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Steelwork and steel reinforcement 

Significant loss of strength of steel may occur 
while the steel is at high temperature. However, 
recovery of yield strength after cooling is gener-
ally complete for temperatures up to 450°C 
for cold-worked steel and 600°C for hot-rolled 
steel. Above these temperatures, there will be a 
loss in yield strength after cooling. 

For structural steelwork the adequacy of fire 
protection will play an important part in the out-
come of a fire. The effects of heating may include 
reduction in physical properties, distortion, axial 
shortening of columns, over-stressing of bolts, 
connections and welds.8 Heating of reinforcing 

steel in concrete eventually causes buckling and 
residual defections of the structural element. 

The effect of high temperature is more critical 
on prestressing steel than on reinforcing steel. 
At temperatures of 200–400ºC, steel prestress-
ing tendons show considerable loss of strength 
(>50% loss at about 400°C). In terms of re-use, 
a more important factor is the effect of heat 
upon the tension of the steel. Loss of tension 
may be contributed to by loss of elastic modu-
lus in the concrete, increased relaxation due to 
creep and non-recoverable extension of tendons.

The first stage of assessing fire damage of 
steelwork is on-site visual inspection looking for 
defects such as buckling, bowing, twisting and 
distortion of elements. Close on-site examination 
may be undertaken for evidence of overheating 
such as changes in metallographic grain struc-
ture. Samples may be cut from steel members 
and bolts removed for more accurate laboratory 
metallographic examination and hardness test-
ing. Loads due to heating may weaken bolts and 
welds, so that in-situ weld testing by ultrasonic 
or magnetic particle imaging is often required. 

To assess fire damage of steel reinforcement 
in concrete, the visual assessment is usually 
backed up by taking samples laboratory testing. 
This typically comprises testing for yield, elonga-
tion and tensile strength with the results being 
compared with the relevant standard for the 
grade of steel concerned.

Stone and brick masonry

Stone and brick masonry can be seriously 
affected by building fires. The damage tends to be 
concentrated around window openings and door-
ways but may also affect structural masonry.9 A 
load bearing wall exposed to fire will suffer a pro-
gressive reduction in strength due to deterioration 
of the mortar in the same manner as concrete. 

Severe damage is more likely to be caused 
by expansion or collapse of other structural 
members. At high temperatures of 600–800ºC, 
the strength of most natural stones and masonry 
mortars is seriously affected and if thermal 
shock occurs the stone can disintegrate. Crack-
ing can also be caused by quenching masonry 
heated by fire with fire-fighting water.

Clay bricks can withstand temperatures in 
the region of 1000ºC or more without damage, 
but under very severe and prolonged heating 
the surface of the brick may fuse. Spalling may 
occur with some types of brick, particularly 
of the perforated type. At lower temperatures 
of 250–300ºC, damage is usually restricted 
to colour changes, such as reddening of iron-
bearing stones and mortars (Figure 8). 

Although not structurally significant, as 
the colour change is non-reversible, it may be 
significant for aesthetic reasons, especially in 
the case of historic buildings. In some cases, 
masonry that is well away from the fire can 

Table 4. Changes caused by heating of various types of natural stone that may be observed visually or 
microscopically 4

Heating 
temperature: ºC

Stone type

Limestone Sandstone Marble Granite

250 Pink or reddish-brown 
discolouration starts at 
250–300ºC

Red discolouration 
starts at 250–300ºC but 
may not become visible 
until 400ºC

Heating marble non-
reversible expansion 
known as thermal 
hysteresis

At <573ºC, if heating 
rate is <1ºC per minute 
the thermal expansion is 
fully reversible. If heating 
rate >5ºC per minute 
the expansion is not 
totally reversible

300

400 Discolouration becomes 
more reddish at 400ºC

600 Calcination of calcium 
carbonate at >600ºC

>573ºC causes internal 
rupturing of quartz 
grains with associated 
weakening and friability.
Clay minerals in the 
cement disintegrate 
(kaolinite up to 600°C, 
chlorite above 600°C)

>600ºC complete 
disruption due to 
differential expansion, 
becomes friable and 
reduces to powder

Develops cracks or 
shatter at 573ºC due to 
quartz expansion

800 Calcium carbonate 
calcines to a grey-white 
powder at 800–1000ºC 
with associated loss of 
strength

Red discolouration may 
persist until 1000ºC.
Any calcium carbonate 
cement calcines to 
powder at 800-1000 ºC 
causing disintegration

Differential thermal 
expansions at higher 
temperatures (900ºC) 
gives rise to tensile and 
compressive stresses 
causing permanent strain 
in the stone

1000 + Melting starts

Figure 8. Fire-damaged brickwork exhibiting red 
discolouration of the brickwork mortar5

Figure 9. Fire-damaged limestone masonry as seen through the microscope during petrographic 
examination, showing extensive heat-induced microcracking in near surface zone5
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Forensic engineering of  
fire-damaged structures

suffer from smoke staining or blackening. 
Water used to fight the fire or water that has 
ingressed due to compromised weatherproofing, 
may cause salt effluorescence on surfaces and 
leaching of mortars.

The changes caused by heating of various types 
of natural stone are shown in Table 4. The most 
important are the red discolouration caused by 
oxidation of iron compounds which commences 
at around 300ºC. The red discolouration 
corresponds with the onset of significant strength 
loss and it can be used to detect the 300ºC 
thermal contour in a similar manner to concrete. 
Other important heat-induced changes in stone 
include cracking or shattering of quartz resulting 
from the α- to β- quartz phase transition at 573ºC 
and the calcination of limestone and marble at 
800–1000ºC.

On-site investigation of fire-damaged 
masonry largely consists of visual survey 
and hammer tapping. For cavity brick walls, 
endoscope surveys prove useful for investigating 
the condition of wall ties and insulation. Stone/
brick and mortar samples taken on-site can 
successfully be petrographically examined to 
determine the depth of fire-damage (Figure 9).

Design and implementation of repairs

Repairs to fire-damaged structures should 
provide the strength, fire resistance, durability 
and appearance appropriate to the proposed use 
and projected design life of the building. The 
intended use for the structure and the objec-
tives for the repair should be agreed with the 
building owner before commencing the design 
of the repair work. In addition, the local author-
ity should be consulted regarding the need for 
approval under the Building Regulations for the 

proposed reinstatement and repair works. 
In general the design of the repaired sec-

tions of the building should comply with cur-
rent codes of practice. However, the damaged 
structure may have been designed to out of date 
codes of practice. Consequently, it may be nec-
essary to formulate a strategy for the structural 
design of the repaired section of the building, 
which is compatible with the original design. 
Also, limitations may be imposed on the restora-
tion of listed buildings. 

The designer should prepare key plans of 
each area showing the location of the repair 
work. In addition to the design drawings and 
details, the designer should prepare detailed 
material and workmanship specifications for the 
repair work. These should include full informa-
tion on the repair materials and the means for 
ensuring quality control.

Regarding repair, at best members may need 
no structural repair as they have sufficient 
residual strength, and at worst demolition will 
be required. Concrete element repair will usu-
ally include three main processes, the first being 
removal of damaged concrete by using either 
power breakers or water jetting. After a severe 
fire it is likely that the second process will com-
prise removal of weakened reinforcement and 
connection of new reinforcement. The final part 
of the repair stage will comprise reinstatement 
of concrete (Figure 10) to provide adequate 
structural capacity, the necessary durability and 
fire resistance, and an acceptable appearance. 

Structural steelwork may be strengthened 
by welded stiffeners or replaced completely 
or in part. In addition steelwork may require 
replacement of fire protection and corrosion 
protection systems. 

Repair techniques for fire-damaged masonry 

structures start with the removal of loose mate-
rials for safety reasons. With historic structures, 
efforts are usually made to retain as much of 
the original material as possible by using vari-
ous consolidation techniques. It is desirable 
– and an essential requirement when dealing 
with historic buildings – to match the original 
materials to ensure compatibility. 

Severely damaged masonry units and mortars 
are replaced in order to maintain structural 
integrity. Damage to any embedded metal 
cramps or fixings must also be considered in the 
repair scheme.

Conclusions

Fire-damaged structures are often capable of 
being repaired rather than replaced. Engineers 
can successfully assess fire-damaged structures 
using a range of forensic-engineering techniques 
and specify well-informed repair solutions. 

As an alternative to demolition this can provide 
substantial savings in capital expenditure and also 
savings in consequential losses, by permitting ear-
lier reuse and reoccupation of structures.

What do you think?
If you would like to comment on this paper,  
please email up to 200 words to the editor at 
journals@ice.org.uk. 

If you would like to write a paper of 2000 to 3500 
words about your own experience in this or any 
related area of civil engineering, the editor will be 
happy to provide any help or advice you need.
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Figure 10. Application of sprayed concrete to repair a fire-damaged reinforced concrete floor slab4




