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1 INTRODUCTION

After the partial collapse of the 21-storey Ronan Point apartments (1968)
in Canning Town, East London from an accidental gas explosion,
engineers and regulators alike began to consider Structural Robustness
more seriously, or as referred to by Eurocode, Structural Integrity.
Structural Robustness has been defined as;

“The ability of a structure to withstand events like fire, explosions, impact
or the consequences of human error, without being damaged to an
extent disproportionate to the original cause” (EN 1990)

Engineers thus set out to study and predict the conditions under which
progressive collapse occurs and the measures to prevent it.

Progressive collapse is charactarised by a disproportionately undesired
outcome to the event that initiated it. A local failure of a primary
structural component results in the failure of neighbouring members
successively until either partial or total collapse of the structure has
occurred. It is an inelastic nonlinear dynamic behaviour charactarised by
large deformations and contact impact. The structure will continue to
collapse until a new global static equilibrium is reached. (El-Tawil n.d,).
Figure 1 shows the phenomenon in progress.

Figure 1. Progressive collapse simulated (El-Tawil, University of Michigan)

There is an important need to design with progressive collapse in mind
due to an increasing risk of predetermined attacks on public buildings, as
well as accidental factors. With more and more people being drawn into
cities that are getting bigger and bigger, the cost of human life in collapse
events is too high.



It has been seen that structures from the past were able to resist loads
for longer and generations of people have used the same structures
without the threat of progressive collapse. This can be seen from the
numerous Roman and Greek buildings still standing today and still
accessible to tourists. However, according to the Naval Facilities
Engineering Command, recent developments in optimisation, innovative
framing systems and refinement of analysis techniques have resulted in
structures with a considerably smaller margin of safety.

Framing systems designed for easing the construction process, reducing
time and costs have led to less structural continuity and less resistance to
abnormal loading situations. (Crowder, 2005, p.6)

Figure 2 shows the difference in column size between ancient Greek
columns vs modern columns. It is possible to say that the Greeks and
Romans over-designed to err on the side of caution because they did not
fully understand the principles of mechanics nor had the mathematical
computational tools we have today. Reinforced concrete had not been
invented yet restricting spans to tensile strengths of stone and mortar
used. Today’s engineering delivers only the needed capacity reducing
material waste and costs but sensitive to unplanned abnormal loads.
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Figure 2. The Leslie Dan Pharmacy Building, (Toronto) compares to The Temple of
Olympian Zeus (Athens)



2 STANDARDS AND GUIDELINES

2.1 Historical Timeline

The Ronan Point Apartment collapse shown in Figure 3 below was an
important event because it showed how lacking guidelines and standards
were regarding the phenomenon.

Figure 3. Ronan Point Apartments (The Guardian 2018)

According to the forensic inquiry into the collapse by the Ministry of
Housing and Local Government (Griffiths, Pugsley, Saunders. 1968), it was
found that:

e There were no building standards violated in the design and
construction of Ronan Point

e Poor workmanship was not a factor that led to the collapse of the
building

e The building standards at the time gave clear guidelines on design
of elements but did not give any guidelines on global stability



e Connection resistance was based only on friction, and gravity
loading

e Upon notional removal of walls, the connections were incapable
of redistributing loads since they were designed only for
compression
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Figure 4. Ronan Point location of failure and ensuing collapse (Crowder,
2005, p.7)

Interest in progressive collapse was created and later that year,
November 1968, The UK Ministry of Housing and Local Government
issued standards to avoid progressive collapse. (Crowder, 2005)

In 1970 the standards recommended by the ministry became mandatory
building regulations. Four years later provisions of structural ties entered
the British Standard. (Crowder, 2005).

By far the two most extensive and exhaustive codes that cover the
subject of progressive collapse are the British national standards and the
American District of Defence (DoD) recommendations.
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Figure 5. Significant Progreesive collapse events (Wang, Zhang, Li, Yan, 2014, p.2,)

2.2 Eurocode

The Eurocode stipulates that:

“A structure shall be designed and executed in such a way that it will not
collapse to an extent disproportionate to the original cause when
damaged by events like fire, explosion, impact or consequences of human
error,” (EN 1990-2-1 p.23)

It goes on to list choices engineers can use to limit damage from the
aforementioned events. Engineers should:

1. Avoid or eliminate the hazard the structure is subject to

2. Select structural forms that have low sensitivity to the hazard

3. Select structural forms and designs that can survive adequately
the removal of a member

4. Avoid structural systems that can collapse without warning

5. When possible, tie structural members together

2.3 British Standards

The British standards have no mention of progressive collapse. Instead
they use the term Disproportionate Collapse. It is stated:

“A building shall be constructed so that in the event of an accident the
building will not suffer collapse to an extent disproportionate to the
cause.” (BS, Approved document A, 2010, p.41)



Local collapse is limited to 15% of floor or roof area or 70m?” whichever is
less at the relevant level and on the immediate adjacent level, below or
above. (Crowder, 2005, p.3)

The British Standard, Approved Document A (AD-A) is very similar to
Eurocode EN 1991-1-7 Annex A, Design for consequence of localised
failure in buildings from an unspecified cause.

Table 1 below shows the classification of buildings according to their
degree of importance or damage caused if collapsed. There are also
buildings which do not come into Class 3 by virtue of their size but still
merit Class 3 treatment because of their value or vulnerability. Examples
of these are animal research centres, banks, control centres, embassies,
religious buildings and museums.

Table 1. Building classes (The Building Regulations, nd)

Consequence

Classes Building type and occupancy

1 Houses not exceeding 4 storeys
Agricultural buildings
Buildings into which people rarely go, provided no part of the building is closer to another building, or area where
people do go, than a distance of 1.5 times the building height

2a

Lower Risk Group 5 storey single occupancy houses
Hotels not exceeding 4 storeys
Flats, apariments and other residential buildings not exceeding 4 storeys
Offices not exceeding 4 storeys
Industrial buildings not exceeding 3 storeys
Retailing premises not exceeding 3 storeys of less than 2000m2 floor area in each storey
Single-storey educational buildings

All buildings not exceeding 2 storeys to which members of the public are admitted and which contain floor areas
not exceeding 2000m# at each storey

2b
Upper Risk Group Hotels, blocks of flats, apariments and other residential buildings greater than 4 storeys but not exceeding
15 storeys

Educational buildings greater than 1 storey but not exceeding 15 storeys
Retailing premises greater than 3 storeys but not exceeding 15 storeys
Hospitals not exceeding 3 storeys

Offices greater than 4 storeys but not exceeding 15 storeys

All buildings to which members of the public are admitted which contain floor areas exceeding 2000m2 but less
than 5000m? at each storey

Car parking not exceeding 6 storeys

3 All buildings defined above as Conseguence Class 2a and 2b that exceed the limits on area and/or number
of storeys

Grandstands accommodating more than 5000 spectators
Buildings containing hazardous substances and/or processes




2.4 American Standards

Design requirements in the Unified Facilities Criteria (UFC 4-023-03)
published by the United States Department of Defence (DoD) highlights
two approaches to designing for Progressive Collapse of new buildings
and retrofit of existing ones. Table 2 below shows the level of protection
given by the various methods.

Direct Design Method: This is use of the Alternate Path Method
which gives explicit criteria for designing when a loss of a critical
member occurs. This method takes Flexural Action into
consideration through bending in beams and membrane action of
large slabs

Indirect Design Method: This approach gives general
recommendations for how structures should be in order to
improve their ductility and connection stiffness. This method
makes use of Catenary action.

Table 2. Level of protection and design requirements (Deneke, 2005, p.19)

Level of Protection PC Design Requirement

Very Low

Provide horizontal Tie Forces.

Low Provide horizontal and vertical Tie Forces.
Medium Satisfy the following three requirements:
A) Provide horizontal and vertical Tie Forces.
B) Apply the Alternate Path method.
High C) Meet additional ductility requirements that effectively “harden”

the perimeter, ground-floor load-bearing elements

Details of these methods are covered in chapter 4: Design for Progressive
Collapse.




3 MECHANICS OF PROGRESSIVE COLLAPSE

Developing multi-scale models is crucial for progressive collapse analysis.
The process is a challenge that is faced in any field that utilises
computational modelling for predicting behaviour where experimental
data is not available. A material in a multi-scale model can behave
differently depending on the scale being viewed. The information from
lower length scales is used to derive the models at larger lengths and
scales (Khandelwal, 2008, p.55).

QUANTUM SCALE ATOMIC SCALE MICRO SCALE MACRO SCALE STRUCTURAL SCALE
pm nm pm mm m
| | [ | |

Figure 6. Structural Simulation Scales (Echeverri-Restrepo S. et al, 2017)

Multi-scale modelling involves developing a working model at different
lengths of scale and time, bridging their behaviour in an effort to
understand a process, from the electronic and molecular structure to
how grains form and materials fail when stressed.

On the larger structural scale buckling of entire walls or progressive
collapse of a building occurs, which is known as global behaviour. At a
lower level on the macro scale local buckling and local fractures occur (El-
Tawil, 2010). The micro level shows voids forming that move in the metal
lattice like bubbles elongating and connecting to form fractures. On the
atomic scale behaviours such as slip planes and atomic skipping are
observed.

3.1 Atomic & Micro Scale Structure

3.1.1 Slippage and Dislocation

It has been found that theoretical strengths of perfect metal crystals are
higher than those measured in lab settings. It was determined that the
differences in strengths were due to atomic dislocations. Plastic
deformations happen when the net movement of a large number of
atoms respond to an applied stress. (Academic Resource Centre, n.d)



The process by which plastic deformation is produced by dislocation is
called Slip. When metals are plastically deformed a fraction of the energy,
about 5% of it, is retained internally as strain energy. The remainder is
dissipated as heat. Lattice distortions will exist around dislocation lines.
(Academic Resource Centre, n.d)
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Figure 7. Strain energy around dislocation (Princeton.edu, n.d)

3.1.2 Ductile Fracture

Ductile Fracture is preceded by plastic deformation. No material is
perfectly homogenous. When an external force acts on a material, hard
regions in the lattice called inclusions do not deform at the same rate as
the rest of the matrix. Voids are nucleated to accommodate for the
incompatibility. The nucleation event may involve, for example, the
fracture of the inclusion, or decohesion at the inclusion-matrix interface.
(Bohemen et al, n,d) Once these voids have grown sufficiently and began
to coalesce, then fractures visible at a macroscopic scale can form as
shown in figure 8 below.
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............................. . .
T .
ORIGINAL
LENGTH
l A
.............................. .
®
v

Figure 8. Coalescence of voids to create a fracture (Bohemen et al, n,d)
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When fractographs of a ductile fracture on a tensile test specimen are
viewed, they reveal hollow voids on the surface. It is possible to observe
the inclusion responsible for nucleating the void.

A.L. Gurson theorised in what is known as the Gurson model, a way to
mathematically predict the behaviour of a material to ductile fracture. In
the Gurson model, there exists a metallic matrix with spheres that grow
once stress is applied until cohesion, followed by fracture. His model
assumes spherical voids which in reality are sometimes elongated. This
has resulted in modifications to his Porous Plasticity equations along the
years to accommodate for the difference seen in experimental results.

3.2 Macro and Structural Scale Structure

Classical structural analysis in Ultimate Limit State, of beams, columns,
slabs, trusses, connections etc. cover the scope of the macro and
structural scale.

Analysis of progressive collapse on this scale is a combination of beam-
column and discrete spring finite elements used to simulate the overall
behaviour of the structure (Li, 2013, p.3). These types of models,
commonly used in earthquake engineering, are known as
Subassemblages. As an example we will look at a simple beam-column
shear tab connection.

In a single plate shear connection subassemblage, transfer of forces is
done through springs. Each spring can be assigned bolt properties or
binding effects at the point where the beam bears against the column’s
flange. Binding springs are simple contact springs while bolt springs can
be made to simulate the nonlinear behaviour of a plastically deformed
bolt

(Li, 2013, p.14).

/ Column Member

# Spring C: Represents concrete slab
@ /Rigid member
® é Beam Element
o
Beam B: Represents
\ bolt/shear tab connection
/» Gap Spring A: Represents binding effect

Figure 9. Simple shear tab and corresponding subassemblage (Khandelwal et al, 2008, p.15)
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The resistance associated with flexural action is modelled by members A,
B and C. A represents Binding effect from the contact of the beam and
column, B represents the Bolt and shear tab connection and C represents
the overlaid concrete slab. Spring A represents the contact condition that
prevents the beam from penetrating the column’s flange. It acts as a
loaded spring pushing back on the force through Hook’s law. Spring C has
no resistance in tension and can crush in compression. Element B is a
point with the same resistance as the bolts (Khandelwal et al, 2008,
p.106).

According to Honghao Li’s dissertation (2013), it is explained that the
biggest line of defence against progressive collapse is catenary action.
This mechanism also happens to be what shear connections are most
vulnerable to.

Another example of a more straight-forward connection modelled is a
simple moment connection with a reduced beam section (RBS). In the
moment connection shown in Figure 10, pure shear deformations take
place as is consistent with results obtained from experimental tests
where shear stresses are distributed uniformly along the column web and
the panel zone (column connection region) deforms in only shear as well
(Li, 2013, p.16).

Rigid member

Reduced Beam

/ Section

Reduced Section Rigid member

Spring representing
Panel zone stiffness
and strength

(a) Micro model {b) Macro model

Figure 10. Subassemblage model of a simple moment connection (Khandelwal et al, 2008, p.16)

A sudden column failure will lead to a temporary loss of static
equilibrium, which leads to acceleration of masses due to gravity.
Elements exposed to an impact or explosion respond differently
compared to the same magnitude of static loads due to a high strain rate.
Uniform static loads have flexural mode failures while dynamic loads
almost always result in shear failure modes. (Kjellman, 2017, p.8)
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4 DESIGN FOR PROGRESSIVE COLLAPSE

For a structure to resist disproportionate collapse against a suddenly
failed member, the structure must have adequate strength, ductility and
stiffness. The structure must also be redundant enough for adequate load
redistribution to members that still have capacity. After the collapse of
port of Ramsgate (1994), it became mandatory in the UK to provide a
catch ledge or chains to support hanging link bridges in case the main
support failed (The Institute of Structural Engineers, 2010) discouraging
single point of failure designs. This would provide alternate load paths for
structural loads.

In addition to the above measures there needs to be mechanisms that
contribute to a typical steel frame’s ability to resist collapse. As
highlighted by Khandelwal (2008, p.2):

1. Catenary action of beams and slabs allowing gravity loads to span
adjacent elements

2. Frame action surrounding the location of damage

3. Support by non-structural elements such as in-fills and partition
walls

Of all these mechanisms catenary action provides the last line of defence.
Once this fails the structure is likely to continue collapsing. Steel
structures are more susceptible to stability issues than concrete
structures, and for pinned steel frames, the method of stability whether
bracing or propping for global stability such as elevator shafts and shear
walls, attention needs to be paid to make sure that it is robust enough.
There are no specific EC3 requirements for progressive collapse in steel
structures.

In summary, the fastest way of achieving robustness according to The
Institute of Structural Engineers (2010), is to comply with EN 1991-1-7.
The document summarises the criteria in the following building classes:

Class 1 - No additional measures. Other than designing for Ultimate Limit
State and Serviceability Limit State

Class 2A - Provide effective horizontal ties or effective anchorage of
suspended floors and roofs to walls.

Class 2B — Provide effective horizontal ties to floors and roofs plus
effective vertical ties or apply notional column/wall removal or design as
key element.

Structural form is the first step in attaining robustness. Structures should
be designed such that there is no single point of failure as shown by the
Port of Ramsgate failure. Single main girders and Central columns are to
be avoided if possible in designs ensuring redundancy in the structure in
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case member loss. If it is not possible to avoid single transfer beams in
design, then other measures discussed below should be employed.

All structures should be designed such that they resist horizontal loads
arising from wind, global imperfection from expected installation errors
or member imperfections from column casting in concrete and
manufacturing for steel. In seismically active zones, engineers design
structures to withstand bigger horizontal loads and thus can be deemed
fit to withstand accidental horizontal loading situations provided there is
no loss of supporting members.

Many of the computational models for progressive collapse are actual
direct extensions of models originally developed for earthquake
engineering. The general consensus is that a building designed for
seismically active regions is ductile enough to minimise progressive
collapse. However, according to Khabdelwal et al. (2008, p.2) choosing a
better layout of moment resisting frames is more influential than using
strict seismic detailing to ensure good collapse resistance (Li, 2013, p.2).
Research in the area has yet to show how seismic detailing protects
against progressive collapse.

Modern design codes and verification methods fall short when protecting
against progressive collapse. These design methods are a result of data
obtained from observation and measurements and are represented by
their probability density functions in the equations engineers use.
Designs using these values provide a uniform level of safety. However,
they do not protect against progressive collapse. The reason is because
these methods focus on local failure as opposed to global failure. Design
equations and safety checks such as checks for stresses, sectional forces
and stability of load bearing elements, are usually applied on local levels
only. How the global system behaves to progressive collapse can be
different. (Starossek, 2009)

The probability, P(C), of progressive collapse, C, due to an event, E, is:

P(C) = P(C/L)*P(L/E)*P(E) (Equation 4.1)

Where P(E) is the probability of occurrence of (E), P(L/E) is the probability
of local failure, L, given the occurrence of E, and P(C/L) represents the
probability of progressive collapse given the occurrence of L. The factor
P(C) is not reflected in the verification formulas. (Starossek, 2009)

There are four approaches (Chapter 4.1-4.4) to design as described by
The Institute of Structural Engineers (2010). The approaches can be
mixed as is often seen that columns are regarded as key elements.
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4.1 Indirect Design Method: Tying

To add redundancy and increase continuity in precast structures,
elements are usually connected by ties (Kjellman, 2017, p.9). Ties help
constrain elements and limit displacement and can make possible the
formation of alternate load paths by the help of catenary action and
vierendeel action. Ties have been proved to provide robust structures
preventing progressive collapse.

Plastic zones

Figure 11. Function of the tying system (Kjellman,2017, p.9)

4.1.1 Horizontal Ties
Horizontal ties are generally split into two types i.e. ties around the

structure are called Peripheral ties while ties found within the structure
are called internal ties in the transverse or longitudinal directions.

Internal |

Longitudinal and

Transverse Ties .#% ---------- -u------...-..
(dotted lines)

o

- ---c--ﬂ'/

Peripheral Tie Vertical
(dashed lines) Tie 15

22

Figure 12. Types of ties (Kjellman,2017, p.10)
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All tie force paths should be geometrically straight. Changes in tie
direction to accommodate for openings or other types of discontinuities
should be avoided where possible. It should be noted that ties tend to
straighten under tensile force and that should be taken into account
when designing. Ties also need to be continuous in nature either by
lapping or connected across from edge to edge or around the structure.
Horizontal ties are a regulatory requirement for Class 2A and Class 2B
structures. In Class 1 Steel structures however, standards stipulate that
columns should be tied in two directions at right angles to each other on
the principal floor level. (The Institute of Structural Engineers, 2010). As
highlighted by EN-1991-1-7, all perimeter ties should also be able to
resist a factored tensile force the larger of (Kjellman, 2017):

T, = 0.4(gr + Yqr)a, L

T, ="T5u kN
p =75 [kN] (Equation 4.2)

Where gy is the charactaristic permanent load
gk is the charactaristic live load
Y is the relevant load combination factor
a, is the distance to the inner tie

L is the distance presented in Figure 13 below
W is a factor usually equal to 1

Area of influence for
L , perimeter tie

L 1 /. | | |
I I 7 | | 1

w Area of influence for
- B — = R /——l————l————-l

// i

[l
- R 1+H1T1HH+111T HI81 1+ f—:-l
/A d
Perimeter tie, design //// [nner tie, design
7 force Tp orceq
K
— I—————T————I————l————-l
Column Beam centerline

Figure 13. Design forces for horizontal ties (Kjellman, 2017, p.20)
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Internal design tie force gi is the maximum of:

¢ = 0.8(gr + ¥Y1qx)am
i = 20p  [kN/m]

(Equation 4.3)
Where

a ((Ll + (12) ‘
2
(Equation 4.4)

If as shown by Kjellman (2017) the ties are concentrated on beam lines as
in Figure 13 above, then it must be able to hold a load that is the
maximum of:

T; = 0.8(gr + Y1qr)am L
Ti=75u [kN/m]
(Equation 4.5)

The distance L is column spacing centre-to-centre. Where columns are
irregularly placed, the spacing that gives the maximum design load
should be chosen.

Ties, however, create horizontal forces on the columns and if not
accounted for in design might lead to pulling-in and eventual collapse of
the surrounding columns. As described by Kjellman (2017, p.12), this
resultant horizontal force is more detrimental to a loss of column near
the edge as shown in the diagram below. The resultant force is carried
entirely by the single line of columns on the left in one direction. To the
right of the collapsed element, the horizontal force is carried by the
adjacent column row and the other rows after that each participating in
redistribution of the forces.
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Figure 14. Redistribution of forces to remaining members after loss of an element
(Kjellman, 2017, p.12)

When a corner column is lost, cantilever action redistributes the load if
continuous beams are used in construction. If simply supported beams
are used, redistribution of loads is achieved by cantilever action from
horizontal ties placed on the top part of the beam. (Kjellman, 2017). The
effect is shown in Figure 14 above.

Tie

|
!
i

Figure 15. Cantilever action from ties (Kjellman, 2017, p.13)

In the case of steel, the most widely used system is where the steel frame
provides stability to the structure while the flooring system, usually
precast concrete or in situ, is laid on the beams. Eurocode provides
recommendations to anchorage of floor systems to steel frames
restricting dislodgment by upheaval as would be in an explosion or falling
through when large enough forces displace members of the frame.

Guidelines require that stairs, precast concrete, floors and roofs be
anchored in the direction of their span to each other over their support
or directly to the support. Note that anchorage is only required in the
direction of the span since steel beams already act as ties in the
orthogonal direction. (The Institute of Structural Engineers, 2010)
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Figure 16: Anchorage of precast units to external steelwork by friction or embedment
(The Institute of Structural Engineers, 2010)
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Figure 17. Anchorage of precast units to external steelwork by ties (The Institute of

Structural Engineers, 2010)

4.1.2 Vertical Ties

The two roles vertical ties play are to provide support in case of vertical
element removal (walls and columns) and to enable load sharing
between the floors above a damaged vertical element by developing

Vierendeel action.

The rule for vertical ties is that the column or wall should be able to
support the largest load applied to the column or load above or below it.
Vertical ties must also be continuous from anchorage of the footing to
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the top floor. As explained by The Institute of Structural Engineers,
(2010) this helps reduce the possibility of the lowest column removal.

- L
- >
- L
-4 L

A

Figure 18. Centre vertical ties redistributing load to the top floors and
outward (Steel Construction Info, 2012)

Vertical ties can be considered to be effective if,

1. The clear height of the wall, H, (measured in meters between faces of
floors) does not exceed 20t, where t is the thickness of the wall in
meters

2. |If the ties are designed to carry vertical force T where;

34A

T = M(H/t)2 [Newtons] or 100kN/m of wall. Whichever of the two is

greater.

(Equation 4.6)

. . . 2
Where A is the cross-section area in mm* of the wall measured on plan.

3. The vertical ties are grouped at 5m maximum centers along the wall and
occur no greater than 2.5m from an unrestrained end of the wall.

4.2 Alternate Load Path Method: Notional Element Removal

Alternate Load Path method involves theoretically removing a column or
part of wall from your designed structure and observing the behaviour
afterwards. The structure must redistribute the loads effectively and
remain stable. If the notional removal of any element would result in the
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collapse of a greater area than allowed by Eurocode, the structural
member should then be designed as a Key Element. EN-1991-1-7
specifies the elements that should be removed as:

1. Each supporting column and each beam that supports more than
one column (transfer beams)
2. Anynominal length of loadbearing wall

The length of a concrete wall removed as specified by Eurocode is 2.25H,
where H is storey height. In the case of cladding or timber walls, the area
between vertical supports should be notionally removed. For corner walls
the length of wall to be removed is equal to the height of wall. In the case
of closely spaced columns, it is recommended that all columns within a
plan diameter of 2.25H be removed simultaneously. The maximum area
of collapse permitted when these elements are removed are described in
section 2.3 above.

Corner

Column Side column removal
removal .

Q O O
Side (o} O o
column \\
removal Internal column

removal
Q 0 o

Figure 19. Location of stipulated column removal (The Institute of Structural
Engineers, 2010)

Other design recommendations given are:

1. Spanning the floor slabs at right angles to their normal design case
or utilising two-way slabs.

2. Making use of beam and slab reinforcement to ensure two bay
spans.

3. Using the ability of a wall to cantilever as a deep beam over a
notional opening.

In steel structures, the greatest amount of risk to initiate
disproportionate collapse is the removal of the lateral stabilising system.
If the building falls into Class 2A or 2B, the bracing system must also be
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notionally removed, and the building be expected to stand. Redundancy
ensures that there is a second bracing system in place to maintain
stability. If the structure is stabilised using a steel moment resisting
frame, then notional removal of each moment resisting joint should not
result in an unreasonable degree of collapse. If the structure is stabilised
by an internal concrete core, each storey segment of wall is notionally
removed for the stability check. (The Institute of Structural Engineers,
2010)

4.3 Specific Load Resistance Method: Key Element

In Key Element method, members that are important in maintaining the
stability of a structure are designed to withstand greater loads than
prescribed by normal load combinations. These elements are regarded as
key elements. Examples of key elements are transfer beams as shown in
Figure 20 below or a column supporting a transfer beam.

As described by Steel constructions Info (2012), the key element must be
able to sustain accidental design loading from any direction, in each
orthogonal direction at a time, to any connection and component of the
assembly. The prescribed accidental loading value for key elements is
34kN/m’. This value was derived from the Ronan point collapse
explosion.
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Upper frame

Figure 20. An example of a key element, transfer beam (ASCE Library,
2017)
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It must be remembered that the relationship between accidental actions
or any action is not linear to its effect. The general format for accidental
actions combinations according to EN-1990 should be:

Ey =E{Gk,j s Py Ag sy or v 1)k V/Z,iQk,i} Jz1i>1 .
(Equation 4.7)

The combination of actions in brackets { } can be expressed as:

Z Gk’j"+llPH+llAd"_'_l!(wl,l Or l)yzal)Qk’lll_Fll szaiQk,l

jz1 i>1

(Equation 4.8)

The choice between Wi,1Qy,1 and W,,1Qy,1 should be related to the
relevant accidental design situation as highlighted by Eurocode.
Combinations of actions for accidental design situations should define an
explicit accidental action, A, called “impact” in Eurocode. Impact is
described in EN-1991-1-7 in detail.

4.4 Risk Assessment Method

Risk management involves systematic measures undertaken in order to
maintain a level of safety. The risk assessment method is applied to class
3 buildings as described by Eurocode. The purpose of risk assessment is
to determine whether there are any hazard scenarios that have an
acceptable level of risk, and if so, suggestions of their mitigations are
proposed (Steel Constructions Info, 2012). A class 3 building is any kind of
building in which members of the public are admitted in significant
numbers, for example stadia able to accommodate 5000 people fall into
this building class. Buildings that house hazardous substances or process
them also fall into this category. EN 1991-1-7 Annex B outlines the
procedures undertaken in risk assessment. The flow chart given Figure 21
below shows the steps undertaken in assessment.

Risk assessment is mainly qualitative, meaning it is descriptive in nature.
It, however, can also be numerically quantitative where relevant.
Examples of risk mitigation once identified include elimination or
reduction of the hazard, controlling the hazard by providing warning
systems and checks, overcoming the hazard by increasing reserve
strength or robustness, or even permitting controlled collapse of a
structure where the probability of injury may be reduced.
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Figure 21. Overview of risk analysis (EN 1991-1-7, Annex B)

4.5 Segmentation

It is not in all cases that the prevention of maximum damaged is achieved
by making the structure as robust as possible and establishing alternative
load paths. In some cases, for example bridge design, the protection of
the structure from total collapse during a progressive collapse event can
be achieved by segmentation.

In bridges such as The Confederation Bridge that crosses the
Northumberland Strait in Canada, an initial local failure could lead to
total damage of the bridge. In its design, a sudden failure of the main
bridge pier was assumed. Isolated collapsing sections were chosen to
limit any initial failure thus protecting the entire structure from collapse.
(Starossek, 2009) The partial collapse of Charles de Gaulle Airport
Terminal 2E was initiated by the failure of a portion of the roof. The
collapse of the structure came to a halt at an unintentionally at a joint
that isolated that section of the structure. (Starossek, 2009) Alternative
load paths as pointed out by Starossek (2009) require an increase in
continuity and structural resistance. Segmentation on the other hand is
achieved by less continuity and more resistance.
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5 ANALYSIS METHODS IN FRAMED STRUCTURES

When analysing for progressive collapse there are four approaches at
increasing levels of complexity as highlighted by the General Services
Administration (GSA, 2003). They are linear Static, Nonlinear Static,
Linear Dynamic and Nonlinear Dynamic analysis. The more complex the
method of analysis is the more accurate the results tend to be. This
however comes with a cost of time and computing power which can
result in longer design times. However due to Moore’s Law that states
every 24 months, computing power doubles, this fact will become less of
a problem as computing power becomes more accessible and affordable.

The lack of experimental results of progressive collapses suggests an
approach based to developing models and simulating the effects
(Masoero et al, 2015, p.2). Collapse models can be 2-D or 3-D, where 3-D
models give behaviour that more closely resembles reality than planar
models do. Linear models are simpler to analyse and develop, but do not
mimic the actual progression of collapse, so when computing power and
time resources are available, nonlinear models should be favoured (Li,
2013). Below will be discussed the four approaches in more detail as
highlighted by Janssens & O’Dwyer (2010).

5.1 Linear Static Analysis

Linear static analysis is the simplest form of analysis that involves
applying a factored gravity load to a damaged structure with the
proceeding analysis being based on the assumption of small
deformations. Dynamic effects are indirectly considered by assuming
equivalent static loads based on a constant amplification factor equal to
2.0 (GSA, 2003) The analysis being static implies that it is not dependent
on time. The loads and constraints do not change value or direction. The
geometry of the structure does not change during analysis which implies
that catenary and membrane effects cannot be taken into account.

A solver, which is a mathematical algorithm run by software, used in
linear static analysis is a simple derivation of Hook’s law. You provide the
loading data, constraints, and geometry and material data. The solver
uses this information to generate the stiffness matrix and boundary
conditions that will help solve for the system. The unknown is the strain
which leads to displacement in the model (Cyprien, 2017). In this analysis,
actions are divided into force-controlled or deformation-controlled. An
example of which is a moment resistant frame, the moment would be
defined as a deformation-controlled action while shear and axial force
are force-controlled actions as further explained in section 5.4. Load
combinations for the different actions are (Kjellman, 2017):
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GLD = QLD(12D + (05L or OQS))
GLF = QLF(IZD + (05L or 025))

G =1.2D + (0.5L or 0.25) (Equation 5.1)

Where:

Gyp is increased gravity loads for deformation controlled actions
Gyr is increased gravity loads for force controlled actions

G is gravity load

D is dead load

L is Live load

S is snow load

Q.p is dynamic load factor for deformation controlled actions
Qr is dynamic load factor for force controlled actions

Gip and Gr are applied only to the areas shown in Figure 22. The rest of
the structure is loaded with G according to the equation above. Also, as
shown by Kjellman (2017), the magnitude of the dynamic load factors Q,p
and Qf is dependent on the material and type of structural element and
is between the value 1 and 2.
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Figure 22. Application of dynamic load factor in linear static analysis (UFC 3-2.11.5)
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5.2 Nonlinear Static Analysis

Nonlinear static analysis improves on linear static by including both
geometric and material nonlinearities in the analysis. The inclusion of this
is needed to account for catenary and membrane action as well as to
allow for an accurate representation of inelastic response and P-A effects.
This analysis also includes a dynamic amplification factor to account for
time-dependent effects. Geometry change with time is also accounted
for. In this analysis however, the load is not applied once as in linear
static, instead loads are applied incrementally until maximum loads are
attained or collapse occurs, this improves accuracy in the results.
(Janssens & O’Dwyer, 2010, p.6). Both primary and secondary elements
are included but the stiffness of secondary elements is set to zero. If
secondary elements are not included in the model they must be checked
separately if they can withstand the large deformations induced when
loading. Load combinations are considered in linear static analysis but
with a dynamic load factor included (Kjellman, 2017, p.27). All structural
elements and components that provide capacity to the structure to resist
collapse are primary elements. All others are defined as secondary
elements.

Gi\r = Q;\(12D =+ (O5L or 025))

(Equation 5.2)
Where:

Gy is increased gravity load

D is dead load

L is Live load

S is snow load

Qy is dynamic load factor also called the dynamic increase factor

The magnitude of dynamic load factor Qy is dependent on the ductility of
structural elements. A factor of 2 is used if the structure should remain
elastic; it is less than 2 if plasticity is allowed for. (Kjellman, 2017, p.28).
Results have also shown that a constant dynamic load factor of 2 applied
in nonlinear static analysis leads to inconsistencies in results from
nonlinear dynamic analysis. (Zhu et al., 2018, p.209)

After vigorous simulated tests an equation for determining the dynamic
load of steel structures was arrived on (Marchand et al., 2014)

0.76
Q‘.\r prm— ]_08 + lgpra )

e 4 (.83

(Equation 5.3)
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Where:

Bpra is allowable plastic rotation angle
B, is rotation at which the section yields

A graphical representation of the dynamic increase factor from simulated
experimental data obtained by McKay et al (2017). Figure 23 below
shows the relationship between Qy and the ratio between 8, and 6,.
When the 6, - 8, ratio approaches zero for low ductility elements, the
dynamic increase factor value reaches 2 (Kjellman, 2017, p.28).
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Figure 23. Dynamic Increase Factor as a function of B, / 6, in steel structures

(McKay et al, 2017)

In conventional analysis it is assumed that beam-column connections are
perfectly rigid or perfectly pinned for simplicity. Shown in Figure 24 is the
range of rigid to flexible connection types in steel structures.

Connection deformation contributes a substantial proportion to overall
deflection of the structure and has a non-dismissible bearing on the
internal force redistribution. The basic joint types are rigid, semi-rigid and
pinned. As a rule of thumb in basic beam-column connections, the stiffer
the connection, the shorter the equivalent reference length of the beam
(Zhu et al., 2018, p.211). Figure 25 below shows the moment rotation
curves of different connection types starting from the most ductile to
ideally rigid.
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Figure 26. Desigh moment-rotation characteristics (Zhu et al., 2018, p.211)

5.3 Linear Dynamic Analysis

In linear dynamic analysis the notional removal of an element results in a
sudden change in geometry. This results in changes in internal strain
energy and kinetic energy of the structure. Many structures in real-life
situations are not loaded statically. Building towers are subjected to wind
which changes in intensity with time, airplane wings are subjected to
ever-changing loading conditions in flight and offshore drilling platforms
are subjected to water turbulence. As a result, the structures are in a
constant state of motion due to the dynamic effects. This is solved with
linear dynamic analysis. In a dynamic analysis, in addition to structural
elasticity force, structural inertia and dissipative forces (or damping) are
also considered in the equation of motion to equilibrate the dynamic
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forces. (Sharcnet.ca, n.d). This method of analysis is, however, unable to
account for any nonlinear behaviour associated with collapse (Janssens &
O’Dwyer, 2010 p.6).

5.4 Nonlinear Dynamic Analysis

Nonlinear dynamic method of analysis allows for large deformations and
energy dissipation through material vyielding, fracture and cracking.
Plastic hinges are allowed for. This method also takes into account energy
from failed members. Failed members fall onto other structural elements
causing forces that may lead to further collapse (Janssens & O’Dwyer,
2010, p.6). The procedure and equation used is similar to that of
nonlinear static analysis. Since dynamic loading takes place in this
approach, dynamic increase factor of 1 is used, Qy = 1. The time period
undertaken in the analysis is the period from initial static stability to
maximum vertical displacement or a full cycle of vertical motion has
occurred (Kjellman, 2017, p.30). Inclusion of secondary components is
optional, but if omitted, should be verified separately for capacity against
large deformations.

Columns under high axial loads of P/P., > 0.5 shall be considered force
controlled. Classification of all actions as being force-controlled or
deformation-controlled according to the curves shown in Figure 27
should be done. Separate structural models are required in verification of
either deformation-controlled actions or force-controlled actions as
mentioned in section 5.1. (UFC 3-2.5, 2013)

Q s
1,2,3
g e a0 g
Type 1 curve Type 2 curve Type 3 curve

Figure 27. Component force vs Deformation curves (UFC 3-2.5)

A component might have both force- or deformation-controlled actions
but it is not to up to the designer’s discretion, the information in Table 3
below is used to specify the category. (UFC 3-2.5, 2013)
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Primary component action is defined as deformation-controlled with a
Type 1 or Type 2 curve and e = 2g. Define a primary component as force-
controlled if it is a Type 1 or Type 2 curve and e < 2g.

Secondary component action is defined as deformation-controlled that
has a Type 1 curve of any e/g ratio or if Type 2 curve and e > 2g. Define a
secondary component as force-controlled if it is a Type 1 curve and e < 2g
or Type 3 curve. (UFC 3-2.5, 2013)

Table 3. Deformation-controlled and Force-controlled actions examples

Component Deformation- Force- Controlled
P Controlled Action Action

Moment Frames

* Beams Moment (M) Shear (V)

* Columns M Axial load (P), V

- Joints - V!
Shear Walls M, V P
Braced Frames

* Braces P -

* Beams — P

* Columns -- P

* Shear Link V P, M
Connections P,V, M? P, V,M

1. Shear may be a deformation-controlled action in steel moment frame

construction.

2. Axial, shear, and moment may be deformation-controlled actions for certain steel

and wood connections.
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6 CASE STUDY: MODELLING AND ANALYSIS

6.1 Existing Building Description

Geometry based on Finavia Helsinki Airport, Terminal 2 (Vantaa, Finland)
was chosen as the model of this case study. At the time of this writing,
Poyry Finland currently has a number of different design projects (both
renovation and new structures) in progress for Finavia. Blueprints for the
case study were provided by Poyry Finland. Finavia is a state-owned
company whose core business is maintenance and development of 21
airports across the country. Figure 28 below shows the location of the
area under consideration (marked in red) whose geometry will be
covered in this case study.

iz

Figure 28. Terminal 2 focus area (Finavia & Google images)
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Terminal 2, commonly referred to as T2, is the airport’s international
arrivals and departure section. This section of the terminal is a concrete
structure with large open spaces with 70mm ribbed slabs on the 3" floor
and 160mm slabs on the 1% and 2" floor. Its roof is cable suspended
from 13 masts. It is designed this way to accommodate for large spaces
with no columns for crowds of people waiting to board their flights. This
design also allows for unobstructed natural light from the large windows.

Since the focus of this case study is on steel structures, the existing
structure will be replaced with a robust steel structure and concrete floor
system. The structure shall then be analysed using Robot Structural
Analysis version 2018 software, according to prescribed standards and
norms on progressive collapse.

"-k-_

— ,;s'f=l'l

Figure 29. Tekla structures model of the real structure

The foundations rest on bedrock with foundation columns rising from
anchored bedrock. Lateral stability against sway is provided by the
elevator shaft and a shear wall. There is no bracing system except for
minor steel structures within the building. The building has three main
floors. Two expansion joints separate the structure into three sections.
The roof and snow loads are entirely carried by a series of steel cables
that lead to the masts. The studied section of the building is a cast-in-situ
structure built originally in the 1970s and expanded in the 1980s.
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Figure 30. Cross-section of the structure

6.2 Model Description and Process

The aim of this thesis was to study progressive collapse in multi-storey
steel structures. Therefore, the building in this study despite being a
concrete structure was first converted to a robust steel structure in the
first phase of this thesis and verified. The second phase involved
analysing the structure against progressive collapse. The geometry of the
building was followed with utmost strictness.

Assumptions made in the analysis model were:

1. The elevator shaft is not the primary source of lateral stability. A
steel bracing system was introduced to provide lateral stability

2. One cable of cross-sectional size 65mm? was used for every mast
as opposed to the combination of cables and steel rods used in
the original building as designed by Leonhardt-Bauer Fritz in
Berlin 1964. Cable pre-tension was set to 100kN

3. Deformation joints were not covered in the scope of this thesis.

4. Lateral stability arising from floor slabs on the 2" floor, 3" floor,
and roof were omitted.

5. Supports were assumed to be pinned.

6. Lateral stability from the glass panes in the original structure
was omitted.

7. Hanging floors in the centre of the 3" floor were omitted.

The workflow chosen was to first choose steel sections most compatible
with a building of this size and then verify their capacity under given
loads. When found to be lacking, section profiles were increased. Loads
were added progressively from dead loads to accidental combinations as
prescribed by Eurocode.

L
|
|
|



6.2.1 Loading cases
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Dead loads: Dead loads of the structure are added automatically by the
program. Figure 31 shows the model built to the point of adding dead
loads. It also shows a section of the report generated. Some beams and

braces did not meet the needed capacity (marked in red).
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Figure 31. Building of the analysis model

An example of member 453 shown in Figure 32 below shows that the
member failed by a margin of 6% on the stability check.

All the failed members were replaced with the correct sections and
analysed again until capacity was reached.

[F RESULTS - Code - SFS-EN 1993-1:2005/NA:2007/A1:2014

IPE 200

Bar:

Paint / Coordinate:
Load case:

Smplfied results | pisplacements | Detaled results

453 Beam_453
3 x=050L=480m

Incorrect section

FORCES

N,Ed = 115 kN
Ne,Rd = 1011.19 kN
Nb,Rd = 101119 kN

LATERAL BUCKLING

BUCKLING y

SECTION CHECK

My,Ed = 14,32 kN"m

My,Ed,max = 14.32 kN*m

My, c,Rd = 78,33 kN*m
MN,y,Rd = 78,33 ki"m
Mb,Rd = 13.47 kiN*m

z=1.00 Mer = 13.47 kM™m
Ler,upp=9.60m Lam_LT = 2.41
kyy =0.90

My, Ed,max/Mb,Rd = 1.06 > 1.00 (6.3.2.1.(1))

Mz,Ed = 0,00 kN*m

Mz,Ed,max = -0.03 kN*m

Mz,c,Rd = 15.84kN"m
MN,z,Rd = 15,84 kN=m

Curve,LT-b
filT = 3.02

BUCKLING z

My, Ed/MN, y,Rd) "~ 2,00 + (Mz,Ed/MN,z,Rd)~1.00 = 0.03 < 1.00 (6.2.9.1(6))
Vz,Ed/Vz,cRd = 0,00 < 1.00_(6.2.6.(1))

MEMBER STABILITY CHECK

Vy,Ed = -0.00 kN
Vy,cRd = 40L.31kN
Vz,Ed = 0.61KN
Vz,cRd = 285,95 kN

Class of section = 1

AT =0.17
LT, mod =0.17

kyz = 0,54

Figure 32. Failed member



An occurring error was “Instability type 3” nodal rotational and
translational error as shown in Figure 33 below.

L
Autodesk Robot Structural Analysis Professional 2018 B

= 4 "-I Instability (of type 3) detected at node 1031 in direction RY.
Wi W' Do youwant to continue?
[Press ESC to ignore all warnings]
N |
(o
Yes I ’ MNo ] ’ Cancel ]

Indae . —_ Marmnru ITEE nan 7 51a

Figure 33. Type 3 error

When the model was tested for deformations, they were seen to be
under normal limits. Further investigation in Autodesk Robot forums
showed that if the model behaves as expected, type 3 errors should be
ignored.

Snow Loads, Live Loads and Imposed loads: When analysed for snow
loads, the structure gave a maximum deformation of 1117cm thereby
failing the test. Affected sections found on the roof were replaced with
more appropriate ones. Figure 34 shows the results. When the IPE 100
bars were replaced with IPE 300, the maximum deformation found was
30cm at the cables.

IPE 100
— |PE 200
= IPE 400

RRHS 120x120x5
=— RRHS 200x200x10
RRHS 300x300x10

Cable_1
~'Dis 500cm
Max=1117,1

- kPa
-PZ kG
Cases: 3 (SN1)

Figure 34. Deformation results
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Wind Loads: Cladding panels were afterwards added to act as a surface
for wind force. Claddings instead of concrete panels (with thickness) were
chosen specifically for the reason that they offer no stability to the
structure. The floor on the second floor was modelled as a concrete panel
so as to attach the column row on module line B, D, E and G; otherwise
the rows were regarded as separate structures.

Wind simulations pressure maps were generated on the panel surfaces.
Figuere 37 shows the loading results for wind case 6. The existing building
is not wind loaded axis +X and —X because of neighbouring structures.

Pressure on elements (kPa)

IPE 100

IPE 200

IPE 300

IPE 400

RRHS 120x120x5
RRHS 200x200x10
RRHS 300x300x10
Cable_1

kN/mi
kPa
-PZ kG
Cases: 6 (Wind Simulation Y- 22 m/s)

Figure 35. Wind pressure map on the structure

Parameters used were wind velocity of 22m* and after a deviation
greater than 5%, a new load case to be generated. For load case 6, which
is wind in the —Y axis as shown above, a maximum pressure of 0.3kPa was
generated. This created deformations of up to 317 cm centre 3" floor
beams and failing limit state design as shown in Figure 36. Member
verification showed that most of the failed members were the bracings.
They were subsequently replaced with stronger sections and the
structure recalculated, passing the test. As a note, the bracing IPE 200
were replaced with IPE 400 sections. Roof cables also sagged with an
80cm displacement. Their pre-tensioning was increased from 150kN to
230kN. In the real concrete structure, the pre-tensioning on the cables is
set to 2=300kN.
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Figure 36. Limit state failure

e

Combinations: Automatic load combinations were generated using dead

loads, snow loads and loads like wind load cases 1-6 from above. The

combinations generated are shown in Table 4 below, emphasis placed on

the factors highlighted in red. A total of 44 combinations were generated.

Table 4. Load combinations

S 2 Combil Case =

Combinations Name Analysis type nation SR Definition

T ULSM=1*1.35 Monlin. C i dead 45135
8 ULS/2=1*0.90 Monlin. C dead 1%0.90
£l ULS/3=1*1.15 Monlin. C dead TEEAE
10 ULS/M4=1*1.15 + Monlin. C dead 1*1.15+2*1 50+3*1 .05
" ULS/5=1*1.15 + Monlin. C dead 1%1.15+2*1.50
12 ULSHE=1*1.15+ Monlin. C dead 1*1.15+4*1.50+3*1.05
13 ULSIT=1*1.15 + Monlin. C dead 1*1.15+4*1.50
14 ULS/8=1*1.15 + Monlin. C dead 1*1.15+5%1 50+3*1.05
15 ULS/M8=1*1.15+ Monlin. C dead 1*1.15+5*1.50
16 ULSM0=1*1.15 Monlin. C dead 1*1.15+6*1.50+3*1.05
17 ULS/M1=1*1.15 Monlin. C dead 1%1.15+6%1.50
18 ULS/12=1*0.90 Monlin. C dead 1*0.90
19 ULS/M3=1%0.80 Monlin. C dead 1%0.90+2*1.50+3*1.05
20 ULS/14=1*0.80 Monlin. C dead 1%0.90+2*1 .50
21 ULS/M15=1*0.50 Monlin. C dead 1*0.90+4*1.50+3*1.05
22 ULS/ME=1*0.50 Monlin. C dead 1*0.90+4*1.50
rE ULS/M7=1*0.80 Monlin. C dead 1*0.90+5%1 50+3*1.05
24 ULS/M18=1*0.50 Monlin. C dead 1*0.90+5*1.50
25 ULS/8=1%0.80 Monlin. C dead 1*0.90+6*1.50+3*1.05
26 ULS/20=1*0.50 Monlin. C dead 1*0.90+6*1.50
27 ULS/21=1*1.15 Monlin. C dead 1*1.15+3*1.50
28 UL5/22=1%1.15 Monlin. C dead 1%1.15+2%0.90+3%1.50
29 ULS/23=1*1.15 Monlin. C dead 1*1.15+4%0.90+3*1.50
30 ULS/24=1*1.15 Monlin. C dead 1*1.15+5%0.90+3*1.50
M UL5/25=1%1.15 Monlin. C dead 1%1.15+6%0.90+3%1.50
32 ULS/26=1%0.80 Monlin. C dead 1%0.90+3*1.50
33 ULS/27=1%0.80 Monlin. C dead (1+2)%0.90+3*1.50
4 ULS5/28=1*0.90 Monlin. C dead (1+4)%0.90+3*1.50
35 ULS/28=1*0.50 Monlin. C dead (1+5)%0.90+3%1.50
36 ULS/30=1*0.80 Monlin. C dead (1+6)%0.90+3*1.50
37 SLSCHR/1=1*1. Monlin. C SL5:.CH dead 1*1.00
38 SLSICHR2=1*1. Monlin. C SLS:CH dead (1+2)*1.00+3*0.70
39 SLS:CHR/3=1*1. Monlin. C SLS:CH dead (1+2)*1.00
40 SLS:.CHR/4=1*1. Monlin. C SL5:.CH dead (1+4)*1.00+3*0.70
Lil SLSCHRIS=1*1. Monlin. C SLS:CH dead (1+4)*1.00
42 SLS:CHR/B=1*1. Monlin. C SLS:CH dead (1+5)*1.00+3*0.70
43 SLS:.CHR/T=1*1. Monlin. C SL5:.CH dead (1+5)*1.00
44 SLSCHR/B=1*1. Monlin. C SLS:CH dead (1+6)*1.00+3*0.70
45 SLS:CHR/G=1*1 Monlin. C SLS:CH dead (1+8)*1.00
46 SLS:CHR/MO=1* Monlin. C SLS:CH dead (1+3)y*1.00
47 SLS:CHRM1=1* Monlin. C SLS:CH dead (1+3)*1.00+2*0.60
48 SLS:CHRM2=1* Monlin. C SLS:CH dead (1+3)*1.00+4*0.60
49 SL5:CHRM3=1* Monlin. C SLS:CH dead (1+3)*1.00+5*0.60
50 SLS:CHRM4=1* Monlin. C SLS:CH dead (1+3)*1.00+6*0.60
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A deformation check was made by selecting all load combinations and
running the calculation. The highest amount of deflection was cable
sagging with a total of 25cm with pre-tension taken into account.

Member verification showed that no member failed the check except for
instability error. Figure 37 shows an example of a calculation note
generated for a bracing member that was flagged for instability.

CODE: SFS-EN 1993-1:2005/NA-2007/A1:2014, Eurocode 3. Design of steel structures.
ANALYSIS TYPE: MMember Verification

CODE GROUP:
MEMBER: 3 Simple bar_3 POINT: 1 COORDINATE: x=000L=000m
LOADS:
Governing Load Case: 10 ULS/4=1*1.13 +2*1.50 + 3*1.05 1*1.15+2*1.30+3*1.03
MATERIAL:
§355 (§335)  fy=355.00 MPa

o

¥

== | SECTION PARAMETERS: IPE 400
h=40.0 cm ghil=1.00 gh1=1.00
b=18.0 cm Av=36.00 cm2 Ar=42 69 emd Ax=84.46 cml
tw=0.9 cm =23128.40 cmd [=1317.82 cm4 L=46.80 cmd
=14 cm Wply=130726 em3 Wplz=229.01 em3
INTERNAL FORCES AND CAPACITIES:
NEd=8301kN My Ed=-8.43 EN*m Mz Ed=-0.56 EN*m Vy Ed=-007 kN
Nc.Rd = 2008 46 kN MyEdmax=-843kN*m MzEdmax=-0361N*m  Vy.T.Rd=1147.50 &N
Nb.Ed=202.19 kN My.cRd=464.08 KN*m MzcRd=8130EN*m VzEd =493 kKN

MN v FRd =464 08 EN*m MN.zRd=8130kN*m VeT.Rd=875.00kN
TtEd =000 kN*m
Clazs of zection =1

LATERAL BUCKLING PARAMETERS5:

BUCKLING PARAMETERS:

= About y axis: = About z axis:

Ly=1111m Lam_y=0.88 Lz=1L1lm Lam_z=3.68
Lery=1111m Xy=0.73 1z= " Xz=007
Lamy = 67.16 kzy = 0.55 Lamz = 28137 k=142

VERIFICATION FORMULAS:

Section strength check:

NEdNcRd=003<1.00 (624,1)

(My EdMN_y Rdy* 2.00 + (MzEdMN_zRdy*1.00 =001 < 1.00 (62.9.1.(6))
Vv EdVy.TRd=000<1.00 {(626-T)

VeEdVzTRd=001<1.00 (62.6-T)

Tau ty Ed{(fy/(sqre(3)* M) =000 < 1.00 (6.2.6)

Taw tz. Ed/(fy/(sqr(3)*gh0)) = 0.00 < 1.00 (6.2.6)

Global stability check of member:
Lambday =§7.16 < Lambda max = 210.00 Lambdaz=281.37 > Lambdamax = 210.00 | INSTABLE
NEd/(XKy*NEk/gM1) + kyy*My Ed max/ (XL T*My Bk/ghll) + kyz* Mz Ed max/(Mz Fk'ghM1) = 0.06 < 1.00 (6.3.3.(4))
N.Ed/Zz*NRi/gM1) + key* My Ed max/(XL T*My Ri/gh1) + ke * Mz Ed max/(MzRl/gM1) = 043 < 1.00 (633.44)

Figure 37. Calculation Note
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The highlighted regions in red show the cause of instability. In this case,

that part of the bracing system is under compression. The I-profile lacks

the capacity to bear the load (Case 10 combination) about the z-z local

axis resulting in buckling due to a slenderness being 34% beyond

capacity. As can be seen the member itself is quite slender with an

effective buckling length of 11.11m and cross-sectional area of 84cm?. To

avoid design situation of having over-strengthened members, the

solution to reduce the buckling length was chosen with replacing the

current bracing system with an X-shaped configuration. Figure 38 below

shows the moment diagram, load diagrams as well as a maximum axial

force of 83.91kN on the cross-section.

Results:Bar no. 3
Case 10 ULS/4=1*1.15 + 2*1.50 + 3*1.05
Displacements [cm)]:

519 Ux=-02 UyY=-0.0 Uz=-0
506 Ux=-02 UY=0,1 UZ=-
Maximum deflections [cm]:
UX=0.0 Uy=-01 Uz=-02
at point ¥=055 ¥=035 X=055
1oop MY (kNm)
-0.00 \ /
\/ Length (m)
10.00
0.00 10.00 20.0C
sag FZ (kN)
4.00
3.00 “"\._1
2.00
1.00 """\_1
0.00
-1.00 oy
-2.00 e
-3.00 e ™ Length (m)
-4.00 =
0.00 10.00 20.0C
10000 -t (KN)
S0.00
Length {m)
20.00
0.00 10.00 20.0C
Fx (kM) Fz (kM) Wy (KMN*m)
MAX for bar 3 3.9 4,98 a.14
at point: 0.0 0.0 6,67
MIM for bar 3 3.9 -3.33 -8.43
at point: 0.0 11,11 0.0

Figure 38. Results generated
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The structure after several iterations was stable with all members passing

verification checks. Table 5 shows member types and the section

properties used in the model. The structure was now ready for

progressive collapse analysis.

Table 5. Member section properties

Section name 4 Barlist | AX (cm2) | AY (cm2) | AZ {cm2) | X {cm4) | 1Y (cm4) | IZ {cm4)

HEA 300 | 329 2379 2 112,53 81,21 26,32 7530| 1826350 6309,56

HEA 600 | 302to314 4 276 46 143,87 7758 440,00 14120800 11271,30

HEB 600 | 54to56 S8to 269 96 172,45 94 50 759,00 171041,00| 13530,20

IPE 200 |5 315t0328 28,48 17,22 11,29 6,46 194317 142,37

IPE 300 | 682to784 9 53,81 31,63 21,51 19,47 8356,11 603,78

IPE 400 | 453t0478 2 84 45 49,01 3477 46,80| 2312840 1317,82

IPE 500 | 4759to504 1 115,52 63,49 50,99 89,00| 4819850 2141,69

RRHS 200x200x10 |13t017 35to 72,60 40,00 40,00 T070,00 4250,00 4250,00

6.3 Progressive Collapse Analysis

Since this is a Class 3 structure, EN-1991-1-7 outlines an approach as
discussed in section 4.3 and 4.4. The Risk Assessment Method and Key-
Element Approach are stipulated as the appropriate robustness checks.
Risk mitigation factors like PA systems, fire truck access and barricades to
protect key elements from collisions by vehicles have already been taken
into account when designing the airport, and since risk assessment
methods are mainly qualitative in nature, the more quantitative
approach of Key Element removal; the focus point for this case study.

In addition to this approach, the Notional Removal approach was applied
to selected members of the structure and the shortcomings of Autodesk
Robot Structures was discussed.

The existing concrete structure building should have adequate horizontal
and vertical ties (embedded rebar joining columns to beams with
adequate anchoring lengths) in accordance with the norms. Since the
analysis model is a steel structure, beams and columns are considered
already tied due to the unavoidable use of welds and bolts in steel
connections. If one end of a steel beam fails, the other end’s bolts may
hold it from falling. This applies to both hinged and stiff connections.

A Key Element as defined is Eurocodes as any supporting column, and any
beam supporting a column, however, in the model there exists such
columns but no such beams. However, the model has a row of transfer
beams on the third floor supporting secondary beams. The transfer
beams shown in Figure 39 are important enough to be regarded as a key
element in this case study. Figure 19 (p.20) above shows the columns to
be notionally removed in addition to the bracing system in Section 2 of
this analysis.
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Csam 1(DLY)

Figure 39. Transfer beams on the third floor

6.3.1 Robot Structures Analysis Method

The Robot Structures software assigns the load type “Linear-static” to
models which contain members that are tension or compression-only. If
tension members like cables or bracing are added to the model,
“Nonlinear static” load type is assigned to the loads and analysed as such.
This, however, does not take into account geometric nonlinearities in the
structure. Nonlinear analysis takes into account Second-Order effects like
bending rigidity depending on lateral forces that arise from eccentricity.

To allow for geometric nonlinearities such as stresses resulting from
deformations and additional lateral rigidity, P-Delta analysis must be
enabled. Selecting geometric non-linearity takes the actual higher-order
effects into consideration. The method of solving equations was set to
“Skyline” as was recommended by Autodesk.

e s oeses —_— —=
-

[ Analysis Type |__|:| 23

tabs 4

Analysis Types |Stmcmre Model I Load to Mass Conversion | Combination Sign I Resultl * | *

Mo. Mame Analysis Type o
45 SLS:CHR /8=1%1.00 + 6*1.00 Monlin. Combination (auxiliary)

L SLS:CHR/10=1%1.00 + 3*1.00 Morlin. Combination (auxiiary)

47 SLS:CHR/11=1*1.00 + 2*0.60 +...  Monlin. Combination (auxiiary)

43 SLS:CHR/12=1%1.00 + 4*0.60 +...  Monlin. Combination (auxiiary)

)

)

49 SLS:CHRf13=1*1.00 + 5*0.60 +...  Monlin. Combination (auxiliary’
50 SLS:CHR/14=1*1.00 + 6*0.60 +...  Monlin. Combination (auxiliary’ a
= 51 ACCl Monlinear Static - Large Disp.
< [@ Static Analysis Parameters &
[ omew | [[rerameters | || o, ACC1
Operations on selection of cases 1 | Fl Awsdiary case
Case list 151
Geometric nonlinearity
Set parameters Chal
P-Delta
[T pirect Analysis Method (DAM) Large displacements

Set parameters

[ Nonlinear analysis parameters ]

[¥] Model generation [ oK ][ Cancel ] [ Help ]

Figure 40. Geometric nonlinear analysis selection
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There are two methods to solve a nonlinear equation in Autodesk Robot
Structures Analysis i.e. the Arc-length method and the Incremental
method.

The Arc-length method is a displacement steering method that applies a
load incrementally with the intention of reaching divergence in the
nonlinear calculation, that is, until a state of static instability is arrived at.
The Arc-length method is defined mainly by deformations. Figure 41
below shows the process of solving for nonlinearities. The vertical axis
represents Load while the horizontal axis represents Displacement.

Point 1 and 2 are critical points. A critical point is the point at which the
loaded body cannot support an increase in force and loses stability. Point
1 is where the member or structure loses stability with less load still
resulting in larger displacements. When stability is regained (a new
geometric static equilibrium is achieved) the load is again incrementally
added until a predefined boundary condition is reached. Both load
and/or displacement boundary condition can be defined in the menu
settings.

La11074-10%,

A(D)

Load parammster

Top point1

Top point|2

0 D 220
Cortrolling displacemert

stable equilibrium states —

unstable equilibrium states

Figure 41. Arc-length method of solving nonlinear equation

This shortcoming of this method is that it tracks only one node in the
structure. A node is selected and the axis to which the deformation will
be tracked is highlighted from the six drop-down options. The extent the
node must deform to, in the selected direction for the calculation to
come to a stop, whether reaching convergence or divergence is input as
shown below. In the example 10cm was defined.
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This method was not used in the analysis of this case study for the reason
that it is deformation-steered and that only a single node can be
selected. Also, since it is meant for collapsing structures, if there is
convergence in the calculation the analysis will run indefinitely. During
testing of this method, the analysis had to be manually stopped because
the loads were not large enough to collapse the structure. If there is a
possibility that the analysis might be convergent then this method is not
suitable. Figure 42 below shows the dialogue-box with the described
parameters.

L A Analysis Type =] =
a
m n
i Analysis Types !Sh’ucmre Model | Load to Mass Conversion | Combination Sign I Resultl * | *
- - S— =
MNonlinear Analysis Parameters
= | Method
(™) Incremental
@ Arcdength [C] stiff

Parameters of Arcdength method

1 Load increment number: 5

E Maximum iteration number for one increment: 40
Maximum load factor: 1

Opy

Cad MNode number: 1

[ Degree of freedom: Uz - ] :

3

Maximum displacement for selected degree of freedom: 10 {cm) --

& £

™

[] Matrix update after each subdivision
— [ Matrix update after each iteration

T

[ Mal [ save results after each increment
Relative code tolerance for residual forces: 0,0001
Relative code tolerance for displacements: 0,0001

Figure 42. Arc-length method parameters

The Incremental method is based on incrementally applying loads to a
member or structure. The loads are increased according to the equation
below. Once the state of equilibrium for the previous increment is
reached, the next load increment is applied accordingly. In the standard
non-linear analysis, the process follows the following equation:

dA=1.0/X
(Equation 6.1)

Where:

X = number of load increments (X can be seen as the percentage of load)

A = load factor
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Equation 6.1 shows the maximum possible load factor (A) which may be
reached for convergent calculations, where A max =1.0. The point where
a nonlinear equation is successfully solved is called Convergence. If the
nonlinear equation cannot be solved, the analysis is Divergent which
means stability was never achieved. Figure 43 below shows the process
of solving for a nonlinear equation. The number of load increments
influences the number of calculation iterations.

load intensity
first displacement

sub-increment dU0 Equilibrium path

wd
izncrlenr?ndent N - -- — ——
"unbalanced" loads load increment
dFn dF0D
1% load i — — o — oL
increment iterations

(sub-increments)

L
' 4! displacements
displacement
sub-increment dUn

Figure 43. Incremental method Robot uses when solving a nonlinear equation

Below (Figure 44 and 45) are the dialogue boxes encountered when
defining the analysis parameters for the Incremental Method.

[ Analysis Type = B
I Analysis Types | Structure Model | Load to Mass Conversion | Combination Sign | Resultl * | *
]
No. I . = 5 o N
_: 1 Monlinear Analysis Parameters - ﬂj
Method
@ Incremental Additional criterions to stop analysis ]
() Arcdength

Parameters of incremental method

Maximum iteration number for one increment: 40
Increment length reduction number: 3
Increment length reduction factor: 0,5
Maximum number of line searches: 0 f
Control parameter for line-search method: 0,5 3
[Elo) Maximum number of BFGS corrections: 0
) [¥] Matrixc update after each subdivision e
[¥] Matrix update after each iteration '
7] Modd) || Save results after each increment E
——y Relative code tolerance for residual forces: 0,0001
Relative code tolerance for displacements: 0,0001

[ Get settings from preferences ]

l Sawe settings in preferences l [ oK ] [ Cancel

Figure 44. Incremental method parameters
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By checking both the “Matrix update after each subdivision” and “Matric
update after each iteration” the Full Newton-Raphson algorithm is
automatically chosen to run the nonlinear calculations. However, this
method is the most time consuming but allows for most accurate results.
Unchecking both boxes automatically selects the Initial Stress Method
but probability of attaining convergence is greatly reduced.

— [I Nonlinear Analysis Parameters -

Method
I 1

(@ Incremental = — = P o
|4 Criterions to stop analysis L

() Arcdength
[ structure collapse
Parameters of incren] (| [¥] Reaching load factor: 1

[ Plasticity state

Maximum iteration
[ Reaching plasticity rate: 0,5

Increment length
Total strains

I tlengthr|| —
ebsistaaikt || Reaching absolute value V] =3

e e nepk s [ reaching tension strains V] (-)

Contral parameter| | [ peaching compression strains a (-)

Maximum number E e
Plastic strains

[¥] Matrix update 4 | [| Reaching absolute value 0 (-]
Ff_' Matrix update & ’:| Reaching tension strains 1] (-]
[ save results aff [ Reaching compression strains i} (-)

Relative code toler) |  Maximum displacement exceeded

TTNYTRTY

Relative code tolen| [ at any node
[ at selected node

Get setting
\ 1 TOT

I Increment of load parameter: 0,2

L

AN LT

[ OK ][ Cancel ] [

Figure 45. Stop-Calculation parameters

The above criteria can be used to stop the calculations when they are
met. ‘Structure collapse’ option runs the calculation applying the load
incrementally until the structure collapses. It is therefore seen that
depending on how small your load is compared to the robustness of your
structure, and how small your load increment criteria is, it is possible that
when selected, the calculation can run almost indefinitely.

‘Reaching Load Factor’ was chosen in the analysis of this case study since
the idea was to increase the load to the value in the load case tables.

The increase load parameter as discussed earlier is the percentage of
load applied each time nearing the load factor defined.
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6.3.2 How Robot Displays Results

To understand how Robot Structures Analysis displays results of an
analysis, a simple structure was built. This was necessary since Robot
Structures, unlike SAP2000 or Abaqus FEM software, Robot does not
graphically display failed members or structures. Neither does it plot
Stress-Strain curves for static nonlinear loads as of the time of writing of
this thesis. It, however, displays well detailed Time-History graphs for
seismically loaded structures.

This reason necessitated the modelling of a simple multi-storey steel
structures braced frame for testing. Supports are pinned but restrained
from rotating in the RZ direction. Beams and bracing were released in a
Pinned-Pinned configuration. Not all beams were released because Robot
tends to give an Instability type 3 warning for over-released structures.
The results of the tests are highlighted below.

Test 1: A robust structure

For the first test, a robust stable structure was the aim. All members
were RRHS 260x260x10 S355 square sections for simplicity in analysis. All
loads except Self-weight, DL1 and Accidental load ACC1 (1kN/m?® on each
floor) were set to ‘Auxiliary’ loads so that they would not be analysed in
the nonlinear calculations as shown in Figure 40. Parameters outlined in
section 6.3.1 were used in the analysis. The calculation was run and all
members passed verification as well as convergence in the nonlinear
analysis as shown below in Figure 47. No errors or warnings were
received. Capacity ratios are considered only under ULS.

kPa
Cases: 8 (ACC1)

Figure 46. Test structure geometry and deformations
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Case1 = DL Member Material Lay Laz Ratio Case
Analysis type: Static - Large displacements 1 Simple bar_1 RAHS 260x26 5355 9g.98| o398 0.01 8 ACCT
2 Simple bar_2 RRHS 260x26 5355 98.98| 9398 0.03 1DL1
- 3 Column_3 RRHS 260x26 5355 49.49| 49.49 0.02 10L1
ﬁod “lerative | 4 Column_4 RRHS 260x26| 5355 4g4s| 4s4s| o008 8 ACCT
e — 5 5 Column_5 RRHS 260x26 5355 49.49| 4949 0.04 10L1
Maximum number of iterations for one increment - 40 6 Simple bar_& RRHS 260x26 3355 98.98] 9898 0.01 8ACC
MNumber of length reductions for one increment =3 7 Simple bar_7 RRHS 26026 5355 98.98 98.98 0.01 8 ACCH
Increment length reduction coefficient : 0500 8 Column_8 RRHS 250x26 5355 49.49 49.49 0.04 10L1
Maximum number of line search’trials 0 9 Column_9 RRHS 260x26 5388 4049| 4949 0.05 1DL1
agﬁ:ﬁ&fﬂaﬁrﬁ:: L‘;g','_.%essceoarrrg;ﬂrg:;hw ;0 D00 10 Colurmn_10 RRHS 260x26| 5355 a040| 4048| o004 1001
11 Beam_11 RRHS 260x26 5355 49.49|  49.49 0.01 8 ACC1
12 Beam_12 RRHS 260x26 5355 49.49|  49.49 0.02 8 ACCY
Tolerance for relative residual force norm 0.0001 13 Beam_13 RRHS 250x25 5355 4949 49.49 0.1 8 ACC1
Tole_rance fo_r re_Iati\.'e displacement_ norm 0.0001 14 Beam_14 RRHS 26026 5355 59.99 59.99 0.02 1D0L1
:ﬂ:m :gﬂ:::g:g: :g:; ::EE ﬁ:fa?i':'ns'on 15 Simple bar_15 || RRHS 260x26| 5355 9s98| 9898 001 8 ACCT
16 Simple bar_16 |B | RAHS 260x26 5355 11066 11066 0.11 8 ACC1
17 Simple bar_17 |[#| RRHS 260x26 5355 11066 11066 0.03 8 ACCI
Criterions to stop analysis 18 Simple bar_15 || RAHS 260x26 5355 69.99 69.99 0.01 1DL1
Increment of load parameter :2.00000e-01 19 Simple bar_19|[ | RAHS 260x26 5355 11066 11066 0.05 1DL1
o 20 Simple bar_20 RRHS 260x26 5355 98.98| 98.98 0.01 8 ACC1
Reaching given load factor
Maximum load factor - 1.000008+00 21 Column_21 RRHS 260x26 5355 49.49| 4949 0.02 1DL1
| 23 Simple bar_23 [ | RRHS 260x26 5355 11066 11066 0.03 10L1
IHon-Iinear process: convergent. I 24 Simple bar_24 | | RRHS 260x26 5355 69.99 69.99 0.02 1DL1
Wlaximum value of process parameter when convergence @s obtaineq 1.000 25 Column_25 || RRHS 260x26 5355 45.49 49.45 0.05 8 ACCA
Maximum value ofprqcess parameter when convergence is not pbtalned 1.000 26 Column_26 || RRHS 260x26 S35 2929 2929 003 oL
Total number of load increments =
Total number of iterations ‘10 27 Simple bar_27 | | RRHS 260x26 5355 98.98| 9898 0.01 8 ACCI
Precision obtained for non-convergent increment 1 5.09267e-07 28 Simple bar_28 || RAHS 260x26 5355 98.98 98.98 0.1 8 ACCH
Relative displacement norm :5.09267e-07 29 Column_29 RRHS 250x26 5355 49.49 49.49 0.03 1DL1
Relative residual forces norm :6.92852e-05 30 Column_30 RRHS 260x26 5388 4049| 4949 0.04 1DL1
31 Column_31 RRHS 260x26 5355 49.49| 49.49 0.04 10L1
Case 8 . ACC1 32 Beam_32 RRHS 260x26 5355 49.48|  49.49 0.01 8 ACC1
Analysis type: Static - Large displacements 33 Beam_33 RRHS 260x25 5355 49.49 49.45 0.02 8 ACC1
34 Beam_34 RRHS 260x26 5355 49.49| 4949 0.01 8 ACCI
. 35 Beam_35 RRHS 260x26 5355 69.99| 68.99 0.01 10L1
%od : Iterative | 36 Simple bar_36|[# | RRHS 260x26 5355 11066 11066 0.10 8 ACCY
37 Simple bar_37 |[# | RRHS 260x26 5355 11066 11066 0.03 8 ACC1
Ciimber ofload merements ! 3 3% Simple bar_238 || RRHS 260x26| 5355 6999| eoe| o001 1001
Maximum number of iterations for one increment 240 -
Number of length reductions for one increment ‘3 39 Simple bar_39|[# | RRHS 260x26 5355 11066 11066 0.04 10L1
Increment length reduction coefficient - 0.500 40 Simple bar_40 |[# | RRHS 260x26 5355 110.66| 110.66 0.03 1DL1
Maximum number of line search’ trials -0 41 Simple bar_41 [ | RRHS 260x26 5355 69.99 69.99 0.02 1DL1
Control parameter for 'line search’ method © 0500 43 Simple bar_43 @ | RRHS 260x26 5355 ge88| os98 0.0 8 ACC
Maximum number of BFGS corrections 0 44 Simple bar_44|[®| RAHS 250x26 5355 95.98| 5898 0.01 8 ACC
45 Column_45 RRHS 260x26 5355 49.49|  49.49 0.02 10L1
Tolerance for relative residual force norm 0.0001 46 Column_48 RRAHS 260x26 3355 4949| 4949 0.04 8 ACC1
Tolerance for relative displacement norm 0.0001 47 Column_47 RRHS 250x26 5355 49.49 49.49 0.02 1DL1
WMatrix actualization after each subdivision 48 Simple bar_45 B | RAHS 260028 5355 sa9a| o898 0.0 B ACCT
Matrix actualization after each iteration 49 Simple bar_45|[® | RRHS 260x26 5355 98.98| 9898 0.01 3 ACCT
50 Column_50 RRHS 260x26 5355 49.49| 49.49 0.03 10L1
Criterions to stop analysis 51 Column_51 RRHS 260x26 5355 49.49| 4949 0.03 10L1
Increment of load parameter 1 2.00000e-01 52 Column_52 RRHS 260x26 5355 4545 49.49 0.03 1DL1
N 53 Beam_53 RRHS 260x26 5355 49.49|  49.49 0.01 8 ACC1
E::i?'sbnrﬁ lgo";%”f;";odrfamr e 4 Beam_54 RRHS 260x26 5388 40.49| 4949 0.02 3 ACCT
— 55 Beam_55 RRHS 260x26 5355 49.49| 4949 0.01 8 ACCI
Non-linear process: convergent. I 56 Beam 56 RRHS 260x26 5355 69.99| 69.99 0.01 10L1
Maximum value of process parameter when convergence is obtained 1.000 57 Simple bar_57 [ | RRHS 260x26 5355 11066| 11066 0.10 8 ACCH
Maximum value of process parameter when convergence is not obtained 1.000 58 Simple bar_5& || RRHS 260x26 5355 11068| 11088 0.03 8 ACCT
Joaindmiher offoad mcraments =3 59 Simple bar_S9|M| RRHS 260x26| 5355 6999| eo8| o001 1001
Total number of iterations 210 -
Precision obtained for non-convergent increment - 7.57523e-07 60_Simple bar_60 [ | RRHS 260x26 ] KHIBG ] SEHIGE o e
Relative displacement norm - 7.57523e-07 61 Simple bar_61|[® | RRHS 260x26 5355 110.66| 110.66 0.03 1DL1
Relative residual forces norm 19.14722e-05 62 Simple bar_62 | | RAHS 260x26 5355 69.99 69.99 0.01 1DL1
64 Simple bar_64|[® | RRHS 260x26 5355 98.98| 98.98 0.01 8 ACCI
85 Simple bar_65 | | RRHS 260x26 5355 98.98| 9898 0.01 8 ACCI

Figure 47. Calculation-Note showing results of the analysis

From Figure 47 above it can be seen that the result of the analysis was

convergent on all the load cases highlighted. The calculation note also

shows that the method of nonlinear analysis was iterative as indicated

and the stop calculation parameter was set to maximum load factor of 1.

The load increment parameter was set to 0.2 as indicated.




Test 2: Convergence with a failed member

The aim of the second test was to get a robust stable structure but with
one failed member as can occur in real life situations. Failure of members
does not necessarily lead to progressive collapse and the aim of this test
was to see if that can be shown by the program. This was vital since Class

3 buildings are analysed under Key Element design method.

Member 2 was loaded with an extra live load case exceeding its capacity.

The calculation-note was produced as shown in Figure 48.

CODE: SFS-EN 1993-1:2005MNA:2007/41:2014, Eurocode 3: Design of steel stuctures.
ANALYSIS TYPE: Member Verification

CODE GROUP:
MEMBER: 2 Simple bar 2 POINT: 2 COORDINATE: x=0350L=500m
LOADS:
Governing Load Case: 2LL1
MATERIAL:
83353 (83353)  fy=1333.00MPa
F4

i

(58] SECTION PARAMETERS: RRHS 260x260x10
h=26.0 cm gM=1.00 gM1=1.00
b=26.0 cm Ay=48.30 cm2 Ar=4830 cm2 Ay=096.60 cm2
tw=1.0 cm Iy=0860.00 cm4 I7=0860.00 cm4 L=16000.00 cm4
t=1.0 cm Wply=803.78 cm3 Wplz=803.78 cm3
INTERNAL FORCES AND CAPACITIES:
NEd=0.05kN My Ed=2500.00 kN*m MzEd=-0.36 kN*m Vy.Ed=0.00kN
NcRd = 342050 kN My Edmax=2500.00 kN*m MzEdmax=-033kN*m VyTRd=08043kN
NbRd= 162180 kN MycRA=31729kN*m  MzcRd=31729kN*m Vz,Ed = -0.00 kN

MNyRd=31720kN*m MNzRd=31720kN*m  VzTRd=98943 kN
TtEd=-0.14 KN*m

Class of section=1

LATERAL BUCKLING PARAMETERS:

BUCKLING PARAMETERS:

E g About z axis:

About y axis:
Ly =10.00m Lam yv=130 Lz=10.00m Lam z=130
Lery =10.00m Xy=047 Lerz=1000m Xz=047
Lamy = 98.98 kyy =090 Lamz=98.98 kyz=0.354

VERIFICATION FORMULAS:
Section strength check:
JEdNcBd=000<100 (624013
|[.\-I}-'_.Ed. M.y Ed)y* 1.66 + (MzEdMN zRdy*1.66 = 30.77 = 1.00 (62.0.1.06))
VW ETVy. TRd=000< 00 (6267}
VeEdVeTRd=000<100 (626T)
Taw ty Ed/(fy/(sqri(3)* M0 = 0.00 < 1.00 (62.6)
Taw tr Ed/{fy/(sqrt(3)*zh0)) =000 < 1.00 (62.6)
Global stability check af member:
Lambda,y = 98.98 < Lambda.max =210.00 Lambda z =98 98 < Lambdamax = 21000 STAELE
NEd(XEy*N.EkgMI) + kyy* My Ed max/ (L T*My Rl/ghl) + kyz* Mz Ed max Mz Bl/gM1) =7.09> 1.00 (635.04))
NEd/Zz*NRl/gM1) + key *My Ed max/ (L T*My Fl/'gM1) + ke * Mz Ed man/(Mz Rk/gM1) = 426 > 100 (63.3.44)

Incorrect section !!!

Results | Messages

Member Section Material Lay Laz Ratio Case
M‘ | BRHS 280vo8 Sa3cs gagal _gsas 001 1L
[ 2 Simple bar_2 €3 | RRHS 260x28 5355 95.95 93.98 30.77 ZLL1
olumn_. AT 26025 %1 049 049 i) 8

4 Column_4 RRHS 250x25 5355 45.45 45.49 0.31 211

5 Column_3 RRHS 260x26 35355 4545 49,45 0.04 1 0L

Figure 48. Member 2 failure
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Non-linear process: convergent.

Maximum value of process parameter when convergence is obtained o 1.000
Maximum value of process parameter when convergence is not obtained :  1.000
Total number of load increments :
Total number of iterations =10
Precision obtained for non-convergent increment - 5.09267e-07
Relative displacement norm - 5.09267e-07
Relative residual forces norm - 6.92852e-05

Case 2 5 LL1
Analysis type: Static - Large displacements

Data:
Method - lterative

Mumber of load increments °5

Maximum number of iterations for one increment 240
MNumber of length reductions for one increment o3

Increment length reduction coefficient

Maximum number of ‘line search’ trials 2
Caontrol parameter for line search” method © 0.500
Maximum number of BFGS corrections -10

Tolerance for relative residual force norm = 0.0001
Tolerance for relative displacement norm - 0.0001
Matrix actualization after each iteration

Criterions to stop analysis
Increment of load parameter - 2.00000e-01

Reaching given load factor
Maximum load factor - 1.00000e+00

INnn-Iinear process: convergent. I

Maximum value of process parameter when convergence is obtained o 1.000
Maximum value of process parameter when convergence is not obtained - 1.000
Total number of load increments :
Total number of iterations - 65
Precision obtained for non-convergent increment - 1.51895e-08
Relative displacement norm - 1.51895e-08
Relative residual forces norm - 6.16793e-06

“'Dis 100cm Case 8 : ACCl
Max=126,0 Analysis type: Static - Large displacements

S KNim Data:
Cases: 2 (LL1) Method  Iterative

Figure 49. A successful convergent result

Test 3: Divergence under extreme load

The last test was to see how divergence is represented by Robot
structures and the calculation note produced. For this analysis, an
extreme vertical load was applied to all members on all floors. The results
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Figure 50. A collapsed structure in Autodesk Robot Structural Analysis
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are shown in Figure 50. Typically when collapse of the structure occurs,
deformation diagrams that do not make sense can be observed. For
example, Figure 50 shows deformations on the opposite side of where
they should occur. Generally results obtained after the critical force has
been exceeded should be disregarded. What Robot did in this example
was to find another point of stability after collapse, on the opposite side
of the initially deformed member as shown on point 2 in the graph in
Figure 41. Since the stiffness matrix is negative, the further increase in
load reduces the opposite side of the deformation resulting in a
deformation on the wrong side. (Kosakowski. A, 2015)

Figure 50 below shows divergence in the calculation.
Criterions to stop analysis

Increment of load parameter : 2.00000e-01

Reaching given load factor

Maximum load factor - 1.00000e+00
INon-Iinear process: convergent. I

Waximum value of process parameter when convergence is obtained : 1.000
Maximum value of process parameter when convergence is not obtained 1.000
Total number of load increments =k

Total number of iterations 210

Precision obtained for non-convergent increment : 5.0926Te-07
Relative displacement norm : 5.09267e-07
Relative residual forces norm - 6.92552e-05
Case 8 2 ACC1

Analysis type: Static - Large displacements

Data:

Method - lterative
Mumber of load increments =5
Maximum number of iterations for one increment 240
Number of length reductions for one increment 3
Increment length reduction coefficient - 0500
Maximum number of line search’ trials -0
Control parameter for line search’ method : 0.500
Maximum number of BFGS corrections 20
Tolerance for relative residual force norm : 0.0001

Tolerance for relative displacement norm : 0.0001

Matrix actualization after each subdivision
Matrix actualization after each iteration

Criterions to stop analysis
Increment of load parameter : 2.00000e-01

Reaching given load factor

Maximum load factor - 1.00000e+00

I Non-linear process: divergent. I
Waximum value of process parameter when convergence is obtained ;o 0950
Maximum value of process parameter when convergence is not obtained - 0.975
Total number of load increments 0
Total number of iterations 1209
Precision obtained for non-convergent increment : 2.84906e-07
Relative displacement norm : 2.84906e-07
Relative residual forces norm 0 1.435858e-03

Figure 51. Calculation Note of a collapsed structure
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6.4 Case Study Results

6.4.1 Key Element Method

With the understanding obtained from section 6.3.2, the results obtained
from the case study model could be correctly interpreted.

According to the Key Element design method for CC3 structures, a
recommended design load should be applied to all orthogonal directions
to an identified key element. For the analysis of this thesis, a total of 10
columns from the 144 found in the model were selected for testing. The
area selected were columns next to corners, supporting bracings and in
the centre of the building. The columns were loaded in five directions.
Figure 52 shows a typical example of the results obtained. The accidental
load case of 34kN/m? as described in chapter 4.3 was applied while all
other loads were set as “Auxiliary Cases” in the Static Analysis Parameter
dialogue-box to exclude their effects on the structure.

LTI IS TEUULLIUT LUsiie L

uouy

- \3« / s“g“/ ["a% / \Kx @@_ Maximum number of line search’ trials -0
= - b 2 Control parameter for line search’ method : 0.500
\T%{-\ TN L - =l Maximum number of BFGS corrections i}
— e 1 Calculation Messages =l
Faces (the objects without assigned thickness) not used in solid area generati DiIS_D“a" Tolerance for relative residual force norm = 0.0001
Mumber of errors:0 [¥]Errars Tolerance for relative displacement norm - 0.0001
W G [¥] Warnings Matrix actualization after each iteration
[ Motes
Criterions to stop analysis
Increment of load parameter - 2.00000e-01
Reaching given load factor
Maximum load factor - 1.00000e+00
| Non-linear process: convergent. |
1 il r E AXimum value o1 process parameter when convergence is obtained 1.000
Select a line to highlight assodiated objects in the structure model. Maximum value of process parameter when convergence is not obtained 1.000
Total number of load increments =
I Total number of iterations 220
Precision obtained for non-convergent increment - 3.78285e-05
- @ Relative displacement norm - 3.78285e-05
; Relative residual forces norm : 2.10079e-07
| [ S Y~
Analysis type: Nonlinear Static - P-Delta
ml
= Data:
El Method  lterative
¥
el Number of load increments =5
% Maximum number of iterations for one increment 240
' Number of length reductions for one increment 23
E Increment length reduction coefficient = 0.500
Maximum number of line search’ trials o,
Control parameter for line search’ method - 0.500
& | Maximum number of BFGS comections 210
EA 300 Tolerance for relative residual force norm : 0.0001
L Tolerance for relative displacement norm - 0.0001
— pructg Matrix actualization after each iteration
HEB 600
—=t IPE 200
IPE 300 Criterions to stop analysis
IPE 400 Increment of load parameter - 2.00000e-01
IPE 500 e
Reaching given load factor
RRHS 200x200x10 Maximum load factor - 1.00000e+00
Cable_1
Dis 10cm Non-inear process: convergent.
Max=25,2 r when convergence is obtained 1.000
Maximum valug of process parameter when convergence is not obtained 1.000
Total number of load increments =
PZ kG Total number of iterations 226
www KN/M Precision obtained for non-convergent increment - 9.1435%-05
Cases 2 (ACC1) | Relative displacement norm - 9.14359e-05
Relative residual forces norm - 1.28464e-06

Figure 52. Typical results obtained from a column loaded with the Accidental load case
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Progressive collapse was not initiated in any of the loaded columns,
however, column shown in Figure 53 below failed.

| FRomr | el
! |
L

HEA 300
HEA 600
HED 600
IPE 200
IPE 300
IPC 400
IPF 500
RRHS 200x300x10
~———L{sable 1

' Dis 10cm

Max=26 4

P7 kG
Ly em
Gasaa 2 (ACC1)

BUCKLING PARAMETERS:

About y axis: About z axis:

Ly=1430m Lam y=0.77 Lz=1480m Lam z=274
Lery=1480m Xy=031 Lerz=1480m Xz=012
Lamy = 58.80 kyz=183 Lamz = 209.03 krz=1.83

VERIFICATION FORMULAS:

Section strength check:

MzEdMzeRd=000<100 (6.235.(1))

NEdNcRd + MzEdMz,c Rd=007<1.00 (62.1(7)

sqri(SigxEd"2 + 3%(Tau,y Ed+ Tau ty Ed)y"2)/(fy/gM0) = 0,08 < 1.00 (6.2.1.(3))
VyEdVy TRA=001<100 (626-7)

VeEdVeTRA=000<100 (626-7)

Tauty Ed/(fy/(sqre(3)*gM0)) = 0.00 < 100 (526)

Tautz Ed/(fy/(sqri(3)*gMOy) = 0.00 < 1.00 (62.6)

Global stability check of member:

Lambda,y = 58.80 < Lambda,max = 210.00 Lambda,z=209.03 < Lambdamax = 21000 STAELE

e I’ £ .'l?l-’ A L EAV.C .'I"‘A. a%a e 5.0 .'I?L- Al Lok L 'C—i. XL .'Dl--' AR R R |
I N Ed/(Xz*N Riv'gMI) + kry *My Ed maw/(XLT#*My Rl/2M1) + kzz*Mz Ed max/(Mz Rl/gM1) = 127> 100 (633 (4)) |

Incorrect section !!!

Figure 53. Failed column loaded in the weakest direction

The next key elements to be loaded were the non-continuous transfer beams
located on the second floor. Progressive collapse was not initiated in any
direction of loading, neither did the members fail. Figure 54 shows the result of
the analysis.
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[ Zalculation Messages J=

Faces (2 22060 wiha t2ssgns TidnessInatLses Ir oold area Jenzral
Humeerof frrs

Case 2 3 ACC1
Analysis type: Nonlinear Static - P-Delta

Humoer of ~erargeid

Data:
Method - lterative

! MNumber of load increments -5

— | Maximum number of iterations for one increment 240

ok Number of length reductions for one increment =3

Increment length reduction coefficient - 0.500
Maximum number of line search’ trials =0
Control parameter for ‘line search’ method : 0.500
Maximum number of BFGS corrections 210

Tolerance for relative residual force norm = 0.0001
Tolerance for relative displacement norm : 0.0001
Matrix actualization after each iteration

Criterions to stop analysis
Increment of load parameter - 2.00000e-01

Reaching given load factor

HEA 300 Maximum load factor - 1.00000e+00
HEABCO
RIERENT I Non-linear process: convergent. |
:EE ggg aximum vallue of process parameter when convergence is obtained © o 1.000
\FE 400 Maximum value of process parameter when convergence is not obtained 1.000
IFE 500 Total number of load increments 45

—— RRH3 2002200210 Total number of iterations 126

_uf;“"fa‘ Precision abtained for non-convergent increment : 9.07878e-05
u:_:_yf':rl' Relative displacement norm - 9.07878e-05

- Relative residual forces norm 0 1.32187e-06
P£ KG
5 km

Gasos 7 (A1)

Figure 54. Accidental Load on a transfer beam in the weakest axis

6.4.2 Notional Element Removal Method

In addition to the Element removal method, it was decided that Notional
Removal Method of members in areas prescribed by Eurocode was to be
used in hope of attaining progressive collapse in the structure.

¥ Advarced Propertes =
s bars - ory sl s act

TensinfCanprescin bs

& Comeresoon bars
[

Conader s for
codatirs

Figure 55. Inactivation of members for Notional Removal Method
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It is not necessary to delete a member when analysing for progressive
collapse. Robot Structures provides a method for inactivating a member,
Figure 55 shows notional removal of a corner column (member 212). The
dialogue box shown in the figure can be found in Geometry > Additional
Attributes > Advanced bar Properties.

The model was analysed with the corner column notionally removed
under Load combination 7 which was the most unfavourable load case.
The structure collapsed shown in Figure 56 below.

BEAG FECE R T Y e
L _ -

| R SEATCERERCR T TR T S §

US/31°L15 4 2°L50 + 3°10..,  CombpatoniL

Purber of warrings:2
ULS/=1"1.15 4 2°L50 +3°1.05 .

Figure 56. Collapsed structure

The Calculation Note below in Figure 57 shows Divergence in the result.
Only one load increment was made with an increment factor of 0.2 as
shown in Figure 45 (p.46) above.



Case 7

Analysis type: Nonlin. (:jombination

ULS/3=1"1.15 + 2°1.50 + 3"1.05 + 4"1.05

Data:

Methad - lterative
Number of load increments :5

Maximum number of iterations for one increment =40

MNumber of length reductions for one increment 03

Increment length reduction coefficient - 0.500
Maximum number of line search’ trials -0

Control parameter for line search” method : 0.500
Maximum number of BFGS corrections =10
Tolerance for relative residual force norm = 0.0001

Tolerance for relative displacement norm @ 0.0001

Matrix actualization after each iteration

Criterions to stop analysis

Increment of load parameter :2.00000e-01
Reaching given load factor

Maximum load factor - 1.00000e+00
INon-Iinear process: divergent. I

WMaximum value of process parameter when convergence is obtained : 0.000
Maximum value of process parameter when convergence is not obtained :  0.025
Total number of load increments 1

Total number of iterations - 84

Precision obtained for non-convergent increment 1 6.06678e+22
Relative displacement norm 0 6.06675e+22
Relative residual forces norm 0 3.18317e+28

Members of the bracing system were notionally removed as is
recommended (The Institute of Structural Engineers, 2010) and the

Figure 57. Divergence shown in the Calculation-Note

56

structure analysed. The predominant load case was wind pressure in the

Y+ and Y- axes.

 Calclation Messages » - - =

Display
7Errors
) warnings.
notes

| [Faces (the cbiects vithout assigned tickness) not used in sold area oenerat]
tumber of errors:0
Number of warmings: 1

HEA 300

HEA 600

HEB 600

= |PE 200

- IPE 300

IPE 400

= |PE 500

= RRHS 200x200x10

Figure 58. Bracing system notionally removed
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The calculation note was convergent and no members failed the ULS
verification. There were three bracing systems designed on the structure
to handle lateral loads applied in different directions.

A centre column (column 186) was also notionally removed to observe
catenary action of the surrounding beams. The location of the removed
column is shown in Figure 59 below.

S 200x200x1Q., <
Cable_1 i

- B : it e e B 00
s - s £ = -314,48
e - © " Automatic direction
Cases: 7 (ULS/3=171.15 + 2°1.50 + 3"1.05 + 4°1.05)

Figure 59. Location of removed column marked in red

Before removal the internal forces of the surrounding beams (326 and
327) were obtained and shown in Figure 60 below. The figure shows that
the members passed verification checks and also highlights internal

tensile forces “Ngp” and shear forces “V,” in red. These are the forces

expected to rise when the supporting column fails underneath and
catenary action takes effect.



CODE: SFS-EN 1883-1.2005NA.2007/A1.2014, Eurocode 3. Design of steel structures.
ANALYSIS TYPE: Member Verification

CODE GROU

MEMBER: 326 Beam 316 COORDINATE: x=050L=48%0m

58

CODE: SFS-EN 1993-1.2005/NA:2007/A1:2014, Eurocode 3. Design of steel struclures.
ANALYSIS TYPE: Member Verification

CODE GROUP:
MEMBER:

327 Beam 327

POINT: 1

COORDINATE: x=030L

LOADS:

Governing Load Case: 7 ULS/3=1%1.15+ 2%1.50 + 3%1.05 + 4*1.05 1*1.15+2*1.50+(3+4)*1.05

LOADS:

MATERIAL:
STEEL

E; SECTION PARAMETERS: IPE 200

MATERIAL:

Governing Load Case: 7

STEEL fy=23500 MPa

JLS/3=1*1.15 + 2*1.50 + 3*1.05 + 4*1.05 1*1.15+2*1.50+(3+4)*1.05

@ SECTION PARAMETERS: IPE 200

1=20.0 cm €M0=1.00 eM1=100 =200 cm 2M0=1.00 M1=100
b=10.0 cm Ay=19.58 cm2 Az=14.00 cm2 Ax=1848 cml b=10.0 cm Ay=19.58 cm2 Az=14.00 cm2 Ax=28 48 cm2
tw=0.6 cm Iy=1943 17 cmd 1=142 37 cmd Tx=6 46 cmé =06 cm 1y=1943.17 cd L=142.37 Ix=6.46 cut
=09 cm Wply=220.66 cm3 Wplz=44.61 cm3 =09 cm Wply=220.66 cm3 Wpl=44 61 em3

INTERNAL FORCES AND CAPACITIES: INTERNAL FORCES AND CAPACITIES:

NEd=-008 My.Ed =243 kKN*m MzEd=-000kN*m  VyEd=000kN My.Ed = 6.02 KN*m MzEd = 0.00 KN*m

My plRd = 51 85 kN*m
My,c,Rd= 51 85 kN*m
MN,yRd = 51.85 kN*m
MbRd = 1347 kN*m

MzplRd = 10.48 kKN*m
Mz,c Rd= 1048 kN*m
MN,zRd = 10.48 kN*m

Wy TRd =265 64 kN

TtEd=0.00kN*m
Class of section = 1

LATERAL BUCKLING PARAMETERS:

NtRd=66938 kN

My,plRd = 5185 kN*m

My,c,Rd =51.85 kN*m

MNyRd= 5185 kN*m

Mb.Rd=13.47 kN*m

MzplRd = 10.48 kN*m
Mz,cRd= 1048 KN*m
MNzRd = 10.48 kN*m

Rd = 18992 kN
TtEd——DDﬂk]\'m
Class of section = 1

LATERAL BUCKLING PARAMETERS:

z=1.00 Mer =13.47 kKN*m Curve LT - b XLT=026 z=1.00 Mer = 1347 KN*m Curve LT - b XLT=026
Lerupp=2.60 m Lam LT=196 ALT=221 XLTmod =026 Lerupp=9.60m Lam LT=196 £LT=221 XLT.mod =026
BUCKLING PARAMETERS: BUCKLING PARAMETERS:

About y axis About z axis About y axis About z axis

VERIFICATION FORMULAS: VERIFICATION FORMULAS:

Section strength check:

NEdNtRd=000<1.00 (6.23.(1)

(My.EdMN.y.Rd)" 2.00 + (MzEdMN zRd)*1.00 =000 < 1.00 (6.2.9.1(6)
Vy,EdVyTRd=000<100 (62.6-T)

Vz.E 'Rd=000<100 (626-7)

Tau,ty Ed/(fy/(sart(3)*gM0)) = 0.00 < 1.00 (6.2.6)

Tam tz Bd/(Fv/(sqrt(3)*gMO0Y) = 0.00 < 1.00 (6.2.6)

Global stability check of member:

MyEdMbRA=0.18<1.00 (63.2.1.(1)

N

My
VyEdVy,
VzEdVz

Section stremgth check:
EdNtRd=000<100 (623(1)
[EAMN yRd)" 2.00 + (Mz,EdMN zRd)*1 00 =001 < 1.00 (62.9.1(6))
TRdA=000<1.00 (6.2.6-7)
000<1.00 (626-7)
Tau ty Ed/(fy/(sqrt(3)*gM0)) = 0.00 < 1.00 (6.2.6)
Tantz Ed/(fy/(sqrt(3)*gM0)) = 0.00 < 1.00 (6.2.6)
Global stability check of member:

My EdMbRA=045<1.00 (632.1.()

fry

ection O.

|Secrio.rr OK !!!

Figure 60. Internal forces in beams 326 and 327 before column removal

CODE: SFS-EN 1993-1:2005MNA:2007/A1:2014, Eurocode 3: Design of steel structures

ANALYSIS TYPE: Member Verification

CODE GROUP:

MEMBER: 32§ Beam_326 POINT: 1 COORDINATE: x=001L=010m
LOADS:

Governing Load Case: TULS/3=1*113+2%¥1.30+3*1.03 + 4*1.05 1*L15+-2*130+(3+4)*1.03

MATERIALY

355 (8355)

)
SECTION PARAMETERS: IPE 200-Plastic

fyy=335.00 MPa

h=200 cm gM1=1.00
b=10.0 cm Az=14.00 cm2 Ar=2848 cm2
=06 cm 3 =14237 cmd =646 cmd
#=09cm wp1rzzo 66 cm3 Wplz=44 61 cm3

INTERNAL F{)RCES AND CAPACITIES:
NEd=-022 &N MyEd=-100.37 kN*m
pLRd =T78.33 kN*m
< Rd=7833 kN*m
[y, V.Rd =61.71 kN*m
MbRd=1347 kN*m

MzEd=0.00 &N*m
MzplRd= 1584 kN*m
MzcRd= 1582 KN*m
MN zRd = 15 84 KN*m

TtEd=-0.00KN*m
Class of section=1

LATERAL BUCKLING PARAMETERS:
z=100 Mer=1347kN*m
Lerlow=2.60 m Lam LT=241

CurvelT-b
fLT=3.02

|X| About z axis:

XLT=017
HLTmod=0.17

BUCKLING PARAMETERS:

About y axis:

VERIFICATION FORMULAS:
Section strength check:
NEANtRd=000<1.00 (623(1))
My Ed/My,VRd+ MzEdMzcRd=177>1.00 (628)
yRd 200 + (MzEAMN zRd)"1.00=195> 1.00 (629.1(6))
Rd=000<100 (626-T)

f =T11>1.00 (626T)
Tau_t\,_E ((fy/(sqrt(3)*gM0) =0.00 < L.O0 {6.2.6)
Tautz Ed/(fy/(sqrt(3)*gM0) = 0.00 < 1.00 (62.6)
Global stability check of member:
My EdMbRd=812>1.00 (632.1(1))

Incorrect section !!!

CODE: SFS-EN 1993-1:2005/MNA:2007/A1:2014, Eurocode 3: Design of stee! structures.
ANALYSIS TYPE: Member Verification
CODE GROUP:
MEMBER: 327 Beam_327 POINT: 3 COORDINATE:
LOADS:
Governing Load Case: TULS/3=1*1.15 +2*1.50 + 3*1.05 + 4*+1.05 1*1.15+2*150+(3+4)*1.03
MATERIAL:
§335 (8335)  fy=35500MPa
.

SECTION PARAMETERS: IPE 200-Plastic
1=200cm eM0=1.00 =M1=1.00
b=100cm Ay=19.58 cm2 Ar=14.00 cm2 Ar=2848 cm2
tw=0.6 cm L=1943.17 cmd. [=14237 cmd. L=6.46 cmd.
=09 cm Wply=22066 cm3 Whlr=44 61 cm3
INTERNAL FORCE S AND CAPACITIES:

My Ed = 70.04 kN*m MzEd=-0.00 KN*m ‘wEd 001 KN

My plRd = 7833 kN*m
My,cRd=7833 KN*m
My,VRd=61.71N*m
MbRd= 1547 kN*m

MzplRd = 15 84 KN*m
Mz, Rd = 1584 KN*+m
MN,zRd= 1584 kN*m

Class oféecﬁon=1

z=100
Lerupp=960 m

. LATERAL BUCKLING PARAMETERS:

Mer= 1347 KN*m
Lam_LT =241

CurvelT-b
filT=302

XLT =017
XLTmod=017

BUCKLING PARAMETERS:

About y axis:

lX‘ About z axis:

VERIFICATION FORMULAS:

Section strength check:

NE4NtRd=0.00<100 (623(1))

¥ VRd+MzEdMzeRd = 114> 100 (62.8)
¥Ry 200+ MzEdMNzRdy*1.00 =080 < 100 (6.2.9.1.(6))
TRA=000<100 (6267

VzEdVzTRA=435> 100 (62.6-T)

Tau.ty.Ed/
Tau.tzEd/|

sqri(3)*gMO) =000 <100 (62.6)
Hsqrt(3y*gM0) =0.00 < 1.00 (6.2.6)

Global stability check of member:
MyEdMbRd=520>100 (632.1.(1))

Incorrect section !!!

Figure 61. Internal forces in beams 326 and 327 after column removal

x=005L=0351m
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Results from figure 60 show the internal forces in the members. The
highlighted figures in red show the current tensile and shear forces in the
beams.

As expected, since the beam is acting in bending, the predominant forces
are a combination of bending moments (from the concrete slab and live
loads) and the resulting shear forces arising from the bending moments
and supports with the beams being in static equilibrium. Tensile forces
are near zero due to no axial action on the member.

Figure 61 shows what happens when the underlying column is notionally

removed. Tensile forces Ngp increase by a factor of 2.75, from 0.08kN to
0.22kN. The increase is significant but not substantial as was expected.
Upon further inspection, it was seen that the second floor above
consisting of longitudinal IPE 400 beams and IPE 300 transverse beams
was rigid enough for the unsupported column to be suspended from the
roof.

The exponential increase in tensile capacity Ngp (from 669.38 kN in beam
326 to 1011.19 kN) was due to capacity check into the material’s plastic

mode. Ngp is highlighted in red on figure 61.

Shear forces in the beam 326 also exponentially increased from 0.10 kN
to 2039.70kN as was expected with the notional removal of the column.
The calculation note was convergent and the structure did not collapse

due to a central column removal.
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7 CONCLUSION

The main focus of this thesis was to study progressive collapse with
Autodesk Robot Structural Analysis. The mechanics of how progressive
collapse occurs as well as the background of how it came to be a field of
study. The different governing codes around the world with an emphasis
on Eurocode and their specifications were outlined in the thesis.

A case study of a robust multi-storey steel structure was analysed. This
final part was the focus of this thesis with extra attention given to the
process of modelling, testing and analysing the structure for progressive
collapse using the methods specified by governing code.

Material on analysing for progressive collapse is scant and hard to come
by. Little detailed documentation for nonlinear analysis is provided by
Autodesk on the subject. Information obtained for this thesis was based
on trial-and-error, Autodesk forums, and material found in various similar
subjects from previous studies and research conducted in the past.

Eurocode gives guidance on the allowable floor area loss during partial
collapse of a structure. Robot Structures is not able to show partial or
localised collapse in structures, however, it shows when a structure fully
collapses and whether a given member fails or passes verification checks.
| have no doubt in future versions of the software their graphical
representation will improve as and such analysis will be possible.

The results from the analysis model showed that the structure was robust
and collapsed once in more than 25 different accidentally loading
situations. The results showed that the building was most susceptible to
notional corner column removal. However, it would be increasingly
difficult to attain this given that 34kN/m exceeds typical explosive or
vehicle impact dynamic loads.

Progressive collapse is a phenomenon that keen attention should be paid
to by engineers. There is a wave of interest in the topic that rises and
wanes depending on the political climate at a given time. It was shown in
this thesis that analysis using available methods and software is possible
with a reasonable amount of computing resources and general expertise.
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