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� Akadémiai Kiadó, Budapest, Hungary 2012

Abstract In field structures affected by fire, the temper-

ature progress through the material. The progression of

temperature in the concrete material can be determined by

simultaneous differential thermal analysis and thermo-

gravimetry. Also, the analysis of the behaviour of concrete

in real concrete, by different techniques, permits the cor-

roboration of the hypothesis of cover calculation. In this

study, the analysis of concrete exposed to a very severe fire

is studied in order to corroborate the calculus hypothesis

and to determine the progression of the temperature inside

the affected structure. In this study, the potentiality of the

thermal instrumental techniques is studied to determine the

situation of the concrete exposed to fire. These results can

be used to calculate the residual strength of the concrete

structural elements. Also, other auxiliary techniques are

used to have some supplementary information about the

situation of the concrete exposed to fire. The results are

based in concrete samples from a real fire in the Windsor

Building in Madrid. The Windsor Building in Madrid was

project in 1974 and built between 1975 and 1979. This

building was severely damaged by a serious fire on the 12th

of February 2005, which lasted approximately 12 h.
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Introduction

The concrete has different types of transformation when

has been exposed to fire with increase of temperature from

the exposed surface. Some of its transformations are the

loss of water and the decomposition of hydrated products

of the bulk, like C–S–H gel or portlandite. Other trans-

formations are related with the carbonates that can be

formed due to the natural carbonation or by recarbonation

processes associated with the CO2 or CO formation during

the fire.

The decomposition of portlandite is produced between

450 and 550 �C, and the decomposition of calcium car-

bonate is produced between 650 and 800 �C. Both of these

phenomenons can be analysed by simultaneous differential

thermal and thermogravimetric analyses (DTA–TG). On

the other hand, the fire engineering uses some simplified

methods to evaluate the residual service life of the concrete

structural elements after fire. Also these methods are useful

to dimension the rebar covers in the reinforced concrete.

One of the most used simplified methods is denominated

method of the isothermal 500. In this method, the residual

strength of concrete is calculated only with the material not

exposed at higher temperature than 500 �C. Also, some

calculations to determine the rebar cover are estimated

based on the theoretical behaviour of the concrete and the

steel at different isothermal temperatures.

When the concrete becomes subjected to higher tem-

peratures, it goes through a series of physical–thermal

transformations that bring about a modification in the

products of the hydration of the cement. The decomposition
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of the C–S–H gel starts at 120 �C, with a loss of water which

brings about a contraction as a result of this loss, but it is

necessary to exceed 900 �C to complete the decomposition

of this CSH. Likewise, a decomposition of the portlandite

comes between 450 and 550 �C and the loss of CO2 of the

carbonates usually goes from 600 to 800 �C. Also, the

possible changes in the aggregate as an effect of the tem-

perature, it depends on other factors such as size, porosity,

permeability, etc. In general, we can consider that the less

porous the aggregate, the less susceptible it is to the action

of the fire. In general, the concrete in ambient temperature

constitutes a suitable protection for the reinforcement due to

a low thermal conductivity and an elevated specific heat,

which is why [1–7].

Different instrumental techniques are used with the aim

of analysing the behaviour of the concrete exposed to a real

fire or laboratory tests. Specially, thermal analysis, scan-

ning electron microscopy and X-ray diffraction are useful

to analyse the concrete exposed to fire. Some of these

instrumental techniques, such as thermal analysis, are

usually used to study the behaviour of certain materials

when exposed to the action of fire and high temperatures.

As a rule, the fundamental objective of these analyses is to

look at the possible improvements that could come about

through the use of certain materials that could substitute or

complement others [8].

The physical–thermal transformations undergone by the

concrete as an effect of the temperature are translated into a

loss of performance, especially when the material exceeds

600 �C. As the temperature increases, a modification in the

creep comes about, which can also be seen as a strong

dependency on its resistance and elasticity [9]. On the other

hand, the conditions of putting out the fire must be taken

into account, as the speed of cooling or the contact with the

water has a significant influence on the physical–mechan-

ical conditions present in the concrete once the fire is

extinguished [10]. Specifically, the physical–thermal

transformations that the components of the concrete go

through serve to characterise it after it has been subjected

to the fire [3, 11, 12]. Other cement-based materials like the

MDF materials are also studied by these techniques in

order to analyse their composition and the behaviour of

these under in different conditions of moisture [13, 14].

Also, the effect of addictions to the cements is studied by

thermal techniques, like the study of mixes of burnt clay

and silica fume or the effect of the superplasticizers on

matrixes with fly ash and silica fume [15, 16].

During the project, step of the buildings are introduced

the estimating calculus with relation to the fire resistance of

the structural elements of the reinforced concrete. With

regards to the high buildings in Spain during 1970s decade,

the concrete fire resistance about 120–180 min was estab-

lished. Usually, in the calculation are used the isotherm

500 �C method as the calculation hypothesis. To estimate

the potential depth of concrete affected by fire usually the

parametric fire curves are used. In these curves, the depth

of concrete affected are established for different time of

exposition in function of the temperature [17, 18]. Due to

this, it is important to determine the depth of the concrete

in which the temperature has been higher than 500 �C.

The analysis highlights the need for a residual bearing

capacity in a structure affected by fire with a view to

determine the progression of the temperatures in the inte-

rior of the elements realistically, for which certain instru-

mental techniques can be used. These techniques allow real

information to be obtained on concrete samples that have

been exposed to high temperatures. Obviously, the distri-

bution of the temperatures in the interior of the area

affected by the fire is not homogeneous, which is why the

determination of the number of testing points, their distri-

bution, etc., so that the results are representative and con-

stitute a sound basis for the structural analysis is a relevant

question. However, when samples taken from a real fire are

analysed, it is not always possible to have the suitable

number or disposition samples available. Nevertheless, the

analysis of the materials that have been subject to a real

fire, by means of certain instrumental techniques, can bring

about a significant amount of knowledge on their behaviour

[19].

The concrete samples come from the Windsor build,

burned in 2005. The concrete was manufactured with an

OCP. The building was constructed around a central rein-

forced concrete core with a facade consisting mainly of

glass and steel. The building was 37 storeys high with a

technical floor on the 17th floor. The fire broke out on the

21st floor. The fire caused most damage to the floors above

and brought about the collapse of part of the upper external

facade over the technical floor upwards.

Experimental

Concrete samples

All the samples analysed come from the concrete of the

Windsor Building. The concrete cores have been taken

from the concrete elements after the fire. Sections of the

construction elements of the reinforced concrete were

made available during the demolition process, consisting

mainly of pillars taken from the 12th, 13th, 14th, 15th, 18th

and 19th floors. Samples were taken of the different

structural elements in order to study the concrete and

analyse it using different instrumental techniques.

In each concrete core, different sections were taken at

different depths, until 8 cm in depth. Also, a reference

sample of concrete is taken in each case, 15 cm inside from
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the exposed surface to the fire. Other contrast or reference

areas or unaffected depths have also been analysed from

the concrete. In Table 1, one can see the characteristics of

the samples of the concrete analysed, indicating the depth

from the surface exposed to the fire. Also, Table 1 shows

the floor and the type of construction elements which have

taken the concrete elements to extract the concrete cores.

It is considered that the concrete from the inside samples,

situated at a depth about 15 cm have been affected by the

fire. And, these results are used as a reference of the original

concrete. While, the concrete samples taken from the sur-

face exposed to fire provides the state of post-fire concrete.

Being able to qualify the degree of alteration allows us to

associate these segments to the 500 �C isotherm situation.

The samples were taken from the concrete cores at

different depths in 1.5-cm thick sections. These sections

were cut in dry in order to avoid the rehydration of the

concrete or other interference with the material. Also, must

be taken into account the potential rehydration of the

cement paste during the extinction process due to the direct

contact with the water and the potential carbonation of the

concrete due to the CO or CO2 formed as a consequence of

the fire. In the case of partial rehydration of concrete from

the extinction water, the concrete must show some port-

landite close to the surface, the disappearance of it at

certain depth and the normal quantity of portlandite inside

of the material. In the analysed samples, we do not found

portlandite in the concrete exposed to fire, while we can

consider that this concrete has not been in direct contact

with the water during the extinction or has not be rehy-

drated. With regard to the carbonation, this concrete was

inside of the building and has not been carbonated.

Methods

The different concrete sample are analysed using the fol-

lowing instrumental techniques: Simultaneous DTA–TG,

using Netzsch STA 409 equipment. The conditions of test

are: 50 mg of sample, speed of heating 10 K/min until

1,050 �C, platinum crucible and 100 ccm of N2 to avoid

carbonation during the test. The principal results taken

from these test are based on the evaluation of the following

processes: dehydroxylation of portlandita between 450 and

550 �C approximately, decarbonation of calcium carbon-

ates between 700 and 850 �C approximately and total loss

of mass. The total amount of portlandite and calcium car-

bonates can be determined using the molar fraction and the

loss of OH- and CO2, respectively.

Also, the microstructural aspect of the concrete has been

made using backscattering electron microscopy combined

with microanalysis of dispersive energy X-rays, with an

equipment Jeol 5400 and a Link system from Oxford.

Some samples have been analysed from the areas close to

the exposed surface and the interior of the concrete.

Finally, samples from the surface and interior of the con-

crete cores have been analysed using X-ray diffraction with

a Phillips Mod. 1710 equipment. In this case, the majority

crystalline compounds are found.

Results and discussion

Microstructural analysis of the damaged concrete

phases by BSE–EDX techniques

Samples of concrete were analysed, taken at different

depths, by means of backscattering electron microscopy

combined with microanalysis using dispersive energy

X-rays (BSE–EDX). According with the microstructural

analysis, the concrete are made with an ordinary Portland

cement without any type of additions and with siliceous and

feldspars aggregates, typically used in the centre of Spain.

At different depths, we can observe some microstructural

damage, especially at level of the cement paste, which is the

most sensible component of the concrete to the fire action. The

physical–chemical alterations of the concrete in the areas

exposed to the fire are the analysis using these techniques.

Close to the fire exposed surface, it is possible to see numerous

microfissures, some of them parallel to the surface. Also, a loss

of adherence with the cement paste in some of the aggregate

can be observed. However, no significant alteration was

observed in the aggregate which was of a quartz or feldspar

type. In Fig. 1, it is possible to observe the microfissures and

loss of adherence in the cement–aggregate interfaces. Also, the

cement paste close to the exposed surface has a partial loss of

cohesion in the C–S–H gel that is observed as well as the

microfissures in anhydrous particles of clinker. Although in the

concrete of all samples in depths higher than 5 cm, the unal-

tered aspect is observed. In Figs. 2 and 3, we can observe the

aspect of the cement paste close to the exposed surface, with

Table 1 Characteristics of the concrete samples and the structural

elements which have taken the cores

Concrete samples Structural elements

Denomination Depth from

the

fire exposed

surface/cm

Floor Construction

element

Name

H-1 0–2 12 Pillar (2

pillars)

P12A and

P12B

H-2 2–3 13 Pillar P13

H-3 3–4 14 Pillar forged P14 and F14

H-4 4–5 15 Pillar P15

H-5 5–6 18 Pillar P18

H-15 15–16 19 Pillar P19
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alteration of the C–S–H gel and increase of porosity, and the

cement paste in the interior with a normal aspect and aggre-

gates without alteration inside or the paste–aggregate interface.

The damage at microstructural level is relatively mod-

erate in comparison with the virulence of the fire. The

microfissures parallel to the surface are limited to

approximately 1 cm in depth. With respect to the cement

paste, it is possible to observe some degree of alterations

until higher depths. We can see some loss of mass and

increase of porosity in C–S–H gel until approximately

5 cm in some samples.

Evaluation of the concrete damaged depth due to fire

For each concrete core, homogeneous samples were ana-

lysed, taken from the different depths, indicated in Table 1.

The samples were crushed and analysed by DTA–TG. Also,

reference samples were studied to check that the concrete

were not carbonated in the non-affected areas by the fire. In

the analysis by DTA–TG, the presence of portlandite was

the main analysis, this is observed by the loss of mass that

brought about between 450 and 550 �C approximately,

which is associated to the decomposition by the dehydration

of the portlandite. The presence of portlandite and the

quantity of it can be determined at the different depths of the

concrete from the surface exposed to fire. The complete

disappearance of the portlandite indicates that the concrete

has exposed to temperatures higher than 500 �C during a

certain period of time. This characteristic permits to know

the depth at which the isotherm 500 �C is.

When analysed the different samples that come from the

different concrete cores, we can classify these concrete

according the depth at which the portlandite have disap-

peared. In this case, we can distinguish two groups. One

group in which the portlandite has disappeared at a depth of

3 cm was observed, and another group in which it has

disappeared at a depth of 5 cm. In both cases, the curves of

DTA–TG have shown the disappearance of the portlandite

close to the surface and portlandite that remain from cer-

tain depth to the interior. Figure 4 shows the DTA–TG

curves of the concrete at the different depths for one of the

core samples affected until 5 cm. Also, the quantity of

portlandite that remain in the cement paste can be possible

in relation with the total one, which we consider is the

portlandite that are inside the concrete without damage. In

the Fig. 5, the medium sequences of portlandite decom-

position in the two groups of concrete defined are shown,

quantified by the DTA–TG results.

Also, an analysis of surface and inside samples was

made using X-ray diffraction in order to corroborate the

presence or absence of crystalline portlandite. Samples of

Fig. 1 Microfissuring in concrete, parallel to the exposed surface to

fire

NaKa1, 12

SKa, 13 KKa, 21 CaKa, 69 FeKa, 15

MgKa1, 32 AlKa, 38 SiKa, 106

Fig. 2 Aspect of the cement paste close to the exposed side to the concrete with some alteration and associated elemental composition
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concrete were analysed, from each of the samples extrac-

ted. In all of the cases, a total absence of portlandite in the

surface samples was observed, which is associated with

the concrete’s exposure to high temperatures. While in the

inside samples at depth higher than 15 cm, the presence of

portlandite was observed, which would correspond to a

concrete unaltered by the effects of the high temperature. It

also identified the presence of quartz and feldspar, which

correspond mainly to the aggregate present in the concrete.

Figure 6 details the spectra from the X-ray diffraction

corresponding to both the surface and inside areas in

relation to the surface of the concrete exposed to the fire.

It can be seen from the analysis that the concrete

exposed to the fire has undergone a significant alteration on

its surface area which translates to a loss of properties in

the cement paste, such as the decomposition of the port-

landite and the partial dehydration of the C–S–H gel. The

formation of microfissures mainly parallel to the surface

exposed to the fire can be observed. Analysing the concrete

of the different cores in intervals of depth, the concrete

samples have been exposed to temperatures higher than

500 �C (associated with the decomposition of the portlan-

dite) to a depth of 3 or 5 cm. According with these results,

we can define two families of samples P-12A, P-13, P-14

and P-19 affected until 3 cm and P-12B, F-14, P-15 and

P-18 affected until 5 cm. And, at depths higher than 7.5 cm

there are no evidences of physio-chemical or microstruc-

tural alterations and the concrete has not been affected by

the temperature effect. In the Fig. 7, there is a scheme of

the depth of concrete altered by temperatures higher than

500 �C at the different floors studied.

The results of disappearance of the portlandite is well

associated with exposure to high temperatures (approxi-

mately 1,200 �C), for a moderate period of time, or even a

NaKa1, 8

SKa, 11 KKa, 17 CaKa, 56 FeKa, 15

MgKa1, 45 AlKa, 29 SiKa, 91

Fig. 3 Aspect of the cement paste inside the concrete core with a normal aspect and associated elemental composition
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prolonged exposure to more moderate temperatures (e.g.

750 �C), in accordance with the estimations carried out

though the application of the parametric fire curves to the

concrete, which confirms that the behaviour of a standard

concrete is suitable in the case of it being subject to high

temperatures, such as in a fire. The depths of affected

concrete are according to a forecast for a fire resistance

between 90 and 180 min, according to the parametric

curves [14, 15]. According with these results, it is cor-

roborated that the project exigencies were correct in order

to ensure the required safety levels, using for these calcu-

lations the simplified method of the isotherm 500 �C.

Conclusions

• The effect of the fire in concrete exposed to real fire shows

some physical–chemical alterations in the first few

centimetres of the concrete correspond to the appearance

of microfissures and decomposition resulting from the

dehydration of the portlandite and partially the C–S–H gel.

• Use of thermal analysis permits the establishment of the

depths of concrete alterations when analysing sequen-

tial portions of concrete from the exposed surface.

• In this build, two depths of damage have been

identified. These variable depths of the alteration of

the concrete would indicate that the distribution of the

fire in the building is not considered as homogeneous.

• The analysis of the concrete subjected to a real fire has

allowed its behaviour to be contrasted to theoretical

models based on the use of parametric fire curves. Also,

according to the results obtained the simplified method

of isotherm 500 �C and a demand of 120–180 min of

parametric fire can be considered adequate to calculi

the fire resistance of concrete structural elements.
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