steel sector, led 

by worldsteel, have developed an end-of-life methodology for accounting for recycling 

which is based on a closed-loop, system expansion approach (see worldsteel LCA 

methodology report). This approach has generally been used in all EPD Module D 

calculations for structural steel. 

Although reporting of Module D is now mandated under EN 15804, CEN TC 350 building 

assessment standards and many embodied carbon assessment guidance documents 

based on these standards, clearly require Module D to be reported separately and not 

aggregated with other modules. In fact, EN 15804 does not permit any aggregation of 

any modules (A, B, C and D) in EPDs with the exception of Modules A1, A2 and A3 which 

may be aggregated. 

In simple terms, the Module D impact or saving (in the case of steel), is calculated based 

on the net scrap generated over the lifetime of the product (the difference between the 

scrap content of production and the scrap recovered and recycled at the end-of-life). The 

net scrap quantity is then multiplied by the difference between the LCI of EAF steel and 

a 100% primary BOF route [worldsteel 201129]. 

In the PE International study, Module D impacts for steel sections were calculated. These 

were based on the following reuse and recycling rates; how the benefits have been 

calculated is explained below. 

Material Steel Sections 

Recycling Rate 

Recycling: 86% 

Reuse: 13% 

Landfill: 1% 

Reference [Ley et al 2002] 

 

Benefits/Loads associated with steel sections reuse (D): Reuse of steel sections 

was assumed to displace the need for the production of new sections from BF/EAF 

sources on a 1:1 basis. This material is assumed to reach end of waste in module C1, 

so there are no additional reuse preparation processes and no losses assumed. The 

benefits associated with reuse are reported in module D. 

Benefits/Loads associated with steel sections recycling (D): The benefit of recycling 

steel was calculated based on the “net scrap” generated over the lifetime of the product. 
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This net scrap value was calculated based on the output of steel scrap sent to recycling 

at end-of-life minus the input of steel scrap into the product system to produce steel 

sections. The end of life recycling rate was 86% or 0.86kg of scrap/kg of sections and 

the average input of scrap required to manufacture steel sections is 0.608 kg of scrap/kg 

of sections, resulting in a net scrap of 0.252kg/kg of sections. The credit applied uses 

the worldsteel value of scrap, based on the difference between the LCI of EAF steel and 

a 100% primary BF route [worldsteel 2011]. Values reported for the use of secondary 

material are based on the net scrap and reused material made available from the system. 

Users should note that if there is a higher or lower scrap input into the manufacture of 

the steel sections, results in module D will change as the “net scrap” value will decrease 

or increase accordingly. 

In other EPD, including the steel EPD used in this assessment, i.e. British steel sections 

and ArcelorMittal heavy plate EPD, for the Module D impacts are calculated in the same 

way, i.e. using the worldsteel methodology. The actual Module D values vary significantly 

however since they are dependent upon the geographic and market coverage and 

process (i.e. BOF/EAF split) of the EPD. For example, if the EPD scope is BOF only, the 

Module A impact will be high but the net scrap will also be high and so the Module D 

‘credit’ will be high. Alternatively, if the EPD scope is EAF, the Module A impact will be 

low but the net scrap will also be low and so the Module D ‘credit’ will be small or even 

a ‘burden’ rather than a ‘credit’. If Module A and D impacts are summed, the total impact 

of the BOF and EAF production routes is very similar. If however, only Module A impacts 

are compared, the EAF route shows a significant saving over the BOF route. 

3.4.3 Ready-mix concrete 

The following is based on C40 concrete manufactured with CEM I Portland cement.  

Module Description Data Notes 

A1 to A3 Ready-mix 

concrete 

manufacture 

C40 CEM I 

concrete30   

130 kgCO2e per 

tonne 

A1-A3 data calculated assuming cementitious 

content of 300kg/m3 made up of portland 

cement, water to hydrate is 25% the cement 

mass and a normal weight density of 2300 

kg/m3. Aggregate makes up the difference in 

mass. Data for cement/aggregate manufacture 

and transport to batching plant is taken from 

Concrete Centre Factsheet 1831. No data is 

included for the batching plant. 

A4 Transport to and 

from batching 

plant 

26 kgCO2e per tonne - 

A5 Construction No data available Whole structure impact included for A5 

B Use stage - Not included. 

 

C1 Deconstruction/

demolition 

5.6 kgCO2e per 

tonne 

Based on PE International study5.  

Demolition has been modelled based on 

information related to the demolition of office 

building structural systems [Athena 199711]. The 

cited report listed energy demands from diesel 

for the demolition of concrete, wood and steel-

based structural frames. 
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C2 Transport of 

concrete 

1.7 kgCO2e per 

tonne 

Based on PE International study5. 

Transport distances for concrete are based on 

average transport distances for waste concrete 

to waste transfer stations or directly to recycling 

centres and landfill [BRE 201212]. Using these 

figures, the distance for concrete sent to 

recycling was assumed to be 20km. For waste 

sent to landfill this was 22km. Transport was 

assumed to be in industrial waste skips (>12m3 

up to 20t), with skips unloaded on the outward 

journey and fully loaded on the return.  

C3 Concrete 

crushing 

2.4 kgCO2e per 

tonne 

Based on PE International study5. 

Concrete crushing is based on a generic crusher 

used for processing construction rubble. The 

overall loss rate of the crusher used for modelling 

this process was 3.1%. 

C4 Landfill of 

concrete 

-5.4 kgCO2e per 

tonne 

Based on PE International study5. 

The dataset used for modelling the landfill of 

concrete represents the environmental profile of 

inert waste in a typical European municipal 

waste landfill. Recarbonation of concrete in 

landfill has also been included based on the 

method outlined in the BRE environmental 

profiles methodology document [BRE 200732].  

D Benefits/Loads 

associated with 

crushed 

concrete 

recycling 

-5.3 kgCO2e per 

tonne 

Based on PE International study5. 

Crushed concrete generated from the recycling 

process can be used as aggregates or fill 

materials for a number of construction 

applications including road building or as an 

aggregate for fresh concrete. To reflect the 

potential benefits associated with using crushed 

concrete in place of virgin aggregates, an 

average was made of different rocks used in 

construction applications (including road 

building) using information from the Office of 

National Statistics related to quantities of 

minerals extracted in Great Britain in 2010 [ONS 

201133]. Included in this average were limestone, 

igneous rock, unspecified mixed crushed rock, 

sand and gravel. Recarbonation of the recycled 

aggregate is not included in module D in 

accordance with the BRE’s EN15804 Product 

Category Rules [BRE 201334].  
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3.4.4 Steel rebar and mesh 

 

Module Description Data Notes 

A1 to 

A3 

Reinforcing steel 1,270 kgCO2e per 

tonne 

A1-A3 data is worldsteel global average35 

(excludes any allowance for welding/shaping).  

 

A4 Transport to site 16.2 UK CARES EPD15 

A5 Construction 89 UK CARES EPD15 Whole structure impact 

included for A5 

B Use stage - Not included. 

 

C1 Deconstruction/de

molition 

19 kgCO2e per tonne Based on PE International study5.  

Demolition has been modelled based on 

information related to the demolition of office 

building structural systems [Athena 199711]. The 

cited report listed energy demands from diesel 

for the demolition of concrete, wood and steel-

based structural frames. 

Ref 10 gives 2.04 kgCO2e per tonne 

C2 Transport of rebar 42 kgCO2e per tonne Based on PE International study5.  

Transport distances for steel sent to landfill or 

reuse are based on average travel for 

construction steel scrap sent to waste transfer 

stations, an average distance of 21km [BRE 

201212]. Steel scrap generated in the UK and 

sent for recycling was deemed to have three 

potential destinations: BF steel production in the 

UK, EAF steel production in the UK or export. An 

average was made based on the weighted 

transport distance to BF, EAF and export using 

information on steel waste arisings and fates 

[EMR 200613] [EEF 201014]. For BF, transport 

distance was calculated based on average 

distance by road from ten UK urban areas to 

Scunthorpe and Port Talbot (where Tata Steel 

operate blast furnaces). For EAF, transport was 

based on distance to South Wales and South 

Yorkshire where all bar one of the UK’s EAF 

producers are based. For export, transport by 

road and ship to Luxembourg and Germany was 

deemed representative. Based on this averaging 

method, the overall transport distance for 1kg of 

steel scrap was calculated to be 463km by road 

and 158km by ship.  

Ref 10 gives 39.1 kgCO2e per tonne 

C3  - Not relevant 

C4 Landfill of rebar 0 Based on PE International study5. 

The dataset used for modelling the landfill of 

reinforcing steel represents the environmental 

profile of inert steel waste in a typical European 

municipal waste landfill.  

Ref 10 gives 1.08 kgCO2e per tonne 

D Benefits/Loads 

associated with 

rebar recycling 

-426 kgCO2e per 

tonne 

Based on PE International study5. 

The benefit of recycling steel was calculated 

based on the “net scrap” generated over the 
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lifetime of the product. This net scrap value was 

calculated based on the output of steel scrap 

sent to recycling at end-of-life minus the input of 

steel scrap into the product system to produce 

reinforcing steel. The end of life recycling rate 

was 98% or 0.98kg of scrap/kg of steel and the 

average input of scrap required to manufacture 

reinforcing steel is 0.698 kg of scrap/kg of steel, 

resulting in a net scrap of 0.282kg/kg of 

reinforcing steel. The credit applied uses the 

worldsteel value of scrap, based on the 

difference between the LCI of EAF steel and a 

100% primary BF route [worldsteel 201116]. 

Values reported for the use of secondary 

material are based on the net scrap and reused 

material made available from the system. Users 

should note that if there is a higher or lower scrap 

input into the manufacture of reinforcing steel, 

results in module D will change as the “net scrap” 

value will decrease or increase accordingly. 
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3.4.5 Structural steel decking 

The following is based on steel decking to be used in a composite flooring system in a 

building in the UK.  

 

Module Description Data Notes 

A1 to 

A3 

Steel decking 2,538 kgCO2e per 

tonne 

A1-A3 data is worldsteel global average23 (Hot 

Dipped Galvanised sheet plus additional 

emissions from profiling).  

A4 Transport to site 24 kgCO2e per tonne No data available 

A5 Construction - Whole structure impact included for A5 

B Use stage - Not included. 

 

C1 Deconstruction/de

molition 

20 kgCO2e per tonne Based on PE International study5.  

Demolition has been modelled based on 

information related to the demolition of office 

building structural systems [Athena 1997+11]. 

The cited report listed energy demands from 

diesel for the demolition of concrete, wood and 

steel-based structural frames. 

C2 Transport of steel 

decking 

40 kgCO2e per tonne Based on PE International study5.  

Transport distances for steel sent to landfill or 

reuse are based on average travel for 

construction steel scrap sent to waste transfer 

stations, an average distance of 21km [BRE 

201212]. Steel scrap generated in the UK and 

sent for recycling was deemed to have three 

potential destinations: BF steel production in the 

UK, EAF steel production in the UK or export. An 

average was made based on the weighted 

transport distance to BF, EAF and export using 

information on steel waste arisings and fates 

[EMR 200613] [EEF 201014]. For BF, transport 

distance was calculated based on average 

distance by road from ten UK urban areas to 

Scunthorpe and Port Talbot (where Tata Steel 

operate blast furnaces). For EAF, transport was 

based on distance to South Wales and South 

Yorkshire where all bar one of the UK’s EAF 

producers are based. For export, transport by 

road and ship to Luxembourg and Germany was 

deemed representative. Based on this averaging 

method, the overall transport distance for 1kg of 

steel scrap was calculated to be 463km by road 

and 158km by ship.  

C3  - Not relevant 

C4 Landfill of steel 

decking 

0 Based on PE International study5. 

The dataset used for modelling the landfill of 

reinforcing steel represents the environmental 

profile of inert steel waste in a typical European 

municipal waste landfill.  

D Benefits/Loads 

associated with 

rebar recycling 

-1,450 kgCO2e per 

tonne 

Based on PE International study5. 

The benefit of recycling steel decking was 

calculated based on the “net scrap” generated 

over the lifetime of the product. This net scrap 

value was calculated based on the output of steel 
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scrap sent to recycling at end-of-life minus the 

input of steel scrap into the product system to 

produce the decking. The end of life recycling 

rate was 89% or 0.89kg of scrap/kg of decking 

and the average input of scrap into the hot dip 

galvanised sheets required to manufacture steel 

decking products is 0.108 kg of scrap/kg of 

decking, resulting in a net scrap of 0.782kg/kg of 

decking. The credit applied uses the worldsteel 

value of scrap, based on the difference between 

the LCI of EAF steel and a 100% primary BF 

route [worldsteel 201116]. Values reported for the 

use of secondary material are based on the net 

scrap and reused material made available from 

the system. Users should note that if there is a 

higher or lower scrap input into the manufacture 

of the HDG steel sheets, results in module D will 

change as the “net scrap” value will decrease or 

increase accordingly.  

 

 

3.4.6 Primer, paint and intumescent coatings 

The following data have been used for the embodied carbon factors for primer and 

intumescent paint. These data were provided by CEPE36 and were obtained using the 

CEPE Eco footprint tool. 

Table 3.4 Embodied carbon factors (A1) for primer and intumescent paint 

Product Functional unit Embodied carbon factor 

(kgCO2e per functional unit) 

 Area (m2) Thickness (micron)  

Primer 6 75 3.53 

Intumescent 0.5 1000 2.53 
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4 COST ASSESSMENT 

Cost assessment of different construction systems is difficult. Construction costs and 

material prices are generally confidential and are volatile reflecting, amongst many 

factors, availability and demand, location, market competition, etc. 

This section describes the cost assessment of the different designs described in Section 

2. The results are presented, together with the embodied carbon results, in Section 5. 

The cost assessment for Case 5 was compared against data obtained directly from a 

German steelwork contractor by Hochtief. 

4.1 Costing assumptions 

The costing assumptions for hot-rolled sections and plate girders are set out below. 
Costs for non-steel items including paints, decking, concrete and mesh are from a 
number of sources held by SCI. 

4.1.1 Rolled section costing assumptions 

General Individual section data is used to derive: 

• Total length 

• Total weight 

• Number of elements 

• Total surface area for painting. 

In general, large steelwork contractors, price fabrication based on 
raw material cost and a labour cost based on a single, hourly 
recovery rate. For many activities, pricing is based on piece-count 
rather than tonnage. 

Rolled sections Rolled section costs are dependent on grade and sub-grade. 
Section costs also depend on other factors such as size of 
section, quantity and programme, etc. but these have not been 
taken into account. The assumed base price is £700 per tonne 
with additions for grade and sub-grade. 

Section offcuts Although offcuts will depend on the specific design and whether 
stock lengths have been used, a fixed rate of 4% has been 
applied to take account of offcuts during the section fabrication 
process. 

Shot blasting Based on an average conveyor speed of 3m/min. A rate of £3 per 
m2 (spons) has been used. 

Plate (for connections) Steel plate costs are dependent on grade and sub-grade. Costs 
also depend on other factors such as quantity and programme, 
etc. but these have not been taken into account. The assumed 
base price is £650 per tonne with additions for grade and sub-
grade. All connections are assumed to be S355. 

Connections A full depth end-plate is assumed at both ends of each beam (0.6 
x d x 150mm x 10mm thickness). 20% wastage is assumed in 
cutting out end plates. 
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Plate and subgrade is project specific. 

Plasma cutting is assumed. 

A standard unit rate for cutting (£15) and welding (£25) an end 
plate to the beam has been applied. 

Sawing Band-saw assumed - two cuts per element. £25 per cut. 

Pre-camber For a typical hydraulic ram press on a light weight beam assume 
£100 per beam. 

Coatings For a C1 environment, the following standard specification is 
assumed: 

• Primer Epigrip C400V3 – epoxy primer (DFT 25 micron) 

• FIRETEX FX2003 – thin film, solvent based intumescent - 
to suite specific fire protection requirements 

• Acrolon C137V2 – acrylic urethane (DFT 50 micron) 

A/V values based on 3 sides of section exposed. DFT based on 
620°C critical temperature from Certifire certificate CF 5077. 

1000 micron is the limit for one coat. Generally fabricators don’t 
like to go above 2mm because the coating is very soft, is easily 
damaged and therefore the on-site repair cost is high. Fabricators 
price coatings on a £ per m2 rate for an average DFT. For off-site 
thin-film intumescent, the split material:labour costs is 30:70. 

Material cost estimates are based on estimated bulk purchase 
costs and advise from a manufacturer. 

Overspray assumption 30%. 

An application cost of £7 per m2 assumed for the primer, £8 per 
m2 for the topcoat and £15 per m2 for intumescent. 

Transport to site Transport costs are obviously factory and site specific. The 
following assumptions are made: 

• Average load = 18 tonnes 

• Average distance (factory to site) 125km 

• Empty return trip assumed 50% of trips empty  

Erection Based on a simple piece count. Assumed strike rate 15 pieces per 
day. 

£125 per piece assumed. 

Pricing erection is a complex function of: 

• Weight of members 

• Type and height of the building 

• The erection team used, i.e. how many erectors and 
supervisors. 

30-35 pieces a day are achievable on a relatively low-rise building 
with light members using a mobile crane. 
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4.1.2 Plate girder costing assumptions 

General Individual beam element data is collated to derive: 

• Total length of beams 

• Total weight (of beams as erected) 

• Total weight of plate used to produce the beams 

• Flange and web width and thickness 

• Number of elements 

• Total surface area for painting 

Plate Assumed base price for plate of £650 per tonne with grade and 
subgrade extras. Costs also depend on other factors such as 
quantity and programme, etc. but these have not been taken 
into account.  

Grade and subgrade are project specific. 

The following plate prices have been assumed: 

S355J2 £695 per tonnes 

S460M £808 per tonne 

S690Q £986 per tonne 

Blasting Based on a conveyor speed of 3m/min. Assumed cost £0.50 
per linear m of plate – equivalent to an hourly rate of £90 per 
hour. 

Plate cutting Plasma cutting assumed for both web and flange elements. 
Assumed average rate £2.50 per m.  

Plate wastage assumed as 15%. Thicker web elements are cut 
using flame cutting. 

Setting up and aligning 

(carcassing) 

I have estimated a cost of £60 per beam for setting up flange 
and web elements for welding. This is OK for light sections 
<100kg/m but may be more for heavier sections 

Welding SAW welding. 2 welding heads. 6mm fillet weld. Rate £6 per m. 

Weld length = 2 x beam length. Welding machine works at a 
fairly constant rate. 

Connections A full depth end-plate is assumed a both ends of each beam 
(0.6 x d x 150mm x 10mm thickness). 20% wastage is assumed 
in cutting out end plates. 

Plate and subgrade is project specific. 

Plasma cutting is assumed. 

A standard unit rate for cutting (£15) and welding (£25) an end 
plate to the beam has been applied. 

Pre-camber Pre-camber is introduced into fabricated sections by cutting the 
web elements to the required shape. This is cheaper than using 
a hydraulic ram press, as for rolled sections. 

Coatings For a C1 environment, the following standard specification is 
assumed: 

• Primer Epigrip C400V3 – epoxy primer (DFT 25 micron) 

• FIRETEX FX2003 – thin film, solvent based intumescent 
- to suite specific fire protection requirements 

• Acrolon C137V2 – acrylic urethane (DFT 50 micron) 
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Material cost estimates are based on estimated bulk purchase 
costs and advice from a manufacturer. 

Overspray assumption 40%. 

An application cost of £7 per m2 assumed for the primer £8 for 
topcoat, £15 per m2 for intumescent. 

For a C60 fire rating, a default DFT of 600 micron is assumed. 

Transport to site Transport costs are obviously factory and site specific. The 
following assumptions are made: 

• Average load = 18 tonnes 

• Average distance (factory to site) 125km 

• Empty return trip assumed 50% of trips empty  

Erection Based on a simple piece count. Assumed strike rate 15 pieces 
per day. 

£125 per piece assumed. 
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5 COST AND CARBON COMPARISON RESULTS 

This section presents the embodied carbon and cost assessment results of the different 

designs described in Section 2 using the methodologies and data described in Sections 

3 and 4. In the tables below, the abbreviations HR and PG have been used in the results 

tables, to distinguish between hot-rolled section and plate girder designs respectively. 

5.1 Case 1 Primary beams in 9 x 9m grid in commercial 
buildings 

The scope of the embodied carbon and cost assessment was one upper floor (18m x 

36m = 648m2), i.e. the beams, columns, intumescent coating, steel decking, mesh and 

concrete. The designs and resulting quantities used in the assessments are presented 

in Section 2.3.  

Table 5.1 shows the embodied carbon results for the three different designs for Case 1. 

The scope is the whole upper floor and the results are broken down into Modules A, C 

and D. It is noted that the embodied carbon impacts is dominated by Modules A1 and D. 

Table 5.1 Embodied carbon results for Case 1 – whole floor 

Design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

           

S355 HR 141,558 1,210 9,739 1,182 2,078 1,913 2,240 409 -907 -75,330 

S460 PG 139,324 1,177 9,399 1,164 2,075 1,886 2,185 409 -907 -74,742 

S690 PG 136,363 1,144 9,057 1,146 2,072 1,858 2,129 409 -907 -72,706 

Table 5.2 shows the total embodied carbon (Module A+C and Module D) for the three 

different designs and the savings of the HSS designs relative to the S355 design. The 

overall embodied carbon savings of HSS are relatively modest for the whole floor at 2-

4%. 

Table 5.2 Summary of embodied carbon results for Case 1 – whole floor 

Design Description Embodied carbon (kg CO2e) 

  Module A+C Module D 

S355 HR IPE rolled sections 159,422 -75,330 

S460 PG S460 Plate girder primary beams 156,712 -74,742 

Relative to S355  -1.7% 
 

S690 PG S690 Plate girder primary beams 153,271 -72,706 

Relative to S355  -3.9%   

Table 5.3 shows exactly the same embodied carbon comparisons but for the primary 
beams only, i.e. the only elements that varied between the S355 and HSS designs. Just 
considering the primary beams, the embodied carbon savings are significant at 11% and 
24% for S460 and S690 respectively. 
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Table 5.3 Embodied carbon results for Case 1 – primary beams only 

Design Description Embodied carbon (kg CO2e) 

 
 Module A+C Module D 

S355 HR IPE rolled sections 24,899 -13,951 

S460 PG S460 Plate girder primary beams 22,055 -13,363 

Relative to S355  -11.4% 
 

S690 PG S690 Plate girder primary beams 18,894 -11,327 

Relative to S355  -24.1%   

Table 5.4 gives the cost comparisons for the whole floor plate, i.e. the beams, columns, 

intumescent coating, steel decking, mesh and concrete. As shown, there very little 

variation in the steelwork costs between the S355 and HSS designs. 

Table 5.4 Case 1 cost comparisons – whole upper floor 

Cost item 

Cost (£) 

S355 HR S460 PG S690 PG 

Steel material cost 27,007 26,820 25,703 

Fabrication cost 8,911 11,153 11,126 

Coating cost 19,965 19,838 19,640 

Transport cost 2,813 1,875 1,875 

Erection cost 6,625 6,625 6,625 

Total cost - steelwork 65,184 66,311 64,969 

Relative to S355 - +1.7% -0.3% 

Tonnage 36 34 33 

Cost per tonne (£) 1,799 1,933 1,961 

Cost per m2 101 102 100 

Floor all in cost (£) 50,295 50,295 50,295 

Total cost (£) 115,479 116,606 115,265 

 
Table 5.5 gives the same cost comparisons but for the primary beams only. In this case, 

despite the steel weight savings of 24-38%, the HSS options are slightly more than the 

S355 design mainly because of the additional fabrication cost of the plate girders. 
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Table 5.5 Case 1 cost comparisons – primary beams only 

Cost item 

Cost (£) 

S355 HR S460 PG S690 PG 

Steel material cost 6,083 5,897 4,780 

Fabrication cost 1,770 4,300 4,273 

Coating cost 4,547 4,536 4,338 

Transport cost 634 340 286 

Erection cost 1,250 1,250 1,250 

Total cost - steelwork 14,284 16,323 14,927 

Relative to S355 - +14% +5% 

Tonnage 8.2 6.2 5.0 

Relative to S355   -23.7 -38.1 

Cost per tonne (£) 1,750 2,621 2,956 

5.2 Case 2a Long-span primary beams with large web 
openings 

The scope of the cost and embodied carbon assessment was one upper floor (15m x 

37.5m = 562.5m2), i.e. the beams, columns, intumescent coating, steel decking, mesh 

and concrete. The designs and resulting quantities used in the assessment are 

presented in Section 2.4.  

 

Table 5.6 shows the embodied carbon results for the three different designs for case 2a. 

The scope is the whole floor and the results are broken down into Modules A, C and D. 

Table 5.6 Embodied carbon results for Case 2a – whole floor 

Design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

S355PG 154,915 1,328 11,307 1,176 1,830 1,892 2,406 358 -787 -88,636 

S460PG 144,671 1,226 10,262 1,121 1,821 1,807 2,237 357 -787 -81,540 

S690PG 137,955 1,148 9,452 1,079 1,813 1,742 2,106 356 -787 -76,934 

 

Table 5.7 shows the total embodied carbon (Module A+C and Module D) for the three 

different designs and the relative savings of the HSS designs relative to the S355 design. 
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Table 5.7 Summary of embodied carbon results for Case 2a – whole floor 

Design  Embodied carbon (kg CO2e) 

  Module A-C Module D 

S355 PG S355 Plate girder primary beams 174,425 -88,636 

S460 PG S460 Plate girder primary beams 162,716 -81,540 

Relative to S355  -6.7%   

S690 PG S690 Plate girder primary beams 154,864 -76,934 

Relative to S355  -11.2%   

 

Table 5.8 shows exactly the same embodied carbon comparisons but for the primary 
beams only. 

Table 5.8 Embodied carbon results for Case 2a – primary beams only 

Design Description Embodied carbon (kg CO2e) 

  Module A-C Module D 

S355 PG S355 Plate girder primary beams 71,882 -43,400 

S460 PG S460 Plate girder primary beams 60,173 -36,304 

Relative to S355  -16.3%  

S690 PG S690 Plate girder primary beams 52.321 -31,698 

Relative to S355  -27.2%  

Table 5.9 gives the cost comparisons for the whole floor plate, i.e. the beams, columns, 

intumescent coating, steel decking, mesh and concrete. 

Table 5.9 Case 2a cost comparisons – whole floor 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Steel material cost 31,173 30,674 30,926 

Fabrication cost 12,191 11,881 11,640 

Coating cost 19,992 20,049 19,477 

Transport cost 2,813 2,813 1,875 

Erection cost 6,000 6,000 6,000 

Total cost - steelwork 72,168 71,416 69,918 

Relative to S355   -1.0 -3.1 

Tonnage 40 37 34 

Relative to S355  -9 -16 

Cost per tonne (£) 1,796 1,952 2,069 

Cost per m2 128 127 124 

Floor all in cost (£) 43,659 43,659 43,659 

Total cost (£) 115,827 115,075 113,577 

 
Table 5.10 gives the cost comparisons for the primary beams only. Despite the weight 
savings of 18% and 31% for the primary beams, the cost savings are relatively modest 
at 3% and 6% respectively for S460 and S690. 
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Table 5.10 Case 2a cost comparisons – primary beams only 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Steel material cost 16,519 16,020 16,272 

Fabrication cost 5,197 4,887 4,646 

Coating cost 7,499 7,556 6,984 

Transport cost 1,436 1,301 784 

Erection cost 750 750 750 

Total cost - steelwork 31,401 30,513 29,436 

Relative to S355   -2.8 -6.3 

Tonnage 20.52 16.92 14.13 

Relative to S355  -17.5 -31.1 

Cost per tonne (£) 1,530 1,803 2,083 

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

The scope of the cost and embodied carbon assessment was the same as for Case 2a, 

i.e. one upper floor (15m x 37.5m = 562.5m2), i.e. the beams, columns, intumescent 

coating, steel decking, steel studs, mesh and concrete. The designs and resulting 

quantities used in the assessment are presented in Section 2.5.  

Table 5.11 shows the embodied carbon results for the three different designs for case 

2b. The scope is the whole floor and the results are broken down into Modules A, C and 

D. 

Table 5.11 Embodied carbon results for Case 2b – whole floor 

Design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

S355PG 135,904 1,150 9,476 1,080 1,813 1,744 2,110 357 -787 -75,978 

S460PG 126,706 1,060 8,546 1,031 1,805 1,668 1,959 356 -787 -69,630 

S690PG 121,810 1,000 7,933 999 1,799 1,619 1,860 355 -787 -66,252 

 

Table 5.12 shows the total embodied carbon (Module A+C and Module D) for the three 

different designs and the relative savings of the HSS designs relative to the S355 design. 
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Table 5.12 Summary of embodied carbon results for Case 2b – whole floor 

Design  Embodied carbon (kg CO2e) 

 
 Module A+C Module D 

S355 PG S355 Plate girder primary beams 152,846 -75,978 

S460 PG S460 Plate girder primary beams 142,343 -69,630 

Relative to S355  -6.9   

S690 PG S690 Plate girder primary beams 136,587 -66,252 

Relative to S355  -10.6   

 

Table 5.13 shows exactly the same embodied carbon comparisons but for the primary 
beams only. 

Table 5.13 Embodied carbon results for Case 2b – primary beams only 

Design Description Embodied carbon (kg CO2e) 

 
 Module A+C Module D 

S355 PG S355 Plate girder primary beams 60,247 -36,357 
 

S460 PG S460 Plate girder primary beams 49,744 -30,009 

Relative to S355  -17.4%  

S690 PG S690 Plate girder primary beams 43,988 -26,631 

Relative to S355  -27.0%  

Table 5.19 gives the cost comparisons for the whole floor plate, i.e. the beams, columns, 

intumescent coating, steel decking, mesh and concrete. 

Table 5.14 Case 2b cost comparisons – whole floor 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Steel material cost 26,044 25,448 25,877 

Fabrication cost 11,648 11,371 11,189 

Coating cost 17,724 17,466 17,323 

Transport cost 1,875 1,875 1,875 

Erection cost 6,000 6,000 6,000 

Total cost - steelwork 63,290 62,160 62,264 

Relative to S355   -1.8% -1.6% 

Tonnage 34 30 28 

Relative to S355   -10% -16% 

Cost per tonne (£) 1,885 2,047 2,204 

Cost per m2 113 111 124 

Floor all in cost (£) 47,456 47,456 47,456 

Total cost (£) 110,746 109,616 109,720 

 
Table 5.15 gives the cost comparisons for the primary beams only. Despite the weight 
savings of 19% and 31% for the primary beams, the cost savings are relatively modest 
at 4-5%. Comparing the weight of the primary beams the composite design saves 16-
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17% of the weight relative to the equivalent grade design for the non-composite Case 
2a. 

Table 5.15 Case 2b cost comparisons – primary beams only 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Steel material cost 13,838 13,242 13,671 

Fabrication cost 4,910 4,634 4,451 

Coating cost 6,550 6,293 6,150 

Transport cost 960 864 788 

Erection cost 750 750 750 

Total cost - steelwork 27,008 25,782 25,810 

Relative to S355   -4.5 -4.4 

Tonnage 17.2 14.0 11.9 

Relative to S355   -18.6 -30.9 

Cost per tonne (£) 1,571 1,843 2,174 

5.4 Case 3 Transfer beams to support a residential building 

The scope of the embodied carbon and cost assessment was one transfer floor level and 

six residential floors above, the scope includes the beams, columns, intumescent 

coating, steel decking, mesh and concrete. Each floor is 15m x 36m = 540 m2 giving a 

total floor area of the building of 3,780 m2. 

The designs and resulting quantities used in the assessment are presented in Section 

2.6.  

Tables 5.16 to 5.18 show the embodied carbon results for the three plate girder options. 

Table 5.16 Embodied carbon impact for S355 PG design 

S355 PG 

design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

Transfer floor 213,717 1,983 20,410 1,074 190 1,653 3,305 16 0 -145,189 

Residential levels 305,591 2,860 78,518 1,573 3,438 2,416 8,273 18 0 -191,560 

All upper floors 259,448 1,658 1,202 3,968 11,605 6,658 4,059 2,351 -5,291 -78,159 

Total 778,757 6,501 100,130 6,616 15,233 10,728 15,638 2,385 -5,291 -414,908 

Table 5.17 Embodied carbon impact for S460 PG design 

S460 PG 

design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

Transfer floor 182,472 1,676 17,244 908 161 1,396 2,793 13 0 -123,472 

Residential levels 302,775 2,837 78,277 1,560 3,436 2,397 8,234 18 0 -189,806 

All upper floors 259,448 1,658 1,202 3,968 11,605 6,658 4,059 2,351 -5,291 -78,159 

Total 744,695 6,170 96,723 6,436 15,201 10,452 15,086 2,383 -5,291 -391,437 
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Table 5.18 Summary of embodied carbon impact for S690 PG transfer beam design 

S690 PG 

design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

Transfer floor 152,855 1,365 14,044 739 131 1,137 2,274 10 0 -103,069 

Residential levels 303,058 2,837 78,277 1,560 3,436 2,397 8,234 18 0 -189,806 

All upper floors 259,448 1,658 1,202 3,968 11,605 6,658 4,059 2,351 -5,291 -78,159 

Total 715,361 5,859 93,524 6,268 15,172 10,193 14,568 2,380 -5,291 -371,034 

Table 5.19 compares the embodied carbon results for the transfer floor only. 

Table 5.19 Summary of embodied carbon comparison – transfer floor only 

Transfer floor 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

S355 PG 213,717 1,983 20,410 1,074 190 1,653 3,305 16 0 -145,189 

S460 PG 182,472 1,676 17,244 908 161 1,396 2,793 13 0 -123,472 

Relative to S355 PG (%) -14.6 -15.5 -15.5 -15.5 -15.5 -15.5 -15.5 -16.4 - -15.0 

S690 PG 152,855 1,365 14,044 739 131 1,137 2,274 10 0 -103,069 

Relative to S355 PG (%) -28.5 -31.2 -31.2 -31.2 -31.2 -31.2 -31.2 -33.0 - -29.0 

 
Table 5.20 gives the results of the cost assessment for Case 3. As shown, the cost of 
the residential levels is the same in each design variant. 
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Table 5.20 Case 3 Cost summary for the transfer beams supporting 6 residential levels 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Transfer floor    

Steel material cost 58,339 54,849 51,228 

Fabrication cost 12,736 12,749 12,692 

Coating cost 22,134 22,911 21,924 

Transport cost 4,688 3,750 2,813 

Erection cost 7,125 7,125 7,125 

Total cost - steelwork 105,021 101,384 95,782 

Relative to S355   -3.4% -8.8% 

Tonnage 73.1 61.4 50.4 

Relative to S355   -16% -31% 

Cost per tonne (£) 1,436 1,652 1,902 

Residential floors    

Steel material cost 83,562 83,562 83,562 

Fabrication cost 74,547 74,547 74,547 

Coating cost 83,349 83,349 83,349 

Transport cost 6,563 6,563 6,563 

Erection cost 48,750 48,750 48,750 

Total cost - steelwork 296,771 296,771 296,771 

Tonnage 110.6 110.6 110.6 

Cost per tonne (£) 2684 2684 2684 

Floors 293,388 293,388 293,388 

Total cost 695,180 691,543 685,941 

 

Table 5.21 shows the cost and embodied carbon results for Case 3 but for the transfer 

beams only. The HSS options reduce the steelwork weight by 21% and 41%, the cost 

by 4% and 13% and the embodied carbon by 19% and 36% for S460 and S690 

respectively relative to the S355 design. 
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Table 5.21 Cost and embodied carbon summary transfer beams only 

Cost item 

Cost (£) 

S355 PG S460 PG S690 PG 

Steel material cost 44,769 41,952 38,331 

Fabrication cost 5,012 5,025 4,968 

Coating cost 11,394 12,171 11,184 

Transport cost 3,593 2,707 1,859 

Erection cost 875 875 875 

Total cost - steelwork 65,644 62,730 57,218 

Relative to S355   -4.4 -12.8 

Tonnage 56.0 44.3 33.3 

Relative to S355   -20.9 -40.6 

Cost per tonne (£) 1,171 1,416 1,719 

Module A+C 192,712 157,025 122,920 

Relative to S355   -18.5 -36.2 

Module D -116,789 -95,072 -74,670 

5.5 Case 4 Columns in multi-storey buildings 

The scope of the embodied carbon assessment was the columns to support a 10-storey 

and a 20-storey building based on a 9 x 9m structural grid, i.e. the floors assessed in 

Case 1. Each floor has an area of 18m x 36m = 648m2 and is supported on 15 No. 4m 

long columns. 

The designs and resulting quantities used in the assessment are presented in Section 

2.7.  

5.5.1 Columns in a 10-storey building 

Table 5.22 shows the embodied carbon comparisons for the columns in the 10-storey 
building. For this case, only the columns have been assessed. 

Table 5.22 Embodied carbon assessment - columns in 10-storey building 

Design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

S355 HR 313,008 3,006 30,935 1,628 288 2,505 5,010 19 0 -200,978 

S460 PG 287,824 2,577 26,521 1,396 247 2,147 4,295 21 0 -193,269 

S690 PG 235,875 2,013 20,722 1,091 193 1,678 3,356 17 0 -151,011 

S460 Histar 239,468 2,254 23,201 1,221 216 1,879 3,757 14 0 -150,734 

Table 5.23 gives the results of the steelwork weight used in the columns used to support 

the 10-storey building and the associated embodied carbon impact. 
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Table 5.23 Weight of steel and total embodied carbon results for the 10-storey building 

Design  Weight (t) Embodied carbon (kg CO2e) 

   Module A+C Module D 

S355 HR HD 360 rolled sections 117.6 356,399 -200,978 

S460 PG S460 Plate girders 91.4 325,028 -193,269 
Relative to S355  -22% -9%  

S690 PG S690 Plate girders 71.4 264,945 -151,011 
Relative to S355  -39% -26%  

S460 Histar Histar360 rolled sections 88.2 272,011 -150,734 
Relative to S355  -25% -24%  

The HSS designs show significant weight savings (22% to 39%) relative to the S355 

design. The corresponding embodied carbon savings range from 9% to 26%. Comparing 

the S460 PG and Histar designs, the Histar design gives greater weight and carbon 

savings because of the lower weight of the section. As a reminder, the embodied carbon 

Module A1 value used for the Histar columns is for BF-BOF production (such as S460 

sections produced by British Steel) rather the EAF value from the Histar EPD.  

In this example, the column weight of the S460 Histar rolled section is lighter than the 

equivalent S460 fabricated section because of several factors including: 

• A square section was chosen for the fabricated section designs as the most 

appropriate shape for columns. 

• The fabricated section used steel thickness in steps of 15, 20, 25 and 30mm etc 

and 10mm steps in depth and width. It may be possible to order a wider range 

of plate thicknesses to improve the efficiency of steel usage in practice.  

• The rolled section was efficient for the particular design case because the steps 

in section weight matched the applied loading. 

• The fabricated column sections has a lower buckling curve than the equivalent 

Histar rolled section which reduces its buckling resistance in the intermediate 

slenderness range. 

• The fabricated column sections are designed using the strength reduction (with 

thickness) whereas the Histar 460 strength does not reduce at thicknesses less 

than 100mm see Table 2.1. 

These effects were more pronounced for the 10 storey building because of the column 

slenderness than for the 20 storey building. 

Furthermore, the fabricated cost is influenced also by additional welding costs for 

fabricated sections relative to rolled sections and also by the surface area for 

intumescent coating. 

Table 5.24 gives the costs of the columns for the 10-storey building. Despite the weight 

saving, the S460 PG design is 3.9% more expensive than the S355 HR design and the 

S690 PG design is about the same cost as the S355 HR design. The cost of the S460 

Histar columns is 10% lower than the S355 HR design. 
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Table 5.24 Column cost comparison for the 10-storey building 

Cost item 

Cost (£)  

S355 HR S460 PG S690 PG S460 Histar 

Steel material cost 87,627 86,507 82,216 72,141 

Fabrication cost 23,424 40,368 40,296 23,363 

Coating cost 41,570 33,561 32,798 40,925 

Transport cost 6,563 5,625 3,750 4,688 

Erection cost 18,750 18,750 18,750 18,750 

Total cost - steelwork 177,933 184,811 177,810 159,867 

Relative to S355 HR  +3.9% -0.1% -10.2% 

Tonnage 117.6 91.4 71.4 88.2 

Relative to S355 HR  -22% -39% -25% 

Cost per tonne (£) 1,513 2,022 2,490 1,813 

 

5.5.2 Columns in a 20-storey building 

The designs and resulting quantities used in the assessment of the columns in the 20-
storey building are presented in Section 2.7. Table 5.25 shows the embodied carbon 
comparisons for the columns in the 20-storey building. 

Table 5.25 Embodied carbon assessment - columns in the 20-storey building 

Design 
Embodied carbon impact (kgCO2e) 

 
A1 A2 A3 A4 A5 C1 C2 C3 C4 D 

S355 HR 1,210,234 11,717 120,584 6,347 1,123 9,764 19,528 79 0 -783,406 

S460 PG 1,071,793 9,644 99,257 5,224 924 8,037 16,074 80 0 -723,330 

S690 PG 788,185 6,768 69,654 3,666 649 5,640 11,280 56 0 -507,600 

S460 Histar 925,202 8,932 91,923 4,838 856 7,443 14,886 56 0 -597,176 

Table 5.26 gives the results of the steelwork weight used in the columns used to support 

the 20-storey building and the associated embodied carbon impact. 
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Table 5.26 Weight of steel and total embodied carbon results for the 20-storey building 

Design  Weight (t) Embodied carbon (kg CO2e) 

   Module A-C Module D 

S355 HR HD 400 rolled sections 458.4 1,379,374 -783,406 

S460 PG S460 Plate girders 342.0 1,211,033 -723,330 
Relative to S355  -25% -12.2%  

S690 PG S690 Plate girders 240.0 855,898 -507,600 
Relative to S355  -48% -36%  

S460 Histar Histar360 rolled sections 344.4 1,054,136 -597,176 
Relative to S355  -25% -23.6%  

The HSS designs show significant weight savings (25% to 48%) relative to the S355 

design. The corresponding embodied carbon savings range from 12% to 36%.  

Table 5.27 gives the costs of the columns for the 20-storey building. Despite the weight 

saving, the cost of the S460 PG design is slightly higher and the S690 PG design slightly 

lower than the S355 option. The S460 Histar column cost is 14% lower than the S355 

option. 

Table 5.27 Column cost comparison for the 20-storey building 

Cost item 

Cost (£)  

S355 HR S460 PG S690 PG S460 Histar 

Steel material cost 341,565 323,761 276,356 281,693 

Fabrication cost 47,532 82,536 81,600 47,317 

Coating cost 90,386 86,191 76,275 88,111 

Transport cost 24,375 17,813 13,125 18,750 

Erection cost 37,500 37,500 37,500 37,500 

Total cost - steelwork 541,358 547,800 484,856 473,371 

Relative to S355 HR  +1.2 -10.4 -13.6 

Tonnage 458.4 342.0 240.0 344.4 

Relative to S355 HR  -25% -48% -25% 

Cost per tonne (£) 1,181 1,602 2,020 1,374 

5.6 Case 5 Berlin Museum Hall 

The scope of the cost assessment was the 20m primary beams only. For compatibility 

with the costing information provided by Hochtief, used to validate the STROBE cost 

assessment, the coating and erection costs and impacts were not included. 

The designs and resulting quantities used in the assessment are summarised in Section 

2.8.  

Table 5.28 shows the cost comparisons for the four different steel grades considered. 

The results obtained are compared with the costs obtained by Hochtief from a German 

steelwork contractor. 
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Table 5.28 Berlin museum hall cost comparisons 

  Cost (£)   

Cost item S355 PG S460 PG S690 PG S460 HISTAR 

Steel material cost 36,765 27,800 27,071 33,769 

Fabrication cost 8,061 6,710 6,205 4,300 

Transport cost 2,813 1,875 1,875 2,813 

Total cost 47,639 36,385 3,150 40,881 

Relative to S355  -23.6% -26.2% -14.2% 

Tonnage 46.15 30.10 24.09 42.31 

Relative to S355 
 

-34.8% -47.8% -8.3% 

Cost per tonne 1,032 1,209 1,456 966 

Hochtief costs     

Total cost 53,695 32,503 32,792 35,666 

Relative to S355  -39.4% -38.9% -33.6% 

Cost per tonne 1,192 1,107 1,395 864 

Table 5.29 shows the comparison of the embodied carbon of the primary beams only 

used in the museum hall. 

Table 5.29 Embodied carbon results for the Berlin exhibition hall 

Design   Embodied carbon (kg CO2e) 

   Module A-C Module D 

S355 PG S355 Plate girders  155,770 -95,233 

S460 PG S460 Plate girders  103,047 -63,000 
Relative to S355   -34%  

S690 PG S690 Plate girders  85,677 -49,717 
Relative to S355   -45%  

S460 Histar Histar360 rolled 

sections 

 124,572 -70,548 

Relative to S355   -20%  
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5.7 Summary of results 

Table 5.30 summarises the weight, cost and carbon savings relative to the S355 scenario 
for each of the seven designs considered. Note that the savings relate to the steelwork 
varied between each scenario considered. 

Table 5.30 Summary of the weight, cost and carbon savings relative to the S355 designs 

Case  Description Weight  Cost Carbon (Modules A-C) 

1 9m x 9m primary beams -24 to -38% +5 to +14% -11 to -24% 

2a Long-span primary beams  -18 to -31% -3 to -6% -16 to -27% 

2b 
Long-span composite 
primary beams -19 to -31% -4 to -5% -17 to -27% 

3 Transfer beams -21 to -41% -4 to -13% -19 to 36% 

4 Columns 10-storey -22 to -39% +4 to -10% -9 to -26% 

 
Columns 20-storey -25 to -48% +1 to -14% -12 to -36% 

5 Berlin Museum hall - 20m 
span beams -8 to -48% -34 to -39%1 -20 to -45% 

1 Cost savings for case 5 are based on the cost information provided by Hochtief.   
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6 CONCLUSIONS 

This study focussed on the Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) 

of a range of structural systems for which the use of high strength steel (HSS) is 

considered to be beneficial in terms of LCA and LCC. The Conclusions are presented in 

terms of the various Cases that were designed in S355, S460 and S690 steel which are 

presented as follows: 

Case 1: 9m x 9m floor grid for an office building 

This regular floor grid used HSS for the primary beams connected to the columns and 

S355 steel for the secondary beams. The serviceability design of the HSS primary beams 

controls their profile weight. The reduction in weight of the primary beams was 24% and 

38% for S460 and S690 steel respectively relative to S355 primary beams. The overall 

steel use in the beams and columns reduced by 5% and 8% respectively for the two HSS 

grades relative to S355 steel throughout, 

The overall cost of the steelwork was +1.7% for S460 steel and -0.4% for S690 steel in 

the primary beams, taking account of the additional plate and fabrication costs for these 

plate girder designs in HSS. For the primary beams only, the reduction in embodied 

carbon in kg CO2e was 11% and 24% respectively for the two HSS grades relative to 

S355 steel. This shows that the main benefit in using HSS is in the carbon reduction in 

this case. 

Case 2: 15m x 7.5m floor grid for an office building 

The use of long span beams is an important use of steel construction in the commercial 

building sector. The 15m span primary beams used fabricated profiles in all 3 steel 

grades and each beam had large rectangular openings for services integration. As for 

Case 1, the primary beams were connected to the flanges of the columns and the 

secondary beams used S355 rolled sections. 

The serviceability design of the long span HSS beams controls their weight and account 

was taken of their end fixity of the beams to the column flanges to reduce deflections. 

The reduction in the weight of the primary fabricated beams was 18% and 31% 

respectively for S460 and S690 steel relative to S355 steel. The overall steel use reduced 

by 9% and 15% respectively for the two HSS grades relative to S355 steel throughout. 

The overall cost of the steelwork was -1% for S460 steel and -3% or S690 steel in the 

primary beams. For the primary beams only, the reduction in embodied carbon was 16% 

and 27% respectively for the two HSS grades relative to S355 steel. 

The designs were repeated for composite primary and secondary beams in the 3 steel 

grades (Case 2b). The overall steel use reduced by 10% and 16% respectively for the 

two HSS grades. The overall cost of the steelwork in one floor was -1.8% and -1.6%. 

The reduction in embodied carbon for the whole floor was 7% and 17% for the two HSS 

grades respectively relative to S355 steel in the primary beams. This reduction is in 

addition to the overall carbon reduction due to the lower steel usage.in using composite 

construction. This shows that the main benefit in using HSS is in the carbon reduction in 

long span composite beams. 
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Case 3: 15m span transfer beams for 6 residential levels over a commercial 

space 

The use of steel construction in mixed residential and commercial developments in urban 

areas is an important application of HSS. These designs used 15m span transfer beams 

at first floor to support 6 residential levels on a 7.5 x 6m grid above. The transfer beams 

used fabricated profiles of approximately 1m depth in all 3 steel grades and connected 

to the columns. The controlling condition as the natural frequency of the transfer beams, 

which was limited to a minimum of 3 Hz. This was affected by the self-weight of the 

residential levels, when the stiffening effect of the structure above was neglected, which 

would have increased the natural frequency of the transfer beams. 

The reduction in the weight of the fabricated transfer beams was 21% for S460 steel and 

41% for S690 steel relative to S355 steel. The overall steel use of the building, including 

the residential levels reduced by 6% and 12% respectively for the two HSS grades in the 

transfer beams. 

The overall cost of the structure at the transfer level was -3.4% for S460 steel and -8.8% 

for S690 steel relative to S355 steel. The embodied carbon of the transfer beams was -

18.5% and 36% lower for the two HSS grades respectively. This shows that there is a 

significant cost and carbon reduction for design of the transfer beams in HSS. The cost 

and embodied carbon of the residential levels is the same for all designs. 

Case 4: Columns in 10 and 20 storey buildings 

The use of HSS in the highly loaded columns of high-rise buildings is a recognised 

application. This study considered the design of 4m high fabricated columns in a 9m x 

9m floor grid of a commercial building in the 3 steel grades. The use of rolled profiles in 

Histar using S460 steel was included for comparison. The designs were made for 10 and 

20 storey buildings in order to demonstrate the benefits of HSS with increasing building 

height.   

For the 10 storey buildings, the reduction in steel use in the columns was 25% for Histar 

rolled profile and 23% and 39% for the fabricated profiles in the two HSS steel grades. 

This represented a reduction of 9% to 18% in overall steel use when combined with the 

HSS beams in Case 1. The cost of the fabricated columns was +3.9% and -0.1% for the 

two HSS grades, but -10% for the Histar rolled profile. 

For the 20 storey building, the reduction in steel use in the columns was 25% for Histar 

and 25% and 48% for the fabricated profiles in the two HSS steel grades. This 

represented a reduction of 13% and 22% in overall steel use when combined with the 

HSS beams in Case 1. The cost of the fabricated columns was +1.2% and -10.4% for 

the two HSS grades but -13.6% for the Histar rolled profile in Histar. 

For the 10 storey building, the reduction in overall embodied carbon was 9% and 26% 

for the two HSS grades and 24% for Histar. For the 20 storey building, this reduction was 

12% and 36% for the two HSS grades and 24% for Histar. This shows the increasing 

benefit of HSS in columns in high-rise buildings. 

For the study on column sizes using plate sections, the minimum weight design using 

S460 steel was based broadly on the same external dimensions as the rolled equivalent 

in S355 steel but using thinner plates. However, it was found that the minimum cost 
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design could be achieved for a more compact section with smaller external dimensions 

but only slightly thinner plates than the rolled equivalent. This was because of the surface 

area of the coating was a variable cost in the overall cost model. Furthermore the 

reduced external dimensions would increase the useable floor area, albeit by a small 

amount, but this was not taken into account in the cost model. These effects were more 

pronounced for the columns in S690 steel grades where the section dimensions could 

be reduced significantly, which saved on steel cost as well as coating costs. 

The use of columns in Histar S460 steel had a lower total cost than the fabricated 

alternative because of its reduced fabrication costs, although the section weight was 

similar to the fabricated design in S460 steel. This was also influenced by factors such 

as the higher wastage rate in the cutting of plates compared to cutting of rolled sections 

to length. Coating costs were similar in the two cases. For the columns in the 20 storey 

building, the cost difference between the plated section in S460 steel and the rolled 

profile in S355 steel was small (1%). However, the savings in using fabricated sections 

in S690-steel was approximately 10%, which is a significant economic benefit.  

Case 5: Berlin Museum Hall 

This Case study considered the re-design of 20m span primary beams in a large museum 

hall in Berlin that had been designed originally using plate girders in S355 steel. 

The reduction in steel use in the primary fabricated beams was 35% and 48% for the two 

HSS grades and 8% for Histar, because of the less efficient depth of the rolled profile.  

The reduction in cost of the primary beams was 39% for the two HSS grades compared 

to the use S355 steel, according to the Hochtief figures. The embodied carbon of the 

primary beams was 34% and 45% less for the two HSS grades. 

It is concluded that the greatest cost reductions are in long span fabricated beams where 

the 3 steel grades require similar fabrication processes. This also applies to transfer 

beams that support residential levels above. Although there is a significant carbon 

reduction in the use of fabricated HSS profiles for columns in multi-storey buildings, the 

use of Histar rolled profiles in S460 steel is the most cost-effective option. 
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36  CEPE see Sustainability - CEPE 
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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 
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 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 
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 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. 
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 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. 
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 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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