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Fire Event 

Garley Building Fire 
20 Nov. 1996, 
Hong Kong 

(from Buildings Department, HKSAR, 
with permission) 
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Fire Resistance of RC Structure – Codified Approaches 

¢ Structure to possess an appropriate degree of resistance 
to: flame penetration (integrity performance) , heat 
transmission (insulation performance) , and collapse 
(integrity performance) . 

¢ Approaches: 

Prescriptive design with tabulated solution - For specified period of 
fire resistance, specify minimum dimensions and concrete cover. 
For high strength concrete, risk of spalling should be investigated 
and specialist literature should be referenced (e.g. HK Code) 

p i il l gi i g, g Kong Polytechnp i il l gi i g, g Kong Polytechnic Universityic University 

Prescriptive Design with Tabulated Solutions 

(ENV 1992-1-2) 

Assuming no failure in 
integrity (such as no 
concrete spalling, no 
cracking) 

Dept. of Civil & Structural Engineering, The Hong Kong PolytechnDept. of Civil & Structural Engineering, The Hong Kong Polytechnic Universityic University 

Fire Resistance of RC Structure – Codified Approach 

(2) Performance-based design – provide temperature distribution in cross 
sections, mechanical properties at elevated temperature, limiting 
temperatures, simplified design models, advanced methods, and other 
features (e.g. Eurocode 2 Part 1.2) 

Assuming no failure in integrity 
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Performance-based Design 

Performance-based Design 

ISO-834 Standard fire curve 
Extracted from Promat 

(ENV 1992-1-2) 
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Performance-based Design Performance-based Design 

(ENV 1992-1-2) 

(ENV 1992-1-2) 
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Damages under Fire 

lfunneoirFeint ikn,G BlLt trea e

kr,Denma 19

¢ Presence of free water in concrete (high pore pressure developed) 
SSlloouugghheedd ccoonnccrreettee 

¢ Thermal mismatch (different expansion coefficients between 
paste matrix and aggregates) 

¢ Presence of micro-cracks FFiirree-iinndduucceedd ccoollllaappssee 

¢ Fire regime 

Factors Affecting Integrity of Concrete under Fire 49

0h dar,GlfunneoirFeint ott 201, 
¢ Fire exposure 
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¢ Heat releasing rate (thermal gradient) SSeevveerree ssppaalllliinngg 
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Overseas Fire Tests Overseas Fire Tests 

Loaded HSC carbonate column (64%RH, 1350 tie @ h/4): spalling          Loaded HSC Silceous column (86%RH, 900 ): spalling starts at starts at 10-20 minutes, significant spalling at 1 hr. (by V. Kodur and R.
 
10-20 minutes, significant spalling at 1 hr. (by V. Kodur and R. McGrath, McGrath, 2003)
 
2003)
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Local Tests (in PolyU) 
Local Tests (in PolyU) 

HSC: 23 """ " and 75%RH 23 """ " and 75%RH for 90 
for 90 days, heating at days, heating at 1 """ " /min 
1 """ " /min HSC: 23 ''' ' and 75%RH for 90 

days, heating at 1 ''' ' /min 

Exposed to 2500C, small cracks 

Exposed to 4500C, cracking becomes significant 
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Local Tests (in PolyU) 

23 """ " and 75%RH for 90 
days, heating at 1 """" /min 
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Local Tests (in PolyU) 

NSC fully saturated, after exposure to 
500 """ " , under 5 """ " /min 
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Local Tests (in PolyU) 
Local Tests (in PolyU) 

HSC (granite) fully saturated with 
NSC (lightweight aggregates) fully water, Heating rate = 2 ''' ' /minute, 
saturated, after exposure to 500 """ " , under spalled at about 450 ''' ' 
5 """ " /min 
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Local Tests (in PolyU)
 
Local Tests in RED by PolyU
 

Under BS 476 and ISO 834 Standard fire 
HSC (Sandstone) fully saturated with 
water, Heating rate = 2 ''' ' /minute, 
spalled at about 425 ''' ' 
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Local Tests in RED by PolyULocal Tests in RED by PolyU 

HSC Cured under ambient condition, Exposed to 30 minutes of HSC cured under ambient condition: exposed to 30 minutes 
standard fire (max. furnace temperature ppp p 800 ''' ' ) of standard fire (max. furnace temperature .. .. 800 """ " ) 
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Explosive Spalling of Concrete at Elevated Temperatures 
(conti)

Explosive Spalling of Concrete at Elevated Temperatures 
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Effects of Concrete Spalling on Fire Resistance of RC Columns 

¢	 Lightly-reinforced columns under axial load - probably have high 
fire resistance (low risk of collapse) 

¢	 Heavily-reinforced high strength columns under axial and bending 
loads - have high risk of collapse:
 
because rebars lose their major load carrying functions after spalling
 
of cover concrete at relatively low temperatures
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Appraisal/Durability of RC Buildings after Fire 

Codified recommendations – very limited 

Structural Engineers to exercise their own knowledge
 
to appraise structural performance of fire-damaged building
 

Research findings on: 

Residual mechanical properties of concrete – reasonable amount 

Residual bond properties – very limited 

Residual durability (permeability) properties - limited 
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Residual Mechanical Properties of Concrete after Fire Residual Mechanical Properties of Concrete after Fire 

Heating rate = 10C/min, PolyU Tests Heating rate = 10C/min, PolyU Tests 
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Residual Mechanical Properties of Steel Sheet after Fire Residual Concrete-steel Bond Properties after Fire 
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Heating rate =10C/min, PolyU Tests 
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Residual Concrete-steel Bond Properties after Fire 

by R.H. Haddad & L.G. Shannis, 2004 
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Residual Permeability Properties after Fire 

¢	 Design for durability – Many processes of deterioration of 
concrete occur in presence of free water, structure should be 
designed to minimize uptake of water or exposure to moisture 
(HK Code) 

¢	 Degree of permeability is a good indicator for durability of 
concrete 
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by R.H. Haddad & L.G. Shannis, 2004 
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Residual Concrete-steel Bond Properties after Fire 

Inconsistent results!!! 

by R.H. Haddad & L.G. Shannis, 2004 
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Setup of Residual Permeability Properties Test 

ASTM –C1202 Rapid chloride diffusion test conducted in PolyU 

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

6 



                    

    

    

                    

      

    

      
    

       
    

                    

       

       
        

   
   

    
   

                    

        
          

           
    

         

           
         
    

                    

        
  

       
       

    

                    

        
    

      
   

       
        
        

  
        

Residual Permeability Properties after Fire Residual Permeability Properties after Exposed to 4500C 

¢ Based on ASTM –C1202 Tests: 

¢ NSC – permeability increases from moderate to high 
¢ (corrosion rate of rebar increases) 

¢ HSC – permeability increases from very low to moderate 
¢ (similar to NSC before fire) 

Heating rate = 10C/min, PolyU Tests 
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Durability Problems of RC Element after Standard Fire Conclusions 

Cover concrete has 
durability problems because 
high temperatures occur in 
cover concrete zone only 

¢ 

¢ 

Fire resistance design of RC structures – spalling of concrete 
(especially for HSC) should be considered as spalling often occurs at 
furnace temperature from 4000C to 6000C, or less than 30 minutes 
under standard fire condition. 

For lightly reinforced RC columns - probably have good fire 
resistance 

Temperature profiles of 400mm square column under 
standard fire (by V. Kodur and R. McGrath, 2003) 

¢ For heavily reinforced R HSC columns - have much higher risk of 
collapse under fire (because rebars lose their major load carrying 
functions after spalling of cover concrete). 
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Conclusions Conclusions 

¢ Crack patterns and permeability properties (durability) after exposed 

¢ Mechanical properties of concretes after exposed to elevated to elevated temperatures – limited data. 

temperatures – fairly established. 
¢ Cracking: Exposed to 2500C – Visual Cracks form, 

¢ Concrete-steel bond properties after exposed to elevated 4500C – Significant cracking 
temperatures – very limited data, inconsistent findings, may have 
rapid bond deterioration!! 

¢ Chloride ion permeability (ASTM Rapid Chloride Diffusion Test): 
NSC – moderate before heating, high after exposed to 2500C 
HSC – very low to low before heating, moderate after 

exposed to 4500C 
Increase in permeability    higher corrosion rate of rebars?? 
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Conclusions 

¢ Addition of fly ash in concrete reduces cracking and permeability of 
concrete before and after exposed to high temperatures 

¢ Based on temperature profiles of concrete under fire, core concrete 
often remain intact if there is no spalling of concrete. Remedial 
measures may be needed for cover concrete to improve its durability 
and concrete-steel bond properties 
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