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Garley Building Fire in Hong Kong

20 Nov. 1996:  Casualties: 40 deaths



Building after Fire



Buildings after Fire
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Strength Reduction of Concrete Under Elevated Temperatures



Causes of damages of concrete under fire

� Thermal mismatch (different expansion coefficients between paste matrix 

and aggregates)

� Presence of micro-cracks

� Thermal gradient

� Thermal decomposition of hydrates (CSH and CH)

� Concrete spalling (due to high pore water pressure developed from 

free water in concrete)



Decomposition of hydrates

� <1050C  Evaporation of gel/capillary (unsealed) water.

� >1050C, Dehydration/decomposition of CSH and CH

CSH into β-C2S, β-CS and H

CH  into C and H

� 5000C,   70% of dehydration of CSH completed

� 8500C  100% of dehydration of CSH completed

� Decomposition of CH starts at 4000C and completed at 6000C



Concrete Spalling

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



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:  Objectives

1. Effects of water quenching on new reinforced concrete (normal and 

high strengths) columns under fire

2. Effects of fire and thereafter water quenching on old normal 

strength concrete (Pump House concrete of 40 years old) 

3. Effects of spalling of various grades of concrete, with/without 

propylene fibres and wire mesh, under fire

4. Effects of passive protective coatings on enhancing fire resistance of 

concrete structures

To conduct a compartment real fire test to verify/study



Pump House (modification for fire test)



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







Air temperatures near Central Brickwall at 1.6m above 

Floor







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). 







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.



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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Residual Strengths of Concrete after exposed to 

Different Temperatures

Fire Safety Engineering, 

J.A. Purkiss



Residual Strengths of Concrete after exposed to

Different Temperatures (PolyU Tests)



Curing and Heating Regimes, and testing (PolyU Tests)

Curing of specimens: water cured for the first 28 days, 

and thereafter placed in a chamber of 20°C and 75% RH

until date of heating (at 60 days)

Heating rate: 2.5°C per minute

Testing:  right after natural cooling



HSC                                             NSC

Residual Compressive Strength (PolyU Tests)



Relative Residual Compressive Strength (PolyU Tests)

HSC                                                   NSC
Concrete with mineral admixtures (except CSF) has better performance.

Optimum replacement levels were 30% PFA for HSC,

and 40% GGBS for NSC.

Concretes preconditioned under 75%RH, Spalling was only observed in

CSF concretes.



Rapid Chloride Penetration Test (ASTM C1202-97)



Impermeability Loss and Recovery (PolyU Tests)



Impermeability Loss and Recovery (PolyU Tests)



Impermeability Loss and Recovery (PolyU Tests)

HS-CC NS-CC

HS-FA30                                                        NS-FA40

HS-CC                                                                NS-CC



Residual Strengths of Rebars after

Exposure to Different Temperatures

Fire Safety Engineering, J.A. Purkiss



Residual Strengths of Rebars after Exposure to Different

Temperatures (PolyU Tests)



Fire Safety Engineering, J.A. Purkiss

Concrete Colour Change After Fire



Appearance of flint aggregate concrete cores which have been heated for 1/2 hour (upper row) and 2 

hours (lower row), at the temperature indicated

Concrete Colour Change After Fire (Overseas Samples)



Concrete Colour Change After Fire (Hong Kong Samples)





Materials Testing

Concrete

� Compressive strength test of core samples – average strength of core length 

� Schmidt hammer Tests – surface concrete

� Windsor probe and pull out test – surface concrete

� Thermoluminescence test of mortar – changes to silica to determine the 

maximum temperature, requires specialist equipment

� Petrographic analysis of thin slices from cores – density and type of cracking 

(Below 3000C: aggregate-mortar matrix interface cracks, Above 5000C: cracks 

in matrix) 

� Permeability Tests (such as rapid chloride ion penetration test)



Compressive Strength and Charge Passed of Core Samples
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