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Preface

Steel is a better construction material compared to concrete. There are several
benefits from steel construction. First of all, steel construction helps to save time.
Design of steel is simpler compared to concrete. Other than that, erection of steel is
faster than concrete. Steel also has post-construction advantages over concrete, in
which steel can be repaired easily without affecting other members, and it can be
recycled after the building is demolished.

EC3 is a design standard of steel structure, which had been enforced in the year
2010. However, in Malaysia, the usage of EC3 is still uncommon. The main reason
why these phenomena had occurred is most of the designers are still not familiar
with EC3. Other than that, we can barely find any guideline or reference to aid us in
the design of steel structure based on EC3.

This book is tailored to the needs of structural engineers who are seeking to
become familiar with the design of steel structure based on EC3.

In this book, the design procedure based on EC3 is arranged in comprehensive
flowcharts. For each step, detailed explanation and all the necessary table/equation
will be provided. Other than that, examples also provided to show the proper way to
perform design. This book also provides useful appendix, including universal
sections and their properties, and general formula of shear force, maximum bending
moment, and deflection for several selected loading condition. These appendices
serve to give convenience to the designers when they are performing design.

This book also introduces a specially developed design-aiding program. This
program can give the immediate result to the user after it receives inputs from the
user. With this program, modeling is not required and the time consumed in design
stage can be reduced.

Selangor, Malaysia Farzad Hejazi
Tan Kar Chun
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Chapter 1
Introduction

1.1 General

Steel is a material commonly used in construction. In concrete structures, steel is
mainly used as reinforcement to increase the resistance of the concrete member in
the tension zone. In steel structures, steel is important because the structural
members are constructed purely from structural steel.

Steel is an alloy of iron and carbon, with carbon contributing between 0.2 and
2% of the weight of steel. If the alloy contains less than 0.2% carbon, it is called
wrought iron, which is soft and malleable. If the alloy contains more than 3%
carbon, it is called cast iron, which is hard and brittle.

Structural steel is basically carbon steel, which is steel with controlled amounts
of manganese, phosphorus, silicon, sulfur, and oxygen added. Carbon steel can be
further categorized according to its carbon content: mild steel (0.2–0.25% carbon),
medium steel (0.25%–0.45%), hard steel (0.45–0.85%), and spring steel (0.85–
1.85%).

As steel is a construction material, designers must know its mechanical prop-
erties. The notable mechanical properties of steel are as follows:

• Modulus of elasticity, E = 210 � 109 N/m2

• Shear modulus, G = 81 � 109 N/m2

• Poisson’s ratio, m = 0.3

© Springer Nature Singapore Pte Ltd. 2018
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1.2 Advantages of Steel Structure

Figure 1.1 shows some of the advantages of steel over reinforced concrete in
construction. The design of a steel structure is simpler than that of a concrete
structure. In the design of a concrete structure, factors such as member dimension,
diameter of steel bar, and concrete grade must be determined, all of which lead to
uncertainty and variations in the design outcome. By contrast, the design of a steel
structure is fundamentally based on standard sections, which reduces uncertainty
and variations in the design outcome.

Another advantage of steel over concrete is that it can be constructed under all
kinds of weather. Given that steel frames can be fabricated off-site, the effect of
weather on the progress of the project is minimal. On the contrary, concrete frames
are commonly cast on-site, where bad weather conditions can hinder the progress of
the project.

Fig. 1.1 Advantages of steel in construction
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The construction of a steel structure is also easy because it only employs the
welding or bolting process. Therefore, construction can be finished in a short time.
Fabrication of concrete, however, takes a long time because of the casting and
curing process involved.

Both all-weather construction and ease of construction can efficiently reduce
project duration, which is favorable for owners because they can generate profit as
early as possible.

1.3 Design Standard for Steel

Eurocode 3 (EC3) is a design standard belonging to a set of harmonized technical
rules called Eurocodes. Eurocodes were developed by the European Committee of
Standardization to remove all design obstacles and harmonize technical specifica-
tions in European countries. In 2010, the previously implemented BS 5950 was
superseded by EC3. The change in design standard was claimed to improve the
construction industry because EC3 allows for a more economical design compared
with BS 5950. In addition, the newly established EC3 is well arranged, less
restrictive, and more logical compared with its predecessor.

The design under Eurocodes is based on a limit state. Limit-state designs have
two types: ultimate limit state (ULS) and serviceability limit state (SLS).

ULS design is concerned with structural stability under the ultimate condition,
whereas SLS design is concerned with structural function under normal use,
occupant comfort, and building appearance. ULS and SLS designs can be carried
out by applying different partial safety factors to a load, as shown in Table 1.1.

During the design stage, one of the most important tasks, and also the most
difficult, is estimating the load to be applied to a structure. In design, load can be
classified as dead load (DL) and live load (LL).

Table 1.1 Load combinations for ULS and SLS designs (BS EN 1990 Table NA.A1.2)

Load combination for ultimate limit state
design

Load combination for serviceability limit state
design

1.35Gk + 1.5Qk Gk + Qk

1.35Gk + 1.5Wk Gk + Wk

1.00Gk + 1.5Wk Gk + Qk + 0.5Wk

1.35Gk + 1.5Qk + 0.75Wk Gk + Qk + Wk

1.35Gk + 1.05Qk + 1.5Wk

1.2 Advantages of Steel Structure 3



DL is defined as a permanent action (Gk) in Eurocodes, that is, the load per-
manently attached to a structure. Therefore, it is basically the self-weight of a
material for either structural or architectural purposes.

LL is defined as a variable action (Qk) in Eurocodes, that is, the load induced
from activities. It is mostly induced from human activities for most structures. In a
bridge, for instance, traffic load is considered instead. In Eurocodes, the design
values of LLs at different locations are provided.

Wind load (WL) is a type of LL. It is usually not considered except for tall
buildings. This load is hugely dependent on the terrain and location where the
building stands and the building height. Design values for WL can be obtained from
the national standard instead of from Eurocodes.

After the load is estimated, the next step is to determine the load combination.
Table 1.1 shows several options for load combinations for ULS and SLS.

1.4 I-Section

One of the most commonly used steel member sections is the I-section, also known
as the universal section. Figure 1.2 shows the terminology and dimensions of an
I-section.

Fig. 1.2 Terminology and dimension of an I-section
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1.5 Steel Design Based on EC3 Program

An special program is developed for “Steel Design Based on EC3”. The program
can perform three types of design, which is design of beam, column and connection
(Fig. 1.3).

This is a simple complementary program that gives quick result for design of
beam, column and connection.

The program can be downloaded through the following link:
http://extras.springer.com

In the main menu, one of the following options can be choose: “Design of
Beam”, “Design of Column (Simple Construction)” or “Design of Connection”, and
then click START to proceed.

For “Design of Beam” and “Design of Column (Simple Construction)”, select
the section to use before proceed to design.

• In order to design a beam, the structural analysis is required. By specifying the
supports condition and length, the structural loading will be calculated. Then,
this result will be used as design input, which will yield the section to use at the
end.

• To design a column, column support condition, length and loading on each
direction is required. Similarly, the program will determine the optimum section
for the loading condition.

• Design of connection included bolted connection and welded connection. For
bolted connection, parameter for components involved in construction of

Fig. 1.3 Main menu of steel design based on EC3 program
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connection such as steel plate and bolt, as well as design load is required. The
program will determine the number of bolt required for the considered condi-
tion. For welded connection, the steel plate parameter and design load are
required as input, while the program will determine the welding length required
for the considered condition.

The result generated from the program can be exported to Microsoft Excel
worksheet format. The output file of the program can be implemented as design
outcome.

6 1 Introduction



Chapter 2
Beam Design

2.1 Introduction

Beam is a structural member subjected to a transverse load, whose direction is
perpendicular to the longitudinal axis (x-x) of the beam. Thus, a beam is designed to
resist the bending moment and shear force of the load. Generally, a beam is bent
about its major axis (y-y) (Fig. 2.1).

Beams can be categorized into two types: primary and secondary. A primary
beam supports a secondary beam and a slab while being supported only by a
column. A secondary beam supports a slab while being supported by a primary
beam or a column. Steel beams can also be categorized as laterally restrained and
laterally unrestrained. Lateral rotation and deflection are not allowed for a laterally
restrained beam. Figure 2.2 shows examples of laterally restrained beams.

By contrast, a laterally unrestrained beam is free to rotate and deflect laterally
when load is applied. Any beam without restraints on its sides is categorized as a
laterally unrestrained beam.

Fig. 2.1 Beam and its loading
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2.2 Design Procedure for a Laterally Restrained Beam

The design procedure for a laterally restrained beam is presented below.

1. Determine the support condition (i.e., pin, roller, or fixed at both ends of the
beam).

2. Determine the DL and LL that act on the beam.
3. Choose the steel grade. Refer to BS 4 Part 1 2005 to choose the beam section

for use in construction. A table for the universal beam section and its corre-
sponding properties is provided in Appendix A.2 (Table 2.1).

4. Perform a structural analysis to determine the maximum shear force VEd and
bending moment MEd induced by loading. Prior to analysis, the partial safety
factor for ULS (Table 1.1) is applied to the actions determined in Step 2,
including the self-weight of the beam section.

Fig. 2.2 Examples of laterally restrained beams

Table 2.1 Nominal values of yield strength fy and ultimate tensile strength fu for hot-rolled
structural steel (BS EN 1993-1-1:2005 Table 3.1)

Standard and steel grade (To
BS EN 10025-2)

Nominal thickness of element, t (mm)

t� 40 mm 40 mm\t� 80 mm

fy N=mm2ð Þ fu N=mm2ð Þ fy N=mm2ð Þ fu N=mm2ð Þ
S235 235 360 215 360

S275 275 430 255 410

S355 355 490 335 470

S450 440 550 410 550
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5. Classify the beam section. For beams, check only the section class by using the
criteria “outstand flange for rolled sections” and “web with neutral axis at
mid-depth, rolled sections” (Table 2.2).

6. Determine shear resistance of the section. The shear area of the section needs to
be determined beforehand. cM0 should be set as 1.0.

Vpl;Rd ¼
AV fy=

ffiffiffi
3

p� �
cM0

ð2:1Þ

where

AV is shear area obtained from Step 6 (Table 2.3)
fy is yield strength of steel obtained from Step 3

(BS EN 1993-1-1:2005 6.2.6(2))
7. Compare the design shear force on the structure and shear resistance of the

section. If the shear resistance of the structure is insufficient, repeat Step 3 to
choose a better section. Otherwise, proceed to Step 8.

Table 2.2 Maximum width-to-thickness ratio of the compression element (BS EN 1993-1-1:2005
Table 5.2)

Type of element Class of element

Class 1 Class 2 Class 3

Outstand flange for rolled section c=tf � 9e c=tf � 10e c=tf � 14e

Web with neutral axis at mid depth, rolled
sections

c�=tw � 72e c�=tw � 83e c�=tw � 124e

Web subject to compression, rolled sections c�=tw � 33e c�=tw � 38e c�=tw � 42e

fy 235 275 355

e 1 0.92 0.81

Where tf is thickness of flange by referring to Appendix A.2
tw is thickness of web by referring to Appendix A.2
c* = d by referring to Appendix A.2
c = (b − tw − 2r)/2

Table 2.3 Shear area, AV, parameter descriptions (BS EN 1993-1-1:2005 6.2.6(3))

Type of member Shear area, AV

Rolled I and H sections, load parallel to web A� 2btf þ tw þ 2rð Þtf � ghwtw
Rolled channel sections, load parallel to web A� 2btf þ tw þ rð Þtf
Rolled rectangular hollow sections of uniform thickness,
load parallel to depth

Ah= bþ hð Þ

Circular hollow sections and tubes of uniform thickness 2A=p

Plates and solid bars A

2.2 Design Procedure for a Laterally Restrained Beam 9



8. Check whether the section is classified as a plated member. This step is
especially necessary for a built-up section because universal beam sections
usually do not satisfy Eq. 2.2, in which case, Step 9 is skipped. Otherwise, the
shear buckling resistance of the section should be determined according to
BS EN 1993-1-5. η is set as 1.0.

hw
tw

[ 72
e
g

ð2:2Þ

where hw ¼ dþ 2r

d is depth between fillets by referring to Appendix A.2
r is root radius by referring to Appendix A.2
tw is thickness of web by referring to Appendix A.2
e is obtained from Step 5 (Table 2.2)

(BS EN 1993-1-1:2005 6.2.6(6))
9. Determine the shear buckling resistance according to BS EN 1993-1-5.

10. Determine the bending moment resistance of the section. Note that for a dif-
ferent section class, the section properties used are different.

MC;Rd

Wplfy
cM0

;Class 1 and 2 sections
Wel;minfy
cM0

;Class 3 sections
Weff ;minfy

cM0
;Class 4 sections

8>><
>>: ð2:3Þ

where

Wpl is plastic section modulus by referring to Appendix A.2
Wel,min is minimum elastic section modulus
Weff,min is minimum effective section modulus
fy is yield strength of steel obtained from Step 3 (Table 2.1)

(BS EN 1993-1-1:2005 6.2.5(2))
11. Compare the design bending moment of the structure and the bending moment

resistance of the section. If the bending moment resistance of the structure is
insufficient, repeat Step 3 to choose a better section. Otherwise, proceed to Step 12.

12. Refer to BS EN 1993-1-1:2005 6.2.8(2) to check the ratio of design shear force
to shear resistance of the section. If the ratio is more than 0.5, proceed to Step
13. Otherwise, proceed to Step 15 to continue with the design.

13. Determine the reduced bending moment resulting from the shear force. The
formula for bending moment resistance remains unchanged, as shown in
Eq. 2.3, but the value of fy is replaced by fyr. Alternatively, reduced bending
moment can be determined directly if the section has equal flanges.

10 2 Beam Design



fyr ¼ 1� qð Þfy

q ¼
2VEd
Vpl;Rd

� 1
� �2

; generally

2VEd
Vpl;T ;Rd

� 1
� �2

;with Torsion

8><
>:

Alternatively,

My;Rd ¼
Wpl;y � qA2

w
4tw

� �
fy

cM0
ð2:4Þ

where

VEd is design shear force obtained from Step 4
Vpl,Rd is design shear resistance obtained from Step 6 (Eq. 2.1)
Vpl,T,Rd is design shear resistance that take torsion into account
fy is yield strength of steel obtained from Step 3 (Table 2.1)
Wpl,y is plastic section modulus by referring to Appendix A.2
tw is thickness of web by referring to Appendix A.2

Aw ¼ hwtw; hw ¼ dþ 2r

d is depth between fillets by referring to Appendix A.2
r is root radius by referring to Appendix A.2

(BS EN 1993-1-1:2005 6.2.8(3), (4), (5))

14. Compare the design bending moment of the structure and the reduced bending
moment resistance of the section. If the bending moment resistance of the
structure is insufficient, repeat Step 3 to choose a better section. Otherwise,
proceed to Step 15.

15. Determine the maximum deflection of the structure under the loading specified
in Step 2. The load combination for this calculation should be any of those
specified for the SLS design, as shown in Table 1.1.

16. Determine the allowable deflection of the structure (Table 2.4).

Table 2.4 Vertical deflection limit Δall (BS EN 1993-1-1:2005 NA2.23)

Design situation Vertical deflection limit, Dall

Cantilever Length=180

Beams carrying plaster of other brittle finish Length=360

Other beams (except purlins and sheeting
rails)

Length=200

Purlins and sheeting rails To suit the characteristics of particular
cladding

2.2 Design Procedure for a Laterally Restrained Beam 11



17. Compare the maximum deflection of the structure and the allowable deflection.
If the deflection of the structure exceeds the allowable deflection, repeat Step 3
to choose a better section. Otherwise, proceed to Step 18.

18. Check whether the section is an overdesign by checking the ratio of design
value to resistance for shear and bending and the ratio of maximum deflection
to allowable deflection. If both ratios are less than 0.5, repeat Step 3 and choose
a smaller section to ensure optimum design.

2.2.1 Design Flowchart for a Laterally Restrained Beam

START

1. Determine Support Condition

2. Determine Loading

3. Select Steel Grade and Beam Section

(Refer Table 2.1 and Appendix A2) 

4. Determine VEd and MEd

B1

Yes

No

5. Classify Section

(Refer Table 2.2) 

6. Determine Shear Resistance

(Refer Table 2.3 and Eq. 2.1) 

A1

7. < 1

12 2 Beam Design



B1 A1

10. Determine Bending Moment Resistance

(Refer Eq. 2.3) 

No

No

No

No

Yes

C2B2 A2

14. , < 1

13. Determine Reduced Bending 
Moment Resistance

(Refer Eq. 2.4) 

Yes

Yes

No

12. > 0.5

11. < 1

Yes

8. Plated Member

(Refer Eq. 2.2) 

9. Shear Buckling 
Resistance OK

Yes

2.2 Design Procedure for a Laterally Restrained Beam 13



2.2.2 Example 2-1 Design of a Laterally Restrained Beam

Select the optimum section of a beam 5 m in length and subjected to a uniform load
(Fig. 2.3). Use steel grade S235. Assume the beam is laterally restrained and sits on
100 mm bearings at each end. Take the self-weight of the beam into account.

A2B2 C2

15. Determine Maximum Deflection

16. Determine Allowable 
Deflection

(Refer Table 2.4) 

17. ∆∆ < 1

18. Over-
Design

Yes

No

Yes

No

DESIGN 
FINISHED

Fig. 2.3 Example 2-1
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1 unless
otherwise stated

The beam is simply supported

2 Permanent action, Gk = 5 kN/m
Variable action, Qk = 3 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange
are less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Randomly choose a beam section for the
first trial:
Select beam section 305 � 127 � 37

The properties of the section is as follows:
Mass per meter = 37 kg/m
Depth of section, D = 304.4 mm
Width of section, b = 123.4 mm
Thickness of web, tw = 7.1 mm
Thickness of flange, tf = 10.7 mm
Root radius, r = 8.9 mm
Depth between fillets, d = 265.2 mm

Second moment of area about major
(y-y) axis, Iy
¼ 7171 cm4

Elastic modulus about major
(y-y) axis, Wel,y

¼ 471 cm3

Plastic modulus about major
(y-y) axis, Wpl,y

¼ 539 cm3

Area of section, A = 47.2 cm2

4 Self-weight of beam section
¼ 37 kg/m � 9.81 N/kg
¼ 0.36 kN/m
For ULS, partial factor of safety for both
permanent action and variable action
selected are 1.35 and 1.5 respectively
Ultimate load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(5 + 0.36) + 1.5(3)
¼ 11.74 kN/m

Design
load = 11.74 kN/m

For simply supported beam, VEd and MEd

can be determined using equation below:
VEd

¼ wultL
2

¼ 11:74�5
2

¼ 29.35 kN

VEd = 29.35 kN

MEd

¼ wultL2

8

¼ 11:74�52
8

¼ 36.69 kNm

MEd = 36.69 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 123:4�7:1�2 8:9ð Þ
2

= 49.25 mm
tf = 10.7 mm
c
tf
¼ 49:25

10:7 ¼ 4:60\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis

at mid depth:
c* = d
= 265.2 mm

tw = 7.1 mm
c�
tw
¼ 265:2

7:1 ¼ 37:35\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 6.2.6(3) For I beam with load applied on flange,
consider the case of rolled I sections with
load parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 47.2 � 102 − 2(123.4)
(10.7) + (7.1 + 2(8.9))(10.7)
¼ 2345.67 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 2345:67�235ffiffi
3

p

¼ 318.25 kN

Vpl,Rd = 318.25 kN

7 VEd
Vpl;Rd

¼ 29:35
318:25 ¼ 0:09\1

The shear resistance of the section is
adequate

VEd
Vpl;Rd

¼ 0:09

8 6.2.6(6) Check for shear buckling failure:
hw = d + 2r

= 265.2 + 2(8.9)
= 283 mm

tw = 7.1 mm
hw
tw
¼ 283

7:1 ¼ 39:86\72 �
g ¼ 72ð Þ

Shear buckling check is not required

9 This step is skipped as shear buckling
check is not required

10 6.2.5(2) For Class 1 section,
Bending moment resistance, Mc,Rd = Mpl,

Rd

= Wplfy
cM0

= 539�10�6�235�106
1

¼ 126.67 kNm

Mc,Rd = 126.67 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

11 MEd

Mc;Rd
¼ 36:69

126:67
¼ 0:29\1

The bending resistance of the section is
adequate

MEd

Mc;Rd
¼ 0:29

12 6.2.8(2) Check for combination of shear and
bending failure:
VEd

Vpl;Rd
¼ 29:35

318:25
¼ 0:09\0:5

Reduction in bending resistance is not
required

13 This step is skipped as reduction in
bending resistance is not required

14 This step is skipped as reduction in
bending resistance is not required

15 For SLS, partial factor of safety for both
permanent action and variable action
selected is 1.0.
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(5.36) + 1.0(3)
¼ 8.36 kN/m
For simply supported beam, maximum
deflection can be determined using
equation below:
Maximum deflection, Δmax

¼ 5wL4

384EI

¼ 5� 8:36� 103 � 54

384� 210� 109 � 7171� 10�8

¼ 4.52 � 10−3 m
¼ 4.52 mm

Δmax = 4.52 mm

16 NA2.23 Assume the beam carries plaster of other
brittle finishes: Allowable deflection, Δall

¼ L
360

¼ 5
360

¼ 0.01389 m
¼ 13.89 mm

Δall = 13.89 mm

17 Dmax

Dall
¼ 4:52

13:89
¼ 0:33\1

The deflection is allowable

Dmax

Dall
¼ 0:33

18 Check the following ratio:
VEd

Vpl;Rd
¼ 29:35

318:25
¼ 0:09

MEd

Mc;Rd
¼ 36:69

126:67
¼ 0:29

Dmax

Dall
¼ 4:52

13:89
¼ 0:33

All ratios are significantly small.
Therefore, the beam
section 305 � 127 � 37 is not optimum
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Step 3 is repeated in the design process because the optimum section is required
(Fig. 2.4).

Step Reference Action/calculation Conclusion

3 Steel grade = S235
Assume the thicknesses of web and flange are less
than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part
1 2005

Select beam section 254 � 102 � 22
The properties of the section is as follows:
Mass per meter = 22 kg/m
Depth of section, D = 254.0 mm
Width of section, b = 101.6 mm
Thickness of web, tw = 5.7 mm
Thickness of flange, tf = 6.8 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 225.2 mm
Second moment of area about major (y-y) axis, Iy
¼ 2841 cm4

Elastic modulus about major (y-y) axis, Wel,y

¼ 224 cm3

Plastic modulus about major (y-y) axis, Wpl,y

¼ 259 cm3

Area of section, A = 28.0 cm2

4 Self-weight of beam section
¼ 22 kg/m � 9.81 N/kg
¼ 0.22 kN/m

For ULS, partial factor of safety for both permanent
action and variable action selected are 1.35 and 1.5
respectively.
Ultimate load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(5 + 0.22) + 1.5(3)
¼ 11.55 kN/m

Design
load = 11.55 kN/m

For simply supported beam, VEd and MEd can be
determined using equation below:
VEd

¼ wultL
2

¼ 11:55�5
2

¼ 28.88 kN

VEd = 28.88 kN

MEd

¼ wultL2

8

¼ 11:55�52
8

¼ 36.09 kNm

MEd = 36.09 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 101:6�5:7�2 7:6ð Þ
2

= 40.35 mm
tf = 6.8 mm
c
tf
¼ 40:35

6:8 ¼ 5:93\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis

at mid depth:
c* = d
= 225.2 mm

tw = 5.7 mm
c�
tw
¼ 225:2

5:7 ¼ 39:51\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 6.2.6(3) For I beam with load applied on flange, consider the
case of rolled I sections with load parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 28 � 102 − 2(101.6)(6.8) + (5.7 + 2(7.6))(6.8)
¼ 1560.36 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 1560:36�235ffiffi
3

p

¼ 211.71 kN

Vpl,Rd = 211.71 kN

7 VEd
Vpl;Rd

¼ 28:88
211:71 ¼ 0:14\1

The shear resistance of the section is adequate

VEd
Vpl;Rd

¼ 0:14

8 6.2.6(6) Check for shear buckling failure:
hw = d + 2r

= 225.2 + 2(7.6)
= 240.4 mm

tw = 5.7 mm
hw
tw
¼ 240:4

5:7 ¼ 42:18\72 �
g ¼ 72ð Þ

Shear buckling check is not required

9 This step is skipped as shear buckling check is not
required

10 6.2.5(2) For Class 1 section,
Bending moment resistance, Mc,Rd = Mpl,Rd

¼ Wpl;y fy
cM0

¼ 259�10�6�235�106
1

¼ 60.87 kNm

Mc,Rd = 60.87 kNm

(continued)
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Step Reference Action/calculation Conclusion

11 MEd
Mc;Rd

¼ 36:08
60:87 ¼ 0:59\1

The bending resistance of the section is adequate

MEd
Mc;Rd

¼ 0:59

12 6.2.8(2) Check for combination of shear and bending failure:
VEd
Vpl;Rd

¼ 28:88
211:71 ¼ 0:14\0:5

Reduction in bending resistance is not required

13 This step is skipped as reduction in bending
resistance is not required

14 This step is skipped as reduction in bending
resistance is not required

15 For SLS, partial factor of safety for both permanent
action and variable action selected is 1.0
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(5.22) + 1.0(3)
¼ 8.22 kN/m
For simply supported beam, maximum deflection can
be determined using equation below:
Maximum deflection, Δmax

¼ 5wL4
384EI

¼ 5�8:22�103�54
384�210�109�2841�10�8

¼ 0.01121 m
¼ 11.21 mm

Δmax = 11.21 mm

16 NA2.23 Assume the beam carries plaster of other brittle
finishes, Allowable deflection, Δall

¼ L
360

¼ 5
360

¼ 0.01389 m
¼ 13.89 mm

Δall = 13.89 mm

17 Dmax
Dall

¼ 11:21
13:89 ¼ 0:81\1

The deflection is allowable

Dmax
Dall

¼ 0:81

18 Check the following ratio:
VEd
Vpl;Rd

¼ 28:88
211:71 ¼ 0:14

MEd
Mc;Rd

¼ 36:08
60:87 ¼ 0:59

Dmax
Dall

¼ 11:21
13:89 ¼ 0:81

Although the value of VEd
Vpl;Rd

is significantly small, but

the value of MEd
Mc;Rd

is greater than 0.5 and the value of
Dmax
Dall

is approaching 1. Therefore, the beam
section 254 � 102 � 22 is optimum
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2.2.3 Example 2-2 Design of a Laterally Restrained Beam

Check the suitability of a 305 � 102 � 25 section for a beam 7 m in length and
subjected to a uniform load (Fig. 2.5). Use steel grade S235. Assume the beam is
laterally restrained and sits on 100 mm bearings at each end. Take the self-weight
of the beam into account (Fig. 2.6).

Fig. 2.4 Result for Example 2-1 using steel design based on EC3 program

Fig. 2.5 Example 2-2
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

From figure, the beam is simply supported

2 Permanent action, Gk = 3 kN/m
Variable action, Qk = 2 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are
less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Try the following beam section:
Select beam section 305 � 102 � 25

The properties of the section is as follows:
Mass per meter = 24.8 kg/m
Depth of section, D = 305.1 mm
Width of section, b = 101.6 mm
Thickness of web, tw = 5.8 mm
Thickness of flange, tf = 7.0 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 275.9 mm
Second moment of area about major
(y-y) axis, Iy
¼ 4455 cm4

Elastic modulus about major (y-y) axis, Wel,y
¼ 292 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 342 cm3

Area of section, A = 31.6 cm2

(continued)

Fig. 2.6 Result for Example 2-2 using steel design based on EC3 program
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(continued)

Step Reference Action/calculation Conclusion

4 Self-weight of beam section
¼ 24.8 kg/m � 9.81 N/kg
¼ 0.24 kN/m
For ULS, partial factor of safety for both
permanent action and variable action selected are
1.35 and 1.5 respectively
Ultimate load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(3 + 0.24) + 1.5(2)
¼ 7.37 kN/m

Design
load = 7.37 kN/m

For simply supported beam, VEd and MEd can be
determined using equation below:
VEd

¼ wultL
2

¼ 7:37�7
2

¼ 25.82 kN

VEd = 25.82 kN

MEd

¼ wultL2

8

¼ 7:37�72
8

¼ 45.14 kNm

MEd = 45.14 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 101:6�5:8�2 7:6ð Þ
2

= 40.30 mm
tf = 7 mm
c
tf
¼ 40:30

7 ¼ 5:76\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid

depth:
c* = d

= 275.9 mm
tw = 5.8 mm
c�

tw
¼ 275:9

5:8
¼ 47:57\72� ¼ 72ð Þ

Class 1
Therefore, the section is class 1

Section class 1

6 6.2.6(3) For I beam with load applied on flange, consider
the case of rolled I sections with load parallel to
web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 31.6 � 102 − 2(101.6)(7) + (5.8 + 2(7.6))(7)
¼ 1884.60 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 1884:60� 235ffiffiffi
3

p
¼ 255.70 kN

Vpl,Rd = 255.70 kN

(continued)
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(continued)

Step Reference Action/calculation Conclusion

7 VEd
Vpl;Rd

¼ 25:82
255:70 ¼ 0:10\1

The shear resistance is adequate

VEd
Vpl;Rd

¼ 0:10

8 6.2.6(6) Check for shear buckling failure:
hw = d + 2r

= 275.9 + 2(7.6)
= 291.1 mm

tw = 5.8 mm
hw
tw

¼ 291:1
5:8

¼ 50:19\72
�

g
¼ 72ð Þ

Shear buckling check is not required

9 This step is skipped as shear buckling check is
not required

10 6.2.5(2) For Class 1 section,
Bending moment resistance, Mc,Rd = Mpl,Rd

¼ Wplfy
cM0

¼ 342� 10�6 � 235� 106

1
¼ 80.37 kNm

Mc,Rd = 80.37 kNm

11 MEd

Mc;Rd
¼ 45:14

80:37
¼ 0:56\1

The bending resistance of the section is adequate

MEd
Mc;Rd

¼ 0:56

12 6.2.8(2) Check for combination of shear and bending
failure:
VEd

Vpl;Rd
¼ 25:82

255:70
¼ 0:10\0:5

Reduction in bending resistance is not required

13 This step is skipped as reduction in bending
resistance is not required

14 This step is skipped as reduction in bending
resistance is not required

15 For SLS, partial factor of safety or both
permanent action and variable action selected is
1.0.
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(3.24) + 1.0(2)
¼ 5.24 kN/m

For simply supported beam, maximum deflection
can be determined using equation below:
Maximum deflection, Δmax

¼ 5wL4

384EI

¼ 5� 5:24� 103 � 74

384� 210� 109 � 4455� 10�8

¼ 0.01751 m
¼ 17.51 mm

Δmax = 17.51 mm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

16 NA2.23 Assume the beam carries plaster of other brittle
finishes, Allowable deflection, Δall

¼ L
360

¼ 7
360

¼ 0.01944 m
¼ 19.44 mm

Δall = 19.44 mm

17 Dmax

Dall
¼ 17:51

19:44
¼ 0:90\1

The deflection is allowable

Dmax
Dall

¼ 0:90

18 Check the following ratio:
VEd

Vpl;Rd
¼ 25:82

255:70
¼ 0:10

MEd

Mc;Rd
¼ 45:14

80:37
¼ 0:56

Dmax

Dall
¼ 17:51

19:44
¼ 0:90

The section is suitable for the condition. Other
than that, the value of Dmax

Dall
is approaching 1, while

the value of MEd
Mc;Rd

is 0.5. Therefore, the beam

section 305 � 102 � 25 is optimum

2.2.4 Example 2-3 Design of a Laterally Restrained Beam

Check the suitability of a 305 � 102 � 28 section for the propped cantilever beam
8 m in length and subjected to a uniform load (Fig. 2.7). Use steel grade S235, and
assume the beam is laterally restrained. Ignore the self-weight of the beam. If the
said section is not suitable, briefly describe the action to be taken to make the
section suitable for this condition.

Fig. 2.7 Example 2-3
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

From figure, the support condition
of beam is fixed-pinned

2 Permanent action, Gk = 4 kN/m
Variable action, Qk = 5 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and
flange are less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Try the following beam section:
Select beam section
305 � 102 � 28

The properties of the section is as
follows:
Mass per meter = 28.2 kg/m
Depth of section, D = 308.7 mm
Width of section, b = 101.8 mm
Thickness of web, tw = 6.0 mm
Thickness of flange, tf = 8.8 mm
Root radius, r = 7.6 mm
Depth between fillets,
d = 275.9 mm
Second moment of area about
major
(y-y) axis, Iy
¼ 5366 cm4

Elastic modulus about major
(y-y) axis, Wel,y
¼ 348 cm3

Plastic modulus about major
(y-y) axis, Wpl,y
¼ 403 cm3

Area of section, A = 35.9 cm2

4 For ULS, partial factor of safety for
both permanent action and variable
action selected are 1.35 and 1.5
respectively
Ultimate load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(4) + 1.5(5)
¼ 12.90 kN/m

Design
load = 12.90 kN/m

For propped cantilever (beam with
fixed-pinned support condition),
VEd and MEd can be determined
using equation below:
VEd

¼ 5wultL
8

¼ 5�12:90�8
8

¼ 64.50 kN

VEd = 64.50 kN

(continued)
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(continued)

Step Reference Action/calculation Conclusion

MEd

¼ wultL2

8

¼ 12:90�82
8

¼ 103.20 kNm

MEd = 103.20 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 101:8�6�2 7:6ð Þ
2

= 40.3 mm
tf = 8.8 mm
c
tf
¼ 40:3

8:8 ¼ 4:58\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral
axis at mid depth:
c* = d
= 275.9 mm

tw = 6 mm
c�
tw
¼ 275:9

6 ¼ 45:98\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 6.2.6(3) For I beam with load applied on
flange, consider the case of rolled I
sections with load parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 35.9 � 102 − 2(101.8)
(8.8) + (6 + 2(7.6))(8.8)
¼ 1984.88 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 1984:88�235ffiffi
3

p

¼ 269.30 kN

Vpl,Rd = 269.30 kN

7 VEd
Vpl;Rd

¼ 64:50
269:30 ¼ 0:24\1

The shear resistance is adequate

VEd
Vpl;Rd

¼ 0:24

8 6.2.6(6) Check for shear buckling failure:
hw = d + 2r

= 275.9 + 2(7.6)
= 291.1 mm

tw = 6 mm
hw
tw
¼ 291:1

6 ¼ 48:52\72 �
g ¼ 72ð Þ

Shear buckling check is not
required

(continued)
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Step Reference Action/calculation Conclusion

9 This step is skipped as shear
buckling check is not required

10 6.2.5(2) For Class 1 section,
Bending moment resistance, Mc,

Rd = Mpl,Rd

¼ Wplfy
cM0

¼ 403�10�6�235�106
1

¼ 94.71 kNm

Mc,Rd = 94.71 kNm

11 MEd
Mc;Rd

¼ 103:20
94:71 ¼ 1:09[ 1

The bending resistance of the
section is not adequate

MEd
Mc;Rd

¼ 1:09

The section specified is not suitable for the situation. Besides selecting a larger
section, higher-grade steel such as grade S275 can be used.

Step Reference Action/calculation Conclusion

3 Steel grade = S275
The thicknesses of web and flange are 6.0 mm
and 8.8 mm, which are less than 40 mm
fy = 275 N/mm2

fy = 275 N/mm2

BS 4 Part
1 2005

Use beam section 305 � 102 � 28
The properties of the section is as follows:
Mass per meter = 28.2 kg/m
Depth of section, D = 308.7 mm
Width of section, b = 101.8 mm
Thickness of web, tw = 6.0 mm
Thickness of flange, tf = 8.8 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 275.9 mm
Second moment of area about major (y-y) axis,
Iy
¼ 5366 cm4

Elastic modulus about major (y-y) axis, Wel,y
¼ 348 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 403 cm3

Area of section, A = 35.9 cm2

4 From previous calculation,
Ultimate load, wult

¼ 12.90 kN/m

Design
load = 12.90 kN/m

VEd

¼ 64.50 kN
VEd = 64.50 kN

MEd

¼ 103.20 kNm
MEd = 103.20 kNm

(continued)
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Step Reference Action/calculation Conclusion

5 Table 3.1 Section classification:
i. fy = 275 N/mm2

e = 0.92
Class 2
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 101:8�6�2 7:6ð Þ
2

= 40.3 mm
tf = 8.8 mm
c
tf
¼ 40:3

8:8 ¼ 4:58\9� ¼ 8:28ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid
depth:
c* = d
= 275.9 mm

tw = 6 mm
c�
tw
¼ 275:9

6 ¼ 45:98\72� ¼ 66:24ð Þ
Class 1
Therefore, the section is class 2

Section class 2

6 6.2.6(3) For I beam with load applied on flange,
consider the case of rolled I sections with load
parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 35.9 � 102 − 2(101.8)(8.8) + (6 + 2(7.6))
(8.8)
¼ 1984.88 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 1984:88� 275ffiffiffi
3

p
¼ 315.14 kN

Vpl,Rd = 315.14 kN

7 VEd

Vpl;Rd
¼ 64:50

315:14
¼ 0:20\1

The shear resistance is adequate

VEd
Vpl;Rd

¼ 0:20

8 6.2.6(6) Check for shear buckling failure:
hw = d + 2r

= 275.9 + 2(7.6)
= 291.1 mm

tw = 6 mm
hw
tw

¼ 291:1
6

¼ 48:52\72
�

g
¼ 72ð Þ

Shear buckling check is not required
(continued)
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Step Reference Action/calculation Conclusion

9 This step is skipped as shear buckling check is
not required

10 6.2.5(2) For Class 2 section,
Bending moment resistance, Mc,Rd = Mpl,Rd

¼ Wplfy
cM0

¼ 403� 10�6 � 275� 106

1
¼ 110.83 kNm

Mc,Rd = 110.83 kNm

11 MEd

Mc;Rd
¼ 103:20

110:83
¼ 0:93\1

The bending resistance of the section is
adequate

MEd
Mc;Rd

¼ 0:93

12 6.2.8(2) Check for combination of shear and bending
failure:
VEd
Vpl;Rd

¼ 64:50
315:14 ¼ 0:20\0:5

Reduction in bending resistance is not required

13 This step is skipped as reduction in bending
resistance is not required

14 This step is skipped as reduction in bending
resistance is not required

15 For SLS, partial factor of safety or both
permanent action and variable action selected
is 1.0.
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(4) + 1.0(5)
¼ 9 kN/m
For propped cantilever, maximum deflection
can be determined using equation below:
Maximum deflection, Δmax

¼ wL4

185EI

¼ 9� 103 � 84

185� 210� 109 � 5366� 10�8

¼ 0.01768 m
¼ 17.68 mm

Δmax = 17.68 mm

16 NA2.23 Assume the beam carries plaster of other brittle
finishes, Allowable deflection, Δall

¼ L
360

¼ 8
360

¼ 0.02222 m
¼ 22.22 mm

Δall = 22.22 mm

(continued)
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Step Reference Action/calculation Conclusion

17 Dmax
Dall

¼ 17:68
22:22 ¼ 0:80\1

The deflection is allowable

Dmax
Dall

¼ 0:80

18 Check the following ratio:
VEd

Vpl;Rd
¼ 64:50

315:14
¼ 0:20

MEd

Mc;Rd
¼ 103:20

110:83
¼ 0:93

Dmax

Dall
¼ 17:68

22:22
¼ 0:80

By increase the steel grade, the beam section
become adequate. The values of MEd

Mc;Rd
and Dmax

Dall

are approaching 1. Therefore, the beam
section 305 � 102 � 28 is optimum

2.3 Design Procedure for a Laterally Unrestrained Beam

The design procedure for a laterally unrestrained beam is as follows:

1. Determine the support condition (i.e., pin, roller, or fixed at both ends of the
beam).

2. Determine the DL and LL that act on the beam.
3. Choose the steel grade (refer to Table 2.1). Refer to BS 4 Part 1 2005 to choose

the beam section for use in construction. A table for the universal beam section
and its corresponding properties is provided in Appendix A.2.

4. Perform a structural analysis to determine the maximum shear force VEd and
bending moment MEd induced by loading. Prior to the analysis, the partial safety
factor for ULS (Table 1.1) is applied to the actions determined in Step 2,
including the self-weight of the beam section.

5. Classify the beam section (refer to Table 2.2).
6. Determine the critical buckling moment using the equation below. The support

condition influences the effective length of the member subjected to buckling, as
shown in Table 2.5 (Refer to Appendix A.2 for the section properties of the
beam sections).

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut ð2:5Þ
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where

E is modulus of elasticity of steel = 210 � 109 N/m2

Iz is second moment of area about z-z axis by referring to Appendix A.2
K is effective length factor obtained from Step 6 (Table 2.5)
L is length of beam
Iw is warping constant by referring to Appendix A.2
G is shear modulus of steel = 81 � 109 N/m2

It is torsional constant by referring to Appendix A.2

(SN003b Access Steel document)

7. Determine the slenderness for lateral torsional buckling �kLT using the equation
below.

�kLT ¼

ffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

q
;Class 1 and 2 sectionsffiffiffiffiffiffiffiffiffi

Wel;yfy
Mcr

q
;Class 3 sectionsffiffiffiffiffiffiffiffiffiffiffiffi

Weff ;yfy
Mcr

;
q

Class 4 sections

8>>>><
>>>>:

ð2:6Þ

where

Wpl,y is plastic section modulus about y-y axis by referring to Appendix A.2
Wel,y is elastic section modulus about y-y axis by referring to Appendix A.2
Weff,y is effective section modulus about y-y axis
fy is yield strength of steel obtained from Step 3 (Table 2.1)
Mcr is critical buckling moment obtained from Step 6 (Eq. 2.5)

(BS EN 1993-1-1:2005 6.3.2.2(1))

8. Determine the imperfection factors for lateral-torsional buckling, aLT and /LT.
These values may be determined using two approaches: general case approach,
which is applicable to all section types, and rolled section approach, which is

Table 2.5 Values of
effective length factor K for
different support conditions
(BS5950: Part 1 4.7.10)

Support condition Effective length factor, K

Fixed-fixed 0.7

Fixed-pinned 0.85

Pinned-pinned 1.0

Fixed-free 2.0
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only applicable to rolled sections. The depth of the section is denoted by h. Both
approaches may generate values with significant differences.

/LT ¼ 0:5 1þ aLT �kLT � 0:2
� �þ �k2LT

� �
; ‘‘General Case’’ approach

0:5 1þ aLT �kLT � 0:4
� �þ 0:75�k2LT

� �
; ‘‘Rolled Section’’ approach

(

ð2:7Þ

where

aLT is imperfection factor obtained from Step 8 (Table 2.6)
�kLT is slenderness for lateral torsional buckling obtained from Step 7 (Eq. 2.6)

(BS EN 1993-1-1:2005 6.3.2.2(1) and 6.3.2.3(1))

9. Determine the lateral torsional buckling reduction factor vLT. In case the rolled
section approach is used, refer to Table 2.7.

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � �k2LT

q ; ‘‘General Case’’ approach

For “Rolled Section” approach

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � 0:75�k2LT

q ; vLT � 1 and vLT �
1
�k2LT

f ¼ 1� 0:5 1� Kcð Þ 1� 2 �kLT � 0:8
� �2h i

� 1

vLT ;mod ¼
vLT
f

� 1

ð2:8Þ

Table 2.6 Values of the
imperfection factor aLT for
different approaches (BS EN
1993-1-1:2005 Tables 6.3,
5.2, and 5.2)

Rolled I section

“General case”
approach

“Rolled section” approach

Limit aLT Limit aLT
h=b� 2 0.21 h=b� 2 0.34

h=b[ 2 0.34 2\h=b� 3:1 0.49

h=b[ 3:1 0.76

Where h is depth of section by referring to Appendix A.2
b is width of section by referring to Appendix A.2
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where

/LT is obtained from Step 8 (Eq. 2.7)
�kLT is slenderness for lateral torsional buckling obtained from Step 7 (Eq. 2.6)
KC is correlation factor for moment distribution obtained from Step 9 (Table 2.7)

(BS EN 1993-1-1:2005 6.3.2.2(1) and 6.3.2.3(1))

10. Determine the buckling moment resistance. When the rolled section approach is
used in the previous steps, vLT,mod should be used instead of vLT in the fol-
lowing equation. cM1 should be set as 1.0.

Mb;Rd ¼
vLTWpl;y

fy
cM1

;Class 1 and 2 sections

vLTWel;y
fy
cM1

;Class 3 sections

vLTWeff ;y
fy
cM1

;Class 4 sections

8>><
>>: ð2:9Þ

Table 2.7 Correlation
between moment distribution
and Kc (BS EN
1993-1-1:2005 Table 6.6)

Moment distribution KC

1

1
1:33�0:33w

0.94

0.90

0.91

0.86

0.77

0.82

Where w is the ratio of moment at two ends

34 2 Beam Design



where

Wpl,y is plastic section modulus about y-y axis by referring to Appendix A.2
Wel,y is elastic section modulus about y-y axis by referring to Appendix A.2
Weff,y is effective section modulus about y-y axis
fy is yield strength of steel obtained from Step 3 (Table 2.1)
vLT is lateral torsional buckling reduction factor obtained from Step 9 (Eq. 2.8)

(BS EN 1993-1-1:2005 6.3.2.1(3))

11. Compare the design bending moment of the structure and the buckling moment
resistance of the section. If the buckling moment resistance of the structure is
insufficient, repeat Step 3 to choose a better section. Otherwise, proceed to
Step 12.

12. Determine the shear resistance of the section by referring to Table 2.3 and
Eq. 2.1.

13. Compare the design shear force on the structure and the shear resistance of the
section. If the shear resistance of the structure is insufficient, repeat Step 3 to
choose a better section. Otherwise, proceed to Step 14.

14. Determine the maximum deflection of the structure under the loading specified
in Step 2. The load combination for this calculation should be any of those
specified for the SLS design, as shown in Table 1.1.

15. Determine the allowable deflection of the structure by referring to Table 2.4.
16. Compare the maximum deflection and allowable deflection of the structure. If

the deflection of the structure exceeds the allowable deflection, repeat Step 3 to
choose a better section. Otherwise, proceed to Step 17.

17. Check whether the section is an overdesign by checking the ratio of design
value to resistance for shear and bending and the ratio of maximum deflection
to allowable deflection. If both ratios are less than 0.5, repeat Step 3 and choose
a smaller section to ensure optimum design.
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2.3.1 Design Flowchart for a Laterally Unrestrained Beam

5. Classify Section

(Refer Table 2.2) 

4. Determine VEdand MEd

3. Select Steel Grade and Beam Section

(Refer Table 2.1 and Appendix A2) 

1. Determine Support Condition

2. Determine Loading

6. Determine Critical Buckling Moment

(Refer Appendix A2, Table 2.5 and Eq. 
2.5) 

START

7. Determine 

(Refer Appendix A2 and Eq. 2.5)

8. Determine 

(Refer Table 2.6 and Eq. 2.7)

9. Determine 

(Refer Table 2.7 and Eq. 2.8)

D1E1
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11. , < 1

10. Determine Buckling Moment 
Resistance

(Refer Eq. 2.9)

D1E1

Yes

No

12. Determine Shear Resistance

(Refer Table 2.3 and Eq. 2.1) 

13. < 1 

Yes

No

14. Determine Maximum 
Deflection

15. Determine Allowable 
Deflection

(Refer Table 2.4) 

16. ∆∆ < 1

17. Over-design
Yes

No

Yes

No

DESIGN 
FINISHED
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2.3.2 Example 2-4 Design of a Laterally Unrestrained Beam

Check the suitability of a 457 � 191 � 89 section for a beam 10 m in length and
subjected to a uniform load (Fig. 2.8). Use steel grade S235. Assume the beam is
laterally unrestrained and sits on 100 mm bearings at each end. Ignore the
self-weight of the beam. If the said section is not suitable, briefly describe the action
to be taken to make the section suitable for this condition.

Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

From figure, the beam is simply supported

2 Permanent action, Gk = 10 kN/m
Variable action, Qk = 5 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange
are less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Try the following beam section:
Select beam section 457 � 191 � 89
The properties of the section is as follows:
Mass per meter = 89.3 kg/m
Depth of section, D = 463.4 mm
Width of section, b = 191.9 mm
Thickness of web, tw = 10.5 mm
Thickness of flange, tf = 17.7 mm
Root radius, r = 10.2 mm
Depth between fillets, d = 407.6 mm
Second moment of area about major
(y-y) axis, Iy
¼ 41020 cm4

Second moment of area about minor
(z-z) axis, Iz
¼ 2089 cm4

(continued)

Fig. 2.8 Example 2-4
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(continued)

Step Reference Action/calculation Conclusion

Elastic modulus about major (y-y) axis, Wel,y
¼ 1770 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 2014 cm3

Warping constant, Iw = 1.04 dm6

Torsional constant, It = 90.7 cm4

Area of section, A = 114 cm2

4 For ULS, partial factor of safety for both permanent
action and variable action selected are 1.35 and 1.5
respectively
Ultimate load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(10) + 1.5(5)
¼ 21.00 kN/m

Design
load = 21.00 kN/m

For simply supported beam, VEd and MEd

can be determined using equation below:
VEd

¼ wultL
2

¼ 21�10
2

¼ 105.00 kN

VEd = 105.00 kN

MEd

¼ wultL2

8

¼ 21�102
8

¼ 262.50 kNm

MEd = 262.50 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

=
191:9� 10:5� 2 10:2ð Þ

2
= 80.50 mm

tf = 17.7 mm
c
tf
¼ 80:50

17:7 ¼ 4:55\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid depth:
c* = d
= 407.6 mm

tw = 10.5 mm
c�

tw
¼ 407:6

10:5
¼ 38:82\72� ¼ 72ð Þ

Class 1
Therefore, the section is class 1

Section class 1

6 SN003b access
steel document

Critical buckling resistance can be determined using
equation below. For simply supported beam, effective
length factor, K is taken as 1.0:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut
¼ p2 � 210� 109 � 2089� 10�8

1:0� 10ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:04� 10�6

2089� 10�8 þ 1:0� 10ð Þ2�81� 109 � 90:7� 10�8

p2 � 210� 109 � 2089� 10�8

 !vuut

Mcr = 202.83 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

¼ 202.83 kNm

7 6.3.2.2(1) For Class 1 section, slenderness for lateral torsional buckling
can be determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2014� 10�6 � 235� 106

202:83� 103

r
¼ 1.53

�kLT ¼ 1:53

8 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 463:4
191:9 ¼ 2:41

Determine imperfection factor using “General Case” approach:
h
b ¼ 2:41[ 2
aLT ¼ 0:34

/LT ¼ 0:5 1þ aLT �kLT � 0:2
� �þ �k2LT

� �
¼ 0:5 1þ 0:34� 1:53� 0:2ð Þþ 1:53ð Þ2

h i
= 1.89

/LT ¼ 1:89

9 6.3.2.2(1) Lateral torsional buckling reduction factor can be determined
using equation below:

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � �k2LT

q
¼ 1

1:89þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:89ð Þ2� 1:53ð Þ2

q
= 0.33

vLT ¼ 0:33

10 6.3.2.1(3) For Class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:33� 2014� 10�6 � 235� 106

1:0
= 156.18 kNm

Mb,Rd = 156.18 kNm

11 MEd

Mb;Rd
¼ 262:50

156:18
¼ 1:68[ 1

The bending resistance of the section is not adequate

MEd
Mb;Rd

¼ 1:68

The section specified is not suitable for the situation. Besides selecting a larger
section, higher-grade steel may be selected or the buckling length of the beam may
be reduced by providing a secondary beam or support at the mid-span of the beam
(Fig. 2.9).

From the program, the optimum section for beam subjected to condition as
specified in Example 2-4 is 533 � 210 � 122. This section is obviously larger than
proposed 457 � 191 � 89 section. Therefore, the proposed section is inadequate.

2.3.3 Example 2-5 Design of a Laterally Unrestrained Beam

A secondary beam is connected to the mid-span of the primary beam by shear
connection. The reaction force of the secondary beam is 30 kN. Select the optimum
section for the primary beam 10 m in length (Fig. 2.10). Use steel grade S235.
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Assume the primary beam is laterally unrestrained and sits on 100 mm bearings at
each end. Ignore the self-weight of the beam.

Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

From figure, the beam is simply supported

2 Permanent action, Gk = 10 kN/m
Variable action, Qk = 5 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are less than
40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Randomly choose a beam section for the first trial:
Select beam section 457 � 191 � 89
The properties of the section is as follows:
Mass per meter = 89.3 kg/m
Depth of section, D = 463.4 mm
Width of section, b = 191.9 mm
Thickness of web, tw = 10.5 mm
Thickness of flange, tf = 17.7 mm
Root radius, r = 10.2 mm
Depth between fillets, d = 407.6 mm
Second moment of area about major
(y-y) axis, Iy
¼ 41020 cm4

Second moment of area about minor
(z-z) axis, Iz
¼ 2089 cm4

(continued)

Fig. 2.9 Result for Example 2-4 using steel design based on EC3 program
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(continued)

Step Reference Action/calculation Conclusion

Elastic modulus about major (y-y) axis, Wel,y
¼ 1770 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 2014 cm3

Warping constant, Iw = 1.04 dm6

Torsional constant, It = 90.7 cm4

Area of section, A = 114 cm2

4 For ULS, partial factor of safety for both permanent action
and variable action selected are 1.35 and 1.5 respectively
Uniformly distributed load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(10) + 1.5(5)
¼ 21.00 kN/m

Design
load = 21.00 kN/m

By principle of superposition, VEd and MEd for simply
supported beam can be determined using equation below:
VEd

¼ wultL
2 þ R

2

¼ 21�10
2 þ 30

2
¼ 120.00 kN

VEd = 120.00 kN

MEd

¼ wultL2

8 þ RL
4

¼ 21�102
8 þ 30�10

4
¼ 337.50 kNm

MEd = 337.50 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 191:9�10:5�2 10:2ð Þ
2

= 80.50 mm
tf = 17.7 mm
C
tf
¼ 80:50

17:7 ¼ 4:55\9�ð¼ 9Þ
Class 1
iii. Rolled section, web with neutral axis at mid depth:
c* = d

= 407.6 mm
tw = 10.5 mm
c�
tw
¼ 407:6

10:5 ¼ 38:82\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 SN003b access
steel document

Critical buckling resistance can be determined using equation
below. For simply supported beam, effective length factor,
K is taken as 1.0
The addition of secondary beam divides the primary beam
into 2 sections with length of 5 m each. The buckling length is
hence reduced to 5 m

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut
¼ p2 � 210 � 109 � 2089� 10�8

1:0� 5ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:04� 10�6

2089� 10�8 þ 1:0� 5ð Þ2�81� 109 � 90:7� 10�8

p2 � 210� 109 � 2089� 10�8

 !vuut
¼ 525.88 kNm

Mcr = 525.88 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

7 6.3.2.2(1) For Class 1 section, slenderness for lateral torsional buckling
can be determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2014� 10�6 � 235� 106

525:88� 103

r
= 0.95

�kLT ¼ 0:95

8 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 463:4
191:9 ¼ 2:41

Determine imperfection factor using “General Case”
approach:
h
b ¼ 2:41[ 2
aLT ¼ 0:34
/LT ¼ 0:5 1þ aLT �kLT � 0:2

� �þ �k2LT
� �

¼ 0:5 1þ 0:34� 0:95� 0:2ð Þþ 0:95ð Þ2
h i

= 1.08

/LT ¼ 1:08

9 6.3.2.2(1) Lateral torsional buckling reduction factor can be determined
using equation below:

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � �k2LT

q
¼ 1

1:08þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:08ð Þ2� 0:95ð Þ2

q
= 0.63

vLT ¼ 0:63

10 6.3.2.1(3) For class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:63� 2014� 10�6 � 235� 106

1:0
¼ 298.17 kNm

Mb,Rd = 298.17 kNm

11 MEd
Mb;Rd

¼ 337:50
298:17 ¼ 1:13[ 1

The bending resistance of the section is not adequate

MEd
Mb;Rd

¼ 1:13

The section specified is not suitable for the situation. Select a larger section and
repeat the design.

Step Reference Action/calculation Conclusion

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part
1 2005

Select beam section 533 � 210 � 101
The properties of the section is as follows:
Mass per meter = 101 kg/m
Depth of section, D = 536.7 mm
Width of section, b = 210 mm
Thickness of web, tw = 10.8 mm
Thickness of flange, tf = 17.4 mm
Root radius, r = 12.7 mm
Depth between fillets, d = 476.5 mm
Second moment of area about major (y-y) axis, Iy
¼ 61520 cm4

Second moment of area about minor (z-z) axis, Iz
¼ 2692 cm4

Elastic modulus about major (y-y) axis, Wel,y
¼ 2292 cm3

(continued)
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(continued)

Step Reference Action/calculation Conclusion

Plastic modulus about major (y-y) axis, Wpl,y
¼ 2612 cm3

Warping constant, Iw = 1.81 dm6

Torsional constant, It = 101 cm4

Area of section, A = 129 cm2

4 From previous calculation:
VEd

¼ 120.00 kN

VEd = 120.00 kN

MEd

¼ 337.50 kNm
MEd = 337.50 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 210�10:8�2 12:7ð Þ
2

= 86.90 mm
tf = 17.4 mm
c
tf
¼ 86:90

17:4 ¼ 4:99\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid depth:
c* = d
= 476.5 mm

tw = 10.8 mm
c�
tw
¼ 476:5

10:8 ¼ 44:12\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 SN003b
access
steel
document

Critical buckling resistance can be determined using equation below. For
simply supported beam, effective length factor, K is taken as 1.0:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut
¼ p2 � 210� 109 � 2692� 10�8

1:0� 5ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:81�10�6

2692�10�8 þ 1:0�5ð Þ2�81�109�101�10�8

p2�210�109�2692�10�8

� �r
¼ 719.37 kNm

Mcr = 719.37 kNm

7 6.3.2.2(1) For Class 1 section, slenderness for lateral torsional buckling can be
determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2612� 10�6 � 235� 106

719:37� 103

r
= 0.92

�kLT ¼ 0:92

8 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 536:7
210 ¼ 2:56

Determine imperfection factor using “General Case” approach:
h
b ¼ 2:41[ 2
aLT ¼ 0:34
/LT ¼ 0:5 1þ aLT �kLT � 0:2

� �þ �k2LT
� �

¼ 0:5 1þ 0:34� 0:92� 0:2ð Þþ 0:92ð Þ2
h i

= 1.05

/LT ¼ 1:05

(continued)
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(continued)

Step Reference Action/calculation Conclusion

9 6.3.2.2(1) Lateral torsional buckling reduction factor can be determined using
equation below:

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � �k2LT

q
¼ 1

1:05þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:05ð Þ2� 0:92ð Þ2

q
= 0.64

vLT ¼ 0:64

10 6.3.2.1(3) For Class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:64� 2692� 10�6 � 235� 106

1:0
¼ 404.88 kNm

Mb,

Rd = 404.88 kNm

11 MEd
Mb;Rd

¼ 337:50
404:88 ¼ 0:83\1

The bending resistance of the section is adequate

MEd
Mb;Rd

¼ 0:83

12 6.2.6(3) For I beam with load applied on flange, consider the case of rolled I
sections with load parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 129 � 102 − 2(210)(17.4) + (10.8 + 2(12.7))(17.4)
¼ 6221.88 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 6221:88�235ffiffi
3

p

¼ 844.17 kN

Vpl,Rd = 844.17 kN

13 VEd
Vpl;Rd

¼ 120:00
844:17 ¼ 0:14\1

The shear resistance is adequate

VEd
Vpl;Rd

¼ 0:14

14 For SLS, partial factor of safety or both permanent action and variable
action selected is 1.0
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(10) + 1.0(5)
¼ 15 kN/m
By principle of superposition, maximum deflection of the illustrated
simply supported beam can be determined using equation below:
Maximum deflection, Δmax

¼ 5wL4
384EI þ PL3

48EI

¼ 5� 15� 103 � 104

384� 210� 109 � 61520� 10�8 þ 30� 103 � 103

48� 210� 109 � 61520� 10�8

¼ 0.01996 m
¼ 19.96 mm

Δmax = 19.96 mm

15 NA2.23 Assume the beam carries plaster of other brittle finishes, Allowable
deflection, Δall

¼ L
360

¼ 10
360

¼ 0.02777 m
¼ 27.77 mm

Δall = 27.77 mm

16 Dmax
Dall

¼ 19:96
27:77 ¼ 0:72\1

The deflection is allowable

Dmax
Dall

¼ 0:72

(continued)
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Step Reference Action/calculation Conclusion

17 Check the following ratio:
MEd
Mb;Rd

¼ 337:50
404:88 ¼ 0:83

VEd
Vpl;Rd

¼ 120:00
844:17 ¼ 0:14

Dmax
Dall

¼ 19:96
27:77 ¼ 0:72

The values of MEd
Mb;Rd

and Dmax
Dall

are more than 0.5. Therefore, the beam

section 533 � 210 � 101 is considered optimum

2.3.4 Example 2-6 Design of a Laterally Unrestrained Beam

Select the optimum section for a cantilever beam subjected to a uniform load
(Fig. 2.11). Use steel grade S235 and take the self-weight of the beam into account.

Fig. 2.11 Example 2-6

Fig. 2.10 Example 2-5
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

From figure, the support condition of beam is fixed-free

2 Permanent action, Gk = 5 kN/m
Variable action, QK = 3 kN/m

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are less than
40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Randomly choose a beam section for the first trial:
Select beam section 254 � 146 � 37
The properties of the section is as follows:
Mass per meter = 37 kg/m
Depth of section, D = 256 mm
Width of section, b = 146.4 mm
Thickness of web, tw = 6.3 mm
Thickness of flange, tf = 10.9 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 219 mm
Second moment of area about major (y-y) axis, Iy
¼ 5537 cm4

Second moment of area about minor (z-z) axis, Iz
¼ 571 cm4

Elastic modulus about major (y-y) axis, Wel,y
¼ 433 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 483 cm3

Warping constant, Iw = 0.086 dm6

Torsional constant, It = 15.3 cm4

Area of section, A = 47.2 cm2

4 Self-weight of beam section
¼ 37 kg/m � 9.81 N/kg
¼ 0.36 kN/m
For ULS, partial factor of safety for both permanent action
and variable action selected are 1.35 and 1.5 respectively
Uniformly distributed load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(5 + 0.36) + 1.5(3)
¼ 11.74 kN/m

Design load =
11.74 kN/m

For cantilever, VEd and MEd can be determined using
equation below:
VEd

¼ wultL
¼ 11:74� 3
¼ 35.22 kN

VEd = 35.22 kN

MEd

¼ wult L2

2

¼ 11:74�32
2

¼ 52.83 kNm

MEd = 52.83 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1

Section class 1

(continued)
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Step Reference Action/calculation Conclusion

ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 146:4�6:3�2 7:6ð Þ
2

= 62.45 mm
tf = 10.9 mm
c
tf
¼ 62:45

10:9 ¼ 5:73\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid depth:
c* = d
= 219 mm

tw = 6.3 mm
c�
tw
¼ 219

6:3 ¼ 34:76\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

6 SN003b access steel
document

Critical buckling resistance can be determined using
equation below. For cantilever, effective length factor, K is
taken as 2.0:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut
¼ p2 � 210� 109 � 571� 10�8

2:0� 3ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:086�10�6

571�10�8 þ 2:0�3ð Þ2�81�109�15:3�10�8

p2�210�109�571�10�8

� �r
¼ 75.51 kNm

Mcr = 75.51 kNm

7 6.3.2.2(1) For Class 1 section, slenderness for lateral torsional buckling
can be determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
483� 10�6 � 235� 106

75:51� 103

r
= 1.23

�kLT ¼ 1:23

8 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 256
146:4 ¼ 1:75

Determine imperfection factor using “Rolled Section”
approach:
h
b ¼ 1:75\2
Using “Rolled Section” approach,
aLT ¼ 0:34
/LT ¼ 0:5 1þ aLT �kLT � 0:4

� �þ 0:75�k2LT
� �

¼ 0:5 1þ 0:34� 1:23� 0:4ð Þþ 0:75� 1:23ð Þ2
h i

= 1.21

/LT ¼ 1:21

9 6.3.2.2(1) Lateral torsional buckling reduction factor can be
determined using equation below:

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � 0:75�k2LT

q
¼ 1

1:21þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:21ð Þ2�0:75� 1:23ð Þ2

q
= 0.56

1
�k2Lt

¼ 1
1:232 ¼ 0:66[ vLT ¼ 0:56ð Þ

vLT;mod ¼ 0:61

(continued)

48 2 Beam Design



(continued)

Step Reference Action/calculation Conclusion

Bending moment diagram for the beam is shown as below:

The moment distribution is compared with the tabulated
pattern. KC is taken as 1

1:33�0:33w

Ratio of moment at two ends should between −1 and 1. So,
the numerator and denominator should be arranged
accordingly to make the result falls within the range:
w ¼ 0

52:83 ¼ 0
KC ¼ 1

1:33�0:33�0 ¼ 0:75

f ¼ 1� 0:5 1� KCð Þ 1� 2 �kLT � 0:8
� �2h i

¼ 1� 0:5 1� 0:75ð Þ 1� 2 1:23� 0:8ð Þ2
h i

¼ 0:92
Lateral torsional buckling reduction factor can be
determined using equation below:
vLT;mod ¼ vLT

f ¼ 0:56
0:92 ¼ 0:61

10 6.3.2.1(3) For Class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:61� 483� 10�6 � 235� 106

1:0
= 69.24 kNm

Mb,Rd = 69.24 kNm

11 ME
Mb;Rd

¼ 52:83
69:24 ¼ 0:76\1

The bending resistance of the section is adequate

MEd
Mb;Rd

¼ 0:76

12 6.2.6(3) For I beam with load applied on flange, consider the case of
rolled I sections with load parallel to web:
Shear area, Av

¼ A − 2btf + (tw + 2r)tf
¼ 47.2 � 102 − 2(146.4)(10.9) + (6.3 + 2(7.6))(10.9)
¼ 1762.83 mm2

6.2.6(2) Vpl,Rd =
Av fy=

ffiffi
3

pð Þ
cM0

¼ 1762:83�235ffiffi
3

p

¼ 239.18 kN

Vpl,Rd = 239.18 kN

13 VEd
Vpl;Rd

¼ 35:22
239:18 ¼ 0:15\1

The shear resistance is adequate

VEd
Vpl;Rd

¼ 0:15

14 For SLS, partial factor of safety or both permanent action
and variable action selected is 1.0.
Serviceability load, wser

¼ 1.0Gk + 1.0Qk

¼ 1.0(5.36) + 1.0(3)
¼ 8.36kN/m
For cantilever, maximum deflection can be determined using
equation below:
¼ wL4

8EI

¼ 8:36�103�34
8�210�109�5537�10�8

¼ 7.28 � 10−3m
¼ 7.28 mm

Δmax = 7.28 mm

(continued)
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Step Reference Action/calculation Conclusion

15 NA2.23 For cantilever beam,
Allowable deflection, Δall

¼ L
180

¼ 3
180

¼ 0.01667 m
¼ 16.67 mm

Δall = 16.67 mm

16 Dmax
Dall

¼ 7:28
16:67 ¼ 0:44\1

The deflection is allowable

Dmax
Dall

¼ 0:44

17 Check the following ratio:
MEd
Mb;Rd

¼ 52:83
69:24 ¼ 0:76

VEd
Vpl;Rd

¼ 35:22
239:18 ¼ 0:15

Dmax
Dall

¼ 7:28
16:67 ¼ 0:44

The values of MEd
Mb;Rd

is more than 0.5. Therefore, the beam

section 254 � 146 � 37 is adequate. However, a smaller
beam section may be selected

Step 3 is repeated to using a smaller section.

Step Reference Action/calculation Conclusion

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1
2005

Select beam section 254 � 146 � 31
The properties of the section is as follows:
Mass per meter = 31.1 kg/m
Depth of section, D = 251.4 mm
Width of section, b = 146.1 mm
Thickness of web, tw = 6.0 mm
Thickness of flange, tf = 8.6 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 219.0 mm
Second moment of area about major (y-y) axis, Iy
¼ 4413 cm4

Second moment of area about minor (z-z) axis, Iz
¼ 448 cm4

Elastic modulus about major (y-y) axis, Wel,y
¼ 351 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼ 393 cm3

Warping constant, Iw = 0.066 dm6

Torsional constant, It = 8.55 cm4

Area of section, A = 39.7 cm2

4 Self-weight of beam section
¼ 31.1 kg/m � 9.81 N/kg
¼ 0.31 kN/m
For ULS, partial factor of safety for both permanent action
and variable action selected are 1.35 and 1.5 respectively.
Uniformly distributed load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(5 + 0.31) + 1.5(3)
¼ 11.67 kN/m

Design load =
11.67 kN/m

(continued)
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Step Reference Action/calculation Conclusion

For cantilever, VEd and MEd can be determined using equation
below:
VEd

¼ wultL
¼ 11:67� 3
¼ 35.01 kN

VEd = 35.01 kN

MEd

¼ wultL2

2

¼ 11:67�32
2

¼ 52.52 kNm

MEd = 52.52 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

= 146:1�6:0�2 7:6ð Þ
2

= 62.45 mm
tf = 8.6 mm
c
tf
¼ 62:45

8:6 ¼ 7:26\9� ¼ 9ð Þ
Class 1
iii. Rolled section, web with neutral axis at mid depth:
c* = d
= 219.0 mm

tw = 6.0 mm
c�
tw
¼ 219:0

6:0 ¼ 36:50\72� ¼ 72ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 SN003b access
steel document

Critical buckling resistance can be determined using equation
below. For cantilever, effective length factor, K is taken as 2.0:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut
¼ p2 � 210� 109 � 448� 10�8

2:0� 3ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:066� 10�6

448� 10�8 þ 2:0� 3ð Þ2�81� 109 � 8:55� 10�8

p2 � 210� 109 � 448� 10�8

 !vuut
¼ 52.60 kNm

Mcr = 52.60 kNm

7 6.3.2.2(1) For Class 1 section, slenderness for lateral torsional buckling can
be determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
393 � 10�6 � 235� 106

52:60� 103

r
= 1.33

�kLT ¼ 1:33

(continued)
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Step Reference Action/calculation Conclusion

8 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 251:4
146:1 ¼ 1:7

Determine imperfection factor using “Rolled Section” approach:
h
b ¼ 1:7\2
Using “Rolled Section” approach,
aLT ¼ 0:34
/LT ¼ 0:5 1þ aLT �kLT � 0:4

� �þ 0:75�k2LT
� �

¼ 0:5 1þ 0:34� 1:33� 0:4ð Þþ 0:75� 1:33ð Þ2
h i

= 1.32

/LT ¼ 1:32

9 6.3.2.2(1) Lateral torsional buckling reduction factor can be determined
using equation below:

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � 0:75�k2LT

q
¼ 1

1:32þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:32ð Þ2�0:75� 1:33ð Þ2

q
= 0.51

1
�k2Lt

¼ 1
1:332 ¼ 0:56[ vLT ¼ 0:51ð Þ

Bending moment diagram for the beam is shown as below:

The moment distribution is compared with the tabulated pattern.
KCis taken as 1

1:33�0:33w

Ratio of moment at two ends should between −1 to 1. So, the
numerator and denominator should be arranged accordingly to
make the result falls within the range:
w ¼ 0

52:52 ¼ 0
KC ¼ 1

1:33�0:33�0 ¼ 0:75

f ¼ 1� 0:5 1� KCð Þ 1� 2 �kLT � 0:8
� �2h i

¼ 1� 0:5 1� 0:75ð Þ 1� 2 1:33� 0:8ð Þ2
h i

¼ 0:95
Lateral torsional buckling reduction factor can be determined
using equation below:
vLT ;mod ¼ vLT

f ¼ 0:51
0:95 ¼ 0:54

vLT;mod ¼ 0:54

10 6.3.2.1(3) For Class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:54� 393� 10�6 � 235 � 106

1:0
= 49.87 kNm

Mb,Rd = 49.87 kNm

11 ME
Mb;Rd

¼ 52:52
49:87 ¼ 1:05[ 1

The bending resistance of the section is not adequate
The beam section 254 � 146 � 31 is found unsuitable.
Therefore, the beam section selected for first trial,
254 � 146 � 37 is concluded as an optimum section

MEd
Mb;Rd

¼ 1:05
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2.4 Exercise: Beam Design

2-1 A secondary beam is connected to the primary beam by shear connection
(Fig. 2.12). Select the optimum section for the primary beam. Use steel grade
S235. Assume the primary beam is laterally unrestrained and sits on 100 mm
bearings at each end. Ignore the self-weight of the beam.

2-2 Check the suitability of a 305 � 165 � 46 section for the beam shown in
Fig. 2.13. Use steel grade S275 and assume the beam is laterally unrestrained.
Take the self-weight of the beam into account. Compare the bending moment
resistances obtained when rolled section and the general case approaches are
used.

Fig. 2.12 Question 2-1

Fig. 2.13 Question 2-2
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Fig. 2.14 Question 2-3

Fig. 2.15 Question 2-4

Fig. 2.16 Question 2-5
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2-3 Select the optimum section for the beam in Fig. 2.14. Use steel grade S235 and
assume the beam is laterally restrained. Consider the self-weight of the beam.

2-4 Select the optimum section for the beam in Fig. 2.15. Use steel grade S235
and assume the beam is laterally restrained. Consider the self-weight of the
beam.

2-5 Select the optimum section for the beam in Fig. 2.16. Use steel grade S275.
Assume the primary beam is laterally unrestrained and sits on 100 mm
bearings at each end. Ignore the self-weight of the beam.
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Chapter 3
Column Design

3.1 Introduction

Column is a structural member that supports beams and slabs by carrying their
loads down to the foundation. The direction of its load is along the longitudinal axis
(x-x). Thus, column is primarily a compression member (Fig. 3.1).

Other than an axial load, a column may also be subjected to a bending moment.
This bending moment is usually due to the eccentricity of the reaction force from
the beam or the slab.

A column can be categorized either as short or slender based on the slenderness
ratio. Slenderness ratio is the ratio of column length to its cross-sectional effective
width. A high slenderness ratio indicates a slender column. A short column usually
fails by crushing, whereas a slender column usually fails by buckling (Fig. 3.2).

In EC3, a column can be designed using a simplified approach. This approach,
however, is only applicable to simple construction. The beam–column connection
must be pinned, and the bending moment resulting from the eccentricity of the
beam–column connection should be insignificant.

© Springer Nature Singapore Pte Ltd. 2018
F. Hejazi and T. K. Chun, Steel Structures Design Based on Eurocode 3,
https://doi.org/10.1007/978-981-10-8836-0_3

57

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8836-0_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8836-0_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8836-0_3&amp;domain=pdf


Fig. 3.1 Column and its
loading

Fig. 3.2 Failure modes of
columns
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3.2 Design Procedure for a Column

The design procedure for a column is as follows:

1. Determine the support condition (i.e., pin, roller, or fixed at the base of the
column).

2. Determine the reaction of the beams.
3. Choose the steel grade (refer to Table 3.1). Refer to BS 4 Part 1 2005 to choose the

column section for use in construction. A table for the universal section commonly
used for columns and their corresponding properties is provided in Appendix A.3.

4. Determine the design axial load and the design bending moments about the
y-y and z-z axes. Design axial load is the summation of the total reaction (the
design shear force of the beam) at the beam–column connection and the load
applied to the column. The design bending moment about the y-y and the
z-z axes is the moment induced by the eccentricity of the beam–column con-
nection. In other words, ensuring that the shear force acting on the beam will
act on the centroid of the column is difficult, and consequently, column bending
will occur because of such eccentricity. The bending moment about the y-y axis
is induced by the beam connected to the column flange, and the bending
moment about the z-z axis is induced by the beam connected to the column
web. The point at which shear force acts on the beam depends on the size of the
bearing where the edges of the beam stand. Given that the moments induced by
the opposite sides of the flange and the web about the same axis are in opposite
directions, these moments will counter each other.
According to the SN005a-EN-EU Access Steel document, the beam reaction is
assumed to act at 100 mm from the face of the column. Therefore, if the
bearing size is not specified, the beam reaction can be assumed to be 100 mm.

NEd ¼
Xn
i¼1

VEd;i þ load on column ð3:1Þ

Table 3.1 Nominal values of yield strength fy and ultimate tensile strength fu of hot-rolled
structural steel (BS EN 1993-1-1:2005 Table 3.1)

Standard and Steel Grade (To
BS EN 10025-2)

Nominal Thickness of element, t (mm)

t� 40 mm 40 mm\t� 80 mm

fyðN/mm2Þ fuðN/mm2Þ fyðN/mm2Þ fuðN/mm2Þ
S235 235 360 215 360

S275 275 430 255 410

S355 355 490 335 470

S450 440 550 410 550
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where VEd is reaction of beams obtained from Step 2

My;Ed ¼ Shear difference in y-y� D
2
þ bearing size

� �
ð3:2Þ

where D is depth of column section by referring to Appendix A.3

Mz;Ed ¼ Shear difference in z-z� tw
2
þ bearing size

� �
ð3:3Þ

where tw is thickness of web of column section by referring to Appendix A.3
5. Classify the column section. To carry out the classification, check only under

the criteria “outstand flange for rolled sections” and “web subject to com-
pression, rolled sections” (Table 3.2).

6. Determine the non-dimensional slenderness �k. When the support conditions at
the base of the column about the y-y and z-z axes are different, the
non-dimensional slenderness for both the y-y and z-z axes should be considered.
Otherwise, consider only the minor axis.

�k ¼ KL
i
� 1
p

ffiffiffiffi
fy
E

r !
ð3:4Þ

where K is effective length factor obtained from Step 6 (Table 3.3)

Table 3.2 Maximum width-to-thickness ratio of the compression element (BS EN 1993-1-1:2005
Table 5.2)

Type of element Class of element

Class 1 Class 2 Class 3

Outstand flange for rolled section c=tf � 9 e c=tf � 10 e c=tf � 14 e

Web with neutral axis at mid depth, rolled
sections

c�=tw � 72 e c�=tw � 83 e c�=tw � 124 e

Web subject to compression, rolled sections c�=tw � 33 e c�=tw � 38 e c�=tw � 42 e

fy 235 275 355

e 1 0.92 0.81

Where tf is thickness of flange by referring to Appendix A.3
tw is thickness of web by referring to Appendix A.3
c* = d by referring to Appendix A.2
c = (b − tw − 2r)/2

Table 3.3 Values of the
effective length factor K for
different support conditions
(BS5950: Part 1 4.7.10)

Support condition Effective length factor, K

Fixed-Fixed 0.7

Fixed-Pinned 0.85

Pinned-Pinned 1.0

Fixed-Free 2.0
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L is length of column
i is radius of gyration by referring to Appendix A.3
fy is yield strength of steel obtained from Step 3 (Table 3.1)
E is modulus of elasticity of steel = 210 � 109 N/m2

(BS EN 1993-1-1:2005 6.3.1.3(1))
7. Determine U. Consider only the minor axis to determine the imperfection

factors.

/ ¼ 0:5 1þ að�k� 0:2Þþ �k2
� � ð3:5Þ

where h is depth of section by referring to Appendix A.3
b is width of section by referring to Appendix A.3
tf is thickness of flange by referring to Appendix A.3
a is imperfection factor obtained from Step 7 (Table 3.4)
�k is non-dimensional slenderness obtained from Step 6 (Eq. 3.4)

(BS EN 1993-1-1:2005 6.3.1.2(1))

8. Determine the reduction factor v.

v ¼ 1

/þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2 � �k2

p � 1:0 ð3:6Þ

where / is obtained from Step 7 (Eq. 3.5)
�k is non-dimensional slenderness obtained from Step 6 (Eq. 3.4)

(BS EN 1993-1-1:2005 6.3.1.2(1))
9. Determine the buckling resistance of the column.

Nb;d ¼
vAfy
cM1

;Class 1; 2 and 3 sections
vAeff fy
cM1

;Class 4 sections

(
ð3:7Þ

Table 3.4 Values of the imperfection factor a for different section geometries (BS EN
1993-1-1:2005 Tables 6.1 and 6.2)

Limits Buckling about axis Imperfection factor, a
h
b � 1:2 tf � 40 mm y-y 0.21

z-z 0.34

40 mm\tf � 100 mm y-y 0.34

z-z 0.49
h
b � 1:2 tf � 100 mm y-y 0.34

z-z 0.49

tf [ 100 mm y-y 0.76

z-z 0.76
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where A is area of section by referring to Appendix A.3
Aeff is effective area of section
fy is yield strength of steel obtained from Step 3 (Table 3.1)

(BS EN 1993-1-1:2005 6.3.1.1(3))
10. Compare the design compression force and buckling resistance of the column.

If the design compression force exceeds the design buckling resistance of the
column, repeat Step 3 to choose a better section. Otherwise, proceed to Step 11.

11. Determine the critical buckling moment. The support condition influences the
effective length of the member subjected to buckling (refer to Appendix A.3 for
the section properties of column sections and Table 3.3 for the values of K).

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz

þ KLð Þ2GIt
p2EIz

 !vuut ð3:8Þ

where E is modulus of elasticity of steel = 210 � 109 N/m2

Iz is second moment of area about z-z axis by referring to Appendix A.3
K is effective length factor obtained from Step 6 (Table 3.3)
L is length of column
Iw is warping constant by referring to Appendix A.3
G is shear modulus of steel = 81 � 109 N/m2

It is torsional constant by referring to Appendix A.3

(SN003b Access Steel document)
12. Determine the slenderness for lateral-torsional buckling �kLT .

�kLT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wpl;yfy
Mcr

;Class 1 and 2 sections
q
ffiffiffiffiffiffiffiffiffi
Wel;yfy
Mcr

q
;Class 3 sectionsffiffiffiffiffiffiffiffiffiffi

Weff ;yfy
Mcr

q
;Class 4 sections

8>>><
>>>:

ð3:9Þ

where:

Wpl,y is plastic section modulus about y-y axis by referring to Appendix A.3
Wel,y is elastic section modulus about y-y axis by referring to Appendix A.3
Weff,y is effective section modulus about y-y axis
fy is yield strength of steel obtained from Step 3 (Table 3.1)
Mcr is critical buckling moment obtained from Step 11 (Eq. 3.8)

(BS EN 1993-1-1:2005 6.3.2.2(1))
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13. Determine the imperfection factors for lateral-torsional buckling, aLT and /LT .

/LT ¼ 0:5 1þ aLT �kLT � 0:2
	 
þ �k2LT

� � ð3:10Þ

where aLT is imperfection factor obtained from Step 13 (Table 3.5)
�kLT is slenderness for lateral torsional buckling obtained from Step 12 (Eq. 3.9)

(BS EN 1993-1-1:2005 6.3.2.2(1))
14. Determine the lateral torsional buckling reduction factor vLT.

vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT � �k2LT

q ð3:11Þ

where /LT is obtained from Step 13 (Eq. 3.10)
�kLT is slenderness for lateral torsional buckling obtained from Step 12 (Eq. 3.9)

(BS EN 1993-1-1:2005 6.3.2.2(1))
15. Determine the buckling moment resistance.

Mb;Rd ¼
vLTWpl;y

fy
cM1

;Class 1 and 2 sections

vLTWel;y
fy
cM1

;Class 3 sections

vLTWeff ;y
fy
cM1

;Class 4 sections

8>><
>>: ð3:12Þ

where

Wpl,y is plastic section modulus about y-y axis by referring to Appendix A.3
Wel,y is elastic section modulus about y-y axis by referring to Appendix A.3
Weff,y is effective section modulus about y-y axis
fy is yield strength of steel obtained from Step 3 (Table 3.1)
vLT is lateral torsional buckling reduction factor obtained from Step 14
(Eq. 3.11)

(BS EN 1993-1-1:2005 6.3.2.1(3))
16. Compare the design bending moment of the structure and the buckling moment

resistance of the section. If the buckling moment resistance of the structure is
insufficient, repeat Step 3 to choose a better section.Otherwise, proceed to Step 17.

Table 3.5 Values of the
imperfection factor aLT for
different approaches (BS EN
1993-1-1:2005 Tables 6.3 and
6.4)

Limit aLT
h=b� 2 0.21

h=b[ 2 0.34

Where h is depth of section by referring to Appendix A.3
b is width of section by referring to Appendix A.3
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17. Determine the bending moment resistance about the z-z axis.

Mz;d ¼
Wpl;zfy
cM1

;Class 1 and 2 sections
Wel;zfy
cM1

;Class 3 sections

(
ð3:13Þ

where

Wpl,z is plastic section modulus about z-z axis by referring to Appendix A.3
Wel,z is elastic section modulus about z-z axis by referring to Appendix A.3
fy is yield strength of steel obtained from Step 3 (Table 3.1)

(BS EN 1993-1-1:2005 6.2.5(2))
18. Refer to the SN048a-EN-GB Access Steel document to determine the combined

ratio of the design load to the resistance of the column. If the ratio is greater
than 1, repeat Step 3 to choose a better section. Otherwise, proceed to Step 19.

NEd

Nb;Rd
þ My;Ed

Mb;Rd
þ 1:5

Mz;Ed

Mz;Rd
� 1:0 ð3:14Þ

where NEd
Nb;Rd

is ratio obtained from Step 10
My;Ed

Mb;Rd
is ratio obtained from Step 16

Mz,Ed is design bending moment about z-z axis of column obtained from Step 4
(Eq. 3.3)
Mz.Rd is bending moment resistance about the z-z axis obtained from Step 17
(Eq. 3.13)

(SN048b-EN-GB)
19. Check whether the section is an overdesign by checking the ratio obtained in

Step 18. If the ratio is less than 0.5, repeat Step 3 and choose a smaller section
to ensure optimum design.
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3.2.1 Design Flowchart for a Column

1. Determine Support Condition

2. Determine Beam Reactions

START

3. Select Steel Grade and Column Section

(Refer Table 3.1 and Appendix A3)

5. Classify Section

(Refer Table 3.2)

4. Determine NEd, My,Ed and Mz,Ed

(Refer Eqs. 3.1, 3.2 and 3.3)

(Refer Table 3.3 and Eq. 3.4)

7. Determine Φ

(Refer Table 3.4 and Eq. 3.5)

8. Determine χ

(Refer Eq. 3.6)

9. Determine Nb,Rd

(Refer Eq. 3.7)

F1G1

6. Determine 
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10. < 1 

F1 G1 

No 

Yes

11. Determine Critical Buckling 
Moment 

(Refer Appendix A3, Table 3.3 and Eq. 
3.8) 

12. Determine 

(Refer Appendix A3 and Eq. 3.9)

13. Determine 

(Refer Table 3.5 and E . 3.10)q

14. Determine 

15. Determine Buckling Moment 
Resistance 

(Refer Eq. 3.12) 

16. < 1 

Yes

No 

F2 G2 

(Refer Eq. 3.11)
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F2 G2 

17. Determine 

(Refer Eq. 3.13) 

18. 

(Refer Eq. 3.14) 

19. Over-
design 

Yes 

No 

No

Yes

DESIGN 
FINISHED 

3.2.2 Example 3-1 Column Design

Design the 2 m-high column in Fig. 3.3 using the simplified approach. The con-
nection between the column and the beams is pinned, and the bottom end of the
column is rigidly connected. Beams A and B sit on 100 mm bearings at each end.
The reactions of beams A and B are 100 and 50 kN respectively, while the ultimate
load on the column is 10 kN. Steel grade S275 is used for the column (Fig. 3.4).

Fig. 3.3 Example 3-1
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

Support condition of the column is fixed-pinned

2 Reaction for:
beam A = 100 kN
beam B = 50 kN

VEd,y-y = 100 kN
VEd,z-z

¼50 kN

3 Table 3.1 Steel grade = S275
Assume the thicknesses of web and flange
are less than 40 mm:
fy = 275 N/mm2

fy = 275 N/mm2

BS 4 Part 1 2005 Randomly choose a column section for the first trial:
Select column section 152 � 152 � 30
The properties of the section is as follows:
Depth of section, D = 157.6 mm
Width of section, b = 152.9 mm
Thickness of web, tw = 6.5 mm
Thickness of flange, tf = 9.4 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 123.6 mm
Second moment of area about major
(y-y) axis, Iy
¼1748 cm4

Second moment of area about minor
(z-z) axis, Iz
¼560 cm4

Radius of gyration about major (y-y) axis, iy
¼6.76 cm
Radius of gyration about minor (z-z) axis, iz
¼3.83 cm
Elastic modulus about major (y-y) axis, Wel,y

¼222 cm3

Elastic modulus about minor (z-z) axis, Wel,z

¼73.3 cm3

(continued)

Fig. 3.4 Result for Example 3-1 using steel design based on EC3 program
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(continued)

Step Reference Action/calculation Conclusion

Plastic modulus about major (y-y) axis, Wpl,y

¼248 cm3

Plastic modulus about minor (z-z) axis, Wpl,z

¼112 cm3

Warping constant, Iw = 0.031 dm6

Torsional constant, It = 10.5 cm4

Area of section, A = 38.3 cm2

4 VEd,y-y = 100 kN
VEd,z-z = 50 kN
Load on column = 10 kN
NEd

¼Pn
i¼1 VEd;i þ load on column

¼100 + 50 + 10
¼160.00 kN

NEd = 160.00 kN

My,Ed and Mz,Ed can be calculated based on geometry
of the column section, as they are induced by eccentricity
of loads with respect to centroid of the said section.
My,Ed

¼ Shear difference in y-y� D
2 þ bearing size
	 


¼ 100� 157:6�10�3

2 þ 100� 10�3
� �

¼ 17.88 kNm

My,Ed = 17.88 kNm

Mz,Ed

¼ Shear difference in z-z� tw
2 þ bearing size
	 


¼ 50� 6:5�10�3

2 þ 100� 10�3
� �

¼ 5.16 kNm

Mz,Ed = 5.16 kNm

5 Table 5.2 Section classification:
i. fy = 275 N/mm2

e = 0.92
Class 2
ii. Rolled section, outstand flange:
c = b�tw�2r

2

¼ 152:9�6:5�2ð7:6Þ
2

¼ 65.60 mm
tf = 9.4 mm
c
tf
¼ 65:60

9:4 ¼ 6:98\9� ¼8:28ð Þ
Class 1
iii. Rolled section, web subjected to compression:
c* = d

¼ 123.6 mm
tw = 6.5 mm
c�
tw
¼ 123:6

5:8 ¼ 19:02\33� ¼30:36ð Þ
Class 1
Therefore, the section is class 2

Section class 2

6 6.3.1.3(1) Non-dimensional slenderness can be determined using equation
below:

�k ¼ L
i � 1

p

ffiffiffi
fy
E

q� �

¼ 0:85�2
3:83�10�2 � 1

p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
275�106
210�109

q� �
¼ 0.51

�k ¼ 0:51

7 Table 6.1
Table 6.2

h
b ¼ D

b ¼ 157:6
152:9 ¼ 1:03

tf = 9.4 mm
Determine imperfection factor by consider the following limits:
h
b\1:2, tf < 100 mm and buckling occurs about minor (z-
z) axis:
a ¼ 0:49
/ ¼ 0:5 1þ a �k� 0:2

	 
þ �k2
� �

¼0:5 1þ 0:49� 0:51� 0:2ð Þþ 0:51ð Þ2
h i

¼0.71

/ ¼ 0:71

(continued)
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(continued)

Step Reference Action/calculation Conclusion

8 6.3.1.2(1) Reduction factor can be determined using equation below:
v ¼ 1

/þ
ffiffiffiffiffiffiffiffiffiffi
/2��k2

p
¼ 1

0:71þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:71ð Þ2� 0:51ð Þ2

p
¼0.83

v ¼ 0:83

9 6.3.1.1(3) For Class 2 section,

Nb;Rd ¼ vAfy
cM1

¼ 0:83�38:3�10�4�275�106
1:0

¼874.20 kN

Nb,Rd = 874.20 kN

10 NEd
Nb;Rd

¼ 160:00
874:20 ¼ 0:18\1

The buckling resistance of the section is adequate

NEd
Nb;Rd

¼ 0:18

11 SN003b Access
Steel Document

Critical buckling resistance can be determined using equation
below. For pinned-fixed support condition, effective length
factor, K is taken as 0.85:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz
þ KLð Þ2GIt

p2EIz

� �r
¼ p2�210�109�560�10�8

0:85�2ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:031� 10�6

560� 10�8 þ 0:85� 2ð Þ2�81� 109 � 10:5� 10�8

p2 � 210� 109 � 560� 10�8

 !vuut
¼351.35 kNm

Mcr = 351.35 kNm

12 6.3.2.2(1) For Class 2 section, slenderness for lateral torsional buckling
can be determined using equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffiffi
Wpl;y fy
Mcr

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
248�10�6�275�106

351:35�103

q
¼0.44

�kLT ¼ 0:44

13 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 157:6
152:9 ¼ 1:03

Determine imperfection factor:
h
b ¼ 1:03\2
aLT ¼ 0:21
/LT ¼ 0:5 1þ aLT �kLT � 0:2

	 
þ �k2LT
� �

¼0:5 1þ 0:21� 0:44� 0:2ð Þþ 0:44ð Þ2
h i

¼0.62

/LT ¼ 0:62

14 6.3.2.2(1) Lateral torsional buckling reduction factor can be determined
using equation below:
vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT��k2LT

p
¼ 1

0:62þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:62ð Þ2� 0:44ð Þ2

p
¼0.95

vLT ¼ 0:95

15 6.3.2.1(3) For Class 2 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:95�248�10�6�275�106
1:0

¼64.79 kNm

Mb,Rd = 64.79 kNm

16 My;Ed

Mb;Rd
¼ 17:88

64:79 ¼ 0:28\1

The bending resistance of the section is adequate

My;Ed

Mb;Rd
¼ 0:28

17 6.2.5(2) For Class 2 section,

Mz;Rd ¼ Wpl;z fy
cM1

¼ 112�10�6�275�106
1:0

¼30.80 kNm

Mz,Rd = 30.80 kNm

18 SN048b-EN-GB
Access Steel
Document

Check ratio
NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5 Mz;Ed

Mz;Rd

¼0:18þ 0:28þ 1:5 5:16
30:80

	 

¼0:71� 1

NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd
¼ 0:71

19 The ratio is 0.71, which is less than 1. Therefore, the column
section 152 � 152 � 30 is adequate
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3.2.3 Example 3-2 Column Design

Check the suitability of a 254 � 254 � 107 section for the column in Fig. 3.5. Use
steel grade S235. The connection between the column and beam is pinned, and the
support condition for the base of the column is pinned and fixed about the y-y and
z-z axes respectively (Fig. 3.6).

Fig. 3.5 Example 3-2

Fig. 3.6 Result for Example 3-2 using steel design based on EC3 program
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1 unless
otherwise stated

Support condition of the column is
pinned-pinned about y-y axis and fixed-pinned
about z-z axis

2 Reaction for:
beam A = 120 kN
beam B = 80 kN

VEd,y-y = 120 kN
VEd,z-z = 80 kN

3 Table 3.1 Steel grade = S235
Assume the thicknesses of web and flange are
less than 40 mm:
fy = 235 N/mm2

fy = 235 N/mm2

BS 4 Part 1 2005 Try the following column section:
Select column section 254 � 254 � 107
The properties of the section is as follows:
Depth of section, D = 266.7 mm
Width of section, b = 258.8 mm
Thickness of web, tw = 12.8 mm
Thickness of flange, tf = 20.5 mm
Root radius, r = 12.7 mm
Depth between fillets, d = 200.3 mm
Second moment of area about major
(y-y) axis, Iy
¼17510 cm4

Second moment of area about minor
(z-z) axis, Iz
¼5928 cm4

Radius of gyration about major (y-y) axis, iy
¼11.3 cm
Radius of gyration about minor (z-z) axis, iz
¼6.59 cm
Elastic modulus about major (y-y) axis, Wel,y

¼1313 cm3

Elastic modulus about minor (z-z) axis, Wel,z

¼458 cm3

Plastic modulus about major (y-y) axis, Wpl,y

¼1484 cm3

Plastic modulus about minor (z-z) axis, Wpl,z

¼ 697 cm3

Warping constant, Iw = 0.898 dm6

Torsional constant, It = 172 cm4

Area of section, A = 136 cm2

4 VEd,y-y = 120 kN
VEd,z-z = 80 kN
NEd

¼Pn
i¼1 VEd;i

¼ 120 + 80
¼ 200.00 kN

NEd = 200.00 kN

My,Ed and Mz,Ed can be calculated based on
geometry of the column section, as they are
induced by eccentricity of loads with respect to
centroid of the said section
My,Ed

¼ Shear difference in y-y� D
2 þ bearing size
	 


¼120� 266:7�10�3

2 þ 100� 10�3
� �

¼ 28.00 kNm

My,Ed = 28.00 kNm

(continued)
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(continued)

Mz,Ed

¼ Shear difference in z-z� tw
2 þ bearing size
	 


¼ 80� 12:8�10�3

2 þ 100� 10�3
� �

¼ 8.51 kNm

Mz,Ed = 8.51 kNm

5 Table 5.2 Section classification:
i. fy = 235 N/mm2

e = 1
Class 1
ii. Rolled section, outstand flange:
c = b�tw�2r

2

¼258:8�12:8�2 12:7ð Þ
2

¼110.3 mm
tf = 20.5 mm
c
tf
¼ 110:3

20:5 ¼ 5:38\9�ð¼9Þ
Class 1
iii. Rolled section, web subjected to
compression:
c* = d
¼200.3 mm
tw = 12.8 mm
c�
tw
¼ 200:3

12:8 ¼ 15:65\33� ¼33ð Þ
Class 1
Therefore, the section is class 1

Section class 1

6 6.3.1.3(1) Non-dimensional slenderness can be determined
using equation below:

�k ¼ KL
i � 1

p

ffiffiffi
fy
E

q� �
Since the support condition for both axes is
different, slenderness about each axis should be
checked carefully
Check slenderness about y-y axis

�k ¼ 1:0�4
11:3�10�2 � 1

p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
235�106
210�109

q� �
¼0.38
Check slenderness about z-z axis

�k ¼ 0:85�4
6:59�10�2 � 1

p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
235�106
210�109

q� �
¼0.55
The more critical value should be used, as it
governs the resistance of section. Therefore,
take slenderness value = 0.55

�k ¼ 0:55

7 Table 6.1
Table 6.2

h
b ¼ D

b ¼ 266:7
258:8 ¼ 1:03

tf = 20.5 mm
Determine imperfection factor by consider the
following limits: h

b\1:2, tf < 100 mm and
buckling occurs about minor (z-z) axis:
a ¼ 0:49
/ ¼ 0:5 1þ a �k� 0:2

	 
þ �k2
� �

¼0:5 1þ 0:49� 0:55� 0:2ð Þþ 0:55ð Þ2
h i

¼0.74

/ ¼ 0:74

8 6.3.1.2(1) Reduction factor can be determined using
equation below:
v ¼ 1

/þ
ffiffiffiffiffiffiffiffiffiffi
/2��k2

p
¼ 1

0:74þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:742�0:552

p

¼0.81

v ¼ 0:81

(continued)
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(continued)

9 6.3.1.1(3) For Class 1 section,

Nb;Rd ¼ vAfy
cM1

¼ 0:81�136�10�4�235�106
1:0

¼2588.76 kN

Nb,Rd = 2588.76 kN

10 NE
Nb;Rd

¼ 200:00
2588:76 ¼ 0:08\1

The buckling resistance of the section is
adequate

NEd
Nb;Rd

¼ 0:18

11 SN003b Access Steel
Document

Critical buckling resistance can be determined
using equation below. Since the buckling is
occurs about major (y-y) axis, support condition
about y-y axis (pinned-pinned) is considered. In
this case, effective length factor, K is taken as
1.0:

Mcr ¼ p2EIz
KLð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iw
Iz
þ KLð Þ2GIt

p2EIz

� �r
¼ p2�210�109�5928�10�8

1:0�4ð Þ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:898�10�6

5928�10�8 þ 1:0�4ð Þ2�81�109�172�10�8

p2�210�109�5928�10�8

� �r
¼1401.11 kNm

Mcr = 1401.11 kNm

12 6.3.2.2(1) For Class 1 section, slenderness for lateral
torsional buckling can be determined using
equation below:

�kLT ¼
ffiffiffiffiffiffiffiffiffi
Wpl;y fy
Mcr

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1484�10�6�235�106

1401:11�103

q
¼0.50

�kLT ¼ 0:50

13 Table 6.3
Table 6.4

h
b ¼ D

b ¼ 266:7
258:8 ¼ 1:03

Determine imperfection factor:
h
b ¼ 1:03\2
aLT ¼ 0:21
/LT ¼ 0:5 1þ aLT �kLT � 0:2

	 
þ �k2LT
� �

¼0:5 1þ 0:21� 0:50� 0:2ð Þþ 0:50ð Þ2
h i

¼0.66

/LT ¼ 0:66

14 6.3.2.2(1) Lateral torsional buckling reduction factor can
be determined using equation below:
vLT ¼ 1

/LT þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
/2
LT��k2LT

p
¼ 1

0:66þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:66ð Þ2� 0:50ð Þ2

p
¼0.92

vLT ¼ 0:92

15 6.3.2.1(3) For Class 1 section,

Mb;Rd ¼ vLTWpl;y
fy
cM1

¼ 0:92�1484�10�6�235�106
1:0

¼320.84 kNm

Mb,Rd = 320.84 kNm

16 My;Ed

Mb;Rd
¼ 28:00

320:84 ¼ 0:09\1

The bending resistance of the section is
adequate

My;Ed

Mb;Rd
¼ 0:09

17 6.2.5(2) For Class 1 section,

Mz;Rd ¼ Wpl;z fy
cM1

¼ 697�10�6�235�106
1:0

¼163.80 kNm

Mz,Rd = 163.80 kNm

(continued)
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(continued)

18 SN048b-EN-GB
Access Steel Document

Check ratio
NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5 Mz;Ed

Mz;Rd

¼0:07þ 0:09þ 1:5 8:51
163:80

	 

¼0:24� 1

NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd
¼ 0:24

19 The ratio is 0.24, which is less than 0.5.
Therefore, the column
section 254 � 254 � 107 is adequate but not
optimum

From the program, the optimum section for beam subjected to condition as
specified in Example 3.2 is 152 � 152 � 37. This section is obviously smaller than
proposed 254 � 254 � 107 section. Therefore, the proposed section is adequate,
but not considered as optimum.

3.2.4 Example 3-3 Column Design

Design the 5 m-high column in Fig. 3.7 using the simplified approach. The con-
nections between the column and the beams and the bottom end of the column are
pinned. The ultimate load on the column is 6 kN. Steel grade S275 is used for the
column.

Fig. 3.7 Example 3-3
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Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-1
unless otherwise
stated

Support condition of the column is
pinned-pinned

2 Reaction for:
beam A = 100 kN
beam B = 80 kN
beam C = 100 kN
beam D = 50 kN
VEd,y-y = 100 + 100 = 200 kN
VEd,z-z = 80 + 50 = 130 kN

VEd,y-y = 200 kN
VEd,z-z = 130 kN

3 Table 3.1 Steel grade = S275
Assume the thicknesses of web and flange are
less than 40 mm:
fy = 275 N/mm2

fy = 275 N/mm2

BS 4 Part 1 2005 Randomly choose a column section for the
first trial:
Select column section 203 � 203 � 46
The properties of the section is as follows:
Depth of section, D = 203.2 mm
Width of section, b = 203.6 mm
Thickness of web, tw = 7.2 mm
Thickness of flange, tf = 11.0 mm
Root radius, r = 10.2 mm
Depth between fillets, d = 160.8 mm
Second moment of area about major (y-
y) axis, Iy
¼4568 cm4

Second moment of area about minor (z-
z) axis, Iz
¼1548 cm4

Radius of gyration about major (y-y) axis, iy
¼8.82 cm
Radius of gyration about minor (z-z) axis, iz
¼5.13 cm
Elastic modulus about major (y-y) axis, Wel,y
¼450 cm3

Elastic modulus about minor (z-z) axis, Wel,z
¼152 cm3

Plastic modulus about major (y-y) axis, Wpl,y
¼497 cm3

Plastic modulus about minor (z-z) axis, Wpl,z
¼231 cm3

Warping constant, Iw = 0.143 dm6

Torsional constant, It = 22.2 cm4

Area of section, A = 58.7 cm2

4 VEd,y-y = 200 kN
VEd,z-z = 130 kN
Load on column = 6 kN
NEd
¼Pn

i¼1 VEd;i þ load on column
¼200 + 130 + 6
¼336.00 kN

NEd = 336.00 kN

My,Ed and Mz,Ed can be calculated based on
geometry of the column section, as they are
induced by eccentricity of loads with respect
to centroid of the said section
My,Ed

¼Shear difference in y-y� D
2 þ bearing size
	 


¼ 100� 100ð Þ � 203:2�10�3

2 þ 100� 10�3
� �

¼0 kNm

My,Ed = 0 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

Mz,Ed

¼Shear difference in z-z� tw
2 þ bearing size
	 


¼ 80� 50ð Þ � 7:2�10�3

2 þ 100� 10�3
� �

¼3.11 kNm

Mz,Ed = 3.11 kNm

5 Table 5.2 Section classification:
i. fy = 275 N/mm2

e = 0.92
Class 2
ii. Rolled section, outstand flange:
c = b�tw�2r

2

¼203:6�7:2�2 10:2ð Þ
2¼88 mm

tf = 11 mm
c
tf
¼ 88

11 ¼ 8\9� ¼ 8:28ð Þ
Class 1
iii. Rolled section, we subjected to
compression:
c* = d
¼160.8 mm
tw = 7.2 mm
c�
tw
¼ 160:8

7:2 ¼ 22:33\33� ¼ 30:36ð Þ
Class 1
Therefore, the section is class 2

Section class 2

6 6.3.1.3(1) Non-dimensional slenderness can be
determined using equation below:

�k ¼ KL
i � 1

p

ffiffiffi
fy
E

q� �
¼ 1:0�5

5:13�10�2 � 1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
275�106
210�109

q� �
¼1.12

�k ¼ 1:12

7 Table 6.1
Table 6.2

h
b ¼ D

b ¼ 203:2
203:6 ¼ 0:99

tf = 11 mm
Determine imperfection factor by consider
the following limits: h

b\1:2, tf < 100 mm
and buckling occurs about minor (z-z) axis:
a ¼ 0:49
/ ¼ 0:5 1þ a �k� 0:2

	 
þ �k2
� �

¼0:5 1þ 0:49� 1:12� 0:2ð Þþ 1:12ð Þ2
h i

¼1.35

/ ¼ 1:35

8 6.3.1.2(1) Reduction factor can be determined using
equation below:
v ¼ 1

/þ
ffiffiffiffiffiffiffiffiffiffi
/2��k2

p
¼ 1

1:35þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:352�1:122

p
¼0.48

v ¼ 0:48

9 6.3.1.1(3) For Class 2 section,
Nb;Rd ¼ vAfy

cM1

¼ 0:48�58:7�10�4�275�106
1:0¼774.84 kN

Nb,Rd = 774.84 kN

10 NEd
Nb;Rd

¼ 336:00
774:84 ¼ 0:43\1

The buckling resistance of the section is
adequate

NEd
Nb;Rd

¼ 0:43

(continued)
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(continued)

Step Reference Action/calculation Conclusion

11 This step is skipped since My,Ed is 0
12 This step is skipped since My,Ed is 0
13 This step is skipped since My,Ed is 0
14 This step is skipped since My,Ed is 0
15 This step is skipped since My,Ed is 0
16 This step is skipped since My,Ed is 0
17 6.2.5(2) For Class 2 section,

Mz;Rd ¼ Wpl;z fy
cM1

¼ 231�10�6�275�106
1:0¼63.53 kNm

Mz,Rd = 63.53 kNm

18 SN048b-EN-GB
Access Steel
Document

Check ratio
NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd

¼0:43þ 0þ 1:5 3:11
63:53

	 

¼0:50� 1

NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd
¼ 0:50

19 The ratio is 0.50, which is less than 1.
Therefore, the column
section 203 � 203 � 46 is adequate, but
barely considered as optimum

Step 3 should be repeated and a smaller column section should be chosen for
optimum design (Fig. 3.8).

Fig. 3.8 Result for Example 3-3 using steel design based on EC3 program
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Step Reference Action/calculation Conclusion

3 Table 3.1 Steel grade = S275
Assume the thicknesses of web and flange are
less than 40 mm:
fy = 275 N/mm2

fy = 275 N/mm2

BS 4 Part 1 2005 Select column section 152 � 152 � 37
The properties of the section is as follows:
Depth of section, D = 161.8 mm
Width of section, b = 154.4 mm
Thickness of web, tw = 8.0 mm
Thickness of flange, tf = 11.5 mm
Root radius, r = 7.6 mm
Depth between fillets, d = 123.6 mm
Second moment of area about major
(y-y) axis, Iy
¼2210 cm4

Second moment of area about minor
(z-z) axis, Iz
¼706 cm4

Radius of gyration about major (y-y) axis, iy
¼6.71 cm
Radius of gyration about minor (z-z) axis, iz
¼15.5 cm
Elastic modulus about major (y-y) axis, Wel,y

¼273 cm3

Elastic modulus about minor (z-z) axis, Wel,z

¼91.5 cm3

Plastic modulus about major (y-y) axis, Wpl,y

¼309 cm3

Plastic modulus about minor (z-z) axis, Wpl,z

¼140 cm3

Warping constant, Iw = 0.04 dm6

Torsional constant, It = 19.2 cm4

Area of section, A = 47.1 cm2

4 From previous calculation:
NEd = 336.00 kN

NEd = 336.00 kN

My,Ed and Mz,Ed needed to be calculated based
on geometry of new column section, as they are
induced by eccentricity of loads with respect to
centroid of the said section
My,Ed = 0 kNm since the moment induced by
beam A and C cancel out each other

My,Ed = 0 kNm

Mz,Ed

¼Shear difference in z-z� tw
2 þ bearing size
	 


¼ 80� 50ð Þ � 8�10�3

2 þ 100� 10�3
� �

¼3.12 kNm

Mz,Ed = 3.12 kNm

5 Table 5.2 Section classification:
i. fy = 275 N/mm2

e = 0.92
Class 2
ii. Rolled section, outstand flange:
c = b�tw�2r

2

¼154:4�8�2 7:6ð Þ
2

¼65.60 mm
tf = 11.5 mm

Section class 2

(continued)
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(continued)

Step Reference Action/calculation Conclusion
c
tf
¼ 65:60

11:5 ¼ 5:70\9� ¼8:28ð Þ
Class 1
iii. Rolled section, web subjected to
compression:
c* = d
¼123.6 mm
tw = 8 mm
c�
tw
¼ 123:6

8 ¼ 15:45\33� ¼30:36ð Þ
Class 1
Therefore, the section is class 2

6 6.3.1.3(1) Non-dimensional slenderness can be
determined using equation below:

�k ¼ KL
i � 1

p

ffiffiffi
fy
E

q� �

¼ 1:0�5
3:87�10�2 � 1

p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
275�106
210�109

q� �
¼1.49

�k ¼ 1:49

7 Table 6.1
Table 6.2

h
b ¼ D

b ¼ 161:8
154:4 ¼ 1:05

tf = 11.5 mm < 100 mm
Determine imperfection factor by consider the
following limits: h

b\1:2, tf < 100 mm and
buckling occurs about minor (z-z) axis:
a ¼ 0:49
/ ¼ 0:5 1þ a �k� 0:2

	 
þ �k2
� �

¼0:5 1þ 0:49� 1:49� 0:2ð Þþ 1:49ð Þ2
h i

¼1.93

/ ¼ 1:93

8 6.3.1.2(1) Reduction factor can be determined using
equation below:
v ¼ 1

/þ
ffiffiffiffiffiffiffiffiffiffi
/2��k2

p
¼ 1

1:93þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:932�1:492

p

¼0.32

v ¼ 0:32

9 6.3.1.1(3) For Class 2 section,

Nb;Rd ¼ vAfy
cM1

¼ 0:32�47:1�10�4�275�106
1:0

¼414.48 kN

Nb,Rd = 414.48 kN

10 NEd
Nb;Rd

¼ 336:00
414:48 ¼ 0:81\1

The buckling resistance of the section is
adequate

NEd
Nb;Rd

¼ 0:81

11 This step is skipped since My,Ed is 0

12 This step is skipped since My,Ed is 0

13 This step is skipped since My,Ed is 0

14 This step is skipped since My,Ed is 0

15 This step is skipped since My,Ed is 0

16 This step is skipped since My,Ed is 0

17 6.2.5(2) For Class 2 section,

Mz;Rd ¼ Wpl;z fy
cM1

¼ 140�10�6�275�106
1:0

¼38.50 kNm

Mz,Rd = 38.50 kNm

(continued)
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(continued)

Step Reference Action/calculation Conclusion

18 SN048b-EN-GB
Access Steel
Document

Check ratio
NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd

¼0:81þ 0þ 1:5 3:12
38:50

	 

¼0:93� 1

NEd
Nb;Rd

þ My;Ed

Mb;Rd
þ 1:5Mz;Ed

Mz;Rd
¼ 0:93

19 The ratio is 0.93, which is approaching to 1.
Therefore, the section 152 � 152 � 37 is
optimum

3.3 Exercise: Column Design

3-1 Design the 5 m-high column in Fig. 3.9 using the simplified approach. Use
steel grade S235. The connection between the column and the beam is pinned, and
the support condition for the base of the column is pinned and fixed about the y-
y and z-z axes respectively. The ultimate load on the column is 10 kN.

3-2 Design the 5 m-high column in Fig. 3.9 by using the simplified approach.
Use steel grade S275. The connections between the column and the beams and the
bottom end of the column are pinned. The ultimate load on the column is 10 kN.
Compare the result with that obtained in 3-1.

Fig. 3.9 Plan view for Questions 3-1 and 3-2
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3-3 Design the 8 m-high column in Fig. 3.10 by using the simplified approach.
Use steel grade S275. The connections between the column and the beams and the
bottom end of column are pinned.

Fig. 3.10 Plan view for Question 3-3
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Chapter 4
Connection Design

4.1 Introduction

Connection is a point where two or more different structural members meet. It is
important in a frame because it holds all structural members in position and ensures
that they behave as a frame. Some examples of connections are beam–beam, beam–

column, beam–bracing, and built-up member. Figure 4.1 illustrates some common
configurations of steel structure connections.

Connections in steel construction are classified into two common types: welded
and bolted.

A welded connection joins two or more structural elements with melted metal.
Either arc welding or stick welding may be employed to form a welded connection.
Welded connections are generally classified into five types: fillet weld,
fillet all-around weld, butt weld, plug weld, and flare groove weld. Figure 4.2
shows the differences among these weld types.

Bolted connection also joins two or more structural elements, but with the use of
a fastener, which is secured with the mating of a screw thread, such as in a bolt and
nut. Bolted connections have two types: shear connection and tension connection.
The type of connection can be determined through the direction of the force acting
on the fastener, as shown in Fig. 4.3.
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Fig. 4.1 Common configurations of steel structure connection

Fig. 4.2 Types of welded connections
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4.2 Design Procedure for a Welded Connection

The design procedure for a welded connection is as follows:

1. Determine the preliminary thickness of the steel welding plate.
2. Select the grade of the plate.
3. Determine the design force NEd at the joint. If the connection is to be established

at the support, then the support reaction should be determined.
4. Determine the preliminary throat thickness a, which is usually defined asffiffi

2
p
2 � welding side:

5. Determine the correlation factor bw.
6. Determine the design weld shear strength. The value of cM2 should be set to 1.25.

fvw;d ¼ fu=
ffiffiffi
3

p

bwcM2
ð4:1Þ

where fu is ultimate tensile strength of steel obtained from Step 2 (Table 4.1)
bw is correlation factor obtained from Step 5 (Table 4.2)

(BS EN 1993-1-8:2005 4.5.3.3(3))

Fig. 4.3 Types of bolted connections

Table 4.2 Values of the
correlation factor bw for
various steel grades (BS EN
1993-1-8:2005 Table 4.1)

Steel grade bw
S235 0.8

S275 0.85

S355 0.9

S420 1.0

S460 1.0

Table 4.1 Nominal values of yield strength fy and ultimate tensile strength fu of hot-rolled
structural steel (BS EN 1993-1-1:2005 Table 3.1)

Standard and steel grade (To
BS EN 10025-2)

Nominal thickness of element, t (mm)

t� 40 mm 40 mm\t� 80 mm

fy N/mm2
� �

fu N/mm2
� �

fy N/mm2
� �

fu N/mm2
� �

S235 235 360 215 360

S275 275 430 255 410

S355 355 490 335 470

S450 440 550 410 550
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7. Determine the weld resistance per length.

Fw;Ed ¼ fvw;da ð4:2Þ

where fvw,d is design weld shear strength obtained from Step 6 (Eq. 4.1)
a is throat thickness obtained from Step 4

(BS EN 1993-1-8:2005 4.5.3.3(2))
8. Determine the effective welding length by using the equation below. For the

edge of a steel plate, the effective welding length is equal to the length of the
edge minus 2a. Specifically, the total welding length should be at least 2a more
than the computed effective welding length, which depends on the welding
pattern. Note that the number of welds manipulates the total welding length. The
higher the number of welds, the greater the total welding length.

L ¼ NEd

Fw;Ed
ð4:3Þ

where NEd is design force at joint obtained from Step 3
Fw,Ed is weld resistance per length obtained from Step 7 (Eq. 4.2)

(BS EN 1993-1-8:2005 4.5.3.3(1))
9. Determine the dimension of the steel plate that can provide sufficient welding

length. The dimension of the steel plate depends on the number of welds set in
Step 8.
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4.2.1 Design Flowchart for a Welded Connection

1. Determine the Thickness of 

Steel Plate 

START 

2. Select Steel Plate Grade 

(Refer Table 4.1)

3. Determine NEd

4. Determine Throat Thickness 

5. Determine 

(Refer Table 4.2)

6. Determine Design Weld Shear Strength 

(Refer Table 4.1 and Eq. 4.1) 

7. Determine Weld Resistance per Length 

(Refer Eq. 4.2) 

8. Determine Welding Length 

(Refer Eq. 4.3) 

DESIGN 
FINISHED 

9. Determine Dimension of Steel Plate 
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4.2.2 Example 4-1 Welded Connection Design

Find the total welding length of the connection in Fig. 4.4. The load applied to the
bracing is 500 kN. Use steel plate grade S235 for the welding plate and the bracing
member (Fig. 4.5).

Step Reference Action/calculation Conclusion

1 References are to BS EN
1993-1-8 unless otherwise
stated

From figure above, the thickness
of steel bracing member is 15 mm

t = 15 mm

2 BS EN 1993-1-1 Table 3.1 Steel grade = S235
t = 15 mm < 40 mm
fu = 360 N/mm2

fu = 360 N/
mm2

3 NEd = 500 kN NEd = 500 kN

4 Throat thickness, a

¼
ffiffiffi
2

p

2
� welding side

¼
ffiffiffi
2

p

2
t

¼
ffiffiffi
2

p

2
� 15

¼ 10:6 mm

a = 10.6 mm

5 Table 3.1 For steel grade = S235,
bw = 0.8

bw = 0.8

6 4.5.3.3(3) Design weld shear strength. fvw,d fvw,d
= 207.8 N/mm2

(continued)

Fig. 4.4 Example 4-1
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(continued)

Step Reference Action/calculation Conclusion

¼ fu=
ffiffiffi
3

p

bwcM2

¼ 360=
ffiffiffi
3

p

0:8� 1:25
¼ 207:8 N=mm2

7 4.5.3.3(2) Weld resistance per length, Fw,Ed

¼ fvw;da

¼ 207:8� 10:6

¼ 2:20 kN=mm

Fw,Ed

= 2.20 kN/mm

8 4.5.3.3(1) Effective welding length, L

¼ NEd

FwEd

¼ 500
2:20

¼ 227:27 mm

L = 227.27 mm

From figure below, number of
weld is 3

Ltot ¼ Lþ number of weld � 2a

¼ 227:27þ 3� 2� 10:6

¼ 290:87 mm

¼ 291 mm

Ltot = 291 mm

9 From the dimension of bracing
member in figure above,
L1 = 150 mm
L2 ¼ L3 ¼ 291�150

2 ¼ 70:5 mm
The minimum welding length at
two sides of bracing member is
70.5 mm
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4.2.3 Example 4-2 Welded Connection Design

Check the suitability of a steel plate for welded connection, which will be estab-
lished on the left side of the joint (Fig. 4.6). The grade of the steel plate is S235 and
the thickness is 10 mm (Fig. 4.7).

Fig. 4.5 Result for Example 4-1 using steel design based on EC3 program

Fig. 4.6 Example 4-2
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Step Reference Action/calculation Conclusion

1 References are to BS EN
1993-1-8 unless otherwise
stated

The thickness of steel plate is 10 mm t = 10 mm

2 BS EN 1993-1-1
Table 3.1

Steel grade = S235
t = 10 mm < 40 mm
fu = 360 N/mm2

fu
= 360 N/mm2

3 NEd = 500 kN NEd = 500 kN

4 Throat thickness, a

¼
ffiffiffi
2

p

2
� welding side

¼
ffiffiffi
2

p

2
t

¼
ffiffiffi
2

p

2
� 10

¼ 7:1 mm

a = 7.1 mm

5 Table 4.1 For steel grade = S235,
bw = 0.8

bw = 0.8

6 4.5.3.3(3) Design weld shear strength. fvw,d

¼ fu=
ffiffiffi
3

p

bwcM2

¼ 360=
ffiffiffi
3

p

0:8� 1:25
¼ 207:8 N=mm2

fvw,d
= 207.8 N/mm2

7 4.5.3.3(2) Weld resistance per length, Fw,Ed

¼ fvw;da

¼ 207:8� 7:1

¼ 1:48 kN=mm

Fw,Ed

= 1.48 kN/mm

8 4.5.3.3(1) Effective welding length, L

¼ NEd

FwEd

¼ 500
1:48

¼ 337:84 mm

L = 337.84 mm

From figure above, number
of weld is 3
Ltot ¼ Lþ number of weld � 2a

¼ 337:84þ 3� 2� 7:1

¼ 380:44 mm

¼ 381 mm

Ltot = 381 mm

9 From the dimension of welding plate in figure
above, the required welding length at two
sides of steel plate

¼ 381� 150
2

¼ 115:5 mm
The minimum welding length at two sides of
steel plate is 115.5 mm. However, the
available length at two sides of steel plate is
only 90 mm. Therefore, the welding plate is
not suitable
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4.2.4 Example 4-3 Welded Connection Design

Determine the shear resistance of the fillet all-around weld in Fig. 4.8. A steel plate
with a grade of S275 and a thickness of 20 mm is used.

Step Reference Action/calculation Conclusion

1 References are to
BS EN 1993-1-8
unless otherwise
stated

Thickness of steel plate is 20 mm
From the figure, welding side is 10 mm

t = 20 mm
welding
side = 10 mm

(continued)

Fig. 4.7 Result for Example 4-2 using steel design based on EC3 program

Fig. 4.8 Example 4-3
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(continued)

Step Reference Action/calculation Conclusion

2 BS EN 1993-1-1
Table 3.1

Steel grade = S275
t = 20 mm < 40 mm
fu = 430 N/mm2

fu = 430 N/mm2

3 This step is skipped as it is not applicable for the
situation

4 Throat thickness, a

¼
ffiffiffi
2

p

2
� welding side

¼
ffiffiffi
2

p

2
t

¼
ffiffiffi
2

p

2
� 10

¼ 7:1 mm

a = 7.1 mm

5 Table 4.1 For steel grade = S275,
bw = 0.85

bw = 0.8

6 4.5.3.3(3) Design weld shear strength. fvw,d

¼ fu=
ffiffiffi
3

p

bwcM2

¼ 430=
ffiffiffi
3

p

0:85� 1:25
¼ 233:7 N=mm2

fvw,d
= 233.7 N/mm2

7 4.5.3.3(2) Weld resistance per length, Fw,Ed

¼ fvw;da

¼ 233:7� 7:1

¼ 1:65 kN=mm

Fw,Ed

= 1.65 kN/mm

8 4.5.3.3(1) Effective welding length, L ¼ NEd
FwEd

Rearrange the equation:
Weld resistance, NEd ¼ Fw;Ed � L
Since both ends of the weld is closed, the effective
welding length that can be provided is equal to the
total welding length
NEd ¼ 1:65� p� 80

¼ 414:69 kN

NEd = 414.69 kN

9 This step is skipped as it is not applicable for the
situation

4.3 Design Procedure for a Bolted Connection

The design procedure for a bolted connection is as follows:

1. Determine the number of steel plates and their arrangement.
2. Determine the preliminary thickness of the steel plates.
3. Select the grade of the plate (refer to Table 4.1).

4.2 Design Procedure for a Welded Connection 93



4. Select the bolt class and the bolt diameter. The diameter of a bolt hole d0
usually equals the bolt diameter plus 2 mm.

5. Determine the design force NEd. If the connection is to be established at the
support, then the support reaction should be determined.

6. Determine the spacing of bolts. The distances between rows of bolts arranged
perpendicularly to the direction of the load are denoted by e1 and P1, while the
distances between rows of bolts arranged parallel to the direction of the load are
denoted by e2 and P2. The spacing must comply with the limit set in BS EN
1993-1-8. The value of t should be the minimum thickness between the two
outermost steel plates.

7. Refer to Table 4.5 to determine the shear resistance per bolt. Next, determine
the minimum number of bolts required to resist shear failure by dividing the
design force based on the shear resistance per bolt.

Table 4.3 Nominal values of yield strength fyb and ultimate tensile strength fub of bolts (BS EN
1993-1-8:2005 Table 3.1)

Bolt class 4.6 4.8 5.6 5.8 6.8 8.8 10.9

fyb (N/mm2) 240 320 300 400 480 640 900

fub (N/mm2) 400 400 500 500 600 800 1000

Table 4.4 Minimum and maximum spacing, end distances and edge distances (BS EN
1993-1-8:2005 Table 3.3)

Distance and
spacing

Minimum Maximum

Structures made from steels conforming to
EN10025 except to EN10025-5

Structures made
from steel
conforming to
EN10025-5

Steel exposed to
the weather or
other corrosive
influences

Steel not exposed to
the weather or other
corrosive influences

Steel used
unprotected

End distance e1 1.2d0 4t + 40 mm Larger of 8t or
125 mm

Edge distance e2 1.2d0 4t + 40 mm Larger of 8t or
125 mm

Spacing p1 2.2d0 Smaller of 14t or
200 mm

Smaller of 14t or
200 mm

Smaller of 14tmin
or 175 mm

Spacing p1,0 Smaller of 14t or
200 mm

Spacing p1,i Smaller of 28t or
200 mm

Spacing p2 2.4d0 Smaller of 14t or
200 mm

Smaller of 14t or
200 mm

Smaller of 14tmin
or 175 mm

Where d0 is diameter of bolt hole obtained from Step 4
t is minimum thickness between the two outermost steel plates obtained from Step 2
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8. Refer to Table 4.5 to determine the bearing resistance per bolt. The value of
t should be the minimum between the summations of the steel plate thicknesses
in both directions. Next, determine the minimum number of bolts required to
resist bearing failure by dividing the design force based on the bearing resis-
tance per bolt.

9. Refer to Table 4.5 to determine the tension resistance per bolt. Next, determine
the minimum number of bolts required to resist tensile failure by dividing the
design force based on the tension resistance per bolt.

10. Determine the number of bolts required for the situation by selecting the
maximum number of bolts required obtained in Steps 7, 8, and 9.

11. Check the ratio of design force to shear resistance, bearing resistance, and
tension resistance based on the number of bolts obtained in Step 10.

Table 4.5 Design resistance for individual fasteners subjected to shear and/or tension (BS EN
1993-1-8:2005 Table 3.4)

Shear resistance per shear plane Fv;Rd ¼ avfubA
cM2

where

av ¼ 0:5;Bolt class 4:8; 5:8; 6:8; 10:9
0:6;Bolt class 4:6; 5:6; 8:8

�

A = cross sectional area of bolt

Bearing resistance Fb;Rd ¼ k1abfudt
cM2

where (conservatively)

ab ¼ min e1
3d0

; P1
3d0

� 1
4 ;

fub
fu
; 1:0

n o

k1 ¼ min 2:8 e2
d0
� 1:7; 1:4 P2

d0
� 1:7; 2:5

n o
Tension resistance Ft;Rd ¼ k2 fubA

cM2

where
k2 = 0.9 for normal bolts

Where
fub is ultimate tensile of bolt obtained from Step 4 (Table 4.3)
d is diameter of bolt obtained from Step 4
d0 is diameter of bolt hole obtained from Step 4
e1, p1, e2, p2 are spacing obtained from Step 6 (Table 4.4)
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4.3.1 Design Flowchart for a Bolted Connection

1. Determine the Number and 
Arrangement of Steel Plate 

2. Determine the Thickness of 
Steel Plate 

3. Select Steel Plate Grade 

(Refer Table 4.1)

4. Select Bolt Class and Bolt 
Diameter 

(Refer Table 4.3) 

5. Determine NEd

6. Determine Spacing 

(Refer Table 4.4) 

7. Determine number of bolt 
required using Shear Resistance 

(Refer Table 4.5) 

8.Determine number of bolt 
required using Bearing 

Resistance 

(Refer Table 4.5) 

START 
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H1 

9. Determine number of bolt required 
using Tension Resistance 

(Refer Table 4.5) 

DESIGN 
FINISHED 

10. Determine number of bolt required  

11. Check ,  and  ratio 

4.3.2 Example 4-4 Bolted Connection Design

Check the suitability of the bolt arrangement in Fig. 4.9 if the joint is designed to
carry 100 kN. The diameter and the class of bolts are 20 mm and 10.9 respectively.
The grade of the steel plate used is S235 (Fig. 4.10).

Fig. 4.9 Example 4-4
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Step Reference Action/calculation Conclusion

1 References
are to
BS EN
1993-1-8
unless
otherwise
stated

Number of plate = 3, arranged in a way as shown in
figure above

Number of
plate = 3

2 Thickness of each steel plate is as shown in figure
above

t1 = 6 mm
t2 = 7.1 mm
t3 = 6 mm

3 BS EN
1993-1-1
Table 3.1

Steel grade = S235
The thicknesses of steel plates are less than 40 mm
fu = 360 N/mm2

fu = 360 N/mm2

4 Table 3.1 Bolt class = 10.9, fub = 1000 N/mm2

Bolt diameter, d = 20 mm
Hole diameter, d0 = 20 + 2 = 22 mm

Bolt class = 10.9
fub
= 1000 N/mm2

d = 20 mm
d0 = 22 mm

5 NEd = 100 kN NEd = 100 kN

6 Table 3.3 Minimum spacing for:
e1 ¼ 1:2d0 ¼ 1:2� 22 ¼ 26:4 mm

e2 ¼ 1:2d0 ¼ 1:2� 22 ¼ 26:4 mm

p1 ¼ 2:2d0 ¼ 2:2� 22 ¼ 48:4 mm

p2 ¼ 2:4d0 ¼ 2:4� 22 ¼ 52:8 mm
Maximum spacing for:
e1 ¼ 4tþ 40 ¼ 4� 6þ 40 ¼ 64 mm

e2 ¼ 4tþ 40 ¼ 4� 6þ 40 ¼ 64 mm

p1 ¼ min 14t; 200f g ¼ min 14� 6; 200f g ¼ 84 mm

p2 ¼ min 14t; 200f g ¼ min 14� 6; 200f g ¼ 84 mm
Compare spacing given with respective upper and
lower limit:
e1: 26.4 mm < 40 mm < 64 mm
e2: 26.4 mm < 40 mm < 64 mm
p1: 48.4 mm < 60 mm < 84 mm
p2: 52.8 mm < 60 mm < 84 mm
) The spacings set are adequate

e1 = 40 mm
e2 = 40 mm
p1 = 60 mm
p2 = 60 mm

7 Table 3.4 Number of
bolt = 5

(continued)
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(continued)

Step Reference Action/calculation Conclusion

From the figure, the number of bolt provided is 5
Therefore, determine the shear, bearing and tensile
resistance of the bolted connection instead

For bolt class 10.9, av = 0.5
For d = 20 mm,

A ¼ pd2

4
¼ p� 202

4
¼ 314:16 mm2

Number of shear plane
¼ Number of plate – 1
¼ 3 – 1
¼ 2
Individual shear resistance per shear plane, Fv,Rd

¼ avfubA
cM2

¼ 0:5� 1000� 314:16
1:25

¼ 125:66 kN
Total Fv;Rd

¼ Individual Fv;Rd � shear plane� bolt number

¼ 125:66� 2� 5

¼ 1256:6 kN

Fv,Rd = 1256.6 kN

8 Table 3.4 Conservatively,

ab ¼ min
e1
3d0

;
P1

3d0
� 1
4
;
fub
fu

; 1:0
� �

¼ min
40

3� 22
;

60
3� 22

� 1
4
;
1000
360

; 1:0
� �

¼ min 0:61; 0:66; 2:78; 1:0f g
¼ 0:61

k1 ¼ min 2:8
e2
d0

� 1:7; 1:4
P2

d0
� 1:7; 2:5

� �

¼ min 2:8� 40
22

� 1:7; 1:4� 60
22

� 1:7; 2:5
� �

¼ min 3:39; 2:12; 2:5f g
¼ 2:12

Fb,Rd = 264.3 kN

(continued)
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(continued)

Step Reference Action/calculation Conclusion

Individual bearing resistance, Fb,Rd

¼ k1abfudt
cM2

¼ 2:12� 0:61� 360� 20� 7:1
1:25

¼ 52:89 kN
Total Fb;Rd

¼ Individual Fb;Rd � bolt number

¼ 52:89� 5

¼ 264:3 kN

9 Table 3.4 Individual tension resistance, Ft,Rd

¼ k2fubA
cM2

¼ 0:9� 1000� 314:16
1:25

¼ 226:20 kN
Total Ft;Rd

¼ Individual Ft;Rd � bolt number

¼ 226:20� 5

¼ 1131:0 kN

Ft,Rd = 1131.0 kN

10 This step is skipped as it is not applicable for the
situation

11 Check the following ratio:
NEd

Fv;Rd
¼ 100

1256:6
¼ 0:08

NEd

Fb;Rd
¼ 100

264:3
¼ 0:38

NEd

Ft;Rd
¼ 100

1131:0
¼ 0:09

None of these ratios exceed 0.5. This means although
the bolt arrangement can support the load, but it is
considered over-design for this case

From the program, it is found that with proposed parameters specified in
Example 4-4, 2 bolts are sufficient to resist the design load. However, the number of
bolt proposed in Example 4-4 is 5. This indicates the proposed bolt arrangement is
overdesigned.
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4.3.3 Example 4-5 Bolted Connection Design

A shear splice is assigned at point B using bolts and a steel plate (Fig. 4.11). The
dimension of the beam section is 254 � 146 � 37, and steel grade S235 is used for

Fig. 4.10 Result for Example 4-4 using steel design based on EC3 program

Fig. 4.11 Example 4-5
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the beam and the plate. A bolt of class 6.8, which has a diameter of 12 mm, is used
for the bolted connection. Determine the number of bolts required (Fig. 4.12).

Step Reference Action/calculation Conclusion

1 References
are to
BS EN
1993-1-8
unless
otherwise
stated

Consider web of beam as steel plate as well, number
of steel plate = 2

Number of
plate = 2

2 Thickness of steel plates is 5 mm, while thickness of
the beam web is 6.3 mm

t1 = 5 mm
t2 = 6.3 mm

3 BS EN
1993-1-1
Table 3.1

Steel grade = S235
The thicknesses of steel plates and beam web are less
than 40 mm:
fu = 360 N/mm2

fu = 360 N/mm2

4 Table 3.1 Bolt class = 6.8, fub = 600 N/mm2

Bolt diameter, d = 12 mm
Hole diameter, d0 = 12 + 2 = 14 mm

Bolt class = 6.8
fub = 600 N/mm2

d = 12 mm
d0 = 14 mm

5 Consider span AB
Self-weight of beam
¼ 37 kg/m � 9.81 N/kg
¼ 0.36 kN/m
For ULS, partial factor of safety for both permanent
action and variable action selected are 1.35 and 1.5
respectively
Uniformly distributed load, wult

¼ 1.35Gk + 1.5Qk

¼ 1.35(5 + 0.36) + 1.5(4)
¼ 13.24 kN/m
By principle of superposition, VEd for simply
supported beam (span AB) can be determined using
equation below:
VEd (at point B)

¼ wultL
2

þ R
2

¼ 13:24� 6
2

þ 40
2

¼ 59:72 kN

NEd = 59.72 kN

(continued)
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(continued)

Step Reference Action/calculation Conclusion

NEd = VEd = 59.72 kN
6 Table 3.3 Minimum spacing for:

e1 ¼ 1:2d0 ¼ 1:2� 14 ¼ 16:8 mm

e2 ¼ 1:2d0 ¼ 1:2� 14 ¼ 16:8 mm

p1 ¼ 2:2d0 ¼ 2:2� 14 ¼ 30:8 mm

p2 ¼ 2:4d0 ¼ 2:4� 14 ¼ 33:6 mm
Maximum spacing for:
e1 ¼ 4tþ 40 ¼ 4� 5þ 40 ¼ 60 mm

e2 ¼ 4tþ 40 ¼ 4� 5þ 40 ¼ 60 mm

p1 ¼ min 14t; 200f g ¼ min 14� 5; 200f g ¼ 70 mm

p2 ¼ min 14t; 200f g ¼ min 14� 5; 200f g ¼ 70 mm
Try following spacing:
e1 = 20 mm
e2 = 20 mm
p1 = 40 mm
p2 = 40 mm
The depth between fillet for 254 � 146 � 37 beam
section is 216 mm, while the vertical dimension of
proposed steel plate for bolted connection is 2
(e2 + p2), which is 160 mm and it can fit between the
fillet

e1 = 20 mm
e2 = 20 mm
p1 = 40 mm
p2 = 40 mm

7 Table 3.4 For bolt class 6.8, av = 0.5
For d = 12 mm,

A ¼ pd2

4
¼ p� 122

4
¼ 113:10 mm2

Number of shear plane
¼ Number of plate − 1
¼ 2 − 1
¼ 1
Individual shear resistance per shear plane, Fv,Rd

¼ avfubA
cM2

¼ 0:5� 600� 113:10
1:25

¼ 27:14 kN
Fv;Rd per bolt

¼ Individual Fv;Rd � shear plane

¼ 27:14� 1

¼ 27:14 kN

Number of bolt
for shear
resistance = 3

(continued)
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(continued)

Step Reference Action/calculation Conclusion

Number of bolt required

¼ NEd

Fv;Rd

¼ 59:72
27:14

¼ 2:2 ¼ 3

8 Table 3.4 Conservatively,

ab ¼ min
e1
3d0

;
P1

3d0
� 1
4
;
fub
fu

; 1:0
� �

¼ min
20

3� 14
;

40
3� 14

� 1
4
;
600
360

; 1:0
� �

¼ min 0:48; 0:70; 1:67; 1:0f g
¼ 0:48

k1 ¼ min 2:8
e2
d0

� 1:7; 1:4
P2

d0
� 1:7; 2:5

� �

¼ min 2:8� 20
14

� 1:7; 1:4� 40
14

� 1:7; 2:5
� �

¼ min 2:3; 2:3; 2:5f g
¼ 2:3

Individual bearing resistance, Fb,Rd

¼ k1abfudt
cM2

¼ 2:3� 0:48� 360� 12� 5
1:25

¼ 19:08 kN
Number of bolt required

¼ NEd

Fb;Rd

¼ 59:72
19:08

¼ 3:1 ¼ 4

Number of bolt
for bearing
resistance = 4

9 Table 3.4 Individual tension resistance, Ft,Rd

¼ k2fubA
cM2

¼ 0:9� 600� 113:10
1:25

¼ 48:86 kN

Number of bolt
for tensile
resistance = 2

(continued)
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(continued)

Step Reference Action/calculation Conclusion

Number of bolt required

¼ NEd

Ft;Rd

¼ 59:72
48:86

¼ 1:2 ¼ 2

10 Number of bolt required = 4 Number of
bolt = 4

11 Check the following ratio:
NEd

Fv;Rd
¼ 59:72

27:14� 4
¼ 0:55

NEd

Fb;Rd
¼ 59:72

19:08� 4
¼ 0:78

NEd

Ft;Rd
¼ 59:72

48:86� 4
¼ 0:31

Fig. 4.12 Result for Example 4-5 using steel design based on EC3 program
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4.3.4 Example 4-6 Bolted Connection Design

Check the suitability of a 200 mm � 500 mm � 7 mm steel plate in establishing a
bolted connection at a beam splice (Fig. 4.13). The steel grade is S235, the bolt class
is 10.9, and the bolt diameter is 24 mm. The beam web is 18.4 mm thick Fig. 4.14.

Fig. 4.13 Example 4-6

Fig. 4.14 Result for Example 4-6 using steel design based on EC3 program
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Step Reference Action/calculation Conclusion

1 References
are to
BS EN
1993-1-8
unless
otherwise
stated

Consider web of beam as steel plate as well, number of
steel plate = 3

Number of
plate = 3

2 Thickness of steel plates is 7 mm, while thickness of the
beam web is 18.4 mm

t1 = 7 mm
t2 = 18.4 mm
t3 = 7 mm

3 BS EN
1993-1-1
Table 3.1

Steel grade = S235
The thicknesses of steel plates and web are less than
40 mm:
fu = 360 N/mm2

fu
= 360 N/mm2

4 Table 3.1 Bolt class = 10.9, fub = 1000 N/mm2

Bolt diameter, d = 24 mm
Hole diameter, d0 = 24 + 2 = 26 mm

Bolt
class = 10.6
fub
= 1000 N/mm2

d = 24 mm
d0 = 26 mm

5 NEd = 500 kN NEd = 500 kN

6 Table 3.3 Minimum spacing for:
e1 ¼ 1:2d0 ¼ 1:2� 26 ¼ 31:2 mm

e2 ¼ 1:2d0 ¼ 1:2� 26 ¼ 31:2 mm

p1 ¼ 2:2d0 ¼ 2:2� 26 ¼ 57:2 mm

p2 ¼ 2:4d0 ¼ 2:4� 26 ¼ 62:4 mm
Maximum spacing for:
e1 ¼ 4tþ 40 ¼ 4� 7þ 40 ¼ 68 mm

e2 ¼ 4tþ 40 ¼ 4� 7þ 40 ¼ 68 mm

p1 ¼ min 14t; 200f g ¼ min 14� 7; 200f g ¼ 98 mm

p2 ¼ min 14t; 200f g ¼ min 14� 7; 200f g ¼ 98 mm
Try following spacing:
e1 = 40 mm
e2 = 40 mm
p1 = 60 mm
p2 = 70 mm

e1 = 40 mm
e2 = 40 mm
p1 = 60 mm
p2 = 70 mm

7 Table 3.4 For bolt class 10.9, av = 0.5
For d = 24 mm,

A ¼ pd2

4
¼ p� 242

4
¼ 452:40 mm2

Number of shear plane
¼ Number of plate − 1
¼ 3 − 1

Number of bolt
for shear
resistance = 2

(continued)
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(continued)

Step Reference Action/calculation Conclusion

¼ 2
Individual shear resistance per shear plane, Fv,Rd

¼ avfubA
cM2

¼ 0:5� 1000� 452:40
1:25

¼ 180:96 kN
Fv;Rd per bolt

¼ Individual Fv;Rd � shear plane

¼ 180:96� 2

¼ 361:92 kN
Number of bolt required

¼ NEd

Fv;Rd

¼ 500
361:92

¼ 1:4 ¼ 2

8 Table 3.4 Conservatively,

ab ¼ min
e1
3d0

;
P1

3d0
� 1
4
;
fub
fu

; 1:0
� �

¼ min
40

3� 26
;

60
3� 26

� 1
4
;
1000
360

; 1:0
� �

¼ min 0:51; 0:52; 2:78; 1:0f g
¼ 0:51

k1 ¼ min 2:8
e2
d0

� 1:7; 1:4
P2

d0
� 1:7; 2:5

� �

¼ min 2:8� 40
26

� 1:7; 1:4� 70
26

� 1:7; 2:5
� �

¼ min 2:6; 2:1; 2:5f g
¼ 2:1

Individual bearing resistance, Fb,Rd

¼ k1abfudt
cM2

¼ 2:1� 0:51� 360� 24� 14
1:25

¼ 103:64 kN
Number of bolt required

¼ NEd

Fb;Rd

¼ 500
103:64

¼ 4:8 ¼ 5

Number of bolt
for bearing
resistance = 5

9 Table 3.4 Individual tension resistance, Ft,Rd

(continued)
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(continued)

Step Reference Action/calculation Conclusion

¼ k2fubA
cM2

¼ 0:9� 1000� 452:40
1:25

¼ 325:73 kN
Number of bolt required

¼ NEd

Ft;Rd

¼ 500
325:73

¼ 1:5 ¼ 2

Number of bolt
for tensile
resistance = 2

10 Number of bolt required = 5 Number of
bolt = 5

11 Check the following ratio:
NEd

Fv;Rd
¼ 500

361:92� 5
¼ 0:28

NEd

Fb;Rd
¼ 500

103:64� 5
¼ 0:96

NEd

Ft;Rd
¼ 500

325:73� 5
¼ 0:31

The bolts can be arranged in the way as shown below:

The minimum dimension of steel plate for such
arrangement is 200 mm � 440 mm. Therefore, the steel
plate suggested is suitable for this

4.4 Exercise: Connection Design

4-1 Determine the minimum number of fillet welding sides required for the situation
shown in Fig. 4.15. Steel grade S275 is used.
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4-2 Determine the maximum resistance of the welded connection in the situation
shown in Fig. 4.16. Steel grade S235 is used. The thickness of the steel plate is
15 mm.

4-3 Determine the NEd
Fv;Rd

, NEd
Fb;Rd

, and NEd
Ft;Rd

ratios of the following bolted connection:

Design load 200 kN

Number of bolt 6

Bolt class 8.8

Diameter of bolt 20 mm
(continued)

Fig. 4.15 Question 4-1

Fig. 4.16 Question 4-2
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(continued)

Design load 200 kN

Steel grade S235

Number of steel plate 3

Plate thickness 8 mm each

e1 30 mm

p1 50 mm

e2 30 mm

p2 60 mm

4-4 Determine the minimum size of the steel plate required to establish both
welded and bolted connections if the force of the bracing member is 750 kN, as
shown in Fig. 4.17. Steel grade S275 is used.

Fig. 4.17 Plan view and size view of connection, and section view of bracing member for
Question 4-4
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Appendix

See Tables A.1, A.2 and A.3.
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