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Do we have the data we need? 
What ARE the data we need? 

Maintain stability & prevent the spread of  fire 
for a reasonable period… 



Fire ‘Resistance’ Testing 

Stewart & Woolson (1902)  Bisby (2003)  
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no different from that at the quarterspan sections, as the 
temperatures of the bottom reinforcement were nearly 
similar at all points.

Beams B-DH-C/F, B-CF-C/F1, and B-CF-C/F2
These beams were strengthened with either DHF fabric 

or CF fabric, and were insulated against fire using a 2 in. 
(51 mm) thick layer of the cementitious insulation. For 
Beams B-DH-C/F and B-CF-C/F1, the load level was main-
tained at 14,000 lb (62.3 kN), which represented 55 and 65% 
of the ambient ultimate carrying capacities of these beams, 
respectively. The load level for B-CF-C/F2 was maintained 
at 8000 lb (35.9 kN), which represented 35% of the ambient 
ultimate load-carrying capacity of this beam.

As shown in Fig. 5, three stages were observed in the 
time-temperature curve of Beam B-DH-C/F. First, the 
temperature of the DHF gradually increased from 68 to 
212°F (20 to 100°C) in nearly 62 minutes. Second, the 
temperature of the DHF fabric was maintained at 212°F 
(100°C) for additional 83 minutes. Third, the temperature 
increased rapidly to reach 252°F (122°C) in 12 minutes. 
Finally, at 252°F (122°C), after 157 minutes from the start 
of the test, the epoxy matrix lost its bond strength, and the 
entire strengthening system delaminated and separated from 
the beam along with the fire insulation layer. Once exposed 
to direct heat, the epoxy matrix ignited, and flames were 
seen inside the fire chamber. When the strengthening system 
collapsed, the unstrengthened beam deflected rapidly under 
the load until the loading actuator triggered the minimum 
permissible position and stopped automatically. The 
temperature profile of the DHF at the quarterspan sections 
was similar to that at the midspan section, with a maximum 
temperature at failure of approximately 254°F (123°C). The 
heating phase of the fire test was terminated, and the fire 
chamber was allowed to cool down over time. After approx-
imately 15 minutes, however, the reinforcement of the beam 
melted and caused the beam to break into two halves under 
its self-weight, as shown in Fig. 6. It appears that the wide 
flexural cracks that developed in the beam specimen after 
the collapse of the DHF strengthening system allowed the 
heat to penetrate into the bottom reinforcement. The heat 

caused a rapid increase in the temperature of the reinforce-
ment, and consequently, a rapid loss in its tensile strength.

While loading Beam B-CF-C/F1, the beam specimen was 
inspected for potential cracks in the fire insulation layer. 
Vertical hair cracks were noted near the midspan section in 
addition to a transverse crack under the central load. The 
transverse crack separated the insulation on one side of the 
beam from the insulation on the top of the beam. These cracks 
propagated during the fire test, and the temperature of the 
carbon fiber fabric increased gradually up to 212°F (100°C) 
in approximately 60 minutes. Unlike Beam B-DH-C/F, 
the temperature stabilized at 212°F (100°C) for only few 
minutes, followed by rapid increase in the temperature to 
257°F (125°C). The temperature at the concrete top surface 
reached 211°F (99°C) on one side, and 770°F (410°C) on the 
side facing the transverse crack. After 70 minutes from the 
start of the fire test, the strengthening system along with the 
fire insulation layer delaminated from the concrete beam and 
collapsed. The epoxy in the carbon fiber fabric was burnt 
off, leaving only loose filaments of the fiber. In addition, the 
unstrengthened beam experienced several flexural cracks. 
The reinforcement, however, held the beam intact.

Due to the premature failure of Beam B-CF-C/F1, the test 
was repeated using Beam B-CF-C/F2, which was a replica 
of Beam B-CF-C/F1. Certain measures, however, were 
taken to ensure the proper mounting for the fire insulation 
layer. Because insulation cracking was the main cause for 

Fig. 5—Time-temperature curves for Beam B-DH-C/F 
during fire/loading event.

Fig. 6—Failure of Beam B-DH-C/F after fire/loading event.
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1974-2014 
Mapping change in structural fire resistance testing (& analysis) 

through key events & the work of  (some of) Edinburgh’s graduates 



Centre Georges Pompidou (Law 1977) 

Explicit recognition that the ‘standard’ fire may not be applicable 



The Renaissance – NIST (1982) 

Explicit recognition of  the significance of full-structure response to fire – 
Need for experimental data for finite element model validation 



Broadgate Phase 8 (1990) 

Demonstrated ability of  unprotected steelwork to 
resist a severe fire in a real building 



Lane (1997) 
The Response of  Steel Frame 
Structures under Fire 
Conditions 

Lane  
(1997) 

The 1st structural fire engineering 
experiments at Edinburgh 

NOTE: Pre-Cardington! 



Cardington Fire Tests (1995/96) 

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



Gillie (’00), Lamont (’01), Cameron (’03)  
‘To understand and exploit the results of the fire tests at Cardington so 

that rational design guidance can be developed for the fire limit state’ 

 

 

 

 

 

‘Behaviour is radically different from the present design philosophy, a new 
philosophy is required based on new definitions of the fire limit state’ 
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Lamont (2001) 



WTC 1, 2 & 7 (2001) 

Total collapse of  three steel buildings due to fire 

‘The Terrorists did it’ 



Flint (’05), Jowsey* (’06), Roben (’10) 

Flint (2005) 



The Result 
Where are we? 

Heron Tower  
(2011) 

Plantation Place  
(2004) 



So it’s all good news? 
Where now? 



Torre Windsor (2006) 



Cardington Concrete Frame (2001) 
Bailey (2002) 

The slab remained stable and supported the load 
‘by compressive membrane action at small slab 
vertical displacement’ 



Fletcher (’09), Law (’10), Deeny (’11) 

5 – Whole Structure 
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Figure 5-2. Degredation of strength and stiffness as temperature increases [55]. 

 

The base of each column was assumed to be fixed in translation and rotation, 

and the top of each of the columns was fixed in all directions other than the 

vertical. As the higher storeys of the structure were not modelled, the 

equivalent loads that would have been transferred into the column heads 

were calculated using a full-frame elastic model and applied to the remaining 

structure during the loading phase of the analysis. The central core of the 

building was not modelled discretely but was assumed to provide rigid 

support to the adjoining structure. 

 

 

a) b) 

Figure 5-3. The complete finite-element model: a) whole assembly deflection under 

ambient loading; b) principle stress detail of the slab/column interface. 

Law (2010) 

http://www.erp.ac.uk

Tel:  +44 (0) 131 650 7860
Fax: +44 (0) 131 650 6554
Web: www.see.ed.ac.uk/fire
email: susan.deeny@ed.ac.uk

Concrete is inherently a highly insulating material. This characteristic has 
afforded concrete a good reputation for fire performance. Spalling has 
the potential to undermine this performance by exposing reinforcing steel 
to high and rapidly rising gas temperatures.

Explosive Spalling…
…is the most violent form of spalling, it typically occurs in the early 
stages of a fire and involves the ejection of pieces of concrete from the 
heated surface at high velocities. Parameters believed to influence the 
occurrence of spalling can be categorised as follows (Khoury 2000):
Material parameters moisture content, concrete permeability, 

porosity and the presence of cracks, 
aggregate type, aggregate size and the 
amount of reinforcement

Geometric factors section shape and size
Environmental factors heating rate and profile, temperature 

level and thermal restraint

EXPLOSIVE SPALLING OF CONCRETE AND STRUCTURAL PERFORMANCE IN FIRE
S. Deeny1,T. Stratford1, R. Dhakal2, P. Moss2, A. Buchanan2

1 The University of Edinburgh, 2 The University of Canterbury

The beam analysed has a 2 hour fire rating according to the 
requirements of EC2. The analysis was repeated using an equivalent 
quantity of steel but distributed in two layers thus increasing the 
insulation to 50% of the steel. This simple change significantly increases 
the performance of the beam.

Spalling Criteria
Will it or won’t it?
It is not the intention of this study to model explicitly the hygro-thermal-
mechanical processes which determine the concrete stress state. 

“The fundamental assumption in this analysis is that spalling 
will occur”

Thus it is assumed that the material and geometric conditions which are 
conducive to spalling are present.
When will it occur?
It is necessary to define when spalling will reasonably occur during fire 
exposure. Environmental factors such as heating rate and temperature 
level are useful indicators in a thermal analysis of when spalling will 
occur. Several researchers have identified critical temperature ranges for 
the exposed surface at the onset of spalling. Aktaruzzaman and Sullivan 
(1970) have cited exposed surface temperatures in the range of 375-
425oC for normal weight concretes.

Structural implications

Buro Happold
F E D R A

BRE Centre for Fire Safety Engineering
The University of Edinburgh
Edinburgh
EH9 3JL

Case Studies
Single span simply supported RC beam under ISO fire

Failure times are calculated based on the load ratio compared to the 
steel residual strength.
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Two span simply supported RC beam
Continuous beams generally exhibit improved fire performance due to 
their ability to maintain stability through alternate load paths (moment 
redistribution). The fire affected moment capacity is calculated using the 
simplified method from EC2 (1996) which assumes that concrete above 
500oC is structurally insignificant and below 500oC the concrete is 
unaffected.

A 2-D heat transfer study of the 
member cross section is performed 
using ABAQUS finite element 
software (ABAQUS 2006). The onset 
of spalling is triggered when the 
exposed surface temperature reaches 
400oC. Spalling is modelled by 
removing all the elements making up 
the bottom concrete cover. The 
analysis is continued and the 
temperature distribution for the 
reduced cross section is calculated.

Spalling Implementation

Table 1 Failure time of a single span RC beam

Figure 3 (a) ABAQUS predicted steel temperatures, (b) Steel residual strength

Figure 2 Temperature profile (oC) through cross section at (a) 510 s  (b) 511 s and (c) 
3600 s
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Figure 4 (a) Ambient BMD (b) BMD at failure

Condition

18899.2No SpallingSpalling
15823.5SpallingSpalling
224177No spallingNo spalling

Double Steel Layer
(min)

Single Steel Layer
(min)Span2Span 1

Table 2 Failure time of two span RC beams
Figure 4 shows the bending moment distribution for the case of 
unsymmetrical spalling. Yielding at the mid span and near the support 
creates a failure mechanism in the spalling affected span.

Conclusions
The performance of RC beams as expected is severely undermined by 
the occurrence of spalling in both single and two span beams. In the 
occurrence of severe spalling (i.e. affecting one or two spans) continuity 
does not afford a significantly greater performance. Careful redistribution 
of reinforcing bars in the design process may mitigate against the effects 
of spalling on structural stability.  Further work in this study will include 
consideration of support conditions and more sophisticated material 
models

Spalling is however a terrifically complex phenomenon, prediction 
requires fully coupled hygro-thermal-mechanical (HTM) analysis. The 
efficiency and accuracy of such models is not yet sufficient to formulate 
design guidelines. Thus there is little guidance on spalling in the new 
EC2 or requirements to consider it when designing concrete structures 
for fire.

Project Sponsors:

Deeny (2011) 

Full-frame response and behaviour 
under travelling fires 

Impacts of  cover spalling on response of  
concrete buildings in fire 



Gretzenbach (2004)  

Rotterdam (2007)  

Tunnel Fires (’94-’08)  



Anderson (2012)        Knox (2012) 

A notable absence of high quality test data for the purposes 
of  careful and detailed model validation 

 

Concrete in compression                                                                                                                    81 
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Figure 3-28: Vertical load-vertical displacement for a cylinder under uniaxial compression 

when an overlay layer of elements is included, and a weak element 46 (left hand side row 

4 from the base) 
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HOW DO CONNECTIONS AFFECT 
GLOBAL RESPONSE?

K. Anderson & M. Gillie
BRE Centre for Fire Safety Engineering, The University of Edinburgh

Introduction
The subject of connection behaviour in fire has recently been at
the forefront of many researchers’ activities focussing on:

Isolated joint testing
Mainly unprotected connections

Few tests with adjacent concrete slab

Developing the spring stiffness method

Finite element modelling

Thermal and mechanical loading

Aiming to characterise connection response 

So what’s the problem?
Whilst the above are invaluable for structural understanding and
design development, it is important to also consider how 
connections interact with the surrounding structure especially as 
design moves towards performance based. 

Some key areas to consider are:

Joint rotational capacity

Development of column moments due to structural 
deformation

Degree of composite connection

How do we tackle it?
A model was created in Abaqus as shown below. 

x
z

y

The dark grey area was heated 
with these temperature time 
curves, gas temperatures were 
based on a parametric fire. 
The rest of the structure 
remained at 20°C temperature. 
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Key assumptions and modelling criteria:

Columns fixed at base

Vertical displacement allowed 
at top of columns

Uniform temperatures in steel

Secondary beams 
unprotected

Primary beams and columns 
protected

2.5kN/m2 uniform slab load

Rotational stiffness
At each beam-to-beam and beam-to-column location, a connector 
element was included. It could be fully fixed, with no rotation 
allowed or fully pinned where the connection is free to rotate. Where 
partial fixity was required, the rotational stiffness was based on a 
percentage of the column stiffness e.g. for a 25% fixity, rotational 
stiffness was defined at 25% of the column stiffness varying with 
temperature. 
For comparison the following are 
compared for fully fixed and pinned 
models:

Connection axial force at 
location A 

Beam mid-span deflection 
at location D

Figure 1

Figure 2
Figure 2

Key: Fixed
Pinned

Results
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Results

Column bending moments
In ambient design, it is assumed that internal columns will not be 
subject to large bending moments and are therefore designed on 
this basis. Bending moments in column E, fig. 2, are shown 
below at various temperatures throughout the heating stage of 
the analysis. 

Current work
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Pinned connections Fully fixed connections

Key: Ambient 600°C
800°C

200°C
400 °C

During fire, connection rotational stiffness has been shown to have 
negligible effect on the deflected shape of the structure and the axial 
forces at the connections

Upon heating, column bending moments become significant

Conclusions

Work is ongoing to add shear studs 
with realistic behaviour into the model 
including elastic-plastic material 
properties and force based failure 
criteria. 
Individual shear studs are being 
modelled between the concrete slab 
and steel beam.

The financial support of Arup Fire and the EPSRC that allowed this work to be undertaken is gratefully acknowledged. 

Knox (2012) 

Anderson (2012) 



The Future? 



Structural Fire Testing – Drivers? 

1.   Economic – Client saves money (e.g. on fire protection) 

2.   Architecture – Enable interesting/unusual buildings (e.g. 
Pompidou, Heron Tower) 

3.   Innovation – Ensure/demonstrate that new or evolving methods, 
materials, or designs are safe (e.g. CLT) 

4.   Sustainability? – Structural optimization removes inherent 
redundancies (e.g. post-tensioned flat slabs) 

5.   Property Protection? – Reducing the direct/indirect costs of  fire 
(who cares about the true cost of  fire?) 

6.   Safety? – Interrogate the building 



Opportunity 1 – Real Fires 
Buildings – Tunnels – Offshore & Petrochemical 

Preventing the tail from wagging the dog 



Opportunity 2 – Real Material Response 
Maluk (2014) – H-TRIS 

A thermal/mechanical test method applicable to ‘any’ fire scenario 



Fire-Induced Concrete Spalling 

Maluk (2014) 



Performance of  Fire Protection Coatings 

Rush (2013) 



Opportunity 3 – Structure-Fire Model Validation 

Extremely careful control and measurement of  thermal and structural 
boundary conditions in single element tests (validation data) 

Fox (2013), Gales (2013) 



Gritzo (2014) 

Small and 
Medium Scale 

Testing 

Model 
Development 

Protection 
Concept  

Large Scale 
Validation 



Photo courtesy Jiann Yang @ NIST 

NIST’s National Fire Research Laboratory 
Structure-Fire Model Validation 



Opportunity 4 – Probabilistic Analysis 

Lange (2009), Rush (2013) 

Intensity Measure  
Response 

Damage 

Cost £$€ 



The Challenge 

Develop the knowledge, tools, skills, 
and attitudes to design and deliver a 
more beautiful, functional, economical, 
resilient, and sustainable built 
environment…  
 

… whilst meeting society’s expected 
level of safety and without squandering 
scarce resources 

30 Story Timber? 

Michael Green Associates 



 What data do we need? 
And why? 


