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Garley Building Fire in Hong Kong
 

On 20 Nov. 1996: Casualties: 40 killed, over 80 injured
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Building Fires in Hong Kong
 

•	 Every year: about 3500 building fire cases (9 cases were ranked 

no. 3 Alarm and above). The associated injuries and fatalities are 

in order of 300 and 10 respectively. 

•	 Buildings must be designed for Fire Safety. 
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Fire Safety Design in Buildings
 

Objectives: 

Life Safety, Property Protection 

To achieve these objectives: 

Complying the Requirements for: 

Means of Escape – Life safety 

Fire Resisting Construction – inhibit spread of fire/smoke, maintain building stability
 

Means of Access – Fire fighting
 

Fire Safety Management – active fire safety provisions
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Fire Safety Design in Buildings
 

Elaborated in: 

1.	 Code of Practice for Fire Safety in Buildings 2011
 

(Means of Escape, Fire Resisting Construction, Means of Access,
 

fire Properties of Building Elements and Components,
 

Fire Safety Management, Guidelines on Fire Engineering)
 

2.	 Code of Practice: Standard Use of Concrete 2013
 

3.	 Code of Practice for the Structural Use of Steel 2011
 

4.	 Codes of Practice for Minimum Fire Service Installations and Equipment and
 

Inspection, Testing and Maintenance of Installations and Equipment 2012
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Fire Resisting Construction
 

• Deemed­to­Comply Provisions 

• Performance­based Approach using Fire Engineering 
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Deemed-to-Comply Provisions
 

•	 Fire Compartmentation – enclosed by fire barriers to 
inhibit spread of fire. 

•	 Fire Resistance Rating (FRR)­ Every structural element 
and fire barrier within compartment should have 
assigned FRR under standard fire exposure/test. 

Criteria of FRR:	 X/Y/Z 

X­ stability (minutes) 

Y – Integrity (minutes) 

Z – Insulation (minutes) 
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Strength Reduction of Concrete under Fire
 

Extracted from BD Code of Practice: Standard Use of Concrete 2013
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Strength Reduction of Steel under Fire
 

Extracted from BD Code of Practice: Standard Use of Concrete 2013
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Fire Resistance Design of Reinforced Concrete
 

•	 Load effects under fire are about 70% of those under the 

normal situations. The integrity of the structural system can be 

maintained if the reduction of the corresponding load carrying 

capacity is about 30%. 

•	 This can be achieved for R.C. structures if the concrete cover 

(acts as an insulating layer) is thick enough so that the 

temperature of the embedded steel rebars does not exceed 

5000C (noting that the average strength reduction of steel and 

concrete is about 30% at 5000C). 
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Fire Resistant Design of Reinforced Concrete
 

•	 Under a fire attack, the main role of concrete cover of a reinforced 
concrete member is an insulator to prevent excessive temperature rise 
in embedded steel rebars (to minimize steel strength reduction). 

•	 The thickness of concrete cover increases with fire resistance rating. 

•	 The abovementioned design/protection method is valid if the concrete 
cover remains attaching to the concrete member concerned during fire. 
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Overseas Fire Tests 

Loaded high strength concrete column (86%RH, 900 ttttiiiieeee @@@@ hhhh): spalling 

starts at 10-20 minutes, significant spalling at 1 hr. (by V. Kodur and R. 

McGrath, 2003) 
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Local Tests (in PolyU)
 

Normal strength concrete (NSC) fully 

saturated, after exposure to 500℃℃℃℃, under 

5℃℃℃℃/min 
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Local Tests (in PolyU)
 

High strength concrete (HSC) with 

granite aggregates fully saturated with 

water, Heating rate = 2℃℃℃℃/minute, 

spalled at about 450℃℃℃℃ 
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Explosive Concrete Spalling
 

Explosive concrete spalling requires co-existence of
 

1. Dense microstructure of concrete 

2. Considerable amount of free water in concrete 

3. Elevated air temperature (300 to 500℃) 

Explosive concrete spalling seldom occurs twice in 

the same location. 

DDeepptt.. ooff CCiivviill && EEnnvviirroonnmmeennttaall EEnnggiinneeeerriinngg,, TThhee HHoonngg KKoonngg PPoollyytteecchhnniicc UUnniivveerrssiittyy
 



                    

       

    

           
      

          
   

            
             
              

    

            
         

Possible Solutions to Minimize Concrete Cover Spalling 

Suggested by BSEN 1992-1-2: 2004 

•	 1: The provision of protective layers for which it is demonstrated that 
no spalling of concrete occurs under fire exposure. 

•	 2: The inclusion of more than 2 kg/m3 of monofilament propylene 
fibres in the concrete mix. 

•	 3: The provision of a reinforcement mesh with a nominal cover of 15 
mm, in which the mesh should have wires with a diameter ≥ 2 mm 
with a pitch ≤ 50 x 50 mm, and the nominal cover to the main 
reinforcement should be ≥ 40 mm. 

•	 4: The provision of a type of concrete for which it has been 
demonstrated that no spalling of concrete occurs under fire exposure. 
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So Uk Fire Test in 2010: Objectives
 

To conduct a compartment real fire test to verify/study
 

Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 

1.1. Effects of water quenching on new reinforced concrete (normal anEffects of water quenching on new reinforced concrete (normal andd 

high strengths) columns under firehigh strengths) columns under fire 

2.2. Effects of fire and thereafter water quenching on old normalEffects of fire and thereafter water quenching on old normal 

strength concrete (Pump House concrete of 40 years old)strength concrete (Pump House concrete of 40 years old) 

3.3. Effects of spalling of various grades of concrete, with/withoutEffects of spalling of various grades of concrete, with/without 

propylene fibres and wire mesh, under firepropylene fibres and wire mesh, under fire 

4.4. Effects of passive protective coatings on enhancing fire resistaEffects of passive protective coatings on enhancing fire resistance ofnce of 

concrete structuresconcrete structures 
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Fire Test Site 
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Test columns and Study Parameters
 

•	 32 nos. of 300mm x300mm x 1300mm and 8 nos. of 300mm x 300mm x 
650mm reinforced/concrete columns (pre-conditioned to fully moisture-
saturated status) to be fire-tested. 

•	 Old concrete of Pump House wall, roof slab, and columns to be fire-tested. 

•	 Study Parameters: 

Grades 40, 60, 90 concretes 

Grade 90 concretes with pp fibres, and/or with wire mesh, or with
 
protective coating
 

Old concrete (about 40 years old normal strength concrete)
 

With and without water quenching
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Estimated Temperature-Time Curve
 

• 3 m3 of ethanol will be used to produce a real fire for about 3 hours
 

Time- temperature curve 
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Instrumentation
 

•	 200 thermocouples (112 for column temperature distribution, 46 for 

room temperature distribution, 8 for insulated door temperatures, and 

34 for air temperatures at intake opening) 

•	 12 heat flux sensors 

•	 4 pressure sensors 
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Air temperatures near Central Brickwall at 1.6m above 



                    

  

       
    

           

             
          

           
  

Air Temperature Profile
 

•	 Temperature increases with height from floor, maximum difference was 
about 350C at maximum temperature. 

•	 Max. temperature of 910C was developed at about 1.5 hours after fire 
started. 

•	 At 2.5 hours, the peak temperature was down to 500C, and water spray at 
700 litres/minutes at 7 bars for 10 minutes was applied to 20 heated 
columns on one sub-chamber. In the other sub-chamber, another 20 heated 
columns were air-cooled only. 
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Pump House (before modification for fire test) 
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Pump House (modification for fire test) 
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Test Column Handling 
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Erection of Test Columns 
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Pump House with test columns (taken on 13 Aug.2010) 
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Tanking Fuel Trench 
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Some Research Team Members 
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Fire Test on 20-8-2010 : Fuel Loading 
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Fire Fighters Standby during Fuel Loading 
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Pump House on Controlled Fire 
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Pump House on Controlled Fire 
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Fire Fighting to end Fire Test 



                    Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 



                    Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 



                    

  

Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 

• fcu = 73.3MPa 
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Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 

• fcu = 79.5MPa 



                    

  

Dept. of Civil & Environmental Engineering, The Hong Kong PolyteDept. of Civil & Environmental Engineering, The Hong Kong Polytechnic Universitychnic University 

• fcu = 107.3MPa 
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Grading of Concrete Cover Spalling 

•	 Class 1 was the spalling less than 40 mm deep (longitudinal rebars 

unexposed). 

•	 Class 2 was the spalling less than 60 mm deep (longitudinal rebars 

exposed). 

•	 Class 3 was spalling greater than 60 mm deep (spalling penetrated behind 

longitudinal rebars). 
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Key Findings of Concrete Cover Spalling
 

•	 (i) Without adopting one of the above-mentioned EN methods to suppress 
concrete spalling under fire, the severity of concrete cover spalling increased 
with the cube strength of the test columns. Concrete spalling often occurred at 
the corners of the columns. 

•	 (ii) Water quenching has an insignificant adverse effect on the concrete cover 
spalling. This might be due to the fact that most of the concrete cover spalling 
and macro-crack formation happened in the first hour of fire (air temperature 
less than 600C). Further sustained fire or increase in fire temperature would 
lead to more degradation or decomposition of the concrete matrix but the 
mechanism of concrete spalling basically ceased. As water quenching was 
applied to the columns at the fire time of 2 hours and 28 minutes, the 
temperature shock so induced might cause concrete further cracking or crack 
opening but not spalling. 
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Key Findings of Concrete Cover Spalling
 

•	 (iii) The provision of a mild steel mesh of 2.0 mm diameter at 100 mm x 100 mm 
centres embedded in the concrete cover could not effectively reduce concrete cover 
spalling to an acceptable level. 

•	 (iii) The provision of a mild steel mesh of 2.6 mm diameter at 50 mm x 50 mm 
centres embedded in the concrete cover or 1.0 kg/m3 of propylene fibre in concrete 
could significantly suppress concrete cover spalling. 

•	 (iv) The provision of an appropriate vermiculate cement coating of 20 mm thick 
applied on the surface of the concrete column (cube strength about 100MPa) could 
substantially reduce concrete cover spalling. 

•	 (v) In this study, the selected 20 mm thick magnesium silicate board attached to the 
surface of the concrete column could not reduce concrete cover spalling to a 
satisfactory level. Its anti-spalling effect might be improved by a better quality of 
the board or/and installation method. 
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HK Code of Practice: Standard Use of Concrete 2013 
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HK Code of Practice: Standard Use of Concrete 2013 
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Fire Engineering Approach
 

• 1. Determine thermal loads/actions, and fire temperature 

• 2. Analyze temperature distribution of structures 

• 3. Verification of fire resistance 
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Fire Engineering Approach
 

Fire Loads and Design Procedures: 

•	 BS 7974:2001 - Application of Fire Safety Engineering 

Principles to the Design of Buildings- Code of Practice 

•	 PD 7974:2002 - Application of Fire Safety Engineering 

Principles to the Design of Buildings- Guide to Design 

Framework and Fire Safety Engineering Procedure 

•	 EN 1991-2-2:2004 - Eurocode 2; Design of Concrete 

Structures Part 1-2: General Rules – Structural Fire Design 
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EN 1991-1-2: 2004 Fire Load Densities 
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Fire Thermal Field Models
 

FDS-SMV by NIST, USA: CFD model 

CFX, UK: General purpose CFD software 

FIRE, Australian: CFD model with water sprays and 

coupled to solid/liquid phase fuel to predict the burning 

rate and extinguish process 

SOFIE, UK/Sweden: CFD model for fire and smoke 

spread 
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Simplified Structural Fire Resistance Models
 

• AFCB: Composite beams (www.sections.arcelor.com) 

• AFCC: Composite columns (www.sections.arcelor.com) 

• H-Fire: Composite members (www.stahlbau.uni-hannover.de) 

•	 POTFIRE: Unprotected concrete filled hollow section columns 

(www.cidect.org) 
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Advanced Structural Fire Resistance Models
 

•	 VULCAN: 3-D steel-framed buildings 

•	 AQBQUS, ANSYS, BoFire, SAFIR: Concrete and steel structures 

•	 BRANZ-TR8: Reinforced or prestressed concrete floor systems 

•	 VALCAN: 3-D frame analysis program to model skeletal steel and 

composite frames, including floor slabs 
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EN 1991-1-2: 2004 Equivalent Time of Fire Exposure
 

This approach may be used where the design of members is based on tabulated data or 

other simplified rules, related to the standard fire exposure. 

Fire Safety Engineering by J.A. Purkiss 
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Fire Engineering Approach
 

The capacity of a structural member under fire can then be calculated
 

from the first principles or the required concrete cover can be 

determined from the tabulated data in the deemed-to-comply 

approach once the equivalent FRR is established. 
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Conclusions
 

Deem-to-Comply design approach has been proved to offer reliable solutions 

for fire resisting design of conventional buildings, provided issues of concrete 

cover spalling have been properly considered. 

PolyU fire research and So Uk Fire Test provided some local reference 

information and practical solutions to suppress concrete spalling of high 

strength concrete under fire. 

Fire limit states and fire resistance design of reinforced concrete, including
 

prevention of spalling in high strength concrete, are incorporated in the new
 

Code of Practice: Standard Use of Concrete 2013. 

If fire engineering design approach is adopted, the capacity of a structural 

member under fire can then be calculated from the first principles or the 

required concrete cover can be determined from the tabulated data in the 

deemed-to-comply approach once the equivalent FRR is established. 
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	Figure
	Garley Building Fire in Hong Kong. 
	Figure
	On 20 Nov. 1996: Casualties: 40 killed, over 80 injured. 
	On 20 Nov. 1996: Casualties: 40 killed, over 80 injured. 
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	Building Fires in Hong Kong. 
	Figure
	•. 
	•. 
	•. 
	Every year: about 3500 building fire cases (9 cases were ranked no. 3 Alarm and above). The associated injuries and fatalities are in order of 300 and 10 respectively. 

	•. 
	•. 
	Buildings must be designed for Fire Safety. 


	Figure
	Fire Safety Design in Buildings. 
	Figure
	Objectives: 
	Life Safety, Property Protection 
	To achieve these objectives: Complying the Requirements for: 
	Means of Escape – Life safety 
	Fire Resisting Construction – inhibit spread of fire/smoke, maintain building stability. 
	Means of Access – Fire fighting. Fire Safety Management – active fire safety provisions. 
	Figure
	Fire Safety Design in Buildings. 
	Figure
	Elaborated in: 
	Elaborated in: 
	Elaborated in: 

	1.. 
	1.. 
	1.. 
	Code of Practice for Fire Safety in Buildings 
	2011. 

	(Means of Escape, Fire Resisting Construction, Means of Access,. fire Properties of Building Elements and Components,. Fire Safety Management, Guidelines on Fire Engineering). 
	(Means of Escape, Fire Resisting Construction, Means of Access,. fire Properties of Building Elements and Components,. Fire Safety Management, Guidelines on Fire Engineering). 

	2.. 
	2.. 
	Code of Practice: Standard Use of Concrete 
	2013. 

	3.. 
	3.. 
	Code of Practice for the Structural Use of Steel 
	2011. 

	4.. 
	4.. 
	Codes of Practice for Minimum Fire Service Installations and Equipment and. Inspection, Testing and Maintenance of Installations and Equipment 
	2012. 



	Figure
	Fire Resisting Construction. 
	Fire Resisting Construction. 
	Figure
	• 
	• 
	• 
	Deemed­to­Comply Provisions 

	• 
	• 
	Performance­based Approach using Fire Engineering 
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	Deemed-to-Comply Provisions. 
	Deemed-to-Comply Provisions. 
	Figure
	•. 
	•. 
	•. 
	Fire Compartmentation – enclosed by fire barriers to inhibit spread of fire. 

	•. 
	•. 
	Fire Resistance Rating (FRR)­Every structural element and fire barrier within compartment should have assigned FRR under standard fire exposure/test. 


	Criteria of FRR:. X/Y/Z X­stability (minutes) Y – Integrity (minutes) Z – Insulation (minutes) 
	Figure
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	mentalEngineering,TheHongKongPolytemental Engineering, The Hong Kong PolytechnicUniversitychnic University Extracted from BD CoP for Fire Safety in Buildings 2011 
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	Strength Reduction of Concrete under Fire. 
	Figure
	Extracted from BD Code of Practice: Standard Use of Concrete 2013. 
	Figure
	Strength Reduction of Steel under Fire. 
	Figure
	Figure
	Extracted from BD Code of Practice: Standard Use of Concrete 2013. 
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	Fire Resistance Design of Reinforced Concrete. 
	Figure
	•. 
	•. 
	•. 
	Load effects under fire are about 70% of those under the normal situations. The integrity of the structural system can be maintained if the reduction of the corresponding load carrying capacity is about 30%. 

	•. 
	•. 
	This can be achieved for R.C. structures if the concrete cover (acts as an insulating layer) is thick enough so that the temperature of the embedded steel rebars does not exceed 500C (noting that the average strength reduction of steel and concrete is about 30% at 500C). 
	0
	0



	Figure
	Figure
	Extracted from BD CoP for Fire Safety in Buildings 2011 
	pgg,gngPolytep g g, g ng PolytechnicUniversitychnic University Extracted from BD CoP for Fire Safety in Buildings 2011 
	Fire Resistant Design of Reinforced Concrete. 
	Figure
	•. 
	•. 
	•. 
	Under a fire attack, the main role of concrete cover of a reinforced concrete member is an insulator to prevent excessive temperature rise in embedded steel rebars (to minimize steel strength reduction). 

	•. 
	•. 
	The thickness of concrete cover increases with fire resistance rating. 

	•. 
	•. 
	The abovementioned design/protection method is valid if the concrete cover remains attaching to the concrete member concerned during fire. 


	Figure
	Overseas Fire Tests 
	Loaded high strength concrete column (86%RH, 90): spalling starts at 10-20 minutes, significant spalling at 1 hr. (by V. Kodur and R. McGrath, 2003) 
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	Figure
	Local Tests (in PolyU). 
	Figure
	Normal strength concrete (NSC) fully saturated, after exposure to 500, under 5/min 
	℃℃℃℃
	℃℃℃℃

	Figure
	Local Tests (in PolyU). 
	Figure
	High strength concrete (HSC) with granite aggregates fully saturated with water, Heating rate = 2/minute, spalled at about 450
	℃℃℃℃
	℃℃℃℃ 

	Figure
	Explosive Concrete Spalling. 
	Figure
	Explosive concrete spalling requires co-existence of. 
	1. 
	1. 
	1. 
	Dense microstructure of concrete 

	2. 
	2. 
	Considerable amount of free water in concrete 

	3. 
	3. 
	Elevated air temperature (300 to 500℃) 


	Explosive concrete spalling seldom occurs twice in the same location. 
	Figure
	Possible Solutions to Minimize Concrete Cover Spalling Suggested by BSEN 1992-1-2: 2004 
	Figure
	•. 
	•. 
	•. 
	1: The provision of protective layers for which it is demonstrated that no spalling of concrete occurs under fire exposure. 

	•. 
	•. 
	2: The inclusion of more than 2 kg/mof monofilament propylene fibres in the concrete mix. 
	3 


	•. 
	•. 
	3: The provision of a reinforcement mesh with a nominal cover of 15 mm, in which the mesh should have wires with a diameter ≥ 2 mm with a pitch ≤ 50 x 50 mm, and the nominal cover to the main reinforcement should be ≥ 40 mm. 

	•. 
	•. 
	4: The provision of a type of concrete for which it has been demonstrated that no spalling of concrete occurs under fire exposure. 


	Figure
	So Uk Fire Test in 2010: Objectives. 
	Figure
	To conduct a compartment real fire test to verify/study. 
	Dept.ofCivil&EnvironmentalEngineering,TheHongKongPolyteDept. of Civil & Environmental Engineering, The Hong Kong PolytechnicUniversitychnic University 1.1. Effectsofwaterquenchingonnewreinforcedconcrete(normalanEffects of water quenching on new reinforced concrete (normal andd highstrengths)columnsunderfirehigh strengths) columns under fire 2.2. EffectsoffireandthereafterwaterquenchingonoldnormalEffects of fire and thereafter water quenching on old normal strengthconcrete(PumpHouseconcreteof40yearsold)stren
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	Test columns and Study Parameters. 
	Figure
	•. 
	•. 
	•. 
	32 nos. of 300mm x300mm x 1300mm and 8 nos. of 300mm x 300mm x 650mm reinforced/concrete columns (pre-conditioned to fully moisture-saturated status) to be fire-tested. 

	•. 
	•. 
	Old concrete of Pump House wall, roof slab, and columns to be fire-tested. 

	•. 
	•. 
	Study Parameters: 


	Grades 40, 60, 90 concretes 
	Grade 90 concretes with pp fibres, and/or with wire mesh, or with. protective coating. Old concrete (about 40 years old normal strength concrete). With and without water quenching. 
	Figure
	Estimated Temperature-Time Curve. 
	Figure
	• 3 mof ethanol will be used to produce a real fire for about 3 hours. 
	3 

	Time-temperature curve 0 200 400 600 800 1000 1200 1400 0 2000 4000 6000 8000 10000 12000 Time (sec) Tem perature (K) 
	Figure
	UniversityUniversity 
	Instrumentation. 
	Figure
	•. 
	•. 
	•. 
	200 thermocouples (112 for column temperature distribution, 46 for room temperature distribution, 8 for insulated door temperatures, and 34 for air temperatures at intake opening) 

	•. 
	•. 
	12 heat flux sensors 

	•. 
	•. 
	4 pressure sensors 
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	Air Temperature Profile. 
	Figure
	•. 
	•. 
	•. 
	Temperature increases with height from floor, maximum difference was about 350C at maximum temperature. 

	•. 
	•. 
	Max. temperature of 910C was developed at about 1.5 hours after fire started. 

	•. 
	•. 
	At 2.5 hours, the peak temperature was down to 500C, and water spray at 700 litres/minutes at 7 bars for 10 minutes was applied to 20 heated columns on one sub-chamber. In the other sub-chamber, another 20 heated columns were air-cooled only. 

	•. 
	•. 
	Class 1 was the spalling less than 40 mm deep (longitudinal rebars unexposed). 

	•. 
	•. 
	Class 2 was the spalling less than 60 mm deep (longitudinal rebars exposed). 

	•. 
	•. 
	Class 3 was spalling greater than 60 mm deep (spalling penetrated behind longitudinal rebars). 


	Figure
	Dept.ofCivil&EnvironmentalEngineering,TheHongKongPolyteDept. of Civil & Environmental Engineering, The Hong Kong PolytechnicUniversitychnic University Pump House (before modification for fire test) 
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	Dept.ofCivil&EnvironmentalEngineering,TheHongKongPolyteDept. of Civil & Environmental Engineering, The Hong Kong PolytechnicUniversitychnic University Pump House with test columns (taken on 13 Aug.2010) 
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	Grading of Concrete Cover Spalling 
	Figure
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	Key Findings of Concrete Cover Spalling. 
	Figure
	•. 
	•. 
	•. 
	(i) Without adopting one of the above-mentioned EN methods to suppress concrete spalling under fire, the severity of concrete cover spalling increased with the cube strength of the test columns. Concrete spalling often occurred at the corners of the columns. 

	•. 
	•. 
	(ii) Water quenching has an insignificant adverse effect on the concrete cover spalling. This might be due to the fact that most of the concrete cover spalling and macro-crack formation happened in the first hour of fire (air temperature less than 600C). Further sustained fire or increase in fire temperature would lead to more degradation or decomposition of the concrete matrix but the mechanism of concrete spalling basically ceased. As water quenching was applied to the columns at the fire time of 2 hours 


	Figure
	Key Findings of Concrete Cover Spalling. 
	Figure
	•. 
	•. 
	•. 
	(iii) The provision of a mild steel mesh of 2.0 mm diameter at 100 mm x 100 mm centres embedded in the concrete cover could not effectively reduce concrete cover spalling to an acceptable level. 

	•. 
	•. 
	(iii) The provision of a mild steel mesh of 2.6 mm diameter at 50 mm x 50 mm centres embedded in the concrete cover or 1.0 kg/m3 of propylene fibre in concrete could significantly suppress concrete cover spalling. 

	•. 
	•. 
	(iv) The provision of an appropriate vermiculate cement coating of 20 mm thick applied on the surface of the concrete column (cube strength about 100MPa) could substantially reduce concrete cover spalling. 

	•. 
	•. 
	(v) In this study, the selected 20 mm thick magnesium silicate board attached to the surface of the concrete column could not reduce concrete cover spalling to a satisfactory level. Its anti-spalling effect might be improved by a better quality of the board or/and installation method. 
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	Fire Engineering Approach. 
	Figure
	• 
	• 
	• 
	1. Determine thermal loads/actions, and fire temperature 

	• 
	• 
	2. Analyze temperature distribution of structures 

	• 
	• 
	3. Verification of fire resistance 


	Figure


	Fire Engineering Approach. 
	Fire Engineering Approach. 
	Figure
	Fire Loads and Design Procedures: 
	•. 
	•. 
	•. 
	BS 7974:2001 -Application of Fire Safety Engineering Principles to the Design of Buildings-Code of Practice 

	•. 
	•. 
	PD 7974:2002 -Application of Fire Safety Engineering Principles to the Design of Buildings-Guide to Design Framework and Fire Safety Engineering Procedure 

	•. 
	•. 
	EN 1991-2-2:2004 -Eurocode 2; Design of Concrete Structures Part 1-2: General Rules – Structural Fire Design 


	Figure
	Dept.ofCivil&EnvironmentalEngineering,TheHongKongPolyteDept. of Civil & Environmental Engineering, The Hong Kong PolytechnicUniversitychnic University EN 1991-1-2: 2004 Fire Load Densities 
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	Fire Thermal Field Models. 
	Figure
	FDS-SMV by NIST, USA: CFD model 
	CFX, UK: General purpose CFD software 
	FIRE, Australian: CFD model with water sprays and coupled to solid/liquid phase fuel to predict the burning rate and extinguish process 
	SOFIE, UK/Sweden: CFD model for fire and smoke spread 
	Figure
	Simplified Structural Fire Resistance Models. 
	Figure
	• 
	• 
	• 
	AFCB: Composite beams () 
	www.sections.arcelor.com
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	VULCAN: 3-D steel-framed buildings 
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	VALCAN: 3-D frame analysis program to model skeletal steel and composite frames, including floor slabs 
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	If fire engineering design approach is adopted, the capacity of a structural 
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