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PART A:

Application of simplified robustness methods

1. ANALYSIS OF THE STRUCTURE IN THE INITIAL SITUATION

The structure is first analysed in the initial aiion, under the accidental load combination.
As the floors are supported by the primary frantles, secondary beams only support their
self-weight. Those secondary beams are pinnedthtdmals and consequently the columns of
the structure are only bent about their major amder the considered vertical loads (no
horizontal actions are taken into account here).

Consequently, a 2D analysis of the primary fransgserformed. The beams are submitted to
a uniformly distributed load coming from the floon$ is equal t038,75 kN/m for the
internal frames and t©9,375 kN /m for the external frames. The self-weight of thecural
elements is equal t37,00 kN/m3. The beam-to-column joints are considered to by fu
rigid.

The diagrams of the bending moment, the normakfartd the shear force are represented in
Fig. 1 and Fig. 2 for an internal and an extermahary frame respectively.

Remark: The self weight of the secondary beamsgkeated.
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(c) Shear force (kN)

Fig. 1: Diagrams of the internal forces in an imtat primary frame
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(c) Shear force (kN)

Fig. 2: Diagrams of the internal forces in an extal primary frame

2. TYING METHOD

2.1. Tying force to be sustained by the horizontal ties

According to the tying method, horizontal ties dldobe provided around the perimeter of
each floor and roof level and internally in two higangle directions. The primary and
secondary beams of the structure can play thisamwleondition that they are able to sustain a
sufficient tensile force. Obviously, the joints caeting the beams to the rest of the structure
should also be able to transfer this force. Thegtety/ing force is given in prEN 1991-1-
7:2004 (3) as follows:

O Forinternal tiesT; = max (0,8 (gx + ¥ - qx) *s-L;75kN)
O For perimeter tiesl;, = max (0,4 (gx + ¥ " qx) s L; 75 kN)

Wheres is the spacing of ties (5 m for the primary beamnd 7 m for the secondary beams);
L is the span of the tie (7 m for the primary beand 5 m for the secondary beams); and
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gk + ¥ q, =6,25+0,5-3 = 7,75 kN /m? refers to the accidental load combination. So the
same value of the design tying force is obtainedte primary and the secondary beams:

0 For internal beamsT; = 217 kN
O For perimeter beam§,, = 108,5 kN

The beams and the beam-to-column joints should dbe ® sustain this force, without
consideration of the combination of actions asigiveEN 1990 [prEN 1991-1-7:2004 (4)].

2.2. Primary and secondary beams

The primary beams are IPE550 profiles and the skrgrbeams are IPE360 profiles, in S235
steel. The plastic resistance of the IPE360 seatid@nsion is:

N, =72,73-100-235 N =1709kN > T;

So the resistance of the secondary beams is sufficihe tensile resistance of the primary
beams is higher and it is thus also sufficient.

2.3. Primary beam-to-column joints

2.3.1. Introduction

Only the joints at the end of the primary beams @mesidered in this exercise. From the
computation of the joint bending resistance thro@giP, it can be observed that no group
effect develop including the three upper bolt rolse resistance of the two upper bolt rows
can be found from the CoP results. As the jointsgmametrical, the tensile resistance of the
joint is simply equal to twice the resistance @& group including row 1 and row 2 (the group
of rows 3 and 4 has the same resistance in teasidime group of rows 1 and 2).

2.3.2. Internal joint

For an internal joint, CoP gives the following ritsu

O Row 1:Np41 = 246,55 kN (end-plate in bending — mode 1)
O Row 2:Np4, = 378,00 kN (end-plate in bending — mode 1)

Finally, the resistance of the joint in tensiosusficient:

Ngajn = (246,55 +378,00).2 = 1249,1 kN > T,

2.3.3. External joint

For an external joint, CoP gives the following resu
O Group of rows 1 and Vp, 14, = 845,78 kN (column flange in bending — mode 1)

So the resistance of the joint in tension is sigfit
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Npqjp1 = 845,782 = 1691,6 kN > T;

3. KEY ELEMENT METHOD (VEHICLE IMPACT ON A COLUMN)

3.1. Introduction

The key element method is applied here considehagparticular case of a vehicle impacting
a column. The affected elements are designed ist thss accidental load.

Table 4.1 in prEN 1991-1-7:2004 4.3.1 gives eq@@ntlistatic design forces to be used for
different cases of vehicle impacts on members suimgo structures over or adjacent to
roadways. A forcé; , has to be considered in the direction of nornwateal and a forcé ,,

perpendicular to the direction of normal travel.e$é two forces need not be considered
simultaneously. The height of the resulting cadirsi force (above the level of the
carriageway) ranges from 0,50 m (cars) to 1,50amids).

In this exercise, the perimeter columns have todésigned to resist the accidental load
corresponding to the collision of a lorry. The h#igf the impact point is taken equal to 1,5
meter. Considering the building is located in urbagn, the equivalent static forces are:

O Parallel to travelf,; , = 500 kN
O Perpendicular to traveF, , = 250 kN

Practically, columns 1 and 2 have to be checked.cBbumn 1,F;, causes the columns to
bend about its major axis arfy, is related to minor axis bending. It is the oppogor
column 2, which means the higher forég {) causes minor axis bending. Consequently, this
situation is more critical than an impact in thepesdicular directionH;,) and column 2
will only be checked undef, ,. However, column 1 has to be checked too, eveuagifndhe
minor axis bending moment will be smaller than olumn 2 subject ta&, ,, because the
normal compression force is bigger in column 1.

3.2. Column1

3.2.1. Impact in the direction parallel to travel

When the force,; , is applied to column 1, it causes a major axisdbenof the considered
column but also a global “bending” of the corresgiag primary frame subject to horizontal
loading in its plane. The primary frame is “non-s$tvaccording to the Eurocode criterion
(EN 1993-1-1: 2005 5.2.1 (5.1)), which means thidgwoaigh it is unbraced, the nodes are not
likely to show significant horizontal displacemeatsd thus global second order effedts—

A” can be neglected. Consequently, the columns eanhlecked using the buckling length
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corresponding to the global non-sway buckling maxfethe structure (assuming the
extremities of the columns are fixed).

* Basic analysis for manual computation

As a first assumption, the column is extracted fittwn frame and is considered to be simply
supported at its top end. The bending moment dleetampact load is much higher then the
one due to the vertical loads, which is thus ndgbicOn the other hand, the compression
force in the column due to the vertical loads obslg has to be taken into account.

Consequently, the internal forces to be considérethe verification are the following:

O Ngg =752kN
0 Mggq, = 319 kN.m, with the moment distribution represented in Big.

| MMHUM AN

WWWM

319%
Fig. 3: Bending moment diagram due to the impaat!lg, , on column 1 — basic assumption

* Analysis of the whole 2D frame
As the first order elastic analysis can easily befggmed using the software OSSA2D, the
whole 2D frame (primary frame in this case) carediy be analysed under the combination
of the vertical loads corresponding to the accidlesttuation and the impact force. The
obtained major axis moment and normal force diagrare given in Fig. 4 for the case where
the force is applied from the right to the lefttbe figure (worse solicitation).
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(b) Normal force (kN)

Fig. 4: Internal forces under accidental combinatimcluding impact load’, ,, on column 1

> Verification of the structural elements

The impacted column is checked using the providedeE sheet and considering the
following simplifications:

Cl = 1,5

Cy-24=0

k. =0,8

Cm,y,o =1

Ly =Ly, =07.L =245m

I I B R

The internal forces to be taken into account are:

O Npg =754 kN

O Mgg, =322 kN.m (moment distribution according to Fig. 4)
U Mgz, =0kN.m

0 The shear forces can be neglected
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Conclusion HEB300 in S235 steel is OK:

0 Y-Y:095<1,0
U Z-Z2:0,61<1,0

e Supporting beam at column top

Due to the impact force, the primary beam thatekitd the top of the column is subject to
compressionNg; = 115 kN). The bending moments are also a bit increasedenMer, the
compression force is only 4% of the plastic resistaV,, of the beam and the moments are
much smaller than the ones considered in the pyirbaams to design the structure at ULS
under normal forces, especially in the internaimea. So the beam should be OK (the
verification was rapidly made under safe assumptlart is not detailed here).

3.2.2. Impactin the direction perpendicular to travel

The forceF,, on column 1 is applied in the direction of the®wtary frames, which are

braced and non-sway. The vertical loads acting henprimary beams induce major axis
bending and compression in the columns (see Fig.i® minor axis moments in the columns
due to the impact load (Fig. 5) have to be consilesimultaneously with these internal
forces.

€
@]
(
C
o]
Q

)
5)
Q

Fig. 5: Bending moments under impact Idgg, on column 1

> Verification of the structural elements

e Impacted column

The impacted column is checked considering:

D Cz'Zg=0
0 Cp, =1
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O Lfy=Lpy,=07.L=245m
Remark:Cy, k. andC,,, have no influence here &%, ~ 0 kN.m
The solicitations of the column are the following:

Npy = 752 kN

Mgy, = 0 kN.m

Mgq, = 155 kN.m (moment distribution according to Fig. 5)
0 The shear forces can be neglected

O OO

Conclusion HEB300 in S235 steel is OK:

0 Y-Y:067<1,0
0 Z-Z:090<1,0
e Supporting beam at column top

Due to the impact force, the secondary beam thathénd the top of the column is subject to
a compression force equalfM,; = 84 kN. It can sustain this force.

3.3. Column 2

3.3.1. Impactin the direction parallel to travel

The forceF,, on column 2 is applied in the direction of thewwtary frames, which are
braced and non-sway. The vertical loads acting henprimary beams induce major axis
bending and compression force in the columns (sgellf. The minor axis moments in the
columns due to the impact load (Fig. 6) have tocbesidered simultaneously with these
internal forces.
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Fig. 6: Bending moments under impact Idgd. on column 2

> Verification of the structural elements

* Impacted column

The internal forces in the impacted column are:

Ngy = 681 kN
Mgq, = 48 kN.m (linear distribution of moments with = —0,45)

Mgq , = 305 kN.m (moment distribution according to Fig. 6)
The shear forces can be neglected

I I

The following simplifications are considered:

0 Crzg=0
0 Cp, =1
O Lfl,y = Lfl,Z = O,7L = 2,45 m

The values ofC;, k. and C,,, are computed considering the distribution of majais
bending moments:

0 Cpyo = 0,69
0 ¢, =229
0 k.=0,68

Conclusion HEB300 in S235 steel is not OK:

0 Y-Y:1,21>10
U Z-Z2:1,69 > 1,0

In S235 steel, a HEB650 profile would be neededwdf change the steel grade to S355,
HEB340 is OK (Z-Z:0,99 < 1,0).
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e Supporting beam at column top

Due to the impact force, the secondary beam thathénd the top of the column is subject to
a compression force equalMg; = 161 kN. It can sustain this force.

3.3.2. Impactin the direction perpendicular to travel

As explained in 3.1, the verification of column Bder impact loading”;,, need not be
performed since the collision in the direction fiatdo travel §, ) governs the design.

4. BRIDGING METHOD (LOSS OF A COLUMN)

4.1. Introduction

The bridging method is applied here consideringltiss of column 2 which is assumed to
statically disappear due to an unspecified evehe $tructure has to sustain the loads
corresponding to the accidental combination withibvet lost column. More specifically, the
primary frame which the considered column is pérhas to keep sustaining the loads after
the column has gone.

The bridging method is associated to an elastitysiseof the frame. Indeed, considering the
bridging method based on a full non-linear analysiild amount to applying the so-called
alternative load path method and this would noal§simplified” approach any more... The
alternative load path method is the subject ost@nd part of this exercise (see Part B).

4.2. Analysis of the structure

Column 2 is an external column of an internal prynf@ame. The diagrams representing the
distribution of major axis bending moment and ndrfoece in the primary frame from which
column 2 has been removed are given in Fig. 7. @ dsrnal forces result from a first order
elastic analysis of the structure submitted todbeidental combination of loads. A second
order elastic analysis of the frame has also begiomned and the second order effects have
been shown to be negligible.
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(b) Normal force (kN)

Fig. 7: Internal forces in the primary frame fronhiwh column 2 has been removed

4.3. Verification of the structural elements

4.3.1. Members

Once column 2 has gone, the beams of the direffiyctad part of the structure are not
vertically supported any more at one end. It carolbserved that the bending moments are
higher in the second beam of the directly affegpadt (from the bottom), which is also
subject to a very low tension force. The verifioatof this beam stability is made in the next
section.

The beam which is just above the lost column igesailio compression. Consequently, it has
to be checked under the interaction of bending eochpression although the bending
moments are smaller than in the upper beam. Irr dodgee the influence of the compression
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force on the beam stability, the verification isfimade under both bending and compression
and the results are then compared to the case wieomwmpression force is neglected.

The internal forces in the considered beam are:

O Nggz =134 kN
0 Mgg, =700 kN.m (moment distribution according to Fig. 7)
0 The shear forces can be neglected

The node at the top of the lost column is laterBlgd thanks to the braced secondary frame.
The torsional rotation of this cross-section of beam also remains prevented. The fact that
the vertical displacement of the studied beam rgid is not restrained any more has no
influence on the lateral torsional buckling behaviof the beam. However, it has a great
influence on the buckling length of the beam abtsumajor axis which is much increased.

Consequently, the LTB parameters can be consideréallows:

U Lir=7m

0 k,=k,=10

0 C; =33 and k., =0,58 are computed for the considered moment distributio
(uniformly distributed load withp = —0,38, u = —0,35 andM /M, = 1/u = —2,87)

The minor axis and major axis buckling lengthstaken equal to:

U Lfl,Z =L=7m
O Lfy=1,473.L=10,31m (7, = 0,4706 andn, = 0,5161 — for HEB300 columns
and IPE550 beams)

The equivalence coefficient is taken equalg, , = 1,0.
Conclusion IPE550 in S235 steel is not OK:

0 Y-Y:1,25<1,0
U Z-Z2:0,78< 1,0

Simply using S355 steel instead of S235 would stteeproblem and a profile IPE550 could
still be used{,91 < 1,0). If the steel grade S235 is kept, a profile IPE&Ineeded(,97 <
1,0).

If the compression force is neglected and the beletked for stability to LTB only, the
following results are obtained:

O For IPE5S50 S2351,07 > 1,0 = not OK
O For IPE550 S355),78 < 1,0 > OK
O For IPE600 S23%),85 < 1,0 > OK

Comparing these results with the ones got abovedgakccount of the compression force, it
can be noticed that the latter is not negligibkaalgh it is rather small. The fact that the
major axis buckling length is great because thétrignd of the beam is not vertically
supported contributes to increase the influencahef compression force on the element
stability.
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The beam which is subject to the higher bending erdmis also subject to a small tension
force. However, this tension force is negligibledaine member is thus checked under
bending aloneMg,, = 720 kN.m, moment distribution according to Fig. 7).

The LTB parameters are considered as follows:

U Lir=7m

0 k,=k,=10

0 ¢; =315 and k. = 0,61 are computed for the considered moment distributio
(uniformly distributed load withp = —0,53, u = —0,34 andM /M, = 1/u = —2,95)

Conclusion IPE550 in S235 steel is not OK:

U Y-Y:1,12<1,0
U Z-Z2:0,59<1,0

Simply using S355 steel instead of S235 would stieeproblem and a profile IPE550 could
still be used{,83 < 1,0). If the steel grade S235 is kept, a profile IPE&needed(,88 <
1,0).

It is interesting to notice that the lower beamemeg the design although it is subject to lower
bending moments, due to the compression forcestiiigect to in addition (even though this
force might seem rather low).

The internal forces to be considered for the v&atfon of the adjacent HEB300 column at the
first storey are (see Fig. 7):

O Ngg = 2395 kN
0 Mgg, = 157 kN.m (linear distribution of moments with = —0,31)

[l MEd,Z =0kN.m
0 The shear forces can be neglected

For the considered linear distribution of mometits,following parameters can be computed:

0 ¢, = 2,118 andk, = 0,698
0 Cpyo = 0,719

The buckling lengths are taken equal to:
O Lpy=Le,=07.L=245m
Conclusion HEB300 in steel S235 is OK:

U Y-Y:096<1,0
U Z-Z2:0,88<1,0
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The column of the second storey has to be chedakedlthough the compression force it
sustains is smaller, because its buckling lengthgeeater. They are taken equal to:

O Lfl,y = Lfl,Z =L = 3,5 m

The internal forces to be considered for the w&atfon of the adjacent HEB300 column at the
second storey are:

O Ngg = 1921 kN
0 Mgg, = 133 kN.m (linear distribution of moments with = —0,94)

[l MEd,Z =0kN.m
0 The shear forces can be neglected

For the considered linear distribution of mometits,following parameters can be computed:

0 ¢, =2,6andk, = 0,61
0 Cpyo = 0,572

Conclusion HEB300 in steel S235 is OK:
0 Y-Y:0,79< 1,0
0 Z-Z:0,76 < 1,0

4.3.2. Joints

The maximum bending moment an external joint hasugiain in the considered exceptional
situation isMy; = 382 kN.m (sagging). It is associated with a negligible steece (/z; =

18 kN). The external joints that were initially desigrtedesist the loads corresponding to the
“normal” combination and above all to be rigid atdficiently resistant.

It is interesting to notice that the external jeitf the directly affected part are subject to
sagging bending further to the loss of column 2levtiiey were subject to hogging bending in
the normal situation. This robustness consideratias already taken into account for the pre-
design of the joints: that is the reason why theysymmetrical. Indeed, if they did not have
to resist sagging bending, the lower bolt row waubd be of any use and the joints would not
have been designed with an end-plate which is detgat the bottom part.

» Internal joints

The maximum forces an internal joint is subjedutdher to the static loss of column 2, based
on an elastic behaviour, are:

O Mgz =720 kN.m (hogging)
O Vgqg = 297 kN (downwards)

This is much higher than the resistance of thedesigned internal jointsMg, ;1 =
334 kN.m). For the structure to resist the loads in thesmtered situation, the joints have to
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be much reinforced. The re-design of the interoaltg is made using the software CoP and

considering an IPE550 S355 beam.

A joint fulfilling the resistance requirement ispresented in Fig. 8. The geometrical and

mechanical properties of the joint components atitkd in Fig. 9 and the joint main

characteristics are given in Table 1. It is obvithet for the structure to be robust according
to the bridging method applied to the loss of aigwol, the joints have to be very strong. This

might lead to high costs.

Fig. 8: Proposed joint configuration for robustngssidging method — loss of column 2)

Table 1: Joint main characteristics

Moment resistance

Shear resistan

Initial se&ne

HOGGING | M,zq = 7380 kN.m

ra = 681,9 kN

Sjmi = 721692 kN.m/rad

SAGGING | M;zy = 510,1kN.m

ra = 681,9 kN

Sjmi = 317370 kN.m/rad
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Fig. 9: Joint detailing
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PART B:

Application of the alternative load path method

1. INTRODUCTION

In this part of the exercise, the alternative Igmdh method is applied to investigate the
behaviour of the structure statically losing a ooty taking account of both the elasto-plastic
behaviour and the second order effects. To studyedistribution of forces in the structure
during the loss of a column, the procedure belofoliswed. It is illustrated in Fig. 10 for
column 2 but the procedure is the same for anyratbleimn (except tha¥, andV, can be
neglected for the internal columns — see Fig. 1).

0 Step 1: The undamaged structure is first studigtieninitial situation and the internal
forces at the top of the column which is meantisappear are recorded.

[0 Step 2: The structure is then modelled without daenaged column and the initial
situation is reproduced in this model by applyingds at the cut level equal to the
internal forces that were found before (step Ihattop of the considered column.

0 Step 3: The static loss of the column is then sied by applying static loads
opposite to the forces applied at step 2. The ramno¥ the damaged column is
completed when the value of these loads reachegathe of the initial internal forces
at the top of the considered colunmin= 1).

b ¥ } } ! § — No, Mo and
Vo at column
top section

(&) Step 1: analysis of the initial structure
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| |
| |
| |
| |

(b) Step 2: reproduction of the initial situation iretistructure model from which the
damaged column has been removed

| |
| |
s
l l l l ,1.V0—>J1,Mg

(c) Step 3: simulation of the static removal of theuowh

| |
| |
]
]
L1

Fig. 10: Analysis procedure to simulate the stagimoval of column 2

Simplified manual approaches will first be appliadsection 2 with the aim to highlight the

development of stabilising membrane effects inibams of the directly affected part of the
frame after the loss of a column. Indeed, theseefii@al second order effects play an

important role in the behaviour of a frame struetlasing a column. This will also be shown
at a second stage by investigating the redistobutif forces in the case of a realistic situation
through numerical geometrically and materially riovear computation.

2. SIMPLIFIED MANUAL APPROACH — TRANSVERSAL PLANE -
COLUMN 2

2.1. Introduction

In this section, basic applications of the altexgatoad path method are performed based on
hand computations. The loss of column 2 is consitl@nd the redistribution of the vertical
force N, this column was initially supported is investightd&his redistribution is assumed to
develop in the transversal frame only while thestdbution of M, andV, is not taken into
account (they act in the longitudinal plane andaamsumed to redistribute through the primary
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frame). The secondary frame is thus investigatetbuthe application of a downward force
equal toN, at the top of the removed column.

2.2. Secondary frame braced at both extremities at eachoor level

In this first example, the horizontal displacemehieach floor level is assumed to be fully
restrained at both sides. Consequently, the dyredtected part can be extracted and studied
as shown in Fig. 11.

No

Fig. 11: Fully braced directly affected part

From the study of the directly affected part, ibh @asily be shown that the same tension force
develops in all the beams of the directly affectedt: each double-beam has the same
contribution to sustain the fordg,. Consequently, the behaviour of the frame canllfirize
studied using the sub-system of Fig. 12 submitteslforceP = N, /5.

1o

Fig. 12: Simplified sub-system

For the sub-system represented in Fig. 12, Eqgs.af) (2) can be written based on
equilibrium and geometrical considerations:

P = 2.Np.sinf Q)
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l=1,/cos@ (2)

In the elastic range, the elongation of the beamslated to the tension force they sustain as
stated in Eq. (3):

l 3)
Al = Ny
From Egs. (2) and (3), it comes:
1—cos6 (4)
Ny=———-EA
b cos @

Using Egs. (1) and (4) and consideritng= N,/5 = 135,5 kN, the values of the tension force
N, and the joint rotatiof can be found, provided the system remains elastic:

0 N, = 1520 kN
0 6 =0,045rad = 2,6°

The tension force in the bearVg is smaller than the plastic resistance of the BEES235
sectionN,,; = 1709 kN. The assumption of an elastic behaviour is thiisl véhe rotatiorg

Is associated to a vertical displacem@&nrt 0,22 m.

In conclusion, a final stable state can be reaaméde elastic domain provided that the joints
have a sufficient rotation capacity and tensionstasce and that the columns are able to
sustain the increased compression force.

2.3. Secondary frame braced at both extremities only dirst floor

In this section, the secondary frame is considevdzk braced at one side only, except for the
first floor which is braced at both extremities.fSequently, the directly affected part can

safely be modelled as represented in Fig. 13, wineratiffness of the left external column to

transverse horizontal forces is neglected.
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1444
)

No

Fig. 13: Directly affected part braced at both estrities of the first floor

In such a case, only the lower beam contributethéaredistribution of the loati, through
the secondary frame. The behaviour of the frame stdinbe investigated using the sub-
system of Fig. 12 but it has now to sustain a f@tce N,, which is five times more than in
the previous case.

Egs. (1) and (2) are still valid. However, if amasic behaviour is assumed, the value of the
tension force in the beams when a stable stataished is found to be higher than the beam
plastic resistance and is thus incompatible withatastic hypothesis. That means that Eqg. (3)
is not valid any more, and neither is thus Eq. (4).

Consequently, the system has to be solved in thstiplrange considering that the beam
sustains a tension force equal to its plastic t&sce® and that it can elongate indefinitely.
Simply using Eq. (1) in whictV, = N,,; = 1709 kN andP = N, = 677,4 kN, the value of
the rotationd can be computed. The associated vertical displentm easily deduced from
geometrical considerations; so is the elongatiothefbeams (including the axial deformation
of the joints).

0 6 =0,200rad = 11,4°
O 6d=l,.tan8 =1,01m

1-cosf

D Alzl_lozlo c0s 0

=0,10m

In conclusion, a final stable state could be oletdim the plastic domain provided the system
has a sufficient deformation capacity to reachdé®rmed configuration described above. In
particular, the ductility of the joints has to beat enough.

2.4. Conclusions

2.4.1. Analysis

In the considered examples, it has been showrathaal stable state can be reached provided
the deformation capacity of the system is suffici€bviously this stabilisation can only be
found based on a second order analysis. Indeadijrgt order analysis of the system is made,
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it can easily be observed that it is not stableeia second order analysis is performed, the
vertical displacement of the application point bk tload P induces the development of
membrane forces in the beams. These tension foesegquilibrate the load provided the
deformation of the system and the associated memaletects can increase in such a way
that Eq. (1) is fulfilled. In the first studied arale, this stable state could be reached in the
elastic range. On the other hand, it has been wkdethat the development of plastic
deformations was required in the second case.

From these basic examples, it is clear already ttl@atrobustness assessment of a structure
using the alternative load path method should Ipeechout based on a second order analysis
since the second order effects play a major rolereldver, a materially non-linear analysis is
usually required because a final stable state ngnseldom be reached without local yielding
of the system. Indeed the internal forces develppina structure under exceptional events
such as the loss of a column are very differemhftbose existing in normal situations and the
elastic capacity of the structure is usually exegedHowever, this is not necessarily a bad
thing. Indeed, the development of local plasticodefations increases the global deformation
of the system permitting the development of beimfsecond order effects (membrane forces
in the beams) which become significant only if theplacements are sufficient.

2.4.2. Resistance and ductility of the directly affectexitp

The design of a structure at ULS under “normal’diog is essentially governed by the
resistance capacity of the structural elements (peesnand joints).

In case of exceptional events, the global stabdftyhe system under a distribution of forces
which is very different from the one observed immal situations is not only linked to the

resistance of the structural elements but alsoh&r tdeformation capacity. Indeed, it is

important for a final stable state to be reached #ignificant second order effects develop,
which only occurs if significant displacements ateserved. The global deformation of the
system implying local deformations of the structielements, it is thus required that they
have a sufficient ductility.

This was illustrated for the considered exampldse §lobal stability of a frame structure
after the loss of a column implies a significanttieal displacement at the top of the damaged
column, which requires an important rotation catyagf the joints at the beam ends. Besides,
these joints have to sustain a significant tenstwoe, which was not the case in the initial
situation (before the column was removed).

2.4.3. Resistance of the indirectly affected part and ibsystem

The tension forces that develop in the beams of dinectly affected part have to be
transferred to the indirectly affected part. In ttensidered basic examples, that was not a
problem because the frame (or at least the dirafthcted double-beam) was supposed to be
perfectly braced at both extremities. Consequettly,horizontal forces that were applied to
the indirectly affected part of the structure by tdirectly affected beams were simply
supported by the bracing systems (assuming thegldeeto support these loads).

If the frame is braced at only one side (or notcedaat all), horizontal forces have to be
sustained by the unbraced indirectly affected pidrese forces will cause important bending
moments in the columns of the unbraced indiredfigcted part. In the present case, there is
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only one adjacent column to support the horizofttede. Besides, it is bent about its minor
axis in this plane. Consequently, a plastic medmnwill rapidly form in the unbraced
directly affected part (Fig. 14) and the forRe¢he frame is able to sustain is very low (much
smaller thanv,).
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Fig. 14: Plastic mechanism in the indirectly afftpart

In conclusion, if the secondary frames are bracdg at one extremity or if they are not
braced at all, their contribution to the redisttibn of the forces in the 3D structure further to
the loss of a column is negligible. That is thesmawhy the robustness of the structure is
assessed considering only the contribution of tiragry frame in the next sections.

3. NUMERICAL APPROACH — LONGITUDINAL PLANE — COLUMN 3

3.1. Introduction

In this section, the behaviour of the structuregHer to the loss of column 3 is investigated.
The contribution of the secondary frame and 3Dodf@are neglected; so only the primary
frame is studied. This investigation is based owmerical geometrically and materially non-
linear analysis. The procedure described in sectiqof part B) is followed to study the
redistribution of forces in the frame during thatst loss of column 3. The particularity is just
that the considered column (column 3) is not subjecbending (nor shear) in the initial
situation.

First, the robustness of the pre-designed strucsuassessed in 3.2. It will be shown that the
frame do not remain globally stable further to libgs of column 3. That is why modifications
of the structure are suggested in 3.3 to ensurerdhastness of the structure under the
considered scenario.
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3.2. Study of the pre-designed structure

3.2.1. Robustness assessment

The redistribution of forces in the structure fertho the loss of column 3 is investigated
through a numerical second order elasto-platicysimalof the primary frame. In the initial
situation, column 3 supports a compression foraeaktp N, = 1409 kN at its top section.
This situation is reproduced in the model of theigture from which column 3 has been
removed by applying an upwards vertical force edqaal, at the top of the lost column.
Then, the static removal of the failing columnim@ated by applying a statically increasing
forceP = A. N, at the same point, in the opposite direction (deanals). If the frame remains
globally stable untilA = 1, which corresponds to the complete loss of theurnal the
structure is considered as robust.

The graph of Fig. 15 represents the evolution efuértical displacement at the top of the
failing column versus the load factar It can be noticed that the frame becomes unstable
before the column has been completely removed (wbemmn 3 has lost 82 % of the force it
was initially sustaining). Consequently, the preigeed structure can not be considered as
robust.
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Fig. 15: Vertical displacement at the top of thiifig column versus load factor

3.2.2. Behaviour of the frame during the column loss

The behaviour of the frame during the column loaa be decomposed in the following
stages, which can easily be observed in Fig. 15inDuhe first phase, the frame behaves
elastically. The bending moments at mid-length anthe extremities of the double-beams of
the directly affected part progressively increaden the moment at a beam end reaches the
value of the resistant moment of the joint, whishsmaller than the plastic moment of the
beam, a plastic hinge forms in the joint.

The plastic hinges form first in the joints at thd@remities of the double-beams of the directly
affected part under hogging bending (the joints d@eigned to be ductile). These hinges
appear quasi simultaneously at all floors, fo= 0,37 (change of the slope in the curve of
Fig. 15 due to the diminution of stiffness resugtinom the formation of plastic hinges). This
is the beginning of phase 2 during which the fragess from a fully elastic behaviour (end
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of phase 1) to the formation of a global beam plasechanism in the directly affected part
of the structure (start of phase 3). This mechamssoompleted when plastic hinges appear at
mid-length of the double-beams at each floor of diectly affected part under sagging
bending. As it can be observed on the graph of Fagthis happens when the force column 3
supports has decreased by 6826=(0,68), which corresponds t® = 955 kN.

This value ofP causing the formation of the plastic mechanisnthan directly affected part
can easily be analytically predicted (see Eq. (&) Big. 16).

10)
p-l-5'2-5+P'5—N0'5+PP601'5=ZO'Mpl,jll'H = P, =955kN (5)
Where:

p = 39,79 kN /m is the uniformly distributed load on the beams

PP.,; = 16,07 kN is the self weight of the columns above column 3
My, ;11 = 334,1 kN.m is the resistant moment of the internal primargtio
[ = 7m s the length of the primary beams

The displacemeni and the rotatiod are defined in Fig. 16

Oooogod

_________________

Fig. 16: Beam plastic mechanism in the directlyeti#d part of the frame

When the plastic mechanism has formed in the dyreeffected part, the vertical
displacement at the top of the failing column rapitcreases due to the loss of bending
stiffness in the joints of the directly affectedtpas the displacement increases, the second
order effects become significant. In particulansien forces develop in the bottom beams
(see Fig. 18). The axial stiffness of the beanwcts/ated due to these membrane effects and
the deformation rate progressively decreases vielilling starts to develop in the indirectly
affected part{ = 0,71).

Indeed, due to the tension forces developing indihectly affected beams, horizontal loads
are applied to the indirectly affected part. Thasiges plastic hinges to form at the top and at
the bottom of the indirectly affected part firsbigty columns. As these plastic hinges form
one after the other, the stiffness of the indigeetifected parts subject to horizontal forces
progressively decreases, implying the increasehef deformation rate. The failure mode
corresponds to the formation of a plastic mechanrstie indirectly affected parts fdr=
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0,77 (Fig. 17); but the loa@ can still increase a little as explained belowally, the frame
becomes unstable before column 3 has been compietabved 4,,,,, = 0,82 < 1).
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Fig. 17: Plastic mechanism in the indirectly affstparts of the frame

The graph of Fig. 18 shows the evolution of thenmadrload in the lower beams of the
directly affected part. It can be observed that téesion force in the bottom beams is
maximal when the plastic mechanism forms in thereody affected partA = 0,77). After
that, the indirectly affected parts can not susgalditional horizontal forces and the structure
starts to collapse. The normal force in the loweulde-beam begins to decrease. However,
the loadP continues to increase a little thanks to geomatrgffects. Indeed, the vertical
displacement at the top of the lost column and thagotation of the joints increases in such
a way that the vertical projection of the tensioads in the bottom beams increases even
though the value ¥ is decreasing; and the horizontal projection ¢f tension loaav in the
beams decreases so that it does not exceed thatgagdahe indirectly affected part.
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Fig. 18: Tension force in the lower beams of thectly affected part versus load factor

3.2.3. Flexural behaviour versus membrane behaviour

Investigating the behaviour of a frame during thatis loss of a column, it has been
highlighted that two main behaviour types can ojgerma the directly affected part for the
structure to sustain the column removal and tostatlute the forces.
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The first behaviour type is called flexural behavi@nd is related to the bending of the
directly affected part beams. These beams andthts jat their extremities contribute to the
support of the loa® induced by the column loss thanks to their bendeasystance. This is
the only behaviour type which is activated duritgges 1 and 2, i.e. before the global plastic
mechanism has appeared in the directly affected par

The second behaviour type (membrane behaviouejased to the development of significant
tension forces in the directly affected beams. €hasmbrane effects constitute an additional
contribution to sustain the column loss: the vaittiprojection of these tension loads
equilibrate a portion of the fordg This membrane behaviour is a “second order” bieluay
Indeed, the activation of this behaviour type reggiisignificant displacements for tension
loads to develop in the directly affected beamss Hehaviour permits the increase of the
load P above the plastic plateau corresponding to theadtion of the plastic mechanism in
the directly affected part (phase 3). This was #isoonly behaviour that permitted to reach a
final stable state in the example of section 2 duaisidered the redistribution of forces in the
secondary frame, the beams of which are pinnedotit bxtremities so that no flexural
behaviour could occur in the directly affected drthe frame.

» Influence of the M-N interaction in the plastic es_of the directly affected part

In this section, the analysis of the frame losiotumn 3 has been performed assuming that
the resistant moment of the joints remains the sahen tension forces develop in the beams
and thus in the joints at their extremities. Unidhés hypothesis the development of membrane
effects in the directly affected beams does nduémfce the flexural contribution of these
beams to sustain the lo&d

To be correct, the joint plastic resistance curge ¥-N interaction should have been
considered. That means that the plastic momentjaina should decrease as the horizontal
force it is submitted to is increasing. Consequertie load which is supported by flexural
behaviour of the directly affected part should pesgively decrease as the membrane
behaviour develops, while it was considered to remanstant here despite the development
of tension forces in the joints of the directlyeifed beams.

In the considered example, only the lower doublesbef the directly affected part is subject
to significant tension loads. That means that dhé four joints at these beam ends would
have seen their plastic resistant moment signifigatlecrease after the formation of the
mechanism in the directly affected part if the Msiteraction had been considered to define
the joint plastic resistance. The bending momeppstted by the joints at the other storeys of
the directly affected part would have remained apjpnately constant and equal to their
plastic resistance under bending only.

In other words, the load that is sustained by fiakbehaviour of the directly affected part

would have decreased as the load supported thankembrane effects was increasing, but
the maximum decrease would have been 20 %. Indea®eé, tension force in the lower beams

reached the tensile resistance of the joints, #raling moment supported by these joints
would come to zero. But the bending moment in tivet$ at the four upper storeys would still

contribute to support the load by flexural behaviodere, it was shown that the frame

becomes unstable due to the formation of a plaséichanism in the indirectly affected parts
far before the tension force in the bottom beanashes the plastic resistance of the joint
under tension only.
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3.3. Moadifications to be provided to ensure the robustngs of the structure

3.3.1. Possible modifications of the frame aiming at inMing the robustness

In order to improve the behaviour of the frame uiclsa way that it remains globally stable
further to the static loss of column 3, it is pb#sito act on two main characteristics: the
resistance of the joints and the resistance ofcblemns. The joint bending resistance
influences the flexural behaviour of the directiyeated part while the column resistance
influences its membrane behaviour.

If the bending resistance of the joints is increlasiee directly affected part of the frame will
be able to resist a higher forée before the plastic mechanism forms. Consequettiky,
plateau of the curve representing the evolutiothefdisplacement versusi (or P) will be
situated at a higher levePy; is increased). However, the membrane effects dpirej after
the formation of the plastic mechanism in the diyeaffected part are not influenced by the
modification of the joint resistance. Indeed, thealgsis is performed here assuming the
bending resistance of the joints remains constaspite the development of tensile forces
(the M-N interaction is neglected).

As observed in the previous section (see 3.2.23),d&velopment of tension loads in the

directly affected beams is limited by the appeagamica plastic mechanism in the indirectly

affected parts. It is thus possible to improve tiembrane behaviour of the directly affected
beams by increasing the column resistance sohbandirectly affected parts could sustain a
higher horizontal force. Such a modification miglgo influence the flexural behaviour of the

directly affected part because the joint resistama@g be increased when more resistant
columns are used (some joint components are péneafolumn).

Obviously, it is also possible to increase bothrdsstance of the joints and the resistance of
the columns. Different options are investigatedhia following paragraphs. Fig. 19 shows a
graph comparing the force-displacement curves sparding to different slightly modified
frames which are studied in sections 3.3.2, 3.80833.4.
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Fig. 19: Comparison of the (u,P) curves correspogdio different options

3.3.2. Reinforcement of the joints only

Only the internal joints need to be reinforced wites loss of column 3 is considered as the
external ones are not part of the directly affeqad of the structure. It has to be checked that
the re-designed joints have a sufficient rotatiapacity for plastic analysis (ductile failure
mode) and are rigid.

The first modification of the internal joints whigh studied simply consists in using S355
steel instead of S235 steel for the end-plate. fdséstant moment of the joint is then
increased tMgrg ji2q = 417,0 kN.m. It can be observed in Fig. 19 that it is not egiotor
the structure to be robust.

In option 2, the joint end-plate is still made &S5 steel but its thickness is increased to 20
mm (instead of 16 mm) and bolts M30 are used (@ustef M27). The joint bending
resistance is NOWl, j12p = 442,9 kN.m. It is sufficient for the structure to remain gédly

stable after the static loss of columnP3 {, > N,).
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3.3.3. Reinforcement of the columns only

In option 3, the connections are not modified corag@do the initially pre-designed structure.
The only modification is that the columns are matl&355 steel instead of S235. The joint
resistance is increased due to the fact that thenuto steel grade has been modified:
Mga jis = 347,2 kN.m. It can be observed in Fig. 19 that the resistasfcéhe indirectly
affected part is not increased enough for the sirado be robust.

If the columns are now made of HEB320 profiles 855 steel, the flexural behaviour of the

directly affected part remains unchanged comparemption 3 (in particular the value 8§,

is the same) because the joint resistance is ndified as the components governing it are
not part of the column any more. The membrane bebais improved: higher tension forces

can develop in the directly affected beams befbwe mechanism forms in the indirectly

affected part. The robustness of the frame is edsas far as the static loss of column 3 is
concerned.

3.3.4. Reinforcement of the joints and the columns

In option 5, both the columns and the joints aredifited compared to the pre-designed

structure. The column profile is still HEB300 bhetsteel grade is increased from S235 to
S355. The joint modification consists in using anih thick end-plate in S355 steel instead
of a 16 mm thick end-plate in S235 steel (the baits still M27). The frame is found to be

robust with these simple changes (Fig. 19).

For this last option, the vertical displacementt tikareached when the column has been
completely removed is a bit less than 1 meter. Thisesponds to a joint rotation of about
140 mrad (8°).

4. DISCUSSION — LONGITUDINAL PLANE — COLUMNS 5, 4, 2

4.1. Columnb5

The bending momeriil, and shear forc&, at the top of column 5 in the initial situatiorear
very low and can be neglected. The behaviour ofphmary frame losing column 5 is
qualitatively very similar to its behaviour duritige removal of column 3.

Only internal joints are involved in the directlffexted part of the structure, where plastic
hinges will form. The flexural behaviour of the elitly affected part is thus the same as for
the loss of column 3 and the formation of the bealastic mechanism corresponds to
approximately the same value &, (see Eg. (5)). On the other hand, the membrane
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behaviour developing in phase 3 is limited by tppearance of a plastic mechanism in the
indirectly affected part of the structure whichcsmposed of two columns only (Fig. 20).
This mechanism forms for a smaller value of theizomtal force applied to the indirectly
affected part, which means smaller tension loadsdevelop in the directly affected beams.
Fig. 21 below compares the behaviour of the prégdes frame for the loss of column 3 and
5 respectively N, is nearly the same in the two columns in theah#gituation).
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Fig. 20: Failure mode of the structure due to thed of column 5
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Fig. 21: Comparison of the (u,P) curves for theslo$§ column 3 and column 5 in the pre-designed:sire

4.2. Column 4

The bending momenif, and shear forc&, at the top of column 4 in the initial situatiorear
very low and can be neglected. The behaviour ofpghmary frame losing column 4 is
qualitatively similar to its behaviour during thenmoval of column 3 or column 5.

When the loss of column 4 is considered, the diyredfected part of the structure involves 15
internal joints and 5 external joints. The flexusahaviour of the directly affected part is thus
different from the two previous cases (removal @fimn 3 and column 5). In particular, the
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value of P,; causing the formation of the beam plastic mecharis higher because the
resistance of the external joints is higher thanrdsistance of the internal joints.

As far as the membrane behaviour is concernedtetion loads that can develop in the
directly affected beams are very limited becauseindirectly affected part at one side of the
structure is composed of one column only. Consetyem plastic mechanism forms in this
column for a low value of the horizontal force.

4.3. Column 2

The case of column 2 is particular because it isesiernal column. Consequently, the
membrane behaviour can not develop as it did wherrémoval of an internal column was
considered. Another difference is that the bendnagnentM, and shear forcg, at the top of
the column in the initial situation are not nedbigi.
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CONCLUSION:

Comparison of the different methods

1. TYING METHOD

The tying method is an indirect method, which meéais not based on a particular scenario
and thus does not require any structural analysisonsists in applying simple design
requirements. Basically, the beams and beam-tavooljoints have to be able to sustain a
given tension force in order to constitute effi¢iborizontal ties.

This method is very easy to apply and leads toemme the robustness of the structure by
providing a better continuity. But this method iasbd on resistance aspects only while no
ductility considerations are taken into account.wdwer, it has been shown that the
deformation capacity of the structure and thus dhetility of its structural elements (in
particular the joints where plastic hinges formg assential factors on which the robustness
of the structure depends. Indeed, the achievenfeaffioal stable state is usually associated
with high displacements giving rise to significaetond order effects.

Besides, the value of the tension resistance wikichquired by the tying method seems to be
quite unsafe if it is compared to the membranee®rdeveloping in the lower beams of the
directly affected part after a column loss. Themesile forces can be estimated using the
alternative load path method which is based orllanfin-linear analysis and reproduces best
the actual behaviour of the frame losing a column.

2. KEY ELEMENT METHOD (VEHICLE IMPACT ON A COLUMN)

The key element method is a direct method also knasvspecific load resistance method. It
is based on a particular accidental event and regjthe analysis of the structure under the
considered scenario. The aim of this method isesigh the elements of the structure that
might be affected by the considered accidental ievmenrder that they can resist this action.

This method has been applied here consideringdltision of a lorry on an external column
and using the static equivalent forces suggestdtarEurocode. A simple static first order
elastic analysis was thus performed. It has beemwstthat a column suffering an impact
inducing minor axis bending in the direction of mad travel could not resist. Consequently,
the columns of the external secondary frames shoelceinforced according to this method,
in such a way that the considered event does adtttethe failure of the impacted column.

As explained above, the key element method has dyg@lred in this exercise in a “simplified
version”, i.e. considering static equivalent forcesler which the analysis of the structure is
easy to perform. This method could also be apgi@sed on a more sophisticated analysis
considering directly the dynamic loading and thessiile non-linear behaviour of the
structure and material. Obviously such an analysisld be much more difficult to perform.
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3. BRIDGING METHOD (LOSS OF A COLUMN)

The bridging method is also a direct method. Is tase, the considered particular scenario is
the static loss of a column (due an unspecifiechBvdhe elements around the removed
column are most affected by the column loss andehtav be designed to sustain this
exceptional event. In other words, the frame hasutain the accidental combination of loads
and remain globally stable without the lost columwhich means the forces have to
redistribute differently within the structure.

This principle is basically the same as for thecalbed “alternative load path method”. The
difference is that the method called here “bridgmethod” is a simplified method in the fact
that it is based on a first order elastic analg$ithe structure. This design procedure leads to
stronger structural elements than the alternabteel lpath method, which considers the same
scenario (loss of a column) but is based on anioitl-linear analysis (much more difficult to
perform). In particular, it has been shown that\strong and thus expensive joints should be
used for the structure to be robust according éolthdging method considerations (elastic
behaviour).

Following this approach, the structure behavestieldly further to the column loss and its
deformation remains rather limited (that is why #®eond order effects are negligible). The
robustness is thus in this case essentially a n@dttesistance and less of ductility.

4. ALTERNATIVE LOAD PATH METHOD

This last direct method has also been applied denisig the loss of a column. The difference
in comparison to the bridging method is that a getoically and materially non-linear
analysis is made, in order to investigate the lwehhviour of the frame much more precisely.

First, an elasto-plastic analysis allows considgrihe development of successive plastic
hinges in the joints until the formation of a plagnhechanism in the directly affected part,

while the resistance of the frame based on anielasalysis is considered to be reached when
the first plastic hinge forms. Obviously, for a giia analysis to be performed, it has to be
ensured that the joints where plastic hinges foawera sufficient rotation capacity.

Besides, a second order analysis permits to takeuat of the stabilising second order
membrane forces developing in the directly affediedms when the vertical displacements
become significant (after the formation of the ptasmechanism).

Using this method, it has been shown that very lsmadlifications could make the structure
robust. In conclusion, performing a full non-lineanalysis requires quite sophisticated
software and is much more difficult than a simpistforder elastic analysis but it leads to a
more economical design. However, it is importartofeing this approach to ensure both
sufficient resistance and ductility of the struediglements (the joints in particular).
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