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Background and Introduction
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Source: SCI P355 (Lawson et al., 2011)
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Research Problem:

* Based on a real-life project from the industry.

* Large opening near midspan needed for

services.
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150 mm

C1 openings:

200mm Dia. C2 openings:

280mm Dia.

v

A

Beam Height

Beam Width

Flange thickness

Reinforcement Mesh

UB 406x178x67

Web thickness
C1 openings
C2 opening
Slab depth
Slab width

409.4 mm
178.8 mm
14.3 mm
8.8 mm

200 mm dia.
280 mm dia.
150 mm
4.5m



Study

* Develop a finite element model to accurately
O bjectives represent the thermomechanical response at

elevated temperatures

* |nvestigate critical parameters influencing

structural capacity under fire conditions

 Compare numerical predictions with current

design methods outlined in SCI 355 guidance
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Numerical Modelling

Sequentially Decoupled Thermal-Structural Analysis (Abaqus)

» Mechanical Response

Heat Transfer Analysis
Lot Analysis
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Numerical Modelling

Input Parameters: Model Outputs:
* Beam Geometry * Temperature distributions (beam and slab)
 Material Properties * Deflections
e Fire Scenarios » * Axial forces and moments
* Restraint Conditions * Stress distributions
* Loading * Failure modes and times
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Numerical Modelling
Heat Transfer Analysis: Model Development

Radiation + Convection
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Numerical Modelling
Heat Transfer Analysis: Temperature-dependent thermal properties
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Numerical Modelling
Heat Transfer Analysis: Fire Scenarios

* Standard ISO 834 temperature-time curve
1200

* Three parametric fire curves: 1100 |

1000 F /
e Curve 1: Equivalent to 60 minutes standard fire 900 |

Standard Temperature Time Curve

Parametric Curve-1 (STTC-60 min)
800 |/

» Curve 2: Equivalent to 90 minutes standard fire Parametric Curve-2 (STTC-90 min)

~
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Parametric Curve-3 (STTC-120 min)
e Curve 3: Equivalent to 120 minutes standard fire
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* Parametric curves include both heating and cooling

phases

* Applied to both protected and unprotected beam ° % >0 75 1$i(:ne(mir1§5 o An 2

configurations
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Numerical Modelling
Heat Transfer Analysis: Temperature Extraction Points

» Steel beam: Single point at mid-web height

e Concrete slab: 12 points evenly distributed /’
across thickness Slab Temperature
Points
e Captures thermal gradient through slab depth
* Data used as input for subsequent mechanical /1
analysis
Beam Temperature
Point
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Numerical Modelling
Heat Transfer Analysis: Results - Beam Temperature Development

Limit the steel temperature to 550°C at 90 minutes: 1;22 ]
* Curve 1 required 15 mm of protection. 900
* Curve 2 needed 23 mm of protection. g 32
 Curve 3 required 27.5 mm of protection. g §$
* standard curve's protection requirement 24.5 g 400

g

mm.

g8 8

o

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time (min)

Unprotected Beam Heated With Standard T.T.Curve Protected Beam Heated With Standard T.T.Curve

Protected Beam Heated With Parametric Curve-2

Protected Beam Heated With Parametric Curve-1

Protected Beam Heated With Parametric Curve-3
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Numerical Modelling
Heat Transfer Analysis: Results - Slab Temperature Development
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Numerical Modelling

Viechanical Analysis: Model Development N
* Symmetry conditions

_ _ along longitudinal
e Composite action: Full shear

edges

interaction assumed

e Whole sides
kinematically coupled
to the neutral

axis/supports
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Numerical Modelling
Viechanical Analysis: Material Properties and Non-linear Considerations

CONCRETE STEEL
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Numerical Modelling
\Viechanical Analysis: End Restraint Conditions

PaFtil|asia| Partial axial and rotational
resediraint restraint

Kr
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Numerical Modelling
Viechanical Analysis: Loading and Analysis Procedure

Static Loads
(¥ = 1, Yo = 0.5)

Beam: Uniform &_ﬂ%:ﬁ_;

| temperature field

Thermal loads

Slab: Non-linear

gradient

Abaqus 2024
Documentation,

temperature field

ney Ten =7 Figure 23.6.5-1
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Numerical Modelling
Viechanical Analysis: Model Validation

Solid Slab Model

Static Loads Deflection
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Results Overview

IMPERIAL

Axial Reaction Force (kN) Midspan Deflection (mm)
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Results Overview

Parametric Curve 1

Beam Temperature (°C)
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Parametric Curve 2

Beam Temperature (°C)
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Results Overview
General Behaviour: Unprotected beam - Standard temperature-time curve ~ 2\

* 1 min
* 3 min
* 8min
* 130 min

IMPERIAL

Axial Stresses (S11) - Tensile stresses in grey

s, 511

SNEG, (fraction = -1.0)

(Avg: 75%)
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Results Overview
General Behaviour: Protected beam - Parametric curve 1 =2\

S, s11
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Axial Stresses (S11) - Tensile stresses in grey
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Results Overview
Failure Modes and Local Effects:

e Standard Curve - Unprotected Beam: Failure at 3 minutes

(182°¢)

Vierendeel failure

e Standard Curve - Protected Beam: Parametric Curve 1-Failure at 11.5 minutes

Bending failure

Vierendeel failure
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Bending failure
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Results Overview

Parametric Curves: Cooling Phase

Beam Temperature (°C)
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Comparison with Analytical Methods

Standard Curve - Unprotected beam
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Current design guidelines do not fully account for:

* |nteractions between failure modes

* Complex stress distributions and concentrations around

openings

* Thermal gradient effects
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Conclusions and Implications

Web openings significantly impact fire performance, with the large central opening playing a critical
role in failure initiation.

Current simplified design methods may not adequately capture the complex behaviour of these
beams under fire conditions.

Restraint conditions crucially influence the beam's response to fire.

The cooling phase in fire scenarios introduces additional complexities often overlooked in current
design guidance.
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Future Work

Experimental validation of these numerical findings to confirm the observed behaviours.

Investigation of different opening configurations and sizes to optimise cellular beam design for fire
performance.

Development of more refined analytical methods that can capture the complex behaviours observed
in the numerical study.

Investigation of more realistic material models that account for irreversible changes and residual
effects after exposure to high temperatures

IMPERIAL
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