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Purpose

The purpose of this seminar is to learn about the
mechanism of building collapse due to fire action.
Referring to the UK’s experience on the development
of engineering methodology, the concept of structural
engineering against fire action is introduced. The
history of development based on actual fires, large
scale experiments are described, followed by the
tragedy of WTC collapse. The needs for rational
engineering approach are specified especially for tall
and super-tall buildings. The participants learned
about the history of battle between fire accidents and
engineering approaches to cope with them.

Invited Speaker

Prof. Asif Usmani is the head of the Institute for
Infrastructure & Environment, School of Engineering,
the University of Edinburgh. His background is
computational mechanics and engaged in education
and research on structural behavior during normal use
as well as during fire accidents. He is well-known as
his computational methods for structural behavior and
design against fire effect.

Achievement and Results

An overview of the structures in fire, research at
the University of Edinburgh over the past 15 years
was presented. Lessons learnt from the Cardington
fire tests in the middle 90s and their implications on
the practice of structural fire engineering in the UK will
be presented. The tragic and unprecedented events of
September 11, 2001 forced a re-examination of
previous understandings and stimulated research on
tall buildings. Edinburgh research has been about

discovering possible inherent weaknesses in
structural design of tall buildings (including WTC
towers). The results from this work produced
interesting insights on tall building response to multiple
floor fires. Much of this and previous work has led to a
strong effort towards developing performance based
structural engineering methodologies for fire
resistance of structures. A brief summary of this and
some other major projects at Edinburgh will be
presented at the end.

Through this seminar, it was found that
computational structural engineering in fire is
becoming more and more popular in UK for designing
structures especially tall and super-tall buildings. For
those buildings, the traditional approach is not always
effective. Fire scenarios including multi-story fires
should be included for design of important buildings.

Group photo of participants
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GCOE seminar on

Structures in Fire < from Cardington to
9/11/2001 and beyond

Date: Fri., 14., Dec., 2012, 14:45-16:00
Venue: Kyoto University Katsura Campus
Building C2, Room 213 (2™ floor)
Invited speaker:
Prof. Asif Usmani, The University of Edinburgh, UK

Prof. Asif Usmani is the head of the Institute for Infrastructure & Environment,
School of Engineering, The University of Edinburgh. His background is
computational mechanics and engaged in education and research on
structural behavior during normal use as well as during fire accidents. He is
well-known as his computational methods for structural behavior and design
against fire effect.

Abstract of Lecture:

An overview of the structures in fire + research at the University of Edinburgh
over the past 15 years will be presented. Lessons learnt from the Cardington
fire tests In the mid 90s and their implications on the practice of structural fire
engineering in the UK will be presented. The tragic and unprecedented events
of September 11, 2001 forced a re-examination of previous understandings
and stimulated research on tall buildings. Edinburgh research has been about
discovering possible inherent weaknesses in structural design of tall buildings
(including WTC towers). The results from this work produced interesting
insights on tall building response to multiple floor fires. Much of this and
previous work has led to a strong effort towards developing performance
based structural engineering methodologies for fire resistance of structures. A
brief summary of this and some other major projects at Edinburgh will be
presented at the end.

Participation of anyone interested is welcome. This seminar is co-organized
by GSS (Global Sustainability and Survivability) interdisciplinary seminar on
man-made disaste). Inquiry can be sent to Prof. Kazunori HARADA (Dept. of
Architecture and Architectural Eng., harada@archi.kyoto-u.ac.jp )
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tStructures in Fire’:
from Cardington to 9/11/2001 and beyond

Asif Usmani
BRE Centre for Fire Safety Engineering
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Institute for Infrastructure and Environment
School of Engineering

The University of Edinburgh
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@ Forth rail bridge (site of 3 bridges from 3 centuries)




@ Scottish Parliament (autonomous)




@ University and the School of Engineering

University of Edinburgh

College of Science College of Humanities | | College of Medicine
& Engineering & Social Science & Vet. Medicine

School of Physics

School of Chemistry

School of Mathematics
School of Biological Sciences
School of GeoSciences

School of Informatics

School of Engineering ‘ (5 Research Institutes)

Materials & Digital Signal Mirco & Nano Energy Infrastructure
Processes Processing Systems systems & Environment

BRE Centre for
Fire Safety Eng

@ www.see.ed.ac.uk/fire

- FIRE SAEETY ENGIN
NIVERSIT Y« f E!

Home Blog People Research Publications Teaching Conferences Consultancy Links Contact

Fire Safety Engineering

The University of Edinburgh has been an important institution in the field of Fire Safety
Engineering for over three decades. Many of those who are now leaders in the field came to
Edinburgh to study and research under the supervision of the late Prof David Rasbash, one of
the main pioneers of the discipline, and Prof Dougal Drysdale, author of the definitive text book on
the subject, infroduction to Fire Dynamics’ (Wiley, 2nd edition 1998). Teaching and research in
fire safety continues at Edinburgh under the leadership of Prof Jose Torero, appointed to the
BRE/RAE Chair in Fire Safety Engineering in 2004.

The BRE Centre for Fire Safety Engineering is part of the Institute for Infrastructure and
Environment, School of Engi ing at The Uni ity of Edinburgh.

Edinburgh was recently voted the UK's 'most desirable city to live in.'

What we do

We are a world-class research fire centre with 40 research
members from more than 18 different nationalities The BRE
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tStructures in Fire”:
from Cardington to 9/11/2001 and beyond

Part 1: Fundamentals

Key references:
Fundamental principles of structural behaviour under thermal effects
Fire Safety Journal, 36:721-744,2001

Assessment of the fire resi 1ce test with respect to beams in real structures
Engineering Journal, American Institute of Steel Construction, Inc., 40(2):63-75, 2003

Key events in the structural response of a composite steel frame structure in fire
Fire and Materials, 28:281-297, 2004

Behaviour of a small composite steel frame structure in ‘long-cool’ and ‘short-hot’ fires,
Fire Safety Journal, 39:327-357, 2004

Understanding the Response of Composite Structures to Fire
Engineering Journal, American Institute of Steel Construction, Inc., 42(2):83-98, 2005

A New Design Method to Determine the Membrane Capacity of Laterally Restrained Composite Floor Slabs in Fire,
Part 1: Theory and Method, The Structural Engineer, 83(19):28-33, 2005

A New Design Method to Determine the Membrane Capacity of Laterally Restrained Composite Floor Slabs in Fire,
Part 1: Validation, The Structural Engineer, 83(19):34-39, 2005
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Effect of fire on structures
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Materials of construction are exposed to high temperatures



http://www.coolarchive.com/animations.php?p=fire&f=fire1
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Consequence of “material” based thinking

¢ Concrete is considered a “good” material and reinforced concrete
structural members/components are considered safe if sufficient cover
to steel reinforcement is provided

¢ Steel structures are thought to need “protection” from fire as steel is a
good conductor of heat

¢ Engineers have therefore focussed disproportionately on “protecting”
steel structures

Traditional approach to building fire safety

Fire safety requirements are usually expressed as

For general building fire safety
— 3 Compartmentation:
maintaining structural and thermal
barriers to prevent spread for a
sufficient length of time to enable safe
¢+ Integrity —> egress of all occupants

¢ Insulation

For structure/structural members
Fire resistance:
¢ Stability — | length of time for which the member or
other component is required to
withstand exposure to the fire regime
given by the standard fire without the
load capacity falling below the fire limit
state factored load or loss of integrity
and/or insulation




Prescriptive of “fire protection” approach

* Provides protection during the fully developed stages
of a fire (post-flashover)

* maintain the elements of construction below a critical
temperature (steel <550° C)

« Design based on the fire resistance test BS 476
“yellow book” approach

* Calculate the Hp/A (or Am/V) for the section

* Read Table in Code to find necessary fire resistance
rating (0.5, 1, 1.5, or 2 hours) in terms of the building
type, height and occupancy

« Decide on protection material

« Look up the fire protection thickness

tawena

Fire protection for
structural steel in buildings
THIRD EDITION

Controlied Reference

ARUP

S0 e e e

@ Section factors

High A Low A
Low V High V
Fast heating Slow heating

Determination of section factor A7V

Y
Profiled protection

D 4B+ 20 -2¢

steelcross- sectionalarea
|-<—B —hl
N Box protection

D — | [— 208 +0)

steelcross- sectionakrea

Source: www.mace.manchester.ac.uk/project/research/structures/strucfire/default.htm




Code bases fire resistance requirements

Fire resistance required
(from Approved Document B: England and Wales 2000)

Height of top storey-metres

<5 <20 <30 >30
Approx. no. 2 5/6 8/9 9+
of storeys
Residential 30 60 90 120
Offices 30 60* 90*
Shops, 60* 60 90* 120 plus
commercial sprinklers
Industrial 60* 90* 120* (floors 90
and storage minutes)
Car parks 30 60 90
(closed)
Car parks 15 15 15 60
(open-
sided)

* Reduced by 30 mins when sprinklered

@ “Look up” tables

,,,,,,

changed to Am/V to be consistent with Eurocode

: & VDry Thlckﬁess in mr.n to‘ pn;vidé s
Ho/A : fire resistance of
Upto |1/2hr| Thr |[1.5hr| 2hr | 3hr | 4hr

~ 30 10 10 14 18 26
50 10 12 17 22 33
70 10 13 19 25 37

N\ N

Fire protection for

structural steel in buildings
THIRD EDITION

R
T
=
=
=
A
s
S
_i:-

90 1 0 1 4 21 27 Controlled Reference
110 10 15 22 28 41 : : UP .l‘.:-e:-
130 | 10 | 16 | 22 | 20 | 42 = -
| 150 | 10 | 16 | 23 | 30 | 44 R
| 170 | 10 | 16 | 23 44 i '

Download latest version from:
www.mace.manchester.ac.uk/project/research/structures/strucfire/DataBase/References/defaultSteel.htm




Cost of the structure is approximately
10% of the cost of the building

Cost of fire protection can be between |
10% to 30% of the cost of structure |
(depending upon, usage & height)

Therefore 1-3% of the total cost of
a steel frame building can just go on
“fire protection”

Source: Comparative Structure Cost of
Modern Commercial Buildings (SCI report)

10



14 storey building under-
construction

Fire duration 4.5 hrs

Temp > 1000° C for 2 hrs
Fire protection incomplete,
steel temperatures estimated
to be under 600° C

13.5m span/1m deep trusses
and floors had over 500mm
permanent deflections and
buckled members and
unprotected columns had
shortened by upto 100mm, but
there was no overall collapse

Source: Stuctural fire
Investigation of
Total losses ~ £25 M, Broadgate Phase 8 fire St

struct. repair ~£2 m (1500 m2)  (SCl report), available
completed in 30 days from www.steelbiz.org

@ Aftermath of Broadgate fire

¢ Structural behaviour in fire was found to be much better than expected
(especially so, because a lot of the steel was unprotected)

¢ Steel industry with EU funding constructed an 8-storey steel frame
building in Cardington (UK) and carried out 6 full scale fire tests

¢ The results showed that the structural behaviour was much more
complex and was not explainable only by “material” stress-strain
behaviour at high temperature

¢ The other key effect ignored in traditional practice, i.e. change of
member dimensions as a result of thermally induced deformation and
the restraint to it was found to have a considerable role to play in the
overall structural response

11
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@ Traditional practice against reality

Isolated single structural composite structural members with finite

member with simple restraints against rotation/translation at boundaries
boundary conditions

(such as in a furnace)

1250

1000

750

500 /

250 {— Fire (BS476-Part 8)|-
0 T T

0 30 60 90 120 150 180
time [minutes]

subjected to “standard” fire

Temperature [oC]

subjected to “real” fire

ooooo

@ Simplest “realistic” model of composite beam
Structure subjected 1kr 1 |—>A

to the illustrated
temperature I_)
distribution A

Section AA

Distance, vy

Temperature, T(y)

Ambient
Temperature, T,

12



http://www.coolarchive.com/animations.php?p=fire&f=fire1
http://www.coolarchive.com/animations.php?p=fire&f=fire1
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@ Decompose temperature into simpler effects

To T (y) A uniform increase A uniform through-
In Temperature depth thermal gradient
AT T,y

@ Governing parameters

Thermal expansion induced by mean temperature increment AT

AT & iy

Thermal curvature f induced by through depth thermal gradient T

_y_sin'% 7 6y

I% p=al

Combination of the two effects
leads to large deflections and often X
very low stresses (internal forces)

& Té,

13
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Beam with restrained ends

free to rotate at ends

[ P

'A Compressive forces build up A‘

The beam material must yield
or it should buckle
as the temperature increases

At what temperature increment a rigidly restrained steel
beam (o, = 275 MPa) yield?

14
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@ Uniform thermal gradient in restrained beam

tensile forces build up

A — A

CZI increasing “hogging” moments K
Z R

@ Combined behaviour (assuming slender beam)
& =aAT
sin'?; & &

e =1-—-= 4 _1 "
/ i 5
7 7
22
2
gbuckling — 72-42 dimensionless parameter

A is slenderness ratio

15
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Temperature-deflection of a restrained beam

A

A

Pre-buckling Bifurcation T
£ -
Compressive
forces in the beam
é>1
Post—buckling
E€r (g9 =0)
&r> &
™ = g¢ (ory0>0)
ensile forces: : (zero stress)

in the bear

Er< €y

Actual response highly dependent on fire history!

Verification of theory using an FE model

length = 9m

Uniform temperature rise AT small udl

‘Mniform temperature gradient‘T,yAv

Subjected to the following five temperature and thermal gradient combinations

AT °C T’yOC/mm

1 400 0
2 400 1
3 400 3
4 400 5
5 400 10

16




Deflection at midspan of beam

Deflection at mid-span due to thermal expansion and thermal bowing

a

0.00 4 o T T
m“:‘ﬂ“ 150 200 250 300 350 0
-50.00 —
\ ‘\\ ‘l‘. ‘\\ ——400°C
-100.00 Ta —#-400°C_1°C/mm
X\’\ \2\& S \\ —4—400°C_3°Gimm
" 1000 l‘t, 400°C_5° G/imm
*u \ —#—400°C_10° Gimn
x\ ay g =
-200.00 : o
)\/K"x& ﬁ\b,,\ oy,
-250.00 .’\K&%
-300.00 % . 9
-350.00 %

-400.00

-450.00

Temparature (°C)

Axial forces in the beam

Axial Force in the model

3.00E+0B

2.50E+0B

2.00E+0B M
1.50E+0B

1.00E+08 M
5.00E+05 M < |-m—400°C_1°C/mm

M —e—400°C_3° C/mm

0.00E+00 - : ; . : 400°C_5°Cimm

(%w 150 200 250 00 ——-400°C_10°C/m
-5.00E+05 =

-1.00E+0B
-1.50E+0B ‘N\
-200E+0B

-2.50E+0B

——400°C

Temperature (°C)
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Implication: Effect of fire history on response
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W E o,

3 lower AT
N higher T,
; == therefore mare

—  Therefore different collapse
Mechanisms.become possible

\L ITo T

1000 |
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-> 500
therefore #nore /

.
compression
250
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Seminar at Kyoto University, 14 Dec. 2012

¢Structures in Fire”:
from Cardington to 9/11/2001 and beyond

Part 2: Whole structure behaviour of real buildings

Key references:

A structural analysis of the first Cardington test,
Journal of Constructional Steel Research, 57(6):581-601, 2001

A structural analysis of the Cardington British Steel Corner Test,
Journal of Constructional Steel Research, 58(4):427-442, 2002

How did the WTC Towers Collapse? A New Theory,
Fire Safety Journal, 38:501-533, 2003

Effect of Fire on Composite Long span Truss Floor Systems,
Journal of Constructional Steel Research, 62:303-315, 2006

Behaviour of small composite steel frame structures with protected and unprotected edge b
Journal of Constructional Steel Research, 63:1138—-1150, 2007

Structural response of tall buildings to multiple floor fires,
Journal of Structural Engineering, ASCE, 133(12):1719-1732, 2007

A very simple method for assessing tall building safety in major fires,
International Journal of Steel Structures, 9:17-28, 2009

Tall building collapse mechanisms initiated by fire: Mechanisms and design methodology,
Engineering Structures, 36:90-103, 2012

18




@ Cardington frame

>
......

8 Storey steel frame composite structure
2 tests by BRE

4 tests carried out by “British Steel” (Corus),
shown on building plan below

® ©

=

Download report from: Y, : _
www.mace.manchester.ac.uk/project/research/structures/strucfire/DataBase/References/MultistoreySteelFramedBuildings.pdf

19



@ FE model of restrained beam test

Test1: Shell representation for Slab

20
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@ Deflections with/without thermal expansion
0 E
) B, :

| X K

<0 B

S
AN

Deflection of tested beam at mid-span (mm)

-200
model —+—
test ——
model with no concrete thermal expansion —#—
modell with no stleel thermallexpansion‘ —8—
-250
0 100 200 300 400 500 600 700 800 900

Temperature of the lower fl of the test m (C)

I

End panels Interior panels

Gravity Mean Thermal

load temperature  gradient
— N

! qr
C
+ + =
C C | €
M, oad EAoAT Elg local buckling

beam bottom flange?
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@ Bottom flange stress in steel beam at 150°C

M,z

+E,0AT +E  al z

X

w=16.5kN/m AT=80°C T,=0.5°C/mm

127 Mpa 160 Mpa 286 Mpa ‘ 573 Mpa >> 318 Mpa

7°E 0425
Gcr - 2
12(1-v%) (b,

524 Mpa
- p

A => Plastic yielding!
f

@ Restrained beam test “buckling” and cracking

22
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TEST COMPARTHENT

TEST 3 : CORNER COMPARTMENT TEST

Location

Structural details

W - voucd deflemods rdanve t grouad level

ppereag e

0 - voncd deflecmoa rdanve w level 3

]

Test 3 - Transducer Positions for Measuring Vertical Deflections

w
i ®/ 130
i i3 o o8 %
130
oio ] o
= = v
i 1300
i 05 ] © -
i
:®\ ®\ 1300
i -r=_io ] m 3 [} \-
= w
X0 | To 0 T P
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3 BS Corner Test Fire Compartment

5
s

Max Compartment
temperatures ~ 1100 °C

Max Uprotected Steel
temperatures ~ 1000 °C

B

-

gty
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: FE model for BS Corner test

5
s

Fire compartment
boundary

User-defined shell elements for slab composite with
ABAQUS beam elements for beams

25
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Slab €, strains at reinforcement level

8000

4000

2000 P

Distance from the edge of the structure (mm)

R R PR
] R

I strain<0 ©

0.0000 < strain <0.001 e strain > 0.002

Compatibility enforced tensile strains in the Y direction

1
) 2000 4000 6000 8000 10000 12000 14000 16000 18000
Distance from gridline D {mm)
| strain<0 © 0.001 < strain < 0.002  »
0.0000 < strain <0.001  © strain> 0.002 »
All of the slab in the fire compartment in under compression
Slab Sy strains at reinforcement level
D E EFF , F
10000 :
i Ran
5 T §.3.. 40
ey
3 it L aL Ll JHHE 2 :
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e H
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6000 g 2
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@ Tensile membrane action in slabs

compression (thermal pre—stressing effect) at the boundaries
/omt of highest tensile stress

m)
RR#{ Iy g i
o / \
&
z o

T

tensile membrane action in the interior anchored by the boundary compression

Typical membrane stress distribution at restrained boundary

% Membrane compression

I:I Membrane tension
.- —f ..' i’ P

R R YRR R PR R RYS SR gy

o . R
ooooooo’y.o'o’oooooo 00000000000 -q.o-------
~-%

1
r’\

e
o)
-:" -.y.*
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%’ Lessons (horizontal structural members only)

Tensile membrane action (TMA) in the spans and compressive membrane

action (CMA) near perimeter observed

This load carrying mechanism more reliable in fire, thermal strains help

produce the “right shape”

Capacity further enhanced by thermal pre-stressing (CMA)

Local effects such as local buckling of lower flange not important

‘ £| :EI! Illllllllll"
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Fire scenarios

Temperature [0C]

1250

1000

750

500

250

Temperature
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@ Results from model 1

All beams protected

[

Only secondary beams
unprotected

/ L

380mm max deflection 470mm max deflection

¥iewport: 1 ODB: /a/nas002.see.ed.ac.ui/ne. .. FTEMP/mI10m 100nemks.odb

31




tttttt

Protected 10m panel

Viewport: 1 ODB: /a/nas002.see.ed ac.uk/ne .. 2l TEMP/mHOmIoOnemie.odb

@ Final Proposal (accepted)

Saving of £250K on Plantation Place
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@ Mandarin hotel and CCTV building, Beijing
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Fires in Tall buildings

|

The risk of multiple floor fires is ignored in design - even single whole
floor fires not considered

Fires in tall buildings often involve multiple floors

Designers still mainly rely simply on “protecting” - to keep
temperatures below ~550°C

The real “protection” (risk reduction) obtained is unquantified (no
calculations on system behaviour)

The probability is low, the consequence of collapse is high -therefore
the risk can be very high, for instance.........

Collapse of World Trade Centre 7 (11/9/01)
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@ The WTC Collapses

Report from the official US investigation
(available at wtc.nist.gov) provides a
detailed description of the probable
causes of the collapse of the twin
towers

The key factor in the collapse was
the post-impact fire, as both buildings
Had remained stable after impact

University of Edinburgh team studied
the effect of multiple floor fires (ignoring
impact damage) on the structure of the
towers (before NIST investigation was
completed) and highlighted many of the
Issues picked up by NIST

Some of the key findings from this work
are presented

@ The Structure

¢ 417m (WTC 1) and 415m (WTC 2)

@ Innovative design for a light economical

I ll‘ )
F|||||"|||||||l!¥il| i) 1] ||
1 ! AU

structure and column free office space

@ Very closely spaced columns: 1m centres

connected by 1.3 m deep spandrel beams

@ Formed a perforated tube for wind loads

Wi
gl
@ No requirement to transfer lateral load w1 lﬁ

allowed the floor system to be very light

(900 mm light steel struss composite with
100 mm concrete slab)
@ Floor acted as diaphragm to provide lateral

restraint to all columns
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Wind Pressures around the World

600
500 A
~ 400 A
E
E) 300 4
Q
T 200
100 -
0 A T T
0 1 2 3 4 5
50 year code design gust wind pressure (kPa)
——Hong Kong = Shanghai — New York
—— Chicago =—— Kuala Lumpur

900mm deep ‘open-web joists’ (trusses) topped with 100mm concrete deck

I\ A

Deforming thermally against strong lateral restraint (expansion and bowing)
Expansion at 500 °C = 90mm => midspan deflection of 0.9m

(assuming rigid restraints)
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@ First model

Analysing one long-span
(18m) representative frame

ogogogogogogogooogoonooonongogooonog ogo

ooogooonn

CORE

A typical 2D.Slice of the frame

ANOOpNNNNNNNNNNNNN0NNNoNNN0NNONNNnNNANnoNNnooNnAnNnnnnNnnnnnnn

do

Design column buckling mode

Diaphragm action of the floors
provides lateral support to columns

Stiff Core
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Initial hypothesis

External column External column

centreline centreline

New
; . . Buckling
Initial thermal expansion and thermal bowing Loss of stiffness in floors (from heating and deflection) Mode
Columns pushed out as thermal expansion dominates Floors still heating and in compression as column pushes in for suppoct

®  Buckling

g_

Check to see if the
how many missing
floors are needed
for the perimeter
column to buckle?

IITT A FEEE SIS

cr L2 I

o~
1 |

FETE IS FPFE SAAE A

RN

3
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@A WTC TWIN-TOWERS COLLAPSE AMALYSLE

8

! 5 ' ' ' 'hl'i:n’.trnnm al:llplhdlmdl
iy Columh Tempeininte T=100C
Hypothes, s is incorrect¥: :
Not a cIassM: ‘ I stability fallure
:a ol i N\ . Must remove 9 floors |
F \ -+ for Euler buckling !
". G._.. "
300 |- 0 1
000 - ] -,‘; — <
Actual load  *-. n
oo - o 1
on column LR IS T
Tl el N -t
o I I 1 1 1 1 1 b Iﬂ
(4] 1 2 3 4 5 =] 7 ] 'l‘ 1o
Huombet of unsuppoiisd Floots 1
Number of unsupported floors for Euler buckling
@ First finite element model

_ Deck thickness 4"

Actual dimensions (FEMA report) and BCs O ——
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Fire definition

Floors

TO =T+ —T)1-€™)

Columns

Tt)=T,+

(4OO—T0)t

Column Temperature always < 400°c

1000°C fire for different values of <a’

Fire time-temperature curves

1000 T
._,———"—'_'_
_'——""_'_'-‘
%00 —
’_,.f""
00 // a=0005 —— —-—
- a=0004 ——
L 2=0003 ---e-eeee —sva |
%0 a=000L ——
U o0
5
¥ 500
¥
E 400
100 | l’l:
200
100
0
0 600 1200 L800 2400 3000 3600
Time [g)
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Sample temperature profiles for 800°C ‘fire’

8.00e+02 " "
Bottom of Slab —+—
Midpoint of Slab —x—
Top of Slab —x—
7.00e+02 Columns in Analysis 800 —=—
Steel Temp in Analysis 800 —=—
T
6.00e+02 M P
5.00e+02 ﬁﬁ
=2

Temperature, Celcius

4.00e+02 /f
3.00e+02

2.00e+02 / M

s

o0 ”

1.00e+02

0.00e+00
0 500 1000 1500 2000 2500 3000 3500 4000
Time.s
@ Fire Scenarios
o I = \ Scenario A

\'\,Scenario C i Scenario B

E . . N 4 )

i "~ y N 2

= E: "-‘_\ B N 5

Ty "y
1174 span 1172 span Core
Distance from external column
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All fire scenarios analysed

Fire Number of floors under fire and

Scenario range of Maximum temperatures
Tempr. distr. | @ 1 2 3

A 0.005 | 400°C-1000°C | 400°C-1000°C 1000°C

B 0.005 | 400°C-1000°C | 400°C-1000°C -

C 0.005 | 400°C-1000°C | 400°C-1000°C -

C 0.004 | 400°C-1000°C | 400°C-1000°C -

C 0.003 | 400°C-1000°C | 400°C-1000°C -

C 0.001 | 400°C-1000°C | 400°C-1000°C | 400°C-1000°C

Number of floors involved in fire

@ Summary of results

WTC TWIN-TOWERS COLLAPSE ANALYS1S (Summarty)

Fire Sécna.rio A [a=0.h05)
Fire Scenario B (a=0.005)
Fire Scenario C (a=0.003)

A e

o
\ collapse

x

ks

no collapse

13

600 800

Tempermatare (C)

1000
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1=1500

Typical failure mode

FrIerTy
3@
5
EITRY

1=2000 1=2500

1=3600

@ Node location key '* C{ s
e =
1144 ] 121018
121036
1132 LU YA\-\ 111036
1120 11018 ‘A\-\ 101036
1108 alit ‘A\-\ 91036
(10%) Sl0'8 ‘A\-\ 81036)
[igigzj T.HND{?UIT fire [;ii;iﬁ] : ‘za-\ ﬁifiii
M (S) é\-\
(1060) (SXJ (S>J (i018) (S) ‘A\-\'smas)
(10a8) ||| O ﬂ:mrﬁm 41018 ,& ﬁ-\ 41036)
3101 Tvee floor fire ‘Q\
1036 31036
1024 21018 (A\_\ 21086
o 11018 ‘A\-\ 11036
1000 ™
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Detailed analysis of C-F3-500-0.005

WTC TWIN-TOWERS COLLAPSE ANALY 1S (C-F3-300-0.005)

oo T T T T T T T
Cumful“nehllﬂnfelninl.e
800 |- g
g ol ; o
H Maximum steel temperature of 500°C
2
i [ R E—
L T
Iﬁ am / :
l'l’.f
!
I
200 |- f g
f
f
II
)
III
[} 1 1 1 1 1 1 1
o 500 Lom 1500 2000 2500 3000 3500
Tim= (=i
(S s e WTC TWIN-TOW ERS COLLAPSE AMALY 515 (C-F3-500-0005)
e ST : : : : : :
o e
o o
108 " A_ywm _.4—'"_'--'-
- -
e ST & / 1
(toes) Y - 2
| H_A -
o |8 ) M
) o amn ) E At hottest uppetfloot —
- L AV o # Al hottest lawet floot ——x b
y u
- - e Ry
LR E i H '\x\ -
3 *
2 X,
¥
=
LA
E X
_lo 1 1 1 1 1 1 1
o 500 looo 1500 200 25 3000 3500
Time(s)

Column vertical displacements
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\j\;
A
- L

compression | compression arge compression’

arge compression’

sty

|™" compaib. tension [“argecompressio wﬂl%

L
=
-

é é\—

)-8

P

tensi % large compression% Buckl
compression %‘ fension %‘ large oompmslol
tenslo %‘ mpressio %‘ ﬁensloi
! 1 1
1 1 1
Fire causes floors to Fire floors buckle and Buckled fire floors go i paga
wnd and displace large compressions are  into tensila membrana I::h:?::tdpl:ds hm
umn | other fire ressive collapse
fire floors floors buckle and the prog aps

compression pulse
propagates to non-fire floors

@ Animation
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@ Larger 2D model with 3 floors on fire

@ Final failure mechanism (plastic hinges)
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Column vertical displacement

800 Degree C 2D No Hat 3FF Column Top Vertical Displacement.

B A 0.00e+00 1
12 ‘
11 -5.00e+00
10
9 -1.00e+01
8 £ -150e01
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[}
6 5 -2.00e+01
N
5%
40 -2.50e+01
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1 -3.50e+01 |- Column5 —=—
Column 8 —e—
--d-- Column7 —e—
Column8 ——
-4.00e+01 !
0 100 200 300 400 500 600 700 80|
Time, s
@ Column moments at hinges
800 Degree C 2D No Hat 3FF Column 1 Moments.
* 8.00e+08 ‘
. A 5th Floor ——
7th Floor —<—
12 9th Floor —x—
6.00e+08 RS
1 e
10 el
4.00e+08
—— 9
£
3 82 2.00e+08
3 o .00e+
s c
—- 7 A
= —
?{“ 5§ 0.00e+00
5 ‘% /
4 -2.00e+08
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2 -4.00e+08
) \KX&&X\
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Time, s
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SEL

W

o T,

.

Axial force - moment interaction

800 Degree C 2D No Hat 3FF Column 1 Failure Envelope.

* 5.00e+06 ‘ ‘ ‘
. A EC3 Failure Envelope —+—
ABAQUS Failure Envelope —*—
12 450e+08 5th Floor —=— |
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4.00e+06
10 / N
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Section Moment, Nmm
i3 Runs with and without thermal expansion
* 800 Degree C 2D No Hat 3FF Floor Membrane Force Comparison.
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Time, s
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@ Possible explanation
\ 4
12 12
1 1
10 10
9 9
8 8
7 7
6 6
5 5
4 4
3 3
2 2
1 1
Thermal expansion Thermal expansion
included excluded
* camtitnn v
Hat-truss colomne
influence on Ui
load
redistrib-
ution A = .
Fire induced N H
Buckling
ofcolumns |, Fire 1
! N
Columns in
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http://www.coolarchive.com/animations.php?p=fire&f=fire1
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2D hat-truss model - 3 Floor Fire to 800°C

Failure mechanism (plastic hinges in column)

aviZ
[ TAVAVAVAVAVAVAVAVAVAVAVAVAVATAY, 2 NTAVAVAVAVAVAYAVAVAVAVAVAVAV,V,Y,
<7 vaviz
D\ TAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY. =l
v vavig N VAVAvAVAY, avavi
7 av/Z & AvaVi
2
A AVAVAVAYAVAVAVAVAVAV.AVAVAVATAY.
L1 Navavavas
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3D Multi-storey model
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3D model: Truss deformations

e

A i

o e s T —
Z Sz
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e
o
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g gy 7
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o = 7

o S b ity
=<

[en:H o g :31:36 GNT Davlight
Y s l: Flig!

N
T Step: "Bzating Step-:
Increrent 125543

Deforred Var: U Deformation Scal afrprp +1.000=+00
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Photograph from NIST report

WTC2: East Face ]

Time: 9:21:29 AM

~18 minutes post impact
306
Maximum inward bowing of e
columns approximately .
10 inches &
7
76™
75"
hazoom A!Ien Mura\bayashiA

Photograph from NIST report

Inward Bowing of Perimeter Columns About 2
Minutes Prior to Collapse: WTC 2 East Face

9:58:56 a.m.
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Are there generic collapse mechanisms?

——

\mmpressiun pulse up causing

Cold floor buckles and sends

progressive collapse
Stiff boundary

Plastic hinge

Stiff boundary

W

Plasﬁcw

Weak floor

inge
¢/7 6
ot floors in membrane, of floors in membrane,
tension tension
Plastic hinge
Cold floors buckle and send ‘Three plastic hinges create

compression pulse down
causing progressive collapse

collapse mechanism

Strong floor

L

(a) Sti

ff column weak floor mechanism

by

(b) Stiff floor weak column mechanism

......

Model to test generic mechanisms

Universal Universal Beam udl | Column | Floor

Beam Column (N/mm) load (N) | span
Strong
beam | 533x210x92 | 305x305x198 45 6000 10
Weak
beam 305x102x28 | 305x305x198 45 6000 10

10m
—
O O O O
IGm
C LQUS /EXPLICIT Varsion 6.5-1
O O

El
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@ Model resuits

Weak floor mechanism Strong floor mechanism

i
.’
!.
!
|
?

95



Simple method to assess collapse propensity

& assume number of fire floors involved
1. Assume an appropriate deflectionto —H—

carry to all the load (udl) by tensile

membrane actioer the floor (T)

F

0. Start with an adequate model structure *@,m ad *&,m ad

Membrane force component Membrane force component
HH - -
- | W W
Ho=wL?/8 . .
< =7
2. Determine if adjacent floors are able to B $or
sustain the reaction without instability, if
not - WEAK FLOOR COLLAPSE occurs w
3. If adjacent floors remain stable, check T -

columns using an axial force-moment
interaction diagram (function of heating)
if the maximum moments and forces
remain inside the yeild boundaries, if —JI/— _4,_
not - STRONG FLOOR COLLAPSE

(a) Weak floors buckle (b) Stiff floors provide sufficient reaction

Catenary action (TMA) and flexural resistance

uniformly distributed load W

MHHHHHHHHHHM

S0 i ,f‘

i :' = m\

Applied moment = wL?/8

Tensile membrane or catenary resistance = HQ

Residual moment capacity = Mp(T,H)
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@ Runaway in beams

. Bendin
L 1 Axin]lleﬁtrainndl—B—
TEe : 2 Axially Onrestrained —u—
Mﬂlexure
H‘@%
o
?.l._..[..8.. wn e s s Ditostaiineds s ansananns Brstrainedss=sssas \............ ................&....
L6 | & L I 1 %

5 .\ \TMA

Deilection
T

L3 [

N
(TMA) ANG
D

0 100 200 300 400 500 B00 700 800 500 1000
Temperature (G)

@ Moment (flexure) evolution

.......

2e+08 T T T
L I Flexural resistance —+—
P-Delta (tensile membrane resistance) —<—
Total moment (wL"2/8) —+—
\ Plastic moment capacity —&—
1.50+08 R AR ey
1 .
/ \\\ 1 . MA dominant
|
1e+08 : e - :ww W,
1
- 1
Zero axial for et%
5e+07

_—— - )= =

Moment (Nmm)

S —

-5e+07

B

—><——~></’*/(
Beginning of TMA contribution

-1e+08
0 200 400 600 800 1000 1200

Temperature (C)

Y
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€0  Axial force evolution

2e+06 T T
Axial force at midspan —+—
Axial force at support —<—
Axial (Tensile) capacity —+—
1.5e+06 Ml e

1e+06

500000 \\

X
Peak tensipn! >
—_—_————_—————— W —— e = ===

Tension (N)

|
|
Zero axial force

200 400 600 800 1000 1200
Temperature (C)

-500000
0

€  How much deflection (5) ?

......

Tension-deflection relationship

7
S /8 —p
; \ Bending ETMA dominant

\gominant !
. 6=L/10

\
’ \\ / Ho = wL?/8
2 \@/\ H = (10/8)wL = 1.2wL

. —

|
0 T T T T T

0 1/20 1/10 3/20 1/5 1/4

Tensile force (times total udl, WL )
N

Deflection (times span, L )
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@ Check North Tower design!

700 kN

'

udl = 3 KN/m
d=L/M10
:_ 350mm - h T0lmm

A7

Fl 97 N
oor $|a P 67.5KN Mp=639 kNm
! [fmm stmm | 222 Pp=4954 kN
36m (5,300 MPa)
| Smm
Floor 96 ——— —= 135 kN Triss ! Thuss
(a) Actual column dimansions (£) A pair of columns as modelled
36m
E= 200,000 —
Floor95——— B —L—:"
A=0.0165m’ —
36m I= 0.000326 m’ e
e
Floor 94 —— T 7
%) Result
700 kN
¢ Moment at A= 463 kNm
Moment at B = 570 kNm
Floor 97 Ii&& = G75KkN
§3‘ Simple interaction check
36m
M/Mp+P/Pp<1
Floor96 —— | 135kN 570/639+700/4954=1.03>1
16m Therefore first hinge forms
~ . at floor 95,
E= 200,000 GPa then at floor 97,
Floor 95 —— B and finally on floor 99,
A= 0.0165 m™ leading to a mechanism.
36m I= 0.000326 m’
Floor 94 —

99



http://www.coolarchive.com/animations.php?p=fire&f=fire1
http://www.coolarchive.com/animations.php?p=fire&f=fire1
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@ Seminar at Kyoto University, 14 Dec. 2012

tStructures in Fire’:
from Cardington to 9/11/2001 and beyond

Part 3: Development of simulation tools and future vision

Key references:

FireGrid: An e-infrastructure for next-generation emergency response support,
Journal of Parallel and Distributed Computing, 70:1128-1141, 2010

Testing a damaged RC frame in fire,
Proceedings of the ICE - Structures and Buildings, 165(7):335-346, 2012

Using OpenSees for structures in fire,
Journal of Structural Fire Engineering, 3(1):57-70, 2012.

Future Vision: FireGrid Project (2006 - 2009)

Large

/' l databases

. Emergency Response

Super-real-time simulation
(of fire growth and
= structure response)

Sensor network for

early detection and monitoring

Incident Commander

Command and Control interface
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Demo in an full-scale apartment mock-up

2400mm

130mm et

2400men

Py
B g

. &
e

Demo architecture

98
Thermocouples.

9 Velocity
metres

(DAU)

6 02/COICO2
Sensors

Data Logger

—

DTU/DGU

2 Radiometers

2 Alarms
(Xtralis)

Key:

— Data

Control

Fire Alarm

Database

j // Presenter
(C]
cal

rl» -

Agents

1% (incl. job menitoring f—

Query Manager o

and repair)

| I

Internet

=
Certificate
Centre

=)

HPC Simulation:
K-CRISP

Xtralis Camera
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Shabte,

€0 The demo experiment

Tinee

¢ Demonstrator designed for live presentation:
— Jose Torero provided commentary from Viewing Room.
— Operator in Control Room interacted with C3lI.

¢ Fire tracked by FireGrid system:

- Delivering real-time status info e
for incident, along with
predictions of impending hazards

- based on HPC model output,

- in form amenable to fire incident

commander.

S PR AROR 12900 St Ve

& Results

,,,,,,,

Temperature(°C )

=3

Deflection (mm);
Temperature (°Cx1000)
=)

‘Time from detection (s) Time from detection (s)
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Simulation tool development

NEEScomm

USER DEVELOPER SUPPORT PARALLEL Copyright SITEMAP

About | MNews | Calendar = Registration

HOME

OpenSees 2.4.0 Released

OPENSEESWIKI

MESSAGE BOARD | VErsion 2.4.0 of the OpenSees binary is now available for download. Here is the change log.

USERRGE | Discovering OpenSees
DOWNLOAD
The next seminar in the web-based Discovering OpenSees: Surfing the waves of OpenSees learning
series will occur October 24'th and October 25'th. The session will be broadcast twice at times that will
BUG REPORT allow users in all time zones around the world to participate. This session is titled: Getting Started
With OpenSees and OpenSees on NEEShub and will occur on October 24'th at 4,00 PM and October
25'th at 10.00 &M Pacific Time.

SOURCE CODE

OpenSees Days 2012

The material for OpenSees Days 2012 workshop can be found here . Videos of the workshop are being
earcl

prepared and will be posted when finished.
To customize the
quicklinks, go to

A L OpenSees Challenge 2013

http://opensees.berkeley.edu/

gme” UoE OpenSees 4% Tools ~

dded by Andrew McFarlane, last edited by Liming Jiang on Oct 04, 2012 {view change)

Developers Group

OpenSees

The Open System for Earthgquake Engineering Simulation, featured as an object-oriented and open source framework
About
People %wag #ﬂ" W

Developers About OpenSees at UoE

Publications

The OpenSees developers group based in the School of Engineering, University of Edi first started in 2009. The aim of this work is
to add a "structures in fire" modelling capability in OpenSees.

Download

Users

A number of wiki pages are provided to help users to carry out thermomechanical analyses with OpenSees using simple examples.

Developers

A detailed description of all the new or modified classes developed for enabling thermomehcanical analyses in OpenSees

https://www.wiki.ed.ac.uk/display/opensees/UoE+OpenSees

63



Current activities and key aims

¢+ Adapting OpenSees for modelling structure in fire

. Middleware 1 Middleware 2
Fire models Heat transfer Structural

response

¢+ Performance based structural engineering

— Analysis and design of structures with explicit treatment of
uncertainty

— PEER framework
— Need for powerful and flexible simulation tools

¢ Hybrid testing with OpenSees as the main analysis tool
as in Nees

@ Future simulation tool for full fire and structural response

Compartment fire simulation to determine time dependent
CFD model i
= heat flux boundary conditions on compartment surfaces
FireFOAM : y
(including surfaces of structural members)

Mapping heat fluxes obtained from CFD onto the boundaries
of the 3D solid FEM heat transfer model of structural members
(or vice-versa, for modelling conjugate heat transfer indicated
by double arrow)

CFD-HT middleware

b Heat transfer analysis of structural members to determine
Heat Transfer detailed time dependent thermal history of the structural
model member (this could be uncoupled or coupled to CFD based
Open%ees on the desired level of rigour)

Mapping of temperatures from 3D solid FEM model to
structural models made up of a combination of 2D/3D beam-
HT-TM middleware column elements and plate and shell elements for thermo-

i mechanical analysis (structural damage from this could also
be used to modify parameters governing heat transfer)

Th:arr;no- Fully nonlinear thermo-mechanical analysis of the structural
Mechanical model | frame based on the thermal history determined from the
OpenSees previous steps of the analysis, and establishing the full

structural response to fire
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Thank you

Merry Christmas and a happy New Year
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