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Lecture 9-10

- Flexural Members

✓ -I- Laterally Restrained Beams

✓ II- Laterally Unrestrained Beams 

- Beam-Column Members
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• Axial force members are, in practice, subjected to 

axial load as well as bending in either or both the 

axis of the cross section. 

• Similarly flexural members may also be subjected to 

axial load. 

• In either case, a member subjected to both 

significant axial and bending stresses is termed as 

Beam-Column Members.

Steel Structures2 Prof.Dr. Nael M. Hasan

Introduction: Beam-Column Members

• The behavior of such members results from 

the combination of both effects and varies with 

slenderness.
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Introduction: Beam-Column Members

A member subjected to both significant axial 

and bending stresses is termed as Beam-

Column Members.
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• At low slenderness, the cross sectional resistance

dominates.

• With increasing slenderness, pronounced second-

order effects appear, significantly influenced by both 

geometrical imperfections and residual stresses.

• At high slenderness range, buckling is dominated by 

elastic behavior, failure tending to occur by flexural 

buckling (typical of members in pure compression) 

or by lateral-torsional buckling (typical of members 

in bending).

Steel Structures2 Prof.Dr. Nael M. Hasan

Introduction: Beam-Column Members

• The behavior of a member under bending and axial force 

results from the interaction between instability and plasticity 

and is influenced by geometrical and material imperfections. 

Therefore very complex.
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The verification of the safety of members subject to 

bending and axial force is made in two steps:

• Verification of the resistance of cross sections .

• Verification of the member buckling resistance (in 

general governed by flexural or lateral-torsional 

buckling).
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Introduction: Beam-Column Members
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Cross section resistance

The cross section resistance is based;

• on its plastic capacity (class 1 or 2 sections) or

• on its elastic capacity (class 3 or 4 cross sections).

When a cross section is subjected to bending moment 

and axial force (N + My , N + Mz or even N + My + Mz ),

the bending moment resistance should be reduced, 

using interaction formulas.

Steel Structures2 Prof.Dr. Nael M. Hasan

Cross Section Resistance : M-N interaction
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Cross Section Resistance : M-N interaction
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• The interaction formulae to evaluate the elastic cross 

section capacity are the well known formulae of simple 

beam theory, valid for any type of cross section.

• However, the formulae to evaluate the plastic cross 

section capacity are specific for each cross section shape.

• For a cross section subjected to N + M, a general 

procedure may be established to evaluate the plastic 

bending moment resistance MN.Rd, reduced by the presence 

of an axial force N.

Steel Structures2 Prof.Dr. Nael M. Hasan

Cross Section Resistance : M-N interaction
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Cross Section Resistance : M-N interaction

• Although the interaction formulae are easy to obtain by 

applying the general method, the resulting formulae 

differ for each cross sectional shape and are often not 

straightforward to manipulate.
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Cross Section Resistance : M-N interaction

• Historically, several approximate formulae have been 

developed, and, Villette (2004) proposed an accurate 

general formula, applicable to most standard cross 

sections. with an axis of symmetry with respect to the 

axis of bending, given by:

• wpl =Wpl/We is the ratio between the plastic bending modulus and the elastic modulus,

• k=v/i is the ratio between the maximum distance v from an extreme fiber to the elastic 

neutral axis and the radius of gyration i of the section about the axis of bending.
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Cross Section Resistance : M-N interaction

• For a circular hollow section, the following exact 

expression may be established (Lescouarc'h, 1977): :

• Interaction formulae for axial force and bi-axial bending have usually 

the following general format:

For I or H cross sections 

subjected to N + My + Mz,

For RHS cross subjected 

to N + My + Mz,
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Cross Section Resistance : Design Resistance

EC1993-1-1 Provisions

Clause 6.2.9 provides several interaction formulae between 

bending moment and axial force, in the plastic range and in 

the elastic range. These are applicable to most cross 

sections. But in all case the following shall be satisfied;

MEd is the design bending moment and MN.Rd represents the design plastic 

moment resistance reduced due to the axial force NEd

Class 1 or 2 sections

For rectangular solid sections under uni-axial bending and axial force, MN,Rdis

given by
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Cross Section Resistance : Design Resistance

For rectangular solid sections under uni-axial bending and 

axial force, MN,Rdis given by

For  low values  of  axial  force,  the  reduction  of  the  plastic  moment resistance  

is not  significant, as  can  be  seen.  
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Cross Section Resistance : Design Resistance
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Cross Section Resistance : Design Resistance
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Cross Section Resistance : Design Resistance
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Cross Section Resistance : Design Resistance
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Buckling Resistance: Introduction
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Buckling Resistance: Design Resistance
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Buckling Resistance: Design Resistance
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Buckling Resistance: Design Resistance
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Buckling Resistance: Design Resistance
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Buckling Resistance: Design Resistance-interaction factors
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Design According to EC3: 

Section classification for sections under bending and axial force
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Design According to EC3: 

Section classification for sections under bending and axial force
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Lecture 11-12

- Flexural Members

✓ -I- Laterally Restrained Beams

✓ II- Laterally Unrestrained Beams 

- Beam-Column Members

- Beam-Column Members (problems))

https://manara.edu.sy/

https://manara.edu.sy/Steel Structures2 Prof.Dr. Nael M. Hasan

https://manara.edu.sy/


https://manara.edu.sy/

https://manara.edu.sy/Steel Structures1 Prof.Dr. Nael M. Hasan

Beam-Column Members

(Problems)
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Check the design of a UC 203 x 203 x 71 in steel S275 with 9 m long is 

used as a vertical member in a braced frame. The design loads and 

end moments are as shown in figure (A), The bending moments are 

about the axis as shown in figure (B). There is a bracing at mid height 

of the member from both sides as shown in the figure (A). Assume the 

end connections are pins.

Steel Structures2 Prof.Dr. Nael M. Hasan

Worked Problem1
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Solution:

Steel Structures2 Prof.Dr. Nael M. Hasan

Worked Problem1

1- Geometrical properties:

2- Cross Section Classification:

The cross section is class 1
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Worked Problem1

3- Verification of MN,y,Rd :
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Woked Problem1

4- Verification of the stability of the member:
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Worked Problem1

4- Verification of the stability of the member:
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Worked Problem1

4- Verification of the stability of the member:
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Worked Problem1

4- Verification of the stability of the member:

So, we don’t need to consider LTB calculation (anyway the following

calculation shows the reason why)
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Worked Problem1

4- Verification of the stability of the member:
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Woked Problem1

4- Verification of the stability of the member:
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Worked Problem1

4- Verification of the stability of the member:
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Woked Problem1 4- Verification of the stability of the member:
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Worked Problem1

4- Verification of the stability of the member:
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Lecture 13-14

- Flexural Members

✓ -I- Laterally Restrained Beams

✓ II- Laterally Unrestrained Beams

✓ Beam-Column Members

✓ Beam-Column Members (problems))

- DESIGN OF CONNECTIONS
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DESIGN OF CONNECTIONS
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Introduction: Joints/connections in Steel structures

• The performance of the structural steel members is only 

attained as per the design if and only if the connections in 

steel structures are efficient !.

• Historically, most major structural failures have been due to 

some form of connection failure.
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Introduction: Joints/connections in Steel structures

Connections depend on:

• Type of loading

• Strength and stiffness

• Economy

• Difficulty or ease of erection
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Introduction: Joints/connections in Steel structures
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Joints/connections in Steel structures

Can have various configuration depending on the 

structural members they connect:

• Beam-Beam Connections

• Beam-Column Connections

• Column to Footing Connections 

• column splices are typical cases as well as
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Introduction: Mechanical Fasteners

• Mechanical fasteners are generally realized by means of bolts, pins 

and rivets,

• which make possible the erection of the skeleton frame in a much 

reduced time frame, 

• especially when compared with the one required when site welds are 

employed.

• They are generally composed of
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Introduction: Mechanical Fasteners

• Mechanical fasteners are generally realized by means of bolts, pins 

and rivets,

• which make possible the erection of the skeleton frame in a much 

reduced time frame, 

• especially when compared with the one required when site welds are 

employed.

• They are generally composed of
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Introduction: Mechanical Fasteners

• Mechanical fasteners are generally realized by means of bolts, pins 

and rivets,

• which make possible the erection of the skeleton frame in a much 

reduced time frame, 

• especially when compared with the one required when site welds are 

employed.

• They are generally composed of

a bolt a nut
one or more washers,

when necessary.
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Resistance of Bolted Connections: Introduction

Design of connections is generally based on simplified 

models that require in many cases only hand written 

calculations.

The distribution of forces in the connection may, hence, be 

arbitrarily determined in whatever rational way is best, 

provided that:

• the assumed internal forces are balanced with the 

applied design forces and moments;

• each part of the connection is able to resist the applied 

forces and moments;

• the deformations imposed by the chosen distribution are 

within the deformation capacity of the fasteners, welds 

and the other key parts of the connection.
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Introduction: Mechanical Fasteners
Connections can be classified on the basis of the acting loads as follows:

connections in shear;
connections 

simultaneously in

tension and shear.

connections in 

tension;
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Introduction: Mechanical Fasteners
A connection is affected by shear when the plates connected via bolts are 

loaded by forces parallel to the contact planes.

The bolt can be considered to 

be a simply supported beam 

loaded at its mid span.

Different responses are expected, depending on two 

different modes to transfer the shear load, which make 

possible the distinction between:

• Bearing connections and ,

• Slip-resistant connections.
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Resistance of Bolted Connections: 

connections in Shear -Bearing connections

It is required that the plates must be connected to each other achieving a firm 

contact and no tightening of the bolt is required.

Where,

A is un threaded area,

Ares is threaded area

V is the total shear force on the bolt and,

n is the number of shear planes

Failure of the shear connection can be due to 

one of the following mechanisms:

a) bolt failure;

b)  plate bearing;

c) tension failure of the plate;

d) shear failure of the plate  .
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Resistance of Bolted Connections: 

connections in Shear -Bearing connections

In particular, bearing pressure between bolt and plate can be approximated 

with reference to the mean value of the bearing stress, σbear:

Failure of the shear connection can be due to 

one of the following mechanisms:

a) bolt failure;

b) plate bearing;

c)  tension failure of the plate;

d)  shear failure of the plate  .

Where,

V is the acting shear force per shear plane

t is the minimum thickness of 

connected plates der shear plane

D is the bolt diameter.

Typical deformation holes due to a bearing.
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints

Pre-loading of bolts can be explicitly required for slip 

resistance, seismic connections, fatigue resistance, execution 

purposesor as a quality measure (e.g. for durability).

Thus, once the bolt is tightened, the joint is loaded by self-

balanced stresses associated with the bolt in tension and 

the compression in the plates and with the torsion of the 

bolt and plate/bolt friction.
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints

Tightening increases joint performance, mainly with reference 

to serviceability limit states. Furthermore, it should be noted 

that :

• in shear joints, tightening prevents plate slippage and, 

therefore, inelastic settlements in the structure;

• in tension joints, tightening prevents plate separation 

(reducing corrosion dangers) and significantly improves 

fatigue resistance.

However, tightening must not exceed a certain limit, to avoid 

attaining joint ultimate capacity.

https://manara.edu.sy/


https://manara.edu.sy/

https://manara.edu.sy/
Steel Structures2 Prof.Dr. Nael M. Hasan

Resistance of Bolted Connections: Connections in Shear -Slip 

Resistant Connection or Connection with Pre-Loaded Joints

Tightening increases joint performance, mainly with reference to 

serviceability limit states. Furthermore, it should be noted that :

• in shear joints, tightening prevents plate slippage and, therefore, 

inelastic settlements in the structure;

• in tension joints, tightening prevents plate separation (reducing 

corrosion dangers) and significantly improves fatigue resistance.

However, tightening must not exceed a certain limit, to avoid attaining joint 

ultimate capacity.

The load increases from zero but no 

relative displacement is observed; 

force transmission is due to friction 

between the plates until friction limit 

of the joint is reached, which 

depends on the degree of preload.
Curve (c) is related to a connection with a 

pre-load degree greater than the one of 

case (b);
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

The value of the force at which slippage occurs depends upon :.

• bolt tightening,

• surface treatment, and

• number of surfaces in contact (nf, ).

• The maximum value of the force transferred by friction, FLim , can be 

estimated as :.
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

As the deformation capacity of plates is generally much higher than the 

deformation capacity of the bolts, it is strongly recommended to design the 

connection such that yielding of the plates in bearing occurs before yielding of 

the bolts in shear,in order to guarantee a ductile failure rather than a brittle 

failure.

Distribution of the stress in theplate of a bearing connection in  

elastic (a) and plastic (b) range
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

Plastic redistribution at failure occurs with a uniform stress 

distribution and this justifies the use in design of a mean value 

of stress, assumed for sake of simplicity constant in elastic 

range and conventionally considered equal to:

Where,

V is the shear force.

An is the net area of the cross-section of the plate 

(i.e. gross area reduced for the presence of the 

hole.
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

Note -1-

In connections with more than one bolt, a correct evaluation of 

the resistant area for the plates could become complex, 

depending on the ultimate load for tension and shear as a 

function of the possible failure path

the main rules for estimating an appropriate value of the reduced area 

have already been introduced for tension Fv member verification
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

Note -1-

To minimize the weakness of cross-section for the presence of 

holes, it is possible to increase the number of the holes from the 

end to the center oft he connection, as shown.

It is worth noting that this causes an increase in the dimension of the joint.
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Resistance of Bolted Connections: Connections in 

Shear -Slip Resistant Connection or Connection with 

Pre-Loaded Joints-Stress distribution

Note -2-

As it happens in some practical cases dealing with joints, the design load Fv

can be eccentric with reference to the centroid of the fasteners, the result of 

this is the connection is subject to shear and torsion.

The actual response of this connection is 

quite difficult to be predicted.

Where,

-nf is the number of shear resisting plane        

per bolt

- n is the number of the bolts.

-ai is the distance between the centroid of 

all thebolts and that of the single i-bolt.
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Resistance of Bolted Connections:

Connections in Tension

Tension occurs when the plates connected via bolts are loaded by a force 

normal to the contact plane; that is parallel to the bolt axis.

As in case of bearing connection, the response of a 

connection in tension is quite difficult to predict.

If the flange is sufficiently stiff

• its deformation can be disregarded,

• The bolts can be assumed to be in pure 

tension 

• Connection failure is expected to be due 

to failure of the bolts.

If the flange is more flexible,

• the presence of prying forces, Q.

• increases the value of the axial load 

transferred via bolts.

• Connection failure may be due to bolts, 

flange or to both components.
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Resistance of Bolted Connections:

Connections in Tension

In order to better appraise the tightening effects, reference can be made to 

the response of the tension connection presented below, which is realized by 

one bolt..

curve a - related to the case of non-tightened bolt

curve b - related to the case of tightened bolt

Relationships between the applied external load 

N to the connection and bolt elongation L

Relationships between the 

applied external load N is 

plotted versus the axial force 

acting in the bolt shank Nb
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Resistance of Bolted Connections:

Connections in Tension (Note 1)

In case of tension force applied on the centroid of the bolts, it is assumed 

that the design load is balanced by forces equal on each bolt. Otherwise, if a 

bending moment also acts, the evaluation of the bolt forces is usually based 

on the assumption of stiff plate.

Angle legs on the plane a subjected to 

shear force and torsion moment

Angle legs on the plane b subjected to 

shear force and bending moment (tension 

force)

Equilibrium condition dictates
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Resistance of Bolted Connections:

Connections in Tension

SUMMARY

The approaches previously introduced for the case of sole shear force and 

sole tension force on the connection can be combined to each other in order 

to be used for the more general case of shear and tension. More details 

about the requirements for verification are presented in the following 

Lectures, in accordance with European Norms.
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