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Software ‘ . )
Choice of structural
DZ A software package has been § Sl )
developed (based in Matlab) for the - v N
analysis of structures subjected to fire Choice of analysis type
Dz An outline of the program structure is s ) g
shown on the right r )
DZ The purpose of creating the program is | Fire modelling )
to: \)
I Simplify the application of engineering ( St irsrater ekl )
principles to structural fire design L )
I Promote the wider adoption of p v .
performance based structural Structural modelling
engineering for fire resistance L )
I Incorporate analysis methods that ) ¢ .
reduce the cor_nputannaI load and Output of results
therefore the time taken to run an L )

analysis
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Analysis method

Dz The software package allows for a range of analysis options:
I Deterministic analysis
I Probabilistic analysis
A Monte Carlo simulation (MC)

A First Order Reliability method (FORM)
A PEER method

Dz The deterministic analysis returns outputs in the form of
stresses/strains/displacements depending on the type of structural
element under consideration

Dz The MC and FORM options can be used to calculate the probability of
failure of a structural element

Dz The PEER method is a more detailed analysis method that calculates
the likely spread of costs associated with a design, due to a specific
hazard.

Dz These costs may be in terms of repair costs or repair time.
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Fire and Heat Transfer Models

Dz The software has a number of fire models:
I The standard temperature-time curve from the Eurocodes
I The hydrocarbon temperature-time curve from the Eurocodes
I The JCSS model code temperature-time curve
I The parametric temperature-time curve from the Eurocodes

Dz The parametric curve is recommended for probabilistic analysis
as it is able to account for variations in the input conditions

Dz The software has various heat transfer models:

I A lumped capacitance model (for thermally thin members such as
steel beams)

I A 1D finite difference model (for thermally thick members such as
concrete slabs)

I A 2D finite element model (based in Abaqus) for analysing the
cross-section of a typical concrete-steel composite beam
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Structural Analysis Models

Dz Composite beam:

i Analysis models have been developed for composite beams in both Abaqus
and OpenSees.

I Material definitions have been taken from the Eurocodes.
I Uniformly distributed loads are applied to the concrete slab.

I The Abaqus model employs shell elements to model the concrete slab and
beam elements to model the steel beam. Rigid links are used between the
shell elements and the beam elements to represent the shear studs.

I The OpenSees model uses 2 fibre-based sections connected by rigid links to
model the composite beam.

T

Typical 2D heat transfer through the cross Thermomechanical analysis of a composite
section of a composite beam in Abaqus beam under both udl and fire loading



Theoretical Model

Linear elasticity

v" Equilibrium equation
Si;tF %

v’ Stress strain relations
Si =Cu £
v" Strain displacement relations
1
& :E(un * )

v" Strain compatibility equations
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To obtain the effect of fire /
high temperature the
elasticity terms (C;) that are
dependent on the maturity of
concrete which is in turn
dependent on the state of the
hydration process completed
and the dehydration that is
driven by various processes
and environmental
parameters needs to be
modeled.
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Theoretical Model

v

v

v

Chemical reactions & Phase Changes

Dehydration:

Hydration:

Evaporation:

Condensation:

Desorption:

Adsorption:

solid matrix + energy = water vapour

chemically bound water = solid matrix + energy

capillary water + energy — water vapour

water vapour = capillary water + energy

phys. adsorbed water + energy = water vapour

water vapour = phys. adsorbed water + energy
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Performance based engineering
A Client driven Final outcome
A Not prescriptive A 5
A Limits economic losses (in addition to saving lives) Vgrage Nl ot
A Single structure of times the losses
A System failure exceed specified
A Uncertainties modeled explicitly levels in an year
A Greater transparency in treatment of level of safety

Earthquake

T Response analys .
Seismic hazar( pon: y v Loss analysis
. G(edp| im) Damage analysis
analysis/ (im) |- _ = |G(dv| dm
edp: engineering|” |©(dm| edp . _
demand parametg dm: damage measy |dv: decision variabl

im: intensity

measure

Notations
1/ (im) “Average number of events witM im  per

[1G(x1y) (X HY ¥ 1=P(-%Y )y =




UKIERI

LUK-India Education

and Research Initiative

/(OV>) 5§ FG( A an)dG(dm cdpdG(ip m) U] i

Client speC|f|cat|on im dm edp Loss anaIyS|s

Fraglty analysis Response analysi y

/1

Repair

Retrofit

Injuries

Loss of life
Delayed damages

/1

Stress analysis
Dynamics
Fracture
Fatigue
Stability
Corrosi

Plate tectonics
State of stress
Faulting

Wave propagation
Site amplification
Liquefaction

D N [{Instrumental data]

/7

Finite element method
Nonlinear behavior Monte Carlo Simulations
Imperfection sensitivity / Stochastic differential equations
Geometric complexity Laboratory and field testing
Scales
Controls: passive/active
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PBSE framework

The five stages of analysis
/ (im): Hazard analysis
edp| in'): Response analysis
dm| edp: Fragility/Damage analysis

G(
G(
G(dv| dn: Loss analysis
/

DV > dv): Evaluation of a multi-fold integr

Is this amenable for
probabilistic treatment?

Too o Joo Joo T I T I

Hazards

Earthquake
Wind
Venhicles
Blast
Impact
Fire |
Waves

Multiple hazardg
rorism
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Fire mode

http://911research.com/mirrors/guardian2/fire/cardington.htm

b,aA

g(t)= g +apg,(1 #)a0 t<t.g
Heat transfel A /f (1_ X)
0
Uncertainties
fthe fire characterstics
fimaterial properties at high temperaf

analysis

Hazard- EDP- Fragility - Loss - Decision variable
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ignition

|

aq
ignition » flame » cooling
phase phase phase

Figure 2.1: Schematic presentation of a temperature-time curve

* Curve (a) represents the temperature-time curve when a sprinkler system or a tumely fire brigade
action 1s successful.

* Curve (b) presents the temperature-time relation for a fully developed fire.

* Curve (c) indicates the linited influence of a fire brigade arnving after flashover has taken place.

* Curve (d) indicates the ISO-standard temperature curve (see section 2.20.4.2).

Joint committee on structural safety, 2008
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/ (DV > dv) =ﬁ oﬁ Ry (dv dnp gg, ( dr edp cp ( edp)d/di(rinm)

IM: Highest temperature in the compartment

EDP

A Temperature distribution

A Mechanical strains

A Deflection for transversely loaded members
A Forces at the beam-column joints

DM
A Exceedence of code specified deflection limit
A Strain in the reinforcement steel exceeds its ultimate limit

DV. Repair cost and downtime due to repair works
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PBSE format

o o o

/(DV>dv) § B Rv(dv dm gp,( dnh edp p( edp)id/

000 dim ‘

Hazard analysis
/(IM >im) = n P[IM im|Flash over occuf®| Flash over occurstignioccurs

Ignition rate
i ahogp O 4
P[IM >im| FO occur 3 fil g 4 Iog,ael + O im>(p p(q) p ) o, ded
i & AVHL-x) 9 f/( o |

Stochastic heat transfer and stress angses
Monte Carlo

pEDP(edpl iIT) = ﬁ ﬁ @DFﬁ edp”x i')'] >p( ~)X d engines
Peor (€dp| X in)
X : vector of random variables (thermo-rhanical parameters)
fHeat transfer analysis

Stress analysis
1 Geometric and material nonlinearities ngedoe accounted fq
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Fire following earthquakes
|, = Ignition due to earthquake

= Ignition due to other causes
P(IM >im) =P(IM n|L)P(1) PEIM imbl,) P(1,)
/(IM >im) P(IM im|l,) {1,) P{IM im$l,) (A,
/(IM >im) (1M im]|l) A1) P{IM im#l,) (4,)
Assumption: Every earthquake of struelimportance, can result in an igniti
Y Ignition hazard due to earthquake=Igmitihnazard due to earthquake
Y /(1,)= AIME 3me) Seisnic hazard curve
/(IM >im) P(IM im]|l) {IME imme

P(IM >im|1,) =P[IM im|Flash over occur$]P[ Flash over ocdy}s|

P[IM >im|FO occurs|,| 3 ﬁFq g Iogael R a QoA g
i 2" A1 x) 0

w( p(d) o ) ot ded

< %—D
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Earthquake grount

acceleration mode Damaged

structure

Dynamic
analysis

Fire mode

Computations
A Finite element method
A Monte Carlo Simulations

« Heat transfel

analysis
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Load Vs mid—span deflection for shear repaired (SF2,SF3,SF4,SF5) i i
and control(SF1) beams Direct Tension Test
450
a—"'*lg-{
400 6
350 ,_5 ]
«
Z 300f ;4 1
8 @9
— 200 =
_g o
— 150 —%— SF1 Control beam |4 11
) us Vs —e— SF2 SCC Grade(73) 0 . . . T ,
| ! — 1 —a— SF3 SCC Grade(53)| |
i N g " \ soh¥ S SESCERP 0 2 4 6 8 10 12
-\ e ‘ SENY . 4 '3 —+— SF5 GFRP Displacement{mm)
. 3 e 0 10 20 30 40 50 60 70 80
Repall‘ uSlng Self-compactlng Mid—-span deflection in mm

Concrete with fiber cocktails

Cement based repair material- Qualifying Mix Preparation, Application
Process, Mechanical Property Determination and Beam Testing
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Repaired portion 425 mm
Double layer of FRP Fabric

rd

| . 1250 mm | |
. 2650 mm_ 1\
175 mm 175 mm
Four layers of FRP Fabric Cross-section
Repaired portion 425 min
Double layer of FRP Fabric |
] 00 mm
Lt | 05 230 mm
| 2650 mm o e .
175 mm 175 mm 200 b
Two layers of FRP Fabric :
Cross-saction

Above: GFRP/CFRP based repair in
flexure and shear.

Right: SCC-with Fibers based repair in
flexure and shear, connection detalil.

Application of FRP based Repair Materials
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Load Vs steel strain curves for flexural repaired (FF2,FF3,FF4,FF5)

Load Vs mid-span defletion for flexural repaired (FF2,FF3,FF4,FF5) and conrol(FF1) beams at the mid-span

and control (FF1) beams 450

450 T T T T T o _é T T N — _&H’ié— -
N - e
400t "’&gi”:w_“ ol - R " )
P e T
B et j(-***** it £

350 ) T ‘_L.; E'a i 350 B i

300 - - §
S X |3
£ 250 . 'g 2501 8
o
g 200 3 200
g g

o I
F 150 1 F 150 4; 1
—%— FF1 contral beam i ¥— FF1 Control beam
100 —se— FF2 SCC Grade(73)| 100 : —e— FF2 5CC Grade(73)| |
—=— FF3 SCC Grade(53) "' —o— FF3 SCC Grade(53)
50 —&— FF4 GFRP 1 —+—FF4 CFRP
—+— FF5 GFRP g —+— FF5 GFRP
G_ | | | | | I I I
0 10 20 30 40 10] 60 70 B0 90 0 : . : . n
Mid—span deflection in mm 0 0.005 0.01 0.015 0.02 0.025 0.03

Strain in steel

Load Deformation Response and Load steel strain for

flexure control and repaired beams- Post repair Failure
remains Ductile
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Load Vs steel strain curves for shear repaired (SF2,SF3,5F4,SF5)

Load Vs mid-span deflection for shear repaired (SF2,5F3,5F4,5F5) and control(SF1) beams at the mid-span
and control(SF1) beams 450 . . . =
450 e
| | | - —Ia E-""EI__E AM#‘-@__G
ool 4001 e .
4001 __ ey b . _D____-El—-a'
T et R e ——
BT 350
350+ F _
' 300
- 300 1 Z
= c
'TE; 250 | 20
8 g
4 = 200
= 200 5 )
0 o
F 150 %— SF1 Control beam |{ T 15014 —%— SF1 Control beam
—e— SF2 SCC Grade(73) —e— SF2 SCC Grade(73)
100 —=— SF3 SCC Grade(s3)|| 10078 = SF3SCC Grade(53)||
17 —— SF4 CFRP —&— SF4 CFRP
50 /s 504
—+— SF5 GFRP —+— 5F5 GFRP
04 ! ! ! I ! ! 1 | | |
0 0 2 30 40 50 60 70 & @ 0.005 0.01 0.015 0.02 0.025

Mid-span deflection in mm Strain in steel

Load Deformation Response and Load steel strain: Shear

control, repaired beams Designed Brittle failure Post repair
faillure is Ductile



Beam column joint specimen subjected to cyclic loading-
after introduction of repair scheme (right side). Left side:
Details of repair- additional joint reinforcement and shear
keys to hold repair material (SCC with fiber)



