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Abstract 

The Doctoral Thesis is focused on analysis of concrete structures after fire. The topic of structural 

post-fire assessment is still very actual and situations when such assessment is the only way how to 

make informed decision about fire-damaged building occur. The Thesis brings both theoretical and 

practical findings to the investigation process after the end of fire and describes the approach step-by-

step. At the same time, the Thesis deals only with reinforced concrete structures made of normal 

strengths concrete used in building constructions. 

At the beginning material properties of concrete and reinforcement steel at high temperatures and 

after cooling down are described in the state-of-art form. Then the investigation process is discussed in 

detail: preliminary and detail inspection of the subjected building with estimation of damage extent and 

severity, conducting on-site material tests, extracting samples for laboratory tests. One chapter is 

dedicated to the structural diagnosis with special attention to the nature of damage caused by fire. 

Another chapter deals with global action of fire and temperature-induced forces with respect to both 

directly and indirectly affected parts and mutual interaction. Chapter dedicated to estimation of residual 

load-bearing capacity ends the main part of the Thesis. Several worked examples of whole post-fire 

assessment are given in the annex. 

Special attention was dedicated to make the investigation and its conclusions organised, clear and 

easy-to-read. 
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Abstrakt 

Disertační práce je zaměřena na analýzu betonových konstrukcí po požáru. Téma statického 

posuzování po požáru je stále velmi aktuální a dochází k situacím, kdy je takovýto posudek jediným 

způsobem, jak učinit informované rozhodnutí o budově poškozené požárem. Práce přináší teoretické 

i praktické poznatky k procesu vyšetřování po skončení požáru a popisuje tento postup krok za krokem. 

Zároveň se práce zabývá pouze železobetonovými konstrukcemi z betonu normálních pevností 

v pozemních stavbách. 

V úvodu jsou popsány materiálové vlastnosti betonu a betonářské výztuže při vysokých teplotách 

a po ochlazení ve state-of-art podobě. Poté je podrobně rozebrán postup vyšetřování: předběžná 

a detailní prohlídka zasaženého objektu s odhadem rozsahu a závažnosti poškození, provádění 

materiálových zkoušek na místě, odběr vzorků pro laboratorní zkoušky. Jedna kapitola je věnována 

diagnostice konstrukcí se zvláštním zřetelem na charakter poškození požárem. Další kapitola se zabývá 

globální analýzou konstrukce s ohledem na účinky požáru, především potom přídavné vnitřní síly od 

teploty a dále interakci mezi přímo a nepřímo zasaženými částmi konstrukce. Hlavní část práce uzavírá 

kapitola věnovaná výpočtu zbytkové únosnosti. V příloze práce je vypracováno několik vzorových 

příkladů kompletního posouzení po požáru. 

Zvláštní pozornost byla věnována organizaci a přehlednosti procesu posouzení po požáru 

a souvisejících závěrů. 

 

Klíčová slova 

Beton; výztuž; požární událost; poškození; rekonstrukce požární události; diagnostika konstrukce; 

globální analýza; zbytková únosnost; statické posouzení po požáru 
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1 Introduction 

1.1 Fire Safety & Structural Engineering 

Fire Safety Measures, Statistics 

The attention dedicated to fire safety in buildings was firstly paid in case of timber structures due 

to their combustible nature and often cases of their fires. In case of houses with masonry walls and 

timber-beam floors the first fire engineering solution was usage of protective soffits. Structures made of 

steel and concrete were not in the scope of fire engineering for a long time due to their incombustible 

nature, although this fact does not provide any particular fire resistance. More attention to this topic has 

been paid by civil engineers and local authorities from approximately 1950s. From that time on, various 

regulations have been implemented in national building codes. Nature of the fire protection can be either 

preventive (ensuring fire not to start or to reduce its spread and severity) or suppressive (ensuring 

effective and successful fire extinguishing). The fire safety measures are understood to be a part of fire 

prevention and can be then divided into: 

 Active measures – preventing fire from reaching the moment of flashover (when all 

combustible items in the room catch on fire due to high temperatures), such as the 

intervention of fire brigade, presence of fire extinguishers in the building, fire alarm 

electronic system, smoke and heat ventilation system, etc. 

 Passive measures – preventing fire from spreading to another rooms and floors or at least 

slowing the process down after the flashover effect happened, such as dividing the 

internal space into fire compartments, using non-combustible materials on compartment 

boundary structures, sufficient fire resistance of load- and nonload-bearing structures, etc. 

The development of fire safety measures still continues and stricter ones are gradually being 

accepted. It has always been a strong impulse to rise the pace of introducing new stricter regulations 

after situations when severe fire of big extent with human life losses happened, see e.g. [1, 2, 3, 4]. The 

intention of fire safety measures and regulations together is to: 

 Limit the probability of fire start and if happens so, to limit the spread of fire and smoke 

to another fire compartments and floors. 

 Avoid spreading fire to adjacent buildings. 

 Ensure fire resistance of structures for sufficiently long time (either load- and nonload-

bearing structures serving as compartment enclosure). 

 Ensure safe and effective evacuation of habitants. 

 Ensure safe and effective intervention and extinguishing of fire brigade. 

From the list of aspects which fire safety measures should ensure or contribute to, one aspect has 

to be highlighted – ensuring safe evacuation of people out of the burning building is generally considered 

to be the absolute priority and main objective, because the cost of human life is priceless and 

incomparable to the losses of possession. In Fig. 1-1 a long-term statistics of human life losses attributed 

to fire accidents from different world regions can be seen. From the overall trend it can be stated the 

numbers of human victims are still decreasing which is positive of course and from majority it is result 

of fire safety regulations which have been implemented over the years. Interesting fact is that the 

statistics of victims in North America and Eastern Europe are quite similar, whereas situation in Western 

Europe have been significantly better in the studied time period. In recent years, number of victims in 

Eastern Europe and North America are finally getting close to those in Western Europe. 
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Fig. 1-1. Evolution of human life losses caused by fire, taken over [5]. 

Another interesting data can be seen in Fig. 1-2 which refers to the official statistics of Czech fire 

brigade [6] over last years and shows average data per one month. It can be stated that every month there 

were nearly 30 serious fire accidents2 with financial harm over 1 million Kč3 and even 5-10 human life 

losses attributed to the fire, which are numbers that one would probably not expect in these days. In Fig. 

1-3 fire statistics over year 2019 from the same source is shown. Similar trend of data can be observed 

herein. The worst month of 2019 from this point of view seems to be April when 44 serious fires and 

even 13 deaths were registered. 

 
Fig. 1-2. Official Czech fire brigade statistics per one month (average) over last 4 years [6]. 

                                                      

2 All fire accidents are counted together (in buildings, car accidents, agricultural on fields, in forests, etc.), 

however it can be assumed fires in buildings represent the majority. 
3 According to the long-term exchange rate 1 million Czech crowns (Kč) is approximately equal to €40 000. 
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Fig. 1-3. Official Czech fire brigade statistics during year 2019 [6]. 

It is interesting to mention that in Czech Republic not reporting fire to fire brigade by a witness 

is considered to be a civil offense and can be punished by high fines. When speaking about most usual 

causes of fire start (only fires in buildings are considered), from the fire brigade statistics it seems 

reasons in the following list are mentioned most often: 

 Technical malfunctions of machines and electrical devices, especially electrical wiring. 

 Human inattention and carelessness including smoking. 

 Manipulation with fire and hot ash. 

 Gross errors in building construction – typically timber elements too close or even inside 

chimneys. 

 Intended set of fire. 

Fire Events & Structures 

From the structural point of view fires in buildings always represented big threat. In times when 

the most popular building material was timber and the structures were primarily made of it, it was quite 

often the buildings and even all villages or towns burned out completely (e.g. Great Fire of London [7]). 

It was either due to combustible nature of wood (structure itself is fuel to burn) and also due to 

completely missing fire safety regulations. The situation got partially better when structures started to 

be made of masonry which is generally incombustible material (stone or ceramic bricks), however 

timber elements were still commonly used, mainly in ceilings and roofs. In modern age the most popular 

structural material became steel and concrete – both of mentioned materials are incombustible as well. 

Fire resistance of concrete structures often showed to be sufficient with no additional care, however 

steel structures exhibit poor fire resistance from the beginning of material’s use and therefore have to 

be enhanced somehow. Using timber is still typical for certain types of structures (roofs) and in Czech 

Republic structures completely made of timber are getting popular again in last decades, whereas e.g. 

in North America they never lost their popularity. However, use of timber in bigger and higher structures 

is limited according to fire regulations nowadays. For example, in Czech Republic a building with timber 

load-bearing structure can be maximally 12 m high [8]. Fire resistance of timber structures is usually 

not bad, but due to the combustible nature it is limited and thus has to be every time carefully verified. 
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Fire resistance of structures made of all mentioned materials has been intensively studied during 

(mainly) second half of 20th century and in that time comprehensive database of both structural and 

material behaviour have been created in means of observing real fires, conducting fire experiments and 

analytical and later also numerical calculations. Thanks to it, firstly empirical and later on also 

performance-based methods of fire resistance assessment have been developed for different kinds of 

materials and structural elements. More complicated issues are being intensively studied thanks to broad 

possibilities of numerical modelling and computer-aided designs. Using this knowledge, the structures 

can and should be designed appropriately in order to ensure sufficient fire resistance.  

It can be stated that in case of “traditional” and ordinary structures, the general processes causing 

structural performance to decrease are revealed and described relatively well, and therefore the level of 

structural safety will probably be high enough. However, at the very same time it must be said there are 

some situations when extra attention has to be paid. During last decades civil and structural engineering 

have gone through enormous development. New materials were introduced and the old ones have been 

enhanced as much as possible. During the process of structural design, it is absolutely common structural 

engineers use computation and design software and also advanced drawing and modelling software. As 

a result of this all the materials are now stronger, but more brittle and thus the structures are less ductile. 

The cross-sections are smaller with higher ratio of acting load-to-bearing capacity. The elements are 

slenderer and thus more prone to excessive deflections and second-order forces. Structural systems are 

less regular with longer spans. In the calculations the positive spatial effect is often included directly. 

Thanks to development of construction processes the structures have irregular skew and variable shapes. 

Many of mentioned aspects make estimating fire resistance more challenging. 

Generally, when structures are exposed to the effect of fire and consequent high temperatures, 

they suffer and their structural performance decrease, either gradually or rapidly after partial or overall 

collapses. The risk of structural collapse induced by fire is valid for all kinds of structures, including 

concrete, steel, timber and masonry ones, as well as family and apartment houses, office and public 

buildings. Even more pronounced risk is connected to industrial halls (due to nature of their use) and 

high-rise buildings and especially skyscrapers (due to more complicated and loaded structural systems 

and limited options of fire brigade intervention). 

 

Overview of buildings from all over the world which went through fire situation with short 

description can be seen e.g. in [9]. Several cases from the list were chosen to be mentioned separately: 

 Fire of Windsor Tower, Madrid is shown in Fig. 1-4. The skyscraper caught on fire in 

2005 during general refurbishment and burned out completely. Structure suffered partial 

progressive collapse when not yet fire-protected steel façade columns buckled and lost 

their bearing capacity (ensuring their fire protection was one of the refurbishment goals). 

The progressive collapse was stopped by very rigid transition floor (thick concrete slabs 

supported by deep beams). After detailed assessment local authorities decided the 

structure to be demolished. More about the post-fire inspection can be found in [10]. 

 Fire of Grenfell Tower, London is shown in Fig. 1-5. The high-rise apartment building 

caught on fire in 2017 and burned for nearly 60 hours. The concrete structural system 

consisting of precast floor and wall panels did not collapse even after the extreme fire 

duration thanks to its rigidity. Unfortunately, many habitants died inside the house mainly 

due to poor fire safety regulations and very limited possibilities of escape and fire brigade 

intervention. Several years after the incident the building is still out of use completely 

and very probably will be pulled down. More about the fire situation can be found e.g. in 

[3]. 
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 Partially collapsed Hengzhou building, Hengyang China is shown in Fig. 1-6. The 

apartment building caught on fire in 2003 and lasted for about 3 hours. According to the 

post-fire inspection nearly half of structural elements in ground floor were exposed to 

temperatures above 800 °C and several elements even to 1300 °C. According to the 

findings and numerical simulation the progressive collapse was triggered by collapse of 

two interior columns. As a result, adjacent girders were overloaded and collapsed as well 

inducing collapse of precast floor panels. During the fire brigade intervention number of 

firefighters died inside the house. The post-fire process is described in detail in [11]. 

 Collapsed Plasco building, Tehran Iran is shown in Fig. 1-7. The former tallest building 

in Iran caught on fire in 2017. During firefighting whole north outer wall lost stability 

and collapsed, inducing collapse of the rest of the building. More about the case can be 

found in [12]. 

 Burning Torch skyscraper, Dubai is shown in Fig. 1-8. Former tallest apartment building 

in the world caught on fire even twice, in 2015 and 2017. In both cases firefighters 

managed to get the fire under control and thus the structure was damaged only marginally. 

After minor repairs the building is in use again. 

 

       

Fig. 1-4. Windsor Tower fire, Madrid 2005 [10]. 
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Fig. 1-5. Grenfell Tower fire, London 2017 [3]. 

 

 

Fig. 1-6. Partial fire-induced collapse of Hengzhou building, China 2003 [13]. 
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Fig. 1-7. Fire-induced collapse of Plasco building, Tehran 2017 [12]. 

 

 

Fig. 1-8. Fire of Torch skyscraper, Dubai 2015[14]. 
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Graphical overview of typical fire event process can be seen in Fig. 1-9. If the load-bearing 

capacity of structure subjected to fire is high enough, its structural system is robust and/or the structural 

elements are fire-protected, the structure withstands the event – which is a start of the post-fire 

assessment. 

 
Fig. 1-9. Flowchart of typical fire event. 
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1.2 Motivation and Outline of the Thesis 

During second half of 20th century civil and structural engineering have gone through enormous 

development making erecting remarkable buildings possible often moving the limit line of possibilities 

further. Fire safety engineering have made huge leap as well, especially during last decades in the means 

of active and passive measures. However, despite the risk of fire start is minimalised thanks to the fire 

safety engineering measures, it is not completely mitigated – and it seems it is even not possible. Due 

to it fire situations will happen inevitably in the future, as it is demonstrated by the examples above from 

recent past. And in every single case the post-fire assessment had to be done in order to set the future of 

burned-out building and ensure public safety. 

The topic of post-fire investigation and assessment is very complex and gets even more 

challenging in case of modern complicated structural systems and usage of brand-new high-strength or 

composite materials. The empirical experience from the past tend not to be relevant enough in case of 

modern and progressive buildings. It is then fair to say the mentioned changes in civil, structural and 

material engineering are happening so fast that the development of fire safety assessments is often one 

step behind. 

With respect to the difficulties mentioned above on one hand and occurrence of real situations 

when findings of post-fire structural assessment are the only way to make a decision about future of 

burned-out building, and also the fact concrete is the most popular building material of last decades, the 

analysis of concrete structures after fire is considered to be very actual topic according to author’s 

opinion that is worth to study in detail and which has big potential of contribution to engineering 

practise. General goal of the Thesis is to provide complex methodology of whole process of post-fire 

structural assessment and making it organised, clear and easy-to-read, since there has been lack of such 

document in national and even European codes of practise. Attention is dedicated to both theoretical 

and practical findings. It is also important to mention the Thesis is focused on most common reinforced 

concrete structures (not pre-stressed) made of normal-strength concrete (𝑓𝑐𝑘 ≤ 50 𝑀𝑃𝑎) of building 

construction (not bridges and other engineering construction). 

In the forthcoming chapters following topics are discussed: 

 In Chapter 2 theoretical overview of material properties of both concrete and 

reinforcement steel is given with respect to the state during fire and after its end. 

 In Chapters 3-5 the initial steps of post-fire investigation together with recommended 

approach of preliminary and detailed inspections are given. 

 Chapter 6 is dedicated to post-fire structural diagnosis discussing most suitable testing 

methods for concrete structures with special attention to specific damage caused by fire. 

 Chapter 7 deals with global structural effects of fire and possible irreversible changes in 

structural scheme. 

 In Chapter 8 methods of structural assessment of residual load-bearing capacity are 

discussed. 

 Final discussion with recommendations for future work are given in Chapter 9. 

 In Annex 1 several examples of complete post-fire assessment are worked out. 

Chapter 2 consists of comprehensive state-of-art of published codes, bulletins and scientific 

papers. In other chapters all information, findings and figures or diagrams taken over from literature are 

properly cited. Statements, findings, figures or diagrams which are not cited are either commonly known 

and accepted or they are made on author’s own. 
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2 Properties of Concrete and Reinforcement Subjected to Fire 

(state-of-art) 

Earlier it was described that concrete structures have been very popular for almost 100 years 

already and concrete can be found in nearly every building. Due to such wide use an attention to all 

design aspects has to be paid very carefully. When speaking about fire situations in concrete buildings, 

fire resistance of such structures is relatively good with no special treatment or protection, especially 

when compared to other structural materials. The reason for such performance lies in the nature of 

concrete structures. Concrete is incombustible material, common concrete elements are rather massive 

and the thermal properties of concrete are beneficial. Moreover, the thermal conductivity is relatively 

low and specific heat capacity high (see Tab. 2-2 in Chapter 2.1). Thus it takes some time before the 

cross-section is significantly heated and the mechanical parameters deteriorate. Thanks to these features 

the fire resistance of 60 minutes can be usually achieved without any special treatment or fire protection, 

assuming the concrete members are correctly designed at ambient temperature and have common load-

bearing capacity reserve. 

When speaking about steel structures their performance at fire conditions are contrary to concrete 

structures. Steel is incombustible material as well, but steel structures are light and slender, thermal 

conductivity of steel is very high and specific heat capacity low (see Tab. 2-2 in Chapter 2.1). Due to 

these properties steel members without any protection are heated very quickly which cause rapid 

deterioration of mechanical properties from certain temperatures, thus reduction of load-bearing 

capacity and many times even structural collapse. Steel structures without fire protection can usually 

withstand fire duration up to 15 minutes, but for longer fire durations the fire protection is necessary. 

Nowadays these types of fire protection are used: 

 intumescent coating, 

 protective injection, 

 protective cladding made of thermal insulation or plasterboards, 

 casting in concrete or mortar, 

 etc. 

When speaking about timber structures, their main disadvantage is that wood is a combustible 

material. Thus during fire, the cross-sections are getting smaller which leads to reduction of load-bearing 

capacity and structural collapse in some cases. However, the wood in core of timber elements remains 

almost undamaged and therefore capable of carrying loads. Modern timber structures often use wood-

steel joints which represent problem during fire. Steel bolts, plates and screws are then the weak part 

which reduces the fire resistance of whole structure. Timber structures can usually withstand fire up to 

15-30 minutes with no additional fire protection. 

Masonry structures usually do not have a problem with fire resistance, which is mainly a result of 

their production process. Bricks made of ceramics, aerated concrete or combination of sand and lime 

are produced at high temperatures, so they are very thermal stable; concrete bricks have the same 

properties as described above. 

Although structures made of concrete exhibit good fire resistance in general, when exposed to 

fire and high temperatures for longer time the material and whole structure suffer from deterioration of 

mechanical properties, explosive spalling and decay of load-bearing capacity. The severest fires can end 

with structural collapse as well. High temperatures affect also the serviceability of the structure – 

typically growth of deflections and curvature can be seen. Also thermal strains induced by elevated 

temperatures can affect the behaviour of structure, as members tend to elongate and curve due to thermal 

expansion. 
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In the following chapters the effects of elevated temperatures on concrete and reinforcement steel 

will be described in detail. An attention will be paid on mechanical and thermal properties of both 

materials at hot state during fire and residual properties after fire, phenomena of explosive spalling, 

thermal strains, stress-strain diagrams and finally the difficulties of testing of concrete samples subjected 

to elevated temperatures. An overview of main influences and changes in concrete caused by fire can 

be seen in Fig. 2-1. Whereas all mentioned influences take place during every fire situation and are 

caused directly by high temperatures, chemical corrosion is not caused directly by high temperatures, 

but it is dependent on the nature of things which are on fire. Aggressive and poisonous substances might 

be released from burning plastics, petrol, oil, etc. Such substances can essentially damage concrete 

matrix, its constituents or simply accelerate the degradation process. An example of such substances are 

chlorides. 

 
Fig. 2-1. Overview of changes in concrete exposed to fire. 

2.1 Mechanical and Thermal Properties of Concrete at Elevated 

Temperatures 

2.1.1 Mechanical Properties 
When concrete is exposed to high temperatures during fire situation many physical and chemical 

processes take place in the concrete matrix. Most of the changes are irreversible and they are influenced 

by moisture content of the matrix, thermal properties of used aggregate, heating rate and stress state of 

given structural member. High temperatures gradually induce dehydration of the matrix, volumetric 

changes of individual constituents and decomposition of the hydration products. Overview of the main 

changes can be seen in Tab. 2-1. 

Tab. 2-1. Overview of physical and chemical changes in concrete at increasing temperatures [15]. 

Temperature [°C] Description of changes 

20-200 

Secondary hydration of not so far hydrated cement grains takes place. Slight 

increase of compressive strength might be observed (as pore pressure rise, 

the process is similar to autoclaving). 

100+ Evaporation of free water accelerates. 

80-850 
Gradual loss of chemically bound water. Decomposition of compounds 

containing water. 

150 First stage of decomposition of calcium silicate hydrate (CSH) culminates. 

300+ 

Disintegration of CSH and Ca(OH)2 continues. Aggregate starts to be damaged. 

Incompatibility of volumetric changes between aggregate and cement paste 

causes creation and propagation of micro-cracks in concrete matrix. First 

significant decay of compressive strength (~15 %). 
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374 

Critical point of water. Above this temperature water cannot exist in liquid state 

no matter of its pressure and volume. All free water is evaporated from the 

matrix. 

400-600 

Ca(OH)2 dissociates into CaO and H2O. Thermal incompatibility of aggregate 

and cement paste is significant, so is matrix porosity. All together cause major 

decay of compressive strength (~40 %). Concrete heated up to 600 °C and 

more is considered not to contribute to load-bearing capacity. 

573 

Crystalline grid of quartz (which is a part of sand or siliceous aggregate) changes 

from α-phase to β-phase. This is connected to another volumetric expansion. 

Compactness of the matrix is thus more damaged. 

700+ 
Decomposition of Ca(CO)3 in cement paste and carbonate aggregate into CaO 

and CO2. Second stage of CSH decomposition culminates. 

800 
Hydraulic bindings created during initial hydration are being replaced by ceramic 

bindings. 

1000+ Individual components of the concrete matrix start to melt. 

 

From the table mentioned above it is clear that when concrete is heated up to 200 °C its strength 

does not suffer. No or very limited damage happens in the matrix due to the aggregate. With temperature 

arising, there are two important temperature ranges which are worth to point out. The first is 

a temperature around 300 °C where first notable compressive strength decay can be observed and which 

is equal approximately to 15 %. The second range lies in between 500-600 °C and the compressive 

strength decay is expected to be about 40 %. Concrete heated over 600 °C is then assumed to be damaged 

to the extent its load-bearing contribution is minimal and thus neglected. 

Based on the amount of test results from scientists all over the world a unified approach how to 

express the strength decay was implemented into the Eurocode 2. Simple equations were introduced 

(Eq. (2-1, 2-2)), where reduction coefficient 𝑘𝑐(𝜃) and 𝑘𝑐,𝑡(𝜃) describes the strength decay which is 

related right to the hot state of concrete. The coefficients dependent on temperature are plotted in Figs. 

2-2 and Fig. 2-3. 

- equation for compressive strength decay 𝑓𝑐𝑘(𝜃) = 𝑘𝑐(𝜃) ∗ 𝑓𝑐𝑘,20 (2-1) 

- equation for tensile strength decay 𝑓𝑐𝑘,𝑡(𝜃) = 𝑘𝑐𝑡(𝜃) ∗ 𝑓𝑐𝑡𝑘,20 (2-2) 

 
Fig. 2-2. Reduction coefficient of compressive strength according to EC2 [16]. 
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It is known that tensile strength of concrete is very sensitive to high temperatures and decreases 

rapidly from relatively low temperatures. EC2 suggests linear reduction of tensile strength from 100 °C 

to 600 °C where tensile strength is expected to be equal to zero. As a result, bending stiffness decreases, 

flexural cracks create at lower loading and propagate more. Deflections of flexural members increases. 

Also anchorage of tensile reinforcement suffers and the bond strength decreases as the cohesive forces 

between steel rods and concrete are dependent on tensile strength of concrete. 

 
Fig. 2-3. Reduction coefficient of tensile strength according to EC2 [16]. 

It is worth to mention that EC2 distinguishes the reduction of compressive strength according to 

aggregate used in the mixture. The idea is based on different thermal stability of siliceous and calcareous 

aggregate which influence the strength decay. This will be discussed in detail later on in this chapter. 

Another interesting thing is that American design code ACI 216.1 [17] also provides diagrams of 

compressive strength deterioration, but unlike EC2 it distinguishes not only the type of used aggregate, 

but also whether the concrete is right at hot state or whether it is residual strength. Moreover, there are 

two curves representing concrete with no compressive stress applied and concrete under compression at 

a certain level with respect to ultimate strength. This idea is based on the thermal strains mechanism, 

respectively the difference between free thermal strains and transient thermal strains of a member under 

compression. This topic will be described in detail in Chapter 2.5. Mentioned diagrams can be seen in 

Fig. 2-4. 

  

Fig. 2-4. Diagrams of compressive strength reduction according to ACI 216.1 (left: siliceous 

aggregate concrete, right: calcareous aggregate concrete), taken over [17]. 
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Sensitivity of bond strength between reinforcement and concrete to high temperatures is in aim 

of growing scientific interest recent years. Many experimental studies have been conducted to prove the 

material deterioration influences not only the compressive and tensile strength and Young’s modulus of 

concrete, but also the bond strength. The decay seems to be reasonable and not surprising conclusion as 

the bond strength depends on compressive and tensile strength of concrete directly. However, actual 

design codes (EC2 [16] and ACI [17]) do not provide any information nor recommendation about the 

appropriate reduction. Fib Model Code 2010 [18] suggests the reduction should follow the reduction 

trend of tensile strength at elevated temperature, which means reduction of 50 % when temperature is 

equal to 300 °C and even 90 % when temperature is equal to 500 °C. However, the reality might be 

a little bit more favourable. According to test results and test arrangement it seems the bond strength 

decay lies somewhere between reduction curves of compressive and tensile strength [19, 20]. The 

reduction diagram gained from series of test results can be seen in Fig. 2-5. 

 

Fig. 2-5. Diagram of bond strength reduction according to experimental results, taken over from [19]. 

The last mechanical property to mention is the concrete’s Young’s modulus of elasticity. Its decay 

is induced by the very same reasons as why compressive and tensile strength decreases – it lies in the 

damaged microstructure and gradual decomposition of hydration products. When mechanical properties 

of concrete are compared, with increasing temperatures the fastest decay exhibits modulus of elasticity, 

then the tensile strength and the slowest decay exhibits compressive strength. 

Experimental results, which have been published in literature and which focus on effect of high 

temperatures on Young’s modulus, exhibit relatively large scatter. Test results are influenced by many 

boundary conditions, most of them are mentioned in Chapter 2.3. Main conditions influencing testing 

modulus of elasticity are: 

 which type of modulus of elasticity is investigated (either initial tangent or secant), 

o if secant modulus of elasticity – which stress level is considered to cross the 

stress-strain curve; 

 whether the test investigates hot or residual property; 

 are specimens during heating subjected to compressive stress, if so to what extent; 

 is the mechanical property investigated by ordinary static destructive test or non-

destructively using ultrasonic pulse velocity test; 

 what type of aggregate is used in the concrete mixture, 

o generally siliceous or calcareous, 

o what modulus of elasticity exhibit the aggregate – can vary greatly (from 10 GPa 

for sandstone up to 90 GPa for basalt [21]); 

 what kind of heat treatment of specimens is proceeded. 
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According to the comprehensive state-of-art review in [22] the test results scatter can be 

graphically interpreted as can be seen in Fig. 2-6. 

 
Fig. 2-6. Scatter of Young’s modulus decay based on test results according to [22]. 

Based on the number of test result some authors carried out regression analysis and proposed 

analytical equations of Young’s modulus’ dependency on elevated temperatures. Visual interpretation 

of the equations can be seen in Fig. 2-7. Similar trend can be found among curves, however one has to 

keep in mind the results are rather informative and approximate than generically usable for design 

purposes. 

 
Fig. 2-7. Experimental results of Young’s modulus decay at high temperatures, taken over from [23]. 

At ambient temperatures modulus of elasticity and its decay does not have direct impact on load-

bearing capacity of flexural structural members, but it does influence their serviceability. In case of 

concrete typical example is the creep mechanism. Due to it deflections and curvatures of structural 

members grow with time. It is also together with crack propagation responsible for internal forces 

redistribution which indirectly influences also structural load-bearing performance. For slender walls 

and especially columns the decay of stiffness can highlight second order effect and buckling failure can 
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occur. When concrete structure is exposed to high temperatures due to material deterioration Young’s 

modulus decreases. The higher the temperatures the more modulus of elasticity decreases. As a result, 

significant decay of stiffness takes places. Moreover, deflections and curvatures of elements grow 

considerably and flexural cracks propagate earlier and in larger extent. Redistribution of internal forces 

is strongly influenced by stiffness evolution along members and also values of additional temperature-

induced inner forces are directly dependent on mutual stiffness’s ratios, as will be discussed in detail in 

Chapter 7. Therefore, correct estimation of Young’s modulus decay seems to be crucial for calculating 

fire resistance and residual load-bearing capacity as well. 
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2.1.2 Thermal Properties 
Thermal properties of concrete, which describes material response to elevated temperatures and 

enables conducting thermal analysis, are specific heat capacity and thermal conductivity. The properties 

are functions of temperature in general and their change is connected to loss of moisture from the matrix. 

Their definition is provided by EC2. 

Specific heat capacity 𝑐𝑝 describes how much energy is needed to warm one kilogram of material 

by one Kelvin. The diagram can be found in Fig. 2-8. It can be seen each curve is connected to certain 

moisture content of concrete. If the moisture content is not equal to zero, the peak lies in the range of 

100-115 °C and is caused by change of free water state from liquid to gas. From 400 °C on it is assumed 

there is no free water left in the matrix and therefore the specific heat capacity is constant. 

 
Fig. 2-8. Specific heat capacity of concrete according to EC2 [16]. 

Bulk density of concrete 𝜌𝑐 is also dependent on moisture content of concrete matrix. As water 

from concrete evaporates (at first free water, later on chemically bounded water from decomposed 

compounds), the matrix becomes lighter. Increasing porosity is a result of evaporating moisture and 

propagating micro-cracks and it makes bulk density smaller as well. The decay of relative bulk density 

according to EC2 can be found in Fig. 2-9. 

 
Fig. 2-9. Bulk density of concrete according to EC2 [16]. 
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The second important thermal property of concrete is thermal conductivity 𝜆𝑐. It describes how 

fast is heat from one part of material with higher temperature conducted to another part with lower 

temperature. The heat conduction runs naturally in direction of heat gradient as the system tends to 

balance itself. The definition of thermal conductivity says how much heat power is needed to rise 

temperature of material with dimensions of 1 m2 in area and 1 m in thickness by one Kelvin. As moisture 

evaporates from concrete with rising temperatures air replaces free space in the matrix. Because air is 

better thermal insulator than water is, the thermal conductivity decreases with rising temperatures. EC2 

suggests curves representing upper and lower limits. According to its instructions the upper limit was 

derived primarily for composite steel and concrete structures and so lower limit is suggested to be used 

for reinforced concrete structures. The diagram is shown in Fig. 2-10. 

 
Fig. 2-10. Thermal conductivity of concrete according to EC2 [16]. 

EC2 also provides equations and chart to estimate thermal strains induced by high temperatures. 

Again it is distinguished whether siliceous or calcareous aggregate is used in concrete mixture. But it is 

necessary to mention that the suggested thermal strains are free strains which can be found on test 

specimens or parts of structure with no compressive stresses [24]. More about thermal strains can be 

found in Chapter 2.5. 

 
Fig. 2-11. Free thermal strain of concrete according to EC2 [16]. 

0,00

0,50

1,00

1,50

2,00

2,50

0 200 400 600 800 1000 1200

T
h

e
rm

a
l 
c
o

n
d

u
c
ti
v
it
y
 λ

c
(θ

) 
[W

/m
K

]

Temperature θ [°C]

upper limit

lower limit

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

16,00

0 200 400 600 800 1000 1200

F
re

e
 t
h

e
rm

a
l 
s
tr

a
in

 ε
θ

,f
re

e
[‰

]

Temperature θ [°C]

siliceous
aggregate

calcareous
aggregate



Doctoral Thesis 

Chapter 2 – Properties of Concrete and Reinforcement Subjected to Fire (state-of-art)  

 

 

28 

In general it is believed that coefficient of thermal expansion of concrete is equal to 𝛼𝑐 =

= 10 ∗ 10−6 𝐾−1 which approximately agrees with the coefficient of thermal expansion of steel 𝛼𝑠 =

= 12 ∗ 10−6. Both values are also suggested by Eurocode 1992-1-1 [25]. Although it is not said 

explicitly these values are valid only when speaking about common temperatures up to approximately 

200 °C. If the basic equation of thermal elongation Δ𝑙/𝑙0 (see Eq. (2-3)) is expressed with respect to 

coefficient of thermal expansion 𝛼𝑐(𝜃) (see Eq. (2-4)) the difference can be seen in Fig. 2-12. The value 

of 𝛼𝑐  (𝜃) is getting bigger than the constant value after reaching 200 °C for siliceous aggregate concrete, 

where the curves cross. Whereas for calcareous aggregate concrete the curves cross at approximately 

500 °C. Up to this temperature the 𝛼𝑐(𝜃) is lower than the constant value, then it is exceeded. As the 

temperature dependent coefficient of thermal expansion is derived from equations of free thermal 

strains, obviously 𝛼𝑐(𝜃) is related to thermal strains with no restraints as well. 

 휀𝑡ℎ =
Δ𝑙

𝑙0
= 𝛼𝑐(𝜃) ∗ Δ𝜃 (2-3) 

 𝛼𝑐(𝜃) =
휀𝑡ℎ

Δ𝜃
 (2-4) 

 
Fig. 2-12. Derived coefficient of thermal expansion of concrete. 

To conclude with thermal properties of selected building materials are summed up in Tab. 2-2. 

Values are given primarily to see the major differences between individual materials and they 

correspond to the temperature 20 °C. From comparison of concrete and steel it can be stated the specific 

heat capacity of concrete is approximately twice as much as that of steel. Contrary, thermal conductivity 

of steel is about 50 times higher than that of concrete. 

Tab. 2-2. Overview of thermal properties of building materials at 20 °C. 

Material 
Bulk density 

ρ [kg/m3] 

Specific heat 
capacity 
c [J/kgK] 

Thermal 
conductivity 

λ [W/mK] 

Coefficient of 
thermal expansion 

α [1/K] 

concrete 2300 900 1,3 - 1,9 10*10-6 

steel 7850 440 50 12*10-6 

aluminium 2700 870 204 22,2*10-6 

ceramics 1400 - 1800 900 0,28 - 1,2 5,5*10-6 

timber 450 - 700 2510 0,18 - 0,49 5*10-6 

mineral wool ~ 40 800 - 1200 0,03 - 0,1 - 
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2.1.3 Effect of Aggregate Content 
From previously written it is clear scientists as well as design codes distinguish the type of 

aggregate used in concrete mixture because of its crucial impact on damage mechanism of concrete 

exposed to elevated temperatures [26]. The most important property of aggregate is its thermal stability 

and coefficient of thermal expansion respectively. When concrete is being heated up, the cement paste 

tends to expand up to approximately 200 °C, but then it starts to shrink extensively. However, both 

natural and artificial aggregate expands in all temperature range. As a result, micro-cracks create in the 

concrete matrix because of the thermal incompatibility of its constituents. A screenshot of microscopic 

view on concrete matrix at ambient temperature and at 750 °C is shown in Fig. 2-13. It is evident the 

matrix of not heated concrete is dense and compact, whereas the one of heated concrete is weakened by 

cracks. The cracks creation and propagation is connected to strength and stiffness decay, as can be seen 

in Tab. 2-1. 

 
Fig. 2-13. Microscopic images of concrete matrix at ambient temperature (left) and 750 °C (right) 

– taken over [27]. 

There are several fundamental groups of aggregate which are being used in concrete production: 

 siliceous aggregate (such as granite and sandstone – containing quartz), 

 calcareous aggregate (such as limestone and dolomite), 

 lightweight aggregate (artificially made of clay or slate), 

 recycled aggregate (crushed old concrete, ceramic bricks, etc.). 

Siliceous aggregate is known as thermal-sensitive which expands more than other types of 

aggregates when being heated up. Moreover, such aggregate contains quartz which expands even more 

greatly when temperature reaches 573 °C [28, 29, 30]. At this temperature a change of crystalline grid 

of quartz takes place (from α-phase to β-phase). Contrary, calcareous aggregate is more thermal stable 

and therefore the difference between expansion of aggregate and shrinkage of cement stone is smaller 

[ref]. It is also connected to strength decay which tends to be slower (see Figs. 2-2 and 2-4). Another 

group of aggregate is the lightweight aggregate. Thanks to the nature of its production process which 

takes place under high temperatures the aggregate is very thermal stable and therefore its thermal 

expansion is much lower. Concrete with lightweight aggregate is not so common in engineering practice 

and EC2 does not provide instruction about its mechanical nor thermal properties so far (unlike ACI 

216.1 which does provide them). New group of aggregate which is starting to be used in concrete 

production these days is the recycled aggregate gained mainly from crushed old concrete. This is 

happening due to environmental reasons and sustainable approach to building industry and because the 

world’s supplies of quarries are getting smaller quickly. Thermal strains of different types of aggregate 

can be seen in Fig. 2-14. 
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Fig. 2-14. Thermal strain of different types of aggregate – taken over [31]. 

A comprehensive overview of aggregate’s thermal stability and damage caused by high 

temperatures can be found in Fig. 2-15. 

 

Fig. 2-15. Overview of aggregate types used in concrete production and their thermal stability, 

taken over [15]. 
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2.1.4 Effect of Moisture Content & Explosive Spalling 
To start the process of hydration water has to be added to the concrete mixture. The optimal 

amount of water is given by the amount of cement and admixtures. The actual volume of added water 

is then expresses by so called water-cement ratio (ratio of weights) and usually it is equal to 0,4 − 0,6 

and 0,25 − 0,4 for normal-strength concrete and high-strength concrete, respectively. If higher amount 

of water is added to the mixture, it is beneficial for fresh concrete workability, but contradictory for final 

strength of concrete, its shrinkage and creep. Lower strength and increasing creep are caused by 

evaporation of free water from the matrix and thus increasing porosity. 

Higher water content also rises the risk of explosive spalling. Based on comprehensive research 

it is believed that spalling phenomena is caused by combination of these processes [32]: 

 Growth of pore pressures as moisture evaporates from the matrix. Moisture migration is 

driven primarily in the direction of thermal gradient – it means towards the cold concrete 

core. In certain depth the pore system is filled completely with water – this is called the 

moisture clog in the literature [15]. From this moment pore pressure rises as the water is 

being compressed with another migrating molecules. So the pore pressure acts like 

internal load to the concrete matrix and if it rises above the tensile strength of concrete, 

a piece of concrete from surface layer spalls. 

 Internal stress caused by thermal expansion. Surface concrete layers tend to expand which 

is restrained by ambient material, so the compressive stress develops. It is accompanied 

by transversal tension which if it is larger than concrete tensile strength cause spalling of 

pieces of concrete from surface layers. 

The explosive spalling is then causing irreversible damage to the structure. The cross-sections are 

getting smaller, concrete cover of reinforcement is being damaged due to which reinforcement bars are 

exposed to high temperatures directly and thus loosing strength quickly. Also reinforcement anchorage 

is being weakened as the part of interacting concrete is lost. All of this results in decrease of load-bearing 

capacity of structural element. 

Structures exposed to severe fires with fast heating rate are extremely prone to the risk of 

explosive spalling, especially if the moisture content of concrete is high. Tunnel linings are an example 

of such structures. When designing such structures there is an effort to mitigate or even better totally 

eliminate the risk of spalling. This could be achieved by adding fibres to concrete mixture. Whereas 

steel fibres generally enhance mechanical properties of concrete and the tensile strength of concrete in 

particular, polypropylene (PP) fibres do not enhance the properties if not worsen them. But for a long 

time it is known it can help to mitigate the risk of explosive spalling [26]. The mechanism works on 

principle of reducing pore pressure. Because the melting temperature of PP fibres is relatively low (about 

170 °C) once it is exceeded the fibres melt and therefore create additional space in concrete matrix where 

vapour can be release. Thereby the pore pressure decreases and the risk of spalling lowers. 
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2.2 Mechanical and Thermal Properties of Reinforcing Steel at Elevated 

Temperatures 

Properties of reinforcement steel at elevated temperatures are dependent on the nature of 

production. Over the years, metallurgical processes have been developed in order to enhance the 

mechanical properties of steel. In case of reinforced concrete, the reinforcement is being produced either 

by hot-rolling or cold-working, moreover prestressing high-strength steel can be produced using 

quenching and tempering processes. Due to the nature of production process hot-rolled bars are the least 

sensitive to high temperatures, cold-worked reinforcement shows higher sensitivity, whereas 

prestressing steel is known for its significant thermal sensitivity and rapid deterioration when exposed 

to high temperatures [16]. 

EC2 introduces two classes of normal (not prestressing) reinforcement, class “N” and class “X”. 

Czech national annex recommends to work with class “N”, unless verified experimental data for class 

“X” are available [16]. The strength decay is expressed analogically to strength decay of concrete, using 

Eq. (2-5). Value of the reduction coefficient 𝑘𝑠(𝜃) is given in Fig. 2-16. 

 𝑓𝑠𝑦,𝑘(𝜃) = 𝑘𝑠(𝜃) ∗ 𝑓𝑦𝑘,20 (2-5) 

 
Fig. 2-16. Reduction coefficient of yield strength according to EC2 [16]. 

There can be seen the loss of yield strength of reinforcement steel is dependent not only on nature 

of steel production but also on reinforcement stress and strain. The hot-rolled steel bars in tension (red 

curve) keeps its initial tensile strength up to 400 °C which then decreases rapidly. Behaviour of cold-

worked steel bars in tension (blue curve) is similar to hot-rolled steel, but the strength decay starts earlier 

about 300 °C, which corresponds to higher thermal sensitivity described in the previous paragraph. At 

the same time, it is assumed the strain of both types of steel is relatively high, 휀𝑠 ≥ 2%, which is 

according to stress-strain diagram published in EC2 a value when stress in steel reaches a yield plateau. 

The green curve is related to reinforcement in compression and also tension when the yield plateau is 

not reached (휀𝑠 < 2%). It is also noted [28, 33] the marked yield plateau of hot-rolled steel clearly 

visible in stress-strain diagram at ambient temperature disappears when temperature reaches 

approximately 200-300 °C so the 0,2% proof stress has to be taken into account. 

From above mentioned it is obvious that reinforcement does not suffer from exposure to elevated 

temperatures until it is heated to certain temperatures. Therefore, the concrete cover is that much 

important as it slows down heating of steel bars. Also because of this fact the explosive spalling is 

considered as a threat which may expose reinforcement directly to high temperature and thus cause 
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tremendous decay of load-bearing capacity. Tabular assessment given by EC2 and ACI is based on 

thickness of concrete cover as well. 

The reduction diagram of steel tensile strength dependent on temperatures according to ACI 216.1 

[17] can be seen in Fig. 2-17. The curves are similar to those suggested by EC2. The differences can be 

attributed to different experimental results database and different requirements for reinforcement steel 

production codes. 

 

Fig. 2-17. Reduction diagram of tensile strength according to ACI 216.1, taken over [17]. 

High temperatures influence not only tensile strength of steel and its ductility (which grows with 

temperature, see stress-strain diagram in Chapter 2.1.2) but Young’s modulus of elasticity as well. 

In Fig. 2-16 it can be seen that yield strength of rebars in tension is reduced when temperatures reach 

400 °C (300 °C respectively for cold-worked steel), up to these temperatures the initial yield strength is 

assumed to be fully preserved. The modulus of elasticity decay is then expressed using Eq. (2-6), where 

𝑘𝑠,𝐸 is the reduction coefficient and it is a function of temperature. Its evolution with increasing 

temperatures can be seen in Fig. 2-18. Curves for hot-rolled and cold-worked steel are distinguished. 

From the diagram it can be stated the Young’s modulus decay starts right after reaching 100 °C. In case 

of hot-rolled steel the first branch of the curve up to 500 °C is less progressive, for higher temperatures 

the slope of the curve rises significantly. In case of cold-worked steel the drop is linear up to 700 °C and 

it is higher in whole temperature range, which corresponds with the assumption cold-worked steel is 

more sensitive to high temperatures. 

 𝐸𝑠(𝜃) = 𝑘𝑠,𝐸(𝜃) ∗ 𝐸𝑠,20 (2-6) 

 

The Young’s modulus decay does not influence directly load-bearing capacity, however similarly 

to concrete’s modulus of elasticity it effects serviceability of the structural member, its deflections and 

curvature and in general its stiffness, internal forces redistribution and in case of slender members also 

their sensitivity to buckling. 
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Fig. 2-18. Reduction diagram of Young’s modulus of reinforcing steel according to EC2 [16]. 

Thermal properties of steel can be found in the overview in Tab. 2-2, but for conducting the 

thermal analysis of either cross-section or whole structural concrete element it is not necessary to use 

them directly. It is supposed that contribution of steel to the thermal field is minor [28]. Thus it is usually 

neglected to make the calculation simpler and so the cross-section is assumed to be made of concrete 

only. Reinforcement temperatures are then overtaken from the concrete temperatures at the very same 

positions in the cross-section. 

 
Fig. 2-19. Free thermal strain of steel according to EC2 [16]. 

The thermal property that is worth to mention is the thermal strain of steel depending on 

temperatures. The definition from EC2 is plotted in Fig. 2-19, where also free thermal strain curves of 

concrete are indicated. From the comparison it is clear the thermal strains of both materials are 

approximately equal at ambient temperatures (𝛼𝑐 = 𝛼𝑠 ≈ 10−5 𝐾−1), but they do not correspond to 

each other at elevated temperatures. An equation (2-7)4 can be written describing the induced stress 

                                                      

4 The decay of elastic modulus 𝐸𝑐 has been incorporated according to [23], concrete C25/30 is assumed. 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 200 400 600 800 1 000 1 200

R
e

d
u

c
ti
o

n
 c

o
e

ff
ic

ie
n
t 
k

s
,E

 (
θ

) 
[-

]

Temperature θ [°C]

hot-rolled steel

cold-worked steel

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

16,00

18,00

20,00

0 200 400 600 800 1 000 1 200

T
h

e
rm

a
l 
s
tr

a
in

 ε
s
(θ

) 
[‰

]

Temperature θ [°C]

thermal strain
of steel

thermal strain
of concrete



Doctoral Thesis 

Chapter 2 – Properties of Concrete and Reinforcement Subjected to Fire (state-of-art)  

 

 

35 

between concrete and steel bars caused by thermal incompatibility. The induced bond stress is plotted 

in Fig. 2-20 and according to it the peak stress is induced around 500 °C for siliceous and calcareous 

aggregate concrete as well. 

 Δ𝜎𝜃 = 𝜎𝑐,𝜃 − 𝜎𝑠,𝜃 = 휀𝑐,𝜃 ∗ 𝐸𝑐,𝜃 − 휀𝑠,𝜃 ∗ 𝐸𝑠,𝜃 (2-7) 

 
Fig. 2-20. Temperature induced bond stress between reinforcement and concrete. 

 

2.3 Determination of Concrete Mechanical Properties at Elevated 

Temperatures by Laboratory Tests 

Mechanical properties of concrete have been studied experimentally for many decades. Because 

the research lies on material level, it is principally conducted on specimens at laboratories. Since 1960s 

a comprehensive database of test results has been created. Based on the database design instructions 

were incorporated into design codes. 

Such tests basically consist of a relatively small specimen made of concrete (usually without 

reinforcement bars, but it may contain fibres), which is heated. The heat treatment can be done in various 

ways [ref], but a special laboratory furnace is the most common one. The specimen is then tested to gain 

the compressive strength of concrete as it is the most important concrete material property. The 

compression test can be either destructive or non-destructive, but traditionally the destructive tests are 

considered as fundamental and non-destructive tests are considered only as additional and informational 

– therefore the destructive compression test will be discussed. More about testing methods can be found 

in Chapter 6. So the result of such test is the compressive strength of concrete damaged by high 

temperature. However, according to [26] it seems the results may be affected by various test 

arrangements to a considerable extent. Unfortunately unified test arrangement has not been adopted yet. 

The main difference is whether the compression test is conducted on yet hot specimen or specimen 

cooled down to ambient temperature. Result from hot specimen represents compressive strength of 

concrete right at fire situation and may be used to calculate the fire resistance. On the other hand, result 

from specimen cooled down to ambient temperature represents residual compressive strength of 

concrete and may be used when calculating the residual load-bearing capacity. If both types of results 

are compared to each other, residual strength should be theoretically always lower than result at hot state 

according to [28, 34]. When the damage mechanism is repeated it sounds logical. Aggregate and cement 

paste expands and shrinks, respectively, when concrete is being heated up. As a result, the concrete 

matrix is damaged due to micro-cracks. After cooling to ambient temperature, aggregate shrinks back 
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to its initial volume, so the cracks in the matrix become even bigger. The matrix is therefore less compact 

and residual compressive strength lower. However, according to [26] it seems aforementioned may not 

be true in all range of temperatures. When moisture evaporates extensively from concrete matrix, 

migrating vapour causes rise of pore pressures. These together with stress from conventional external 

loads might reach ultimate compressive strength earlier than in case of residual strength. Because of 

nature of this mechanism it seems this might happen up to about 400 °C when moisture evaporation 

culminates. The second approach of testing is much more popular among scientists mainly because it is 

much less difficult to carry out. However, from the aforementioned it is clear test results from both 

options mean something different. 

Another possible arrangement is whether the specimen is heated with or without any priory 

applied compressive stress. The difference is mainly a matter of thermal strains which are discussed in 

detail in Chapter 2.5. When a specimen is heated with no applied stress free thermal strains can 

propagate (as they are described in Chapter 2.1). As a result, the concrete matrix is significantly damaged 

due to micro-cracks caused by thermal incompatibility of aggregate and cement paste). However, when 

a compressive stress is applied to certain level of ultimate strength, thermal strain of concrete is 

considerably reduced [28], therefore the matrix is less damaged and the strength (either at hot state or 

residual) is higher. The arrangement with applied compression represents concrete strength of members 

with dominant axial compressive force, such as columns, walls and parts of slabs and beams that are in 

compression. Whereas the other arrangement represents concrete strength of members in tension or 

simply without prestressing force. Among researchers the approach without applied stress is more 

popular because of test difficulties. However, these two test options have to be distinguished carefully 

again. Comparison of residual compressive strength test results from different test arrangements can be 

seen in Fig. 2-21. 

 
Fig. 2-21. Comparison of relative compressive strength of concrete with calcareous aggregate 

according to test arrangement, taken over [28]. 

To continue with, when testing the residual compressive strength, a type of specimens cooling 

regime after the end of heat treatment has to be distinguished carefully since it affects the results 

significantly. The most sensitive way to treat the specimens after heating is letting them to cool down 

back to ambient temperature naturally on air. As the concrete matrix is cooling down slowly, expanded 

volume of its constituents is gradually getting back to initial values and the matrix more probably 

accommodates the tensile stress induced by volumetric changes. Whereas when the specimens are 

cooled down rapidly in water, the volumetric changes happen faster and the matrix usually cannot 

withstand induced tensile stresses, which leads to another formation of tensile cracks. The matrix is then 

damaged additionally [28], therefore the residual strengths of such specimens are lower. The two types 

of cooling regime are ought to simulate real conditions of concrete structure after fire which can be 
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either let to cool down itself or can undergo the thermal shock by cold water from fire brigade 

intervention. 

When conducting the specimen heat treatment, it is also important to think about the temperature 

distribution inside the specimen. The most common way is to set the length of heat treatment long 

enough to ensure uniform temperature in whole specimen, especially because then the test result can be 

attributed to a certain temperature. However, if the temperature differs inside the specimen, the test 

results interpretation is more complicated as it can only represent a mean value to a certain extent. This 

type of problems is typical when testing the real structure after fire. Ways how to work with such results 

can be found in Chapter 6. 

From the aforementioned it is obvious that testing specimens due to gaining mechanical properties 

of concrete either at hot state or cooled down state is very specific and it differs from regular testing of 

concrete. Therefore, it is necessary to distinguish all possible options of test arrangement because of 

different result meanings. General instructions to conducting such tests can be found e.g. in RILEM 

technical regulations. 

To conclude with it is worth to mention that concrete strength decay suggested by EC2 is related 

to the hot state of material [16]. Moreover, it is assumed free thermal strains of concrete can propagate 

with no restraints and thus no beneficial compressive force is reducing the strength decay. 

2.4 Residual Properties of Concrete and Reinforcing Steel after Exposure to 

Elevated Temperatures 

2.4.1 Residual Properties of Concrete 
It was already stated that mechanical properties of concrete affected by high temperatures have 

been studied for a long time already. Thanks to it a comprehensive database of test results was obtained. 

According to the most common test arrangement (see Chapter 2.3), most of the so far conducted tests 

was aimed at investigating residual properties of concrete (primarily the residual compressive strength) 

mainly because it is much easier for scientists to conduct such tests. 

In the previous chapter the basic difference between properties at hot and residual state was 

described. The defined mechanism is dedicated to compressive strength decay, but it is very similar also 

when speaking about decay of tensile strength and modulus of elasticity, as the reason of decay of all 

mentioned mechanical properties is basically the same – deteriorated concrete matrix. During cooling 

period concrete matrix is additionally damaged due to volumetric changes of its constituents. Therefore, 

the residual mechanical properties are assumed to be always lower than properties at hot state. In Chapter 

2.3 it was mentioned that when conducting laboratory tests on hot specimens there is a range of 

temperatures up to approximately 400 °C when inner stress generated by moisture evaporation together 

with external load can cause earlier reaching of ultimate compressive strength than in case of testing 

after cooling down. However, the effect of additional inner stresses from vapour release is questionable 

in case of real-scale structures, especially slabs and walls. The vapour migration can cause spalling of 

concrete with all its consequences, but inducing a structural collapse seems to be rather unlikely. 

In [28] it is stated that the residual compressive strength of thermally-damaged concrete is 

generally not constant after the end of fire event, but it can vary in a limited extent with time. Right after 

the end of fire the damaged matrix is either absolutely or nearly dry. At this moment the material starts 

to absorb air moisture (mainly surface layers) and some compounds start to hydrate secondarily. At the 

beginning of the hydration, compressive strength can lower a bit for few months as new compounds are 

created (due to their volumetric expansion), but in time range of next months and several years the 

compressive strength grows as the matrix heals itself. According to [28] the compressive strength can 

recover even up to the strength at hot state. Visual interpretation can be seen in Fig. 2-22. Because other 
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mechanical properties depend basically on the same factors as compressive strength does, evolution of 

tensile strength and modulus of elasticity with time follow the same trend. 

 
Fig. 2-22. Time-dependent residual compressive strength of concrete specimen after exposure to 

250 °C, taken over [35]. 

Although previously mentioned knowledge about concrete after fire is available, it is still very 

hard to estimate the expected residual mechanical properties mathematically or using some empirical 

equations, as the residual parameters can vary significantly when compared to “hot” properties. As it 

was already mentioned in Chapter 2.3, the actual values are strongly dependent on several boundary 

conditions. Effects of high temperatures and stress-state in the structural members have been already 

discussed. The last important factor to mention is the cooling regime of structures. While high 

temperatures and stress-state influence decay of mechanical properties directly and can be expressed by 

equations, tables or charts, it is more complicated when speaking about possible cooling regimes. If 

a structural member after fire is cooled down naturally on air, the ultimate compressive strength should 

be reduced approximately by 15-20 % with respect to “hot” strength, while the stress-strain curve should 

be edited analogically [15]. The design code for composite concrete-steel structures [36] proposes in 

Annex C approach how to take into account the residual compressive strength of concrete and according 

to it the strength should be taken according to Eqs. (2-8) – (2-10). From the equations it is evident the 

strength is not lower than 90 % of the strength at “hot” state related to the peak temperature which is 

less conservative than values advised above. However, if the structure is cooled down very quickly by 

cold water, it undergoes thermal shock which usually causes another damage of the matrix (the damage 

mechanism is described in Chapter 2.3). According to test results, in [37] it is stated the residual 

mechanical properties can be additionally worsen up to 38 % when compared to residual properties of 

concrete cooled down slowly on air. 

– for 20 °𝐶 < 𝜃𝑚𝑎𝑥 < 100 °𝐶 𝑓𝑐𝑘,𝜃,𝑟𝑒𝑠 = 𝑘𝑐,𝜃,𝑚𝑎𝑥 ∗ 𝑓𝑐𝑘,20 
(2-8) 

 

– for 100 °𝐶 ≤ 𝜃𝑚𝑎𝑥 < 300 °𝐶 𝑓𝑐𝑘,𝜃,𝑟𝑒𝑠 = 0,95 − (0,185
𝜃𝑚𝑎𝑥 − 100

200
) ∗ 𝑓𝑐𝑘,20 (2-9) 

– for 𝜃𝑚𝑎𝑥 ≥ 300 °𝐶 

 

𝑓𝑐𝑘,𝜃,𝑟𝑒𝑠 = 0,9 ∗ 𝑘𝑐,𝜃,𝑚𝑎𝑥 ∗ 𝑓𝑐𝑘,20 (2-10) 

 

To continue with, even though quick cooling of concrete building which is on fire can be highly 

unfavourable from structural point of view, it is very often situation as extinguishing by water stream is 

the most common extinguishing technique which fire brigades use during interventions and it does not 

seem this will change in near future. The additional strength decay cited in the previous paragraph has 

to be understood as proved in laboratory tests on small specimens. During the test the specimen was 

firstly heated to a uniform temperature and then the whole specimen was cooled down to ambient 

temperature – the test result then proves the damage mechanism at a steady-state condition. However, 

in case of real structure the situation is different. The temperature distribution in member’s cross-
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sections is generally non-uniform and highly nonlinear and also the extinguishing does not proceed until 

the whole structure exhibits uniform ambient temperature. Therefore, the effect of cooling influences 

mainly the surface layers of concrete, but the cross-section’s core might not be affected at all. As a result 

of thermal shock, following consequences should be taken into account in the post-fire structural 

assessment: 

 compressive strength reduction in those parts of cross-sections which are under 

compression – walls, columns and parts of slabs and beams under compression (the 

affected thickness of concrete can be investigated conducting reverse thermal analysis); 

 risk that concrete cover will slough off and/or will not be cohesive with the reinforcement 

and the rest of cross-section (often seen during fire situations or after their ending [38]); 

 tensile strength reduction – tensile strength of concrete is generally neglected according 

to common design approach of concrete structures [25]; however, it has to be taken into 

account when speaking about bond strength of reinforcement, its anchoring and rebars 

connecting via overlap lengths; 

 temperature-induced structural effects similar but reversed to the effects when structure 

is being heated. 

When speaking about residual bond strength of concrete, growing interest of scientists has been 

dedicated to this topic lately [39, 40]. According to the published experimental results it was proved the 

bond strength is sensitive to elevated temperatures to a no negligible extent. As the bond strength at 

ambient temperatures is directly dependent on compressive and tensile strength of concrete, the 

dependency at elevated temperatures sounds reasonable. Following the decay trend of residual 

compressive and tensile strength of concrete, the bond strength is reduced only minimally up to 200 °C. 

However, if rebars temperature 600 °C or 800 °C is reached, the bond strength might reduce up to 70-

75 %, respectively. Because the tensile reinforcement is basically located close to the element’s surface 

the cooling regime described in the previous paragraph affects the residual bond strength significantly 

as well. Beside the direct impact of high temperatures, the residual bond strength depends strongly on 

the concrete cover thickness and the type of used rebars (ribbed or plain bars). The cohesion between 

concrete and rebars can be damaged also due to the stress induced by differential thermal elongation, as 

described in Chapters 2.1 and 2.2 (partial slip of reinforcement can happen). Such deterioration has 

apparent effect on reinforcement anchorage and rebars connecting via overlap lengths. Therefore, it has 

to be investigated carefully due to direct impact on structural performance. 

The last thing to discuss is the impact of exposure length of concrete structures to high 

temperatures and its effect on residual properties of concrete. In [22] it is stated the most important 

parameter of fire event is the maximal reached temperature, whereas the length of exposure to high 

temperature has only minor effect. This seems to be valid when speaking about fires of buildings, as the 

fire event usually lasts only several hours (several days in maximum) and it is very probable there will 

be maximally one fire event in given structure during its life-cycle. The situation might be different in 

case of special structures which are exposed to high temperatures due to the nature of industrial facility, 

power plant, etc. The long-term and cyclic exposure might influence the material in some additional 

way, however this is not in scope of this Thesis. 

2.4.2 Residual Properties of Reinforcing Steel 
Over the years the main attention of scientists has been dedicated to testing and describing the 

behaviour of concrete, either at hot state or after cooling down. Less attention has been paid to behaviour 

of reinforcing steel. According to the test results [41] and also design code prescriptions [16] it is known 

that the strength decay of reinforcing steel depends on the production technique of rebars (hot-rolled 

steel is less temperature-sensitive, whereas cold-worked steel exhibits more significant and faster 

strength decay and the most temperature-sensitive type of steel is the high-strength steel for pre-stressed 

concrete structures). To continue, it was discovered that for temperatures up to 400 °C there is almost 
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no decay of tensile strength in case of hot-rolled reinforcement (300 °C for cold-worked reinforcement), 

while the Young’s modulus starts to decrease gradually from 100 °C on for both types of rebars. Such 

properties are valid for hot state. 

When compared to the amount of rebar tests at hot state, only very small attention has been 

dedicated to testing the residual properties of rebars after exposure to high temperatures. Therefore, only 

limited amount of test results is available. Generally, it is stated that after the exposure to elevated 

temperatures the yield strength recovers fully to the initial extent prior to heating, which is based on the 

fact no significant changes in microstructure nor crystalline grid happens in the steel rods when being 

heated. On the contrary, this is probably not true for whole range of temperatures. According to [38] the 

yield strength recovers fully when reinforcement is heated only up to 550-600 °C in maximum for hot-

rolled steel and 450 °C for cold-worked steel, while these temperatures are called as critical 

temperatures [41]. After these temperatures are exceeded the residual yield strength cannot be restored 

fully as some changes at a microscopic level happened during heating. The residual strength decay can 

be seen in Fig. 2-23. The diagram is derived only to 700 °C based on the idea that a structure with 

reinforcement heated to more than 700 °C has to be damaged so heavily that another use or repair is not 

possible [38]. Nevertheless, if the information about residual yield strength of such rebar is still needed, 

an experimental tests have to be carried out using specimens taken out of the damaged structure. 

However, the heat treatment of reinforcement does not influence the residual Young’s modulus of steel 

according to [41]. 

Similarly to concrete, also in case of reinforcing steel the structure cooling regime after end of 

fire event has an impact on residual properties of rebars, especially ductility. If very hot reinforcement 

is cooled down quickly with cold water, another changes in steel microstructure happen and Martinic 

structures form, which can improve the hardness of steel, but also worsen steel ductility [42]. Eventual 

collapse then might be brittle which is an unfavourable failure mode. 

 
Fig. 2-23. Reduction coefficient of residual yield strength according to [38]. 
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2.5 Stress-Strain Diagrams & Thermal Strains 

2.5.1 Stress-Strain Diagram of Concrete 
For many decades there has been effort from scientists all over the world to mathematically define 

stress-strain diagram of concrete which is exposed to high temperatures. Over the years it has shown it 

is very challenging task to derive such stress-strain constitutive model that would be as generic as 

possible (for most common usage) and at the same time it would correspond with experimental results. 

Aim of this chapter is not to bring exhaustive and deep overview of existing models and knowledge, 

it should lie in describing the thermal strains phenomenon, pointing out the most important facts and 

mentioning advantages and disadvantages of several constitutive models published in literature. 

The conditions that constitutive stress-strain model should cover can vary significantly. Concrete 

can be either: 

 under constant load while temperature is rising (transient conditions); 

 under constant temperature while load is constant or rising (steady-state conditions); 

 under changing load while temperature is changing as well; 

To continue with, the constitutive model should consider correctly: 

 not only ascending branch up to peak stress, but descending branch up to ultimate strain 

of concrete as well; 

 the unloading branch of diagram with appropriate modulus of elasticity; 

 not only heating but cooling phase as well. 

The essential problem which is making aforementioned so difficult is the phenomenon of 

temperature-induced strains in concrete. Based on many experimental results it was found that elevated 

temperatures have significant effect on measured strains. They were already partially described in 

Chapter 2.1 and 2.3. The mechanism is primarily dependent on thermal expansion of concrete matrix 

induced by high temperatures and also on the stress level in concrete and whether the stress is 

compressive or tensile. If concrete is being heated without any priory applied compressive stress, due to 

thermal expansion of aggregate the volume rises proportionally to the coefficient of thermal expansion 

(see Chapter 2.1). However, if concrete is being compressed and afterwards heated, the volumetric 

expansion is significantly reduced depending on the stress level (which is usually defined as a ratio of 

applied compressive stress to compressive strength of concrete at ambient temperature). If the stress 

level is higher than certain value, the volumetric change turns opposite and concrete shrinks instead. 

The thermal expansion is naturally reduced by the elastic strain induced by external load and in case of 

long-term loading also by creep of concrete. Beside these two there is another constituent called usually 

as transient creep strain (TCS) or load-induced thermal strain (LITS). Both names are used in the 

literature and both of them represent sum of partial strains developing in concrete subjected to 

compressive load and elevated temperature at the same time. Although they do not represent absolutely 

the same, they refer to the same phenomenon (actually TCS is by far the biggest part of LITS) (see e.g. 

[43]). Visual explanation of LITS can be seen in Fig. 2-24 (휀0 represents free thermal strain of concrete 

휀𝑒𝑙𝑎,0 represents the elastic mechanical strain of concrete, 휀𝑙𝑖𝑡𝑠 represents the load-induced thermal strain 

causing strains relaxation and 휀𝑡𝑜𝑡 represents the total sum of all strain constituents). 
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Fig. 2-24. Visual interpretation of LITS, taken over [44]. 

It was found LITS are induced mainly by chemical and physical changes in cement paste and with 

higher temperatures (from 400 °C above) they depend primarily on thermal incompatibility of aggregate 

used in concrete mixture and cement paste. Moreover, initial moisture level of matrix and also heating 

rate influences LITS to a limited extent. However, by far the biggest influence is connected to applied 

compressive stress and temperature level [44]. LITS are also considered to be irrecoverable after 

unloading and the end of heating phase as well, which has significant impact on the constitutive stress-

strain models, as will be mentioned later on. Also because of irrecoverability and influence of moisture 

content, LITS develops only during first heating of concrete and only at unsealed conditions [24, 43, 

44], it does not develop during cooling or repeated heating. Its extent can be reduced by preheating 

cycles [44]. 

Previously it was mentioned the total strain of concrete subjected to high temperatures consists 

from several components, mainly from free thermal strain (FTS), transient strain (TS), creep strain and 

mechanical elastic strain. Graphical interpretation of these constituents can be seen in Fig. 2-25. 

 
Fig. 2-25. Total strain decomposition and constituents interpretation, taken over [44]. 
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The effect of LITS on reduction of thermal strains according to different compressive stress levels 

is demonstrated in Fig. 2-26. In the diagram the heating and cooling phase is drawn as well. It can be 

stated the cooling branch of FTS is almost identical but mirrored to the heating branch of the curve. The 

heating branches of other curves refer to significantly lower strains when compared to FTS curve, 

for curves of 20% and 30% applied load the strain even changes to shrinkage instead of expansion, 

as was already stated above. However, it can be noticed the cooling branches of these curves are 

approximately parallel to cooling branch of FTS curve which corresponds to the fact LITS does not 

develop during cooling phase. 

 

Fig. 2-26. Total thermal strain of concrete at high temperatures with different applied load levels, 

taken over [44]. 

The irrecoverability of LITS after unloading is visible in Fig. 2-27. Grey curve represents stress-

strain diagram if concrete is not influenced by LITS (with appropriate modulus of elasticity according 

to actual temperature), whereas the black continuous-line curve represents the actual stress-strain 

diagram of concrete under compression and high temperature with effect of LITS. Significant decay of 

Young’s modulus can be seen when curves are compared, which is the effect of LITS. Then the branches 

after unloading are displayed, where major difference between implicit and explicit constitutive models 

can be seen (it will be discussed in detail later on). Though it is worth to mention now that implicit 

models cannot consider stiffness of unloading branch of stress-strain diagram correctly as LITS are 

incorporated directly in the equations of stress dependency on strain, therefore they are permanently 

included during loading and unloading as well – which does not correspond to experimental results and 

the statement of its irrecoverability [44]. On contrary, in explicit constitutive models LITS can be 

excluded from the equations and stiffness in the unloading branch can be computed correctly. The 

unloading branch of the stress-strain curve therefore should not be parallel to the tangent of loading 

branch with LITS counted in, but parallel to the tangent of instantaneous stress-strain curve [43]. 
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Fig. 2-27. Stress-strain diagram with unloading branch, taken over [43]. 

When speaking about constitutive models, there are basically two different approaches of their 

derivation. First approach is related to implicit constitutive models. The name implicit is based on the 

fact in such models the effect of LITS is incorporated directly in the equations of stress dependency on 

strain. It means LITS are counted in permanently, during loading and unloading, during heating and 

cooling. They also cannot be simply excluded. The total strain is then a sum of mechanical elastic strain 

(eventually with creep) with LITS already counted in and free thermal strain of concrete. Example of 

such approach is the constitutive model incorporated in EC2 [16], which is the most common model 

nowadays. In EC2 [16] Eq. (2-11) can be found describing the composition of concrete total strain. 

 휀𝑐,𝜃 = 휀𝜎 + 휀𝑡ℎ + 휀𝑐𝑟𝑒𝑒𝑝 + 휀𝑡𝑟 

 

(2-11) 

where 휀𝑐,𝜃 represents total strain of concrete at high temperatures, 

 휀𝜎 represents instantaneous mechanical strain of concrete induced by external load, 

 휀𝑡ℎ represents free thermal strain induced by thermal expansion (see Fig. 2-11), 

휀𝑐𝑟𝑒𝑒𝑝 represents long-term strain of concrete caused by creep, with respect to the usual length 

of fire event this constituent can be omitted [44], 

 휀𝑡𝑟 represents transient strain induced by temperature and stress-state in concrete. 

EC2 [16] also provides Eq. (2-12) to calculate stresses according to strains. Effect of LITS and 

related decay of stiffness is already incorporated, particularly in the increasing strains 휀𝑐1,𝜃 and 휀𝑐𝑢1,𝜃. 

The stress-strain diagram can be obtained for concrete with siliceous and calcareous aggregate as well, 

as the decay of ultimate compressive strength is distinguished according to used type of aggregate. 

– for     휀 ≤ 휀𝑐1,𝜃: 

𝜎𝑐,𝜃 =
3 ∗ 휀 ∗ 𝑓𝑐,𝜃

휀𝑐1,𝜃 ∗ (2 + (
휀

휀𝑐1,𝜃
)

3

)

 

 

(2-12) 

 

– for     휀𝑐1,𝜃 < 휀 ≤ 휀𝑐𝑢1,𝜃: 
linear or nonlinear descending 

branch is possible up to 휀𝑐𝑢1,𝜃 
 

Another limitation of such constitutive model is that the stress-strain diagram can be obtained for 

a specific temperature, as the strength decay and strains are defined with respect to temperature level. 

It means steady-state conditions are assumed and transient state conditions cannot be described. 

An example of stress-strain diagrams of concrete for different temperatures according to EC2 [16] 

formulation can be seen in Fig. 2-28. 
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Fig. 2-28. Stress-strain diagram of siliceous aggregate concrete at high temperatures with linear 

descending branch, according to EC2 [16]. 

The second approach how to derive constitutive models of concrete subjected to high 

temperatures is related to explicit constitutive models. They are called explicit because the LITS part of 

total strain is calculated separately and it is not included in the mechanical strain. Therefore, total strain 

can be calculated correctly for different boundary conditions – steady-state and transient state, heating 

and cooling as well. If a situation when LITS does not develop occurs, it is simply not counted in the 

total strain calculation. 

Over the years number of explicit constitutive models have been developed. Most of them is 

dedicated to uniaxial loading conditions which corresponds well with loading conditions of beams, 

frames and columns. Only few of them describes multiaxial (bi- and triaxial) loading conditions which 

would be more appropriate for some type of structures (nuclear vessels, spatial shells, but also two-way 

slabs) as stated in [44]. Only uniaxial models will be discussed. First model to mention is a transient 

strain (TS) model proposed by Anderberg and Thelandersson [45]. According to it TS is linearly 

proportional to FTS and load level. There is a calibration coefficient 𝑘𝑡𝑟 proposed, which is according 

to number of experimental tests expected to be equal to 1,8 − 2,35 [−]. The formula can be seen in Eq. 

(2-13). Although the model is simple and thus easy to use and according to [44] exhibits relatively good 

agreement with test results up to temperatures 500-550 °C, after exceeding these temperatures the model 

cannot estimate TS accurately enough due to linear proportionality with FTS which does not correspond 

with the trend seen in experiments (the dependency is not linear). Second explicit model is the LITS 

model proposed by Nielsen [46], which is considered as modified Anderberg and Thelandersson’s 

model. This model counts with linear proportionality of LITS with applied stress level and temperature 

difference. The formula can be seen in Eq. (2-14). Calibration coefficient 𝑎 is proposed and based on 

test result is expected to be equal to 3,8 ∗ 10−5 °𝐶−1 (the calibration was conducted for temperatures up 

to 500 °C). The main advantage when compared to the previous model lies in the independency of FTS 

which is govern mainly by aggregate type, however LITS takes place mainly in cement paste. Similarly 

to Anderberg and Thelandersson’s model, due to linear proportionality the model cannot estimate LITS 

properly for temperatures above 500 °C. Another LITS constitutive model modifying Nielsen’s model 

was proposed by Diederichs [47]. It also uses dependency on applied stress and temperature difference, 

but it is defined using polynomial equation of third order (see Eq. (2-15)) instead of linear 

proportionality, which is more suitable for description of LITS evolution. Correlation coefficients are 

introduced and based on test results they are believed to be equal to 𝑎1 = 0,0412 ∗ 10−3 °𝐶−1, 𝑎2 =

−1,72 ∗ 10−7 °𝐶−1 and 𝑎3 = +3,3 ∗ 10−10 °𝐶−1. According to [44] this constitutive model is suitable 

especially for higher temperatures (500 °C and more). 
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휀𝑡𝑠 = 𝑘𝑡𝑟 ∗

𝜎

𝜎𝑢0
∗ 휀𝑡ℎ,𝑓𝑟𝑒𝑒 

 

(2-13) 

 

 
휀𝑙𝑖𝑡𝑠 =

𝜎

𝜎𝑢0
∗ 𝑎 ∗ (𝑇 − 𝑇0) 

 

(2-14) 

 

 
휀𝑙𝑖𝑡𝑠 =

𝜎

𝜎𝑢0

[𝑎1(𝑇 − 𝑇0) + 𝑎2(𝑇 − 𝑇0)2 + 𝑎3(𝑇 − 𝑇0)3] 

 

(2-15) 

 

Last constitutive model to mention is the Explicit Transient Creep Eurocode model proposed by 

Gernay and Franssen in [43]. In the article following interesting idea is written: the actual EC2 implicit 

model was derived to be as generic as possible and with satisfactory results when compared to 

experimental data. From the beginning it was more or less clear that this model is compromise solution, 

however it was incorporated in the design code. Now it seems that instead of replacing it with some of 

published explicit models it would be more appropriate to derive a new model (with transient strains 

expressed explicitly) which would correspond to actual EC2 implicit model at such boundary conditions 

where EC2 model exhibits good agreement with test results as much as possible. Such new explicit 

model might be then considered as a proper replacement of actual implicit model. This new explicit 

model has already been developed by authors and it was incorporated in the finite element code SAFIR 

[48], which is one of very few computational programmes dedicated to fire resistance of structures. 

Conciseness of the model was verified e.g. in an experiment [43], where concrete column was loaded 

with axial compressive force and then subjected to Japan standard fire test. The heat treatment was held 

for 180 min, then the cooling phase begun. Thermal elongation/shrinkage was observed during whole 

test. Along with the experiment three numerical calculations were conducted in SAFIR with different 

stress-strain models of concrete. Plotted results can be seen in Fig. 2-29. It is clearly visible up to 120 

min new explicit EC2 model and actual implicit EC2 model follow experimental results and themselves 

as well, however after 120 min EC2 curves start to recede from themselves and the difference starts to 

be even more visible after cooling phase begun in 180 min. On the contrary, the curve representing new 

explicit EC2 model follows experimental results very well. Therefore, new Explicit Transient Creep 

Eurocode model could be a suitable replacement of the actual implicit EC2 constitutive model. 

 
Fig. 2-29. Thermal deformation of concrete column axially compressed and subjected to Japanese 

standard fire according to different numerical models and test results, taken over [43]. 

2.5.2 Stress-Strain Diagram of Reinforcing Steel 
When reinforcing steel is subjected to elevated temperature, the situation is simpler than in case 

of concrete, as its strain can be calculated directly as a sum of mechanical strain induced by external 

load and free thermal strain induced by high temperature, according to Eq. (2-16). 

 휀𝑠,𝜃 = 휀𝜎 + 휀𝑡ℎ (2-16) 
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where 휀𝑠,𝜃 represents total strain of reinforcing steel at high temperatures, 

 휀𝜎 represents mechanical strain of reinforcing steel induced by external load, 

휀𝑡ℎ represents free thermal strain of reinforcing steel induced by high temperatures 

(see Chapter 2.2). 

It is worth to point out free thermal strains usually cannot develop fully freely as rebars are 

restrained by ambient concrete to a significant extent. Due to cohesion between concrete and 

reinforcement both materials exhibit the same strain until bond strength is exceeded. If it is exceeded, 

rebars partially slip and the excessive stress is relieved (however the slip has direct impact on either hot 

and residual structural performance as well). 

The generic constitutive stress-strain model of reinforcing steel subjected to high temperatures is 

proposed in EC2 [16]. The formulae can be seen in Eqs. (2-17) – (2-20). The design stress-strain diagram 

is parabolic-rectangular with linear descending branch. Stress-strain diagrams of reinforcement in 

tension and compression drawn for different temperatures according to EC2 model can be seen in Fig. 

2-30 and 2-31.  

– for 휀𝑠,𝜃 < 휀𝑠𝑝,𝜃: 

 

𝜎𝑠(𝜃) = 휀𝑠,𝜃 ∗ 𝐸𝑠,𝜃 

 

(2-17) 

 

– for 휀𝑠𝑝,𝜃 ≤ 휀𝑠,𝜃 < 휀𝑠𝑦,𝜃: 

 
𝜎𝑠(𝜃) = 𝑓𝑠𝑝,𝜃 − 𝑐 +

𝑏

𝑎
∗ [𝑎2 − (휀𝑠𝑦,𝜃 − 휀𝑠,𝜃)

2
]

0,5
 

 

(2-18) 

 

– for 휀𝑠𝑦,𝜃 ≤ 휀𝑠,𝜃 < 휀𝑠𝑡,𝜃: 

 

𝜎𝑠(𝜃) = 𝑓𝑠𝑦,𝜃 (2-19) 

 

– for 휀𝑠𝑡,𝜃 ≤ 휀𝑠,𝜃 < 휀𝑠𝑢,𝜃: 

 

𝜎𝑠(𝜃) = 𝑓𝑠𝑦,𝜃 ∗ [1 −
휀𝑠,𝜃 − 휀𝑠𝑡,𝜃

휀𝑠𝑢,𝜃 − 휀𝑠𝑡,𝜃
] 

 

(2-20) 

 

– parameters: 

 

휀𝑠𝑝,𝜃 = 𝑓𝑠𝑝,𝜃/𝐸𝑠,𝜃,   휀𝑠𝑦,𝜃 = 0,02,   휀𝑠𝑡,𝜃 = 0,15,   휀𝑠𝑢,𝜃 = 0,20 

 

– functions: 

 
𝑎2 = (휀𝑠𝑦,𝜃 − 휀𝑠𝑝,𝜃) ∗ (휀𝑠𝑦,𝜃 − 휀𝑠𝑝,𝜃 +

𝑐

𝐸𝑠,𝜃
) 

 

 
𝑏2 = 𝑐 ∗ (휀𝑠𝑦,𝜃 − 휀𝑠𝑝,𝜃) ∗ 𝐸𝑠,𝜃 + 𝑐2 

 

 𝑐 =
(𝑓𝑠𝑦,𝜃 − 𝑓𝑠𝑝,𝜃)

2

(휀𝑠𝑦,𝜃 − 휀𝑠𝑝,𝜃) ∗ 𝐸𝑠,𝜃 − 2(𝑓𝑠𝑦,𝜃 − 𝑓𝑠𝑝,𝜃)
 

 

where 휀𝑠𝑝,𝜃 represents strain of reinforcement at high temperatures at proportionality limit, 

 휀𝑠𝑦,𝜃 represents strain of reinforcement at high temperatures when yield strength is reached, 

휀𝑠𝑡,𝜃 represents strain of reinforcement at high temperatures when tensile strength is reached, 

휀𝑠𝑢,𝜃 represents ultimate strain of reinforcement at high temperatures. 
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Fig. 2-30. Stress-strain diagram of cold-worked reinforcing steel in tension at high temperatures, 

according to EC2 [16]. 

 
Fig. 2-31. Stress-strain diagram of reinforcing steel in compression at high temperatures, 

according to EC2 [16]. 

2.6 Approaches to Estimate Fire Resistance 

In today’s engineering practise a part of project documentation dedicated to fire safety is usually 

needed. This project part is elaborated by specialists that generally focus only on fire safety and consists 

from assessment of escape ways, used material’s reaction on fire, options of fire extinguishing and many 

others, among them also assessment of structural fire resistance. In easier cases this assessment is carried 

out directly by mentioned fire safety specialist, in more complicated cases it is carried out with help of 

structural engineer. 

In case of concrete structures, there are several possible approaches how to estimate the fire 

resistance. The easiest possible way is to use tabular method and to check dimensions of a structural 

member and concrete cover thickness using tables published in EC2 [16] or other valid regional design 

code, such as ACI 216.1 [17]. The method is based on number of test results as well as experience with 

real fires – therefore it is considered to be rather empirical than analytical – it means it does not follow 

real structural performance during fire. The method is easy-to-use and very fast, however, in some cases 

it could be very conservative, especially for longer fire durations. On contrary, in cases of less ordinary 

structures the results can be non-conservative and hence on the dangerous side. Such structures can be 

very slender structures with impact of second-order forces, spatially performing structures, multi-
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statically indeterminate structures, dynamically loaded structures, etc. In case of tabular methods 

constitutive stress-strain model is not needed since no structural calculation is conducted. 

According to EC2 [16] the second option to assess fire resistance is to use simplified calculation 

methods. In mentioned design code there are two methods proposed: (i) isotherm 500 °C method and 

(ii) zone method. Both calculation methods use similar principle – a simplified way to express material 

deterioration and strength decay of mechanical properties based on conducted thermal analysis: 

 Isotherm 500 °C method: main idea of this method lies in assumption that concrete heated 

to the temperature over 500 °C exhibits no contribution to the load-bearing capacity of 

the cross-section, whereas concrete heated to the temperature under 500 °C preserves full 

strength. Tensile strength of reinforcement is reduced according to rebars temperature 

and reduction diagram (see Chapter 2.2). 

 Zone method: this method enables to distinguish the extent of material deterioration by 

dividing cross-sectional area into zones. Part of cross-section is then excluded and for the 

rest mean strength reduction is calculated based on partial reduction coefficients for 

chosen zones. Reinforcement strength decay is determined in the same way as in isotherm 

500 °C method. 

These methods provide relatively simple way to estimate load-bearing capacity of cross-section 

which should be compared with internal forces based on accidental load case. Prescribed load 

combination for such situation is proposed in EN 1990 [49] and EC2 [16] and can be seen in Eq. (2-21). 

The load is reduced with respect to probability of live load occurrence in full extent during accidental 

situation. Also indirect loads induced by fire should be taken in account, however this is the only 

mention without any detailed advice how to estimate and include them in calculation. 

 𝑓𝑑,𝑎𝑐𝑐𝑖𝑑𝑒𝑛𝑡 = Σ𝐺𝑘,𝑗 + 𝑃 + 𝐴𝑑 + Σ𝜓2𝑄𝑘 

 

(2-21) 

where 𝑓𝑑,𝑎𝑐𝑐𝑖𝑑𝑒𝑛𝑡 represents total sum of load constituents in accidental design situation, 

  𝐺𝑘  represents characteristic dead load, 

 𝑃  represents potential prestressing force, 

  𝐴𝑑  represents design value of temperature-induced forces, 

𝑄𝑘  represents characteristic live load. 

The last possible way of fire resistance estimation is using advanced calculation methods. They 

are the most accurate but time-consuming at the same time. Generally, such method is based on finite 

element nonlinear numerical calculation, where thermal and mechanical analysis are coupled. Only 

thanks to such connection correct time evolution of thermal and mechanical strains and internal forces 

can be obtained. The assessment is basically conducted right in the nonlinear calculation and the fire 

resistance is assumed to correspond to the moment when ultimate strain or stress in one of used materials 

or maximum crack width is reached. It is obvious correct constitutive stress-strain model of both 

concrete and reinforcing steel is needed. 

Special way of estimating fire resistance of structural member is conducting standardised fire 

experiments, which is suitable mainly in case of industrially produced members, such as reinforced-

concrete (RC) or prestressed-concrete (PC) floor panels, ceramic hollow-core composite slabs or 

masonry walls. This way of estimating fire resistance is very expensive and time-consuming, 

nevertheless it is very popular since higher fire resistance can be usually obtained when compared to 

calculations and due to amount of produced members it is still beneficial for the producer. Result of 

such experiment is then the time within tested structural member can carry prescribed load. 
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In this chapter possible ways of fire resistance estimation of concrete structures were described. 

The tabular methods are still the most common way, but their limits were mentioned. In more 

complicated cases simplified calculation methods can be used. The calculation of load-bearing capacity 

of a cross-section is not complicated and thus can be conducted relatively easily. If concrete structure is 

statically determinate, the method seems to be accurate and reliable enough, as high temperatures do not 

induce any additional forces but only deformations (deflections, curvature and elongation). 

However, if a structure is more or less statically indeterminate (which to be honest is by far the 

majority of concrete structures) the temperature-induced deformations are restrained to a certain extent 

(depends on stiffnesses) and thus additional internal forces develop (usually axial compressive force and 

negative bending moment). The flexural and axial stiffness of members and their joints subjected to fire 

basically evolves with time of fire event as mechanical parameters deteriorate, therefore redistribution 

of internal forces happens – loading moves from more damaged parts of structure with smaller stiffness 

to the less damaged part with higher stiffness. Such redistribution together with additional temperature-

induced forces might very significantly change the stress-state of structure. 

In Eq. (2-21) in this chapter it was stated the indirect effect of high temperatures has to be taken 

into account in the load combination but no hints how to do it are proposed. From above mentioned and 

Chapter 7 it is obvious that correct estimation of additional temperature-induced internal forces is 

possible only when advanced numerical calculation with both thermal and mechanical analysis is carried 

out. Moreover, the results correctness is directly dependent on used constitutive stress-strain model with 

appropriate definition and incorporation of LITS. On the other hand, if only free thermal expansion of 

members is taken into account and LITS are omitted, unrealistic and very overestimated results of 

internal forces will be obtained. To conclude with, using either simplified or advanced calculation 

methods without proper consideration of mentioned mechanisms could lead to wrong findings on both 

very conservative and dangerous side. More about estimating fire resistance can be found in Chapter 7. 
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3 Post-Fire Procedure 

Usual process of post-fire procedure is described in this chapter. It contains approach and 

decisions of local authorities, findings and information about the fire event from fire brigade, witnesses, 

building owner or business operator. Later on generic flowchart of post-fire approach towards structural 

assessment is proposed (later on Flowchart, see Fig. 3-2) with commentary to each step. Several topics 

which are not discussed in detail later on are also mentioned in this chapter. Consequently, from this 

chapter on the Thesis is going to follow the Flowchart, where individual chapters are highlighted. 

 

3.1 General Aspects of Post-Fire Procedure 

When a building is on fire, two possible options may happen. If the fire event is reported to fire 

brigade, firefighting squad comes and starts with extinguishing and evacuation of inhabitants. In this 

case the building is already closed for public during fire brigade intervention and all involved people 

have to follow orders from commanding firefighter. If the fire event is not reported to fire brigade, fire 

spreads with no control and theoretically the building is not closed for public. After the end of fire event, 

representatives of local authorities together with commanding firefighter who lead the intervention and 

policemen officially declare the burned building as closed for public, which is important step from the 

legal point of view. The closure is usually highlighted with stripped police line around closed area. 

Eventual entrance into the area is then considered as a self-risk with all consequences (danger of injury 

or even death, etc.); the entrance can be also forbidden under the thread of fines. 

Before anybody enters the burned building existing risk based on possible damage of load-bearing 

and other secondary structures has to be considered very carefully since theoretically the structural 

system can be deteriorated to such extent that it might not be safe and stable anymore. Priceless 

information can be provided by the firefighters who operated inside the building before. However, even 

though during fire and firefighting intervention no visible structural problems were witnessed, after 

cooling down severe structural problems might occur (because residual mechanical properties of 

concrete and steel after fire are generally worse than those at hot state, see Chapter 2.4). If there is 

a doubt about safety of people entering the damaged building there are some options how to obtain 

general information about the state and damage severity. The traditional option is to use specially trained 

dog. In such situations dogs are trained to search human victims that may still be inside building. 

In modern age a digital camera can be equipped to dog’s back so his motion inside the building can be 

recorded. Another option lies in using drones or even special robots to explore the building in detail. 

During such exploring heavily damaged structural members or eventual local collapses can be 

found. Such members are then suitable or even necessary to be propped before people enter the building 

and start the investigation process. The propping is generally considered and prescribed by a structural 

engineer who is usually invited to the analysis group at the beginning of investigation. Before propping 

selected members, the structural engineer has to have an idea about the structural system in order to 

choose the right spot where to erect the falsework. Sometimes and generally in structures with long 

spans the falsework might be necessary to be raised in every floor under the damaged member in order 

to be supported directly by foundations and not intermediate slabs or girders. 
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Information about Fire Event & Firefighting Report 

One of the main objectives to make post-fire structural assessment possible to be conducted is to 

gather information about the fire event. Based on such information effects of fire on structural members 

can be taken into account and subsequently thermal and mechanical analysis can be carried out. In 

special cases whole fire event can be remodelled in special computer software for detailed structural 

analysis (see Chapter 5). 

This type of information can be obtained from different sources. The most important and biggest 

source is the experience of fire brigade which conducted the intervention, usually summed up in the 

firefighting report. This document contains the description of facts about the event, chosen way of 

extinguishing and estimated extent of damage. Visual overview of content of such firefighting report 

related to post-fire structural assessment can be seen in Fig. 3-1. Special attention has to be paid to the 

maximal reached temperatures, duration of fire and description of cooling regime of structures due to 

their direct impact on residual structural performance (see Chapter 2.4). 

 
Fig. 3-1. Content of firefighting report related to post-fire structural assessment. 

Information about fire event can be also provided by people who witnessed it (especially the man 

who reported the event to the fire brigade), more on by owner or operator who runs his business inside 

the building, neighbours, etc. In case the event was not reported to the fire brigade and the firefighting 

report does not exist, it represents considerable problem for conducting the post-fire assessment. 

However, even in this case a basic idea about the event progress can be gained. During the 

preliminary or detailed inspection of burned building one can notice several clues that can describe the 

extent and severity of fire. Beside the state of load-bearing and secondary structures, which will be 

described in Chapter 4, there are plenty of things in all types of buildings made of different materials. 

Each material reacts somehow to the exposure of high temperature. Therefore, according to their state 

maximal reached temperature can be approximately estimated for surrounding area. For instance, if 

pipes, ducts, bottles and toys made of polyethylene and polyvinylchloride are found melted and brown, 

temperature at such spot definitely was higher than 150-200 °C. If paper and wood are found charred 

and brown and at the same time aluminium parts are not melted, the temperature was probably 

somewhere between 200-400 °C. If window glazing is broken and the broken glass is melted and at the 

same time copper heating ducts are not melted, temperature was probably between 800-1000 °C. 

Comprehensive table of materials with example of household items and their reaction to high 

temperatures can be found in Tab. 3-1. 
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Tab. 3-1. Overview of common household material’s reactions on increasing temperatures [28, 38]. 

Material Example of Items Condition 

Approximate 

Temperature [°C] 

Paints - 
Deterioration 

Destruction 

100 

150-250 

Polystyrene 
Food containers, curtain hooks, 

window light shades,  

Collapses 

Softens 

Melts and flows 

120 

120-140 

150-180 

Polyethylene 
Bottles, bags and sacks, toys, 

electrical device casings, pipes 

Shrivelling 

Softening and melting 

120 

120-140 

Polyvinylchloride 
Pipes, ducts, houseware, 

bottles, toys, handles and knobs 

Degrades 

Smokes 

Browns 

Chars 

100 

150 

200 

400-500 

Celluloses Paper, cotton Darkens, burns 200-300 

Wood 
Doors, window frames, 

furniture, toys 

Burns 

Ash formation 
180-270 

Lead Pipes, sanitary installations 

Melts 

Sharp edges rounds 

Drops formation 

250 

300-350 

350-400 

Aluminium 
Small mechanical parts, parts of 

electronic devices, old wiring 

Softens 

Melts 

Drops formation 

400 

600 

650 

Glass 
Window and door glazing, 

dishes, glasses, bottles 

Softening 

Sharp edges rounds 

Flows 

500 

600 

800 

Iron (steel) 
Plumbing, radiators, 

workroom equipment 

Softens 

Melts 

500-700 

1500-1550 

Silver Cutlery, jewellery 
Melts 

Drops formation 

900 

950 

Copper Wiring, plumbing Melts 1000-1100 

Cast iron Radiators, pipes 
Melts 

Drops formation 

1100-1200 

1150-1250 

 

Another interesting information related to fire duration can be seen on condition of timber 

structures. Due to high temperatures and flames wood catches on fire and since it is combustible material 

it burns. Outer layers of cross-section gradually get charred and the mechanically effective cross-

sectional area is getting smaller with time of fire. The velocity of combustion depends on several aspects, 

mainly on moisture content of timber, its density, nature of origin (coniferous or deciduous trees) and 

nature of production (solid timber, glued laminated timber, etc.). For common structural built-in timber, 

the design code EN 1995-1-2 [50] proposes tables where can be read that solid and glued laminated 

timber burns approximately with velocity of 0,6 − 0,7 𝑚𝑚/𝑚𝑖𝑛 (the information is related to standard 

fire). Owing to this approximate time of fire can be estimated based on the thickness of charred layer. 

On the other hand, estimating the fire time according to charred thickness of plywood or OSB boards or 

even furniture is not a good idea since the boards are usually too thin and burn throughout. Moreover, 

their surface is often covered with flammable finishing which can accelerate the combustion velocity 

significantly. 
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3.2 Approach to Post-Fire Structural Assessment 

A usual way of conducting post-fire process is described in the Flowchart in Fig. 3-2. It contains 

the most important steps and decisions in the process of post-fire structural assessment. Now it will be 

commented step-by-step. 

The flowchart continues to the one proposed in Fig. 1-9 in Chapter 1. After the end of fire event 

first steps have to be done in order to ensure safety for public and to minimise risk of another economical 

and commercial harms or even human lives losses. It contains closing the building for public and 

preventing people from entering it, ensuring debris and parts of structure not to fall freely from the 

burned building to the surroundings (important mainly in dense development), and usually also cutting 

off the building from supplies of water, electricity, heat and gas to avoid danger of another accident. 

Among legal steps an investigating group is established which conducts forthcoming investigation and 

leads the post-fire process. In general, the members of such group are: building owner/administrator, 

member of fire brigade, civil engineer, diagnosis engineer and representative of the state administration. 

One of the first decisions of investigating group is when to enter the building to conduct the 

preliminary inspection. It has to be considered carefully every time with respect to safety, it seems the 

right time is usually after a number of days from the end of fire event. The period of time is a result of 

several aspects and expected damage severity: 

 The building should be cooled down completely to ambient temperature in order to avoid 

volumetric changes of structural members related to cooling phase and consequent 

structural effects; 

 The building should go through one or two day-night cycles in order to withstand the 

temperature changes (the number of day-night cycles might be raised in case of 

significant weather changes); 

 The building should be completely cut off energy supplies in order to avoid water or gas 

leakage from damaged ducts and pipes, electricity harms by uncovered wiring, etc.; 

 The building should be let for some time just to see it is still stable and safe and no 

collapses are happening inside. It should not be entered during bad weather conditions 

(storm, strong wind, heavy snow blanket, earthquake). 

During the step of preliminary inspection gathering as much information about the fire event as 

possible proceeds and rough idea about the fire severity and its extent is assembled. Based on visual 

assessment and first on-site material tests (see Chapter 4) structural members are classified into the 

damage classes which helps to estimate the overall damage extent and affected area. This step should 

provide an answer to essential question whether the fire event caused so serious damage that after 

conducting the preliminary inspection inside the burned building it can be stated with no doubts that the 

load-bearing structural system is clearly critically damaged, it is not safe anymore and the refurbishment 

is with high probability neither possible or valuable. If the answer to this question is no, the post-fire 

process continues with detailed inspection, structural diagnosis and estimating the residual load-bearing 

capacity with options of possible ways of refurbishment. Contrary, if the answer is yes, it seems the best 

way is to pull the building down. The demolition has to be proved by local building bureau and building 

demolition project has to be elaborated for this purpose. Hence, it is evident this decision is substantial 

in the post-fire process not only because it directly influences future of the building but also because it 

is related to enormous forthcoming effort and labour for a number of people not speaking about financial 

demands. 

If the answer to the previously written question is no, it can mean there is high probability the 

building can serve to its purpose in the future as well (with or without refurbishment) because the 

damage extent and severity is not critical, or it is not evident that opposite is truth. In both cases more 

information about the building state has to be obtained. Therefore, another detailed inspection of the 
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building is conducted (which will be discussed in Chapter 5). During it damage level of structural 

members is investigated in detail. Material on-site tests are conducted and specimens for laboratory tests 

are cut off from selected elements. Both types of tests are done in order to obtain residual material 

mechanical properties which are necessary for calculating residual load-bearing capacity. For this 

purpose, not only material properties are needed, the indirect structural effects caused by high 

temperatures have to be taken into account as well (see Chapter 7). Therefore, the fire event has to be 

remodelled, at least in (very) simplified way. Based on it thermal analysis of the structure (together with 

mechanical analysis) can be conducted. Theoretical results are then compared to those gained from 

material tests. After calibrating results the calculation can be used for whole structure or its part while 

amount of material tests can be reduced which saves time, money and labour. 

Chapter 6 follows previously mentioned while post-fire structural diagnosis is discussed. 

Different on-site and laboratory material test options suitable for investigating mechanical properties of 

concrete structures after fire are proposed with advantages and disadvantages highlighted. Results of 

such tests and their correct interpretation are essential for estimating the damage severity and calibration 

of theoretical calculations. Chapter 7 deals with the phenomenon of indirect structural effects of high 

temperatures on structural systems and also the effects of load history during fire event. Both phenomena 

affect structural performance during fire event and after its end and thus have to be taken into account 

when conducting global analysis. In this step, based on the global analysis possible irrecoverable 

changes in structural system must be considered due to overloading of some cross-sections and 

propagation of plastic deformations. Such theoretical assumptions have to be validated on the real 

structure since eventual change of structural system has obvious impact on internal forces distribution 

and residual structural performance. Based on previous steps now there is enough information to conduct 

the calculation of residual load-bearing capacity of structural elements and whole structural system, 

respectively. Chapter 8 is dedicated to this topic. 

When the calculation of residual structural performance is done, another substantial question is 

about to be answered: is the calculated residual load-bearing capacity sufficient with respect to the 

purpose of future use and its adequate load level? If the answer is yes, the structure was not significantly 

damaged or there was some extra load-bearing capacity prior to fire event, and thus no strengthening or 

refurbishment is needed. After surface repairs and clean-up, the structure can be used and fully loaded 

again. However, in case the answer is no, the structure cannot be used again without repair works 

containing deep refurbishment and/or structural strengthening. According to the damage extent and 

damage level of structural members it must be considered carefully whether the refurbishment is 

realistic, the strengthening will be sufficient with respect to design load level and it will be still worth 

from financial and other points of view. If so, the repair works are conducted after which the structure 

is ready-to-use again. In case the repair works are not possible or worth to be done for some reasons and 

if the problem lies in insufficient load-bearing capacity, making it sufficient can also be achieved from 

the opposite side by lowering the acting load level. This can be reached for instance by using lighter 

layers of flooring and other dead load, changing purpose of building use (e.g. from warehouse to offices, 

from offices to apartments, etc.) which basically represents reduction of live load or preventing people 

from entering specific areas. If load reduction is not possible or is not sufficient, the damaged building 

should be demolished and replaced. 
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Fig. 3-2. Flowchart of the structural assessment after fire. 

 



Doctoral Thesis 

Chapter 3 – Post-Fire Procedure  

 

 

57 

Refurbishment of Load-Bearing Structures 

Almost every building where fire event took place needs certain way of refurbishment, load-

bearing structures not excluding. According to damage severity and its extent the refurbishment can 

contain only surface or shallow repairs in case of low damage levels, however in case of intermediate 

and significant damages the needed refurbishment may contain deep repairs and structural strengthening 

as well. In general, the refurbishment can be conducted from different reasons: 

 To make the structure clean and good looking again; 

 To renew visible surface layers (e.g. plaster or coating); 

 To restore its original shape and volume; 

 To strengthen or stiffen it in order to enhance its structural performance; 

 To achieve sufficient fire resistance for future use; 

 To ensure appropriate durability for future use. 

Ways of refurbishment and structural strengthening are not in scope of this Thesis and therefore 

they will be mentioned only briefly. According to [38] it seems the nature of structural damage caused 

by fire is not so unique and thus usual ways of concrete structures refurbishment are applicable. 

Nevertheless, it is worth to mention the specific aspects of concrete structures damaged by fire as they 

influence the design of structural strengthening: 

 Concrete is usually not damaged uniformly throughout the cross-section; 

 Residual strength of concrete can vary significantly due to heating and cooling regime; 

 Residual yield strength of reinforcement is usually expected to be equal to initial values, 

however in case of severe and longer fires it can be reduced (see Chapter 2.4.2); in such 

cases the reduction is strongly dependent on maximal reached temperatures which are 

directly connected to concrete cover thickness – the reduction can vary from rebar to 

rebar; 

 Surface layers of concrete are expected to be the most damaged, somewhere spalled and 

overall with possible deteriorated cohesion to reinforcement; 

 Due to damage of concrete cover layers and drop in its tensile strength the bond strength 

between concrete and reinforcement is generally affected and reduced; 

 Structural system of structure might be changed after fire event due to overloading of 

some cross-sections and propagation of plastic deformations. 

Based on specific conditions, type and extent of damage and number of other aspects (financial 

demands of refurbishment, possibility of enlarging elements, difficulties of conducting the 

strengthening, structural engineer’s experience with strengthening design, etc.) the structural 

strengthening can be realised by enlarging cross-sectional area (using concrete, mortar or shotcrete 

jacketing), steel jacketing, applying external post-tensioning, adding reinforcement (conventional or 

high-strength reinforcement or fibre-reinforced polymer (FRP) reinforcement) or by combination of 

previously mentioned options. Adding new support to the damaged member can also solve the problem 

with insufficient load-bearing capacity, however it is not enhanced directly, but due to new support the 

distribution of internal forces changes (new support is placed to such spot that internal forces decreases 

in selected critical cross-section). This should be done carefully as in case of concrete structures adding 

new support can result in creation of hogging bending moment in part of element with no or only weak 

top reinforcement. Nevertheless, general principle of structural strengthening lies in the activation of 

strengthened elements and new parts of their cross-sections respectively. To achieve the highest 

effectivity of strengthening, the strengthened member has to be unloaded as much as possible since the 

strengthening action contributes to the total load-bearing capacity only to the part of loads that act on 

both old and new parts of cross-section. In real it means the element that is about to be strengthened 

should be loaded only with self-weight and necessary other dead load, however with no live load. 
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One of the most important aspects of structural strengthening is to provide sufficient cohesion 

between old and new part of cross-section to ensure mutual behaviour and deformation of coupled cross-

section, to eliminate slip between both parts and to exploit the synergic effect of strengthening as much 

as possible. Ensuring cohesion can be achieved by special shear reinforcement or steel dowels 

connecting both parts or by roughened interfacial surface. The option with shear reinforcement is typical 

for precast concrete-on site concrete composite elements, steel dowels are typical for steel-concrete 

composite elements. However, in case of additional strengthening using shear reinforcement or dowels 

is usually not possible and the needed cohesion has to be achieved by friction between rough surfaces. 

The friction coefficient can be also increased by transverse confinement generated by steel jacketing or 

post-tensioning. Achieving selected cohesion between old concrete and new one can be tricky. New 

layers of concrete are applied or shot directly to the old concrete cover layers which are the most 

damaged as it was already mentioned in this chapter. Such damaged concrete layers can have 

deteriorated its cohesion to reinforcement significantly and could split from it or the rebars could slip. 

Typical example of such case is a floor slab. In general, it is exposed to fire from the bottom which 

results in damaging the concrete cover the most. Due to volumetric changes, drop of tensile strength and 

differential thermal expansion of concrete and reinforcement the bond strength and cohesion between 

both materials decrease. In case of shotcreting new layers to the bottom of the slab cohesion between 

old and new concrete could be sufficient but the weakest part might be the interfacial zone between old 

concrete cover and bottom reinforcement which could control the overall load-bearing capacity. To 

avoid such risk, the old deteriorated concrete cover is often removed from the element usually up to the 

reinforcement and to such surface new concrete is attached. Old concrete layers are removed using 

jackhammering, sand blasting or hydro blasting [38]. After such steps the surface of old concrete is 

usually rough enough and therefore suitable to be jacketed by new concrete. 

Beside ensuring activation of coupled composite cross-sections and sufficient cohesion between 

old and new parts of cross-sections there are two more important aspects that have to be taken into 

account. The designed way of structural strengthening has to be carried out with respect to the target 

fire resistance of selected members according to the requirements of building’s future use. If the fire 

resistance is not fulfilled, appropriate fire protection has to be designed and conducted. The second 

important aspect is related to the process of concrete carbonation. Said in simplified way, carbonation 

is a natural degradation process when carbon dioxide (CO2) permeates into the concrete matrix and 

reacts with portlandite Ca(OH)2 when water H2O and calcium carbonate CaCO3 is created. Environment 

in young concrete is strongly alkaline with pH somewhere in between 12-13 and thanks to it the 

reinforcement is naturally protected against corrosion. However, change of Ca(OH)2 to CaCO3 gradually 

lowers inner pH level. When pH is around 9, the reinforcement ceases to be protected and is prone to 

start corrode (due to water and oxygen exposure). In general, the carbonation is slow process that takes 

place during whole life cycle of concrete structure affecting surface layers at first but gradually 

penetrating inner layers as well. However, when concrete structure is exposed to fire, the process is 

much more accelerated due to fumes and smoke produced by combustion [51]. Thus the structure after 

fire exposure should be treated with respect to this phenomenon and higher risk of reinforcement 

corrosion during future use. To lower the risk uncovered rebars should be preserved with anti-corrosion 

coating before being covered with new concrete or mortar again and the exposed concrete surface should 

be deeply penetrated with special anti-carbonation solution. 

It is also worth to mention that ensuring sufficient load-bearing capacity of damaged structural 

member might not be the biggest problem. Due to high temperatures exposure Young’s modulus of both 

concrete and steel decreases (partly irreversibly) and therefore the bending stiffness drops. As a result, 

deflection of an element rises during fire, however it does not come back completely after the end of 

fire and stays as residual (see Chapter 2.4). Structural strengthening conducted afterwards is related 

primarily to the ultimate load-bearing capacity, not serviceability. Reducing deflections is very tough 

problem even in case of new or undamaged structures and there are not many ways how to achieve it. 
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Therefore, in some cases the exceeded deflections (vertical and horizontal as well) might be the reason 

to replace the element, or in case of bigger extent to pull the building down even though reaching the 

needed load-bearing capacity might not be unachievable problem. 

Cost-Effectiveness Analysis (CEA) 

The decision whether to conduct refurbishment, repair the structure and ensure its adequate load-

bearing capacity, serviceability, fire protection and durability for future use, or contrary pull the building 

down and build a new one, can be very difficult. At the same time, it has to be made in every case of 

post-fire process investigating fire damaged building. Such decision has to be made together by a group 

of involved and competent people (owner of the building, local authorities, civil and structural engineer, 

fire brigade representatives). 

Making the decision gets even more difficult with increasing damage level of the structure. 

Investigating the residual material parameters and conducting material tests (which are essential and 

necessary for post-fire structural assessment), designing refurbishment and eventual structural 

strengthening, but primarily carrying out the refurbishment and strengthening cost all together enormous 

amount of time, money and human labour. Therefore, the decision has to be considered very carefully 

and should be made as objectively as possible. For this purposes these assessments are recommended to 

be made to help with making the decision (some of them are even obligatory in the legal process): 

 To know what part of nonload-bearing and complementary structures (windows, doors, 

floors, partitions, thermal insulation, sanitary equipment, ducts, pipes and wiring, etc.) 

are damaged and have to be replaced or renewed a visual interior and exterior assessment 

is conducted by civil engineer and other specialists; 

 To know what is the residual structural performance, whether the building is safe and 

stable and whether the deep refurbishment and structural strengthening is necessary 

a post-fire structural assessment is elaborated by specialist-structural engineer; 

 To know how important from social, cultural and historical point of view the damaged 

building is and how big public interest in preserving the building an official statement of 

local authorities is made; 

 To know what impact on nature and sustainable approach to building industry possible 

options have a statement of local municipal environmental department is made. If legally 

binding statement is needed an environmental impact assessment (EIA) is elaborated. 

Based on aforementioned assessments and statements an analysis, which is usually the most 

important document for the building’s owner in the environment of western society, can be conducted. 

The analysis is obviously related to money and is called cost-effectiveness analysis (CEA). Its task is to 

consider all actions and steps that have to be done on the way towards using the building again (either 

repaired old one or built new one instead of damaged old building), estimate the needed time for carrying 

the chosen process out and mainly appraise the financial demands for conducting such process. In the 

appraisal there should be incorporated a sort of weight system to make possible taking into account 

owners preferences for individual items. The time when building is unable to be used has to be taken 

into account as well. Possible financial risks and threats should be added to make the analysis more 

accurate. When all aspects are considered and the final assumed amount of time and money is estimated, 

results of possible solutions are compared. Based on such comparison it is easier for building’s owner 

to decide whether preserve the old building and conduct the refurbishment or pull the old building down 

and build a new one instead. The comparison of both ways can be seen in Fig. 3-3. The final comparison 

can be expressed in simplified way using Eq. (3-1). 

 Σ(𝑓𝑖𝑛𝑎𝑛𝑐𝑖𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠)𝐴 ≷ Σ(𝑓𝑖𝑛𝑎𝑛𝑐𝑖𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠)𝐵 (3-1) 
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Fig. 3-3. Simplified interpretation of possible ways of fire damaged building treatment related to CEA. 

 

Object Demolition 

Building demolition is an extreme option how to treat a building after exposure to fire event. It is 

usually chosen because no other option is either possible or (financially or socially) valuable due to 

excessive damage level, poor residual structural performance, financial and time demands of eventual 

refurbishment and social or cultural substitutability of the building. The demolition has to be approved 

in advance by local authorities and owner of the building, while assessment made by structural engineer 

is usually needed. 

In the legal process of authorities’ approval, a project of demolition works has to be elaborated. 

One part of the project is dedicated to structural aspects of demolition and contains description of 

approach how to conduct the demolition, order of dismantled elements, appropriate tools and 

mechanization which should be used for demolition. All of it is related to preserving stability of the 

building which is being demolished and ensuring safety for workers on site as well as for people, 

animals, other buildings and properties in surroundings. The Thesis is not aimed at problematics of 

building demolitions and hence it will not be discussed further on. 
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4 Preliminary Inspection of Damaged Building 

4.1 General Aspects of Preliminary Inspection 

After the end of fire event the subjected building is let for some time to cool back to ambient 

temperature and to see if it is still stable and safe enough to be entered, as it is described in Chapter 3.2. 

In case the building does not show any evolving structural problems and continuing processes and seems 

to be in steady-state at the same time, then the preliminary post-fire inspection is about to be conducted. 

It is important to mention all actions and steps of preliminary inspection have to be done primarily with 

respect to safety of investigators and other involved people. If the structure is damaged to bigger extent 

there should be an option to operatively prop selected elements to ensure safety of motion in interiors at 

least for limited amount of time, for instance by using timber struts and falsework. Such action is usually 

prescribed by structural engineer. If the safety is ensured the inspection can proceed and is usually 

carried out to obtain more specific idea about the fire event, particularly: 

 Area and number of floors affected by fire; 

 Probable ignition spot of fire; 

 Duration of fire measured from flashover effect; 

 Maximal reached temperatures in individual compartments or regions; 

 Damage severity of structural elements caused by fire; 

 Overall ratio of damaged and undamaged structural elements. 

At this stage of post-fire investigation only visual assessment is usually carried out. So far known 

information about fire event is essential and helps with conducting the assessment. This information is 

then amended by information gained on-site, usually according to the state of various items and their 

reaction on high temperatures (see Tab. 3-1 in Chapter 3.1). According to the available evidence 

maximal reached temperatures in compartments can be approximately estimated and together with fire 

duration gained from firefighting report the idea about structural damage is obtained. The evidence about 

structural damage can be also provided by visible signs. If the damage is rather lower, no special signs 

may be visible. However, if the damage is more significant, specific types of failures usually develop 

and these help to select more damaged members and focus on them in the forthcoming investigation. 

Overview of signs that are often related to more serious structural damage can be seen in Fig. 4-1. 

 
Fig. 4-1. Visual aspects of possible serious damage of concrete structure caused by fire event. 

If some of the mentioned information is missing different investigation approach may be needed. 

Lack of information about maximal temperatures and their duration can be substituted by material tests, 

however simple and fast on-site tests can provide elementary idea about the damage severity. Rebound 

hammer test measures the hardness of surface concrete and can give the idea about maximal 

temperatures in surface layers and therefore approximately temperature profile of the whole cross-

section.  Hammer and chisel test can (based on sound) then give information about compactness of 

concrete and cohesion of its surface layers to inner concrete layers and reinforcement. Both methods are 

necessary to be conducted also on the undamaged part of concrete structure in order to compare both 

results and get relative conclusions. More about testing methods can be found later on in Chapter 6. 
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4.2 Classification to Damage Classes 

During the preliminary inspection a general idea about fire event, its extent and time duration is 

obtained based on the firefighting report and evidence revealed on-site. Moreover, visual assessment of 

structural elements is carried out which provides basic overview of damage severity. Based on the sum 

of gained information the structural members located inside the area and floor affected by fire can be 

classified into damage classes according to amount of signs and evidence. Such classification helps to 

estimate the overall state of structural performance, roughly estimate the costs of potential refurbishment 

and select the most damaged elements which may represent the weakest part of the structural system. 

Several classification approaches have been published in the literature so far (e.g. [28]), though approach 

proposed by British Concrete Society [38] seems to be the most comprehensive one. The classification 

key is summed up in the Tab. 4-1. 

The published algorithm deals only with reinforced concrete structures and introduces 5 damage 

classes in total (0-4), where structure not influenced by fire is marked as “class 0” and structure very 

much damaged by fire is marked as “class 4”. The elements are then distinguished according to their 

type – whether it is plain- or linear-like element and whether it works mainly as flexural or compressive 

element. The classification aspects are divided into two groups – (i) appearance of concrete surface, and 

(ii) structural conditions. Both groups have number of more particular classification aspects. In case of 

“appearance of concrete surface” group state of element’s finishing (either plastering or coating) is 

assessed, then the colouring of visible concrete surface is described and the last aspect is related to 

possible crazing of concrete surface. These aspects thus describe primarily the extent of element’s 

exposure to high temperatures according to condition of its surface layers. On contrary, in case of 

“structural condition” group the investigated aspects are directly connected to the load-bearing capacity 

of a structural member and its decrease, respectively. Phenomena like spalling of concrete surface layers 

and related exposure of reinforcement, conditions of reinforcement (cohesion with concrete, potential 

buckling or rupture of bars), crack propagation together with their width and finally deformation of 

elements are considered and classified. Logically, the less of mentioned signs are found on elements, 

the less the members are assumed to be damaged and the lower damage class mark they obtain – and 

vice versa. 

From the non-structural aspects group, the damage of finishing on elements as well as its crazing 

or crazing of the concrete surface layers are mostly induced by fast dehydration of the material and 

consequent shrinkage. Thus tensile cracks propagate and in case of plastering or coating the cohesion to 

the base decreases and may end in sloughing the finishing layer off. Concrete colouring is caused by 

chemical changes in the matrix and is usually connected to the aggregate compound. More about this 

phenomenon and related testing technique can be found in Chapter 6. From the structural aspects group, 

the risk of spalling is basically driven by elements moisture content and the heating rate caused by fire. 

Beside lowering the cross-sectional area, the most dangerous impact of spalling is making the 

reinforcing bars directly exposed to fire and high temperatures. Both of mentioned results directly 

influence the load-bearing capacity. Cracks that create and propagate due to fire are basically caused 

either by stiffness or tensile strength decrease, considerable strains of both concrete and steel, by thermal 

effects or by excessive deformations in vertical or horizontal direction. Such cracks influence mainly 

serviceability and durability of the structure, however moment of inertia is also affected and thus crack 

creation and propagation contribute to the redistribution of internal forces. Assessing structural damage 

according to the deformation and mainly deflection is very important and frequent diagnosis technique 

used commonly even in case of non-fire damaged structures, mainly because the deformation is usually 

directly visible and is proportional to the structural performance. According to measured residual 

deflections fire severity and structural damage can also be approximately estimated. 
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Tab. 4-1. Classification of structural damage caused by fire according to [38]. 
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4.3 Output of Preliminary Inspection 

If the preliminary post-fire inspection is done and the idea about extent and severity of the 

structural damage caused by fire is obtained, it is appropriate to mark graphically all gained information 

to a drawing in order to make it clear and organized. For such purposes it is favourable to get the project 

documentation. In case of older building with drawings only in paper form a photocopy of selected 

drawing is made and notes from the inspection is made by hand. In case the subjected building is rather 

new, project documentation in digital version might be available – then it is suitable and easy to make 

the notes on computer using some of available CAD software. According to author’s opinion it is 

suitable to work with both civil engineer and structural drawings at the same time. The structural 

drawings are necessary because the shape and specification of structural elements have to be visible and 

are about to be classified. The civil engineer drawings are then useful since partitions, soffits and other 

complementary constructions are visible. Especially the partitions are important since they divide the 

inner space and may also serve as outer boundary of fire compartment and therefore influence the fire 

spread. To continue with, it is useful to treat both types of drawings as external references with possible 

partially hidden visibility. Then the newly drawed lines and notes will be clearly visible. 

An example of such graphical output was elaborated. The virtually subjected object is a Harfa 

residential building5, twelve-storey residential building made primarily of concrete and masonry. It is 

located in Prague, Czech Republic, in district called Vysočany. Floors 2-12 are dedicated to apartments 

whereas the parterre is meant to serve as commercial space. For example purposes a part of first above-

ground floor is used. The fictitious fire could start by a short circuit in an electrical device in restrooms 

for employees of the shop. The spot is marked with sign ignition spot with approximate time of fire start. 

From there the fire would spread to the surrounding compartments, for instance through opened door. 

The overall area affected by fire is highlighted in the plan and it is divided into several smaller areas 

(damage zones) according to approximately estimated maximal reached temperatures and duration of 

fire exposure – both information is mentioned in the drawing. Within the highlighted area every 

structural member has its mark with evaluated damage class and mentioned element type. If a floor slab 

or wall would not be damaged uniformly in the damaged zone, there should be drawn another 

classification mark with indicated extent. Elaborated graphical report of the preliminary inspection can 

be seen in Fig. 4-2. 

 

At the very end of the preliminary post-fire inspection decision about future steps and forthcoming 

investigation approach have to be done. At this moment it is neither necessary nor useful to make the 

decision very detailed with specific steps what to do with the structure afterwards. The decision should 

only deal with the question whether it is either probable that refurbishment and rehabilitation of the 

structure is possible and economically, socially and culturally favourable. In this case the investigation 

process continues with detailed inspection and structural diagnosis. Or on the other hand whether the 

damage level and extent, which were investigated briefly within the preliminary inspection, are so large 

that it can be stated with high probability that rehabilitation is either not possible or would not be 

valuable. In such case the process continues towards building demolition. Answering to this question is 

the key aspect of the preliminary post-fire inspection. 

 

                                                      

5 Harfa residential building is real object under construction (year 2020). It is a project of the Czech biggest 

residential developing company CENTRAL GROUP, a.s. Structural part of the project was made by structural 

office STATIKON Solutions s.r.o. For more information, see [52]. 
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Fig. 4-2. Example of graphical output based on preliminary post-fire inspection drawn into the shape 

of ground floor. 
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5 Detailed Inspection of Damaged Building 

5.1 Amending Information from Detailed Post-Fire Inspection 

If the investigation process gets to this point and the detailed post-fire structural inspection is 

about to be conducted, it means the subjected building is not in a critical state and there is a need to get 

more detailed information about the structural damage caused by fire in order to estimate the residual 

structural performance, design eventual refurbishment and to return the building back to its using. At 

this point fundamental information about the fire event, its extent and probable severity and also the 

damage level of structural elements are known based on the preliminary inspection carried out earlier. 

Aim of the detailed inspection is to amend information necessary to conduct post-fire structural 

diagnosis and to carry out the calculation of residual structural performance. 

First of all, it is essential to obtain the original building’s project documentation from building 

owner or local building bureau – if the documentation is not available, it represents considerable 

problem. The more actual and detailed the documentation will be, the better. For instance, it should 

contain eventual refurbishment and (mainly but not only) structural changes realized in the building over 

the years so far. Beside structural and also civil engineering drawings, the documentation should also 

contain detailed technical and structural report, reinforcement drawings with details and sections in case 

of concrete structures and drawings of details and joints in case of steel and timber structures. The 

documentation should be related to the whole structure (and not only floor(s) subjected to fire) because 

of possible mutual affecting of whole structural system. Generally, before carrying out the detailed 

inspection these aspects about the building’s structure should be known from the documentation: 

 Construction system of the building (at least its wider part including the fire affected one); 

 The way how vertical loads are transferred from floor slabs to foundations; 

 The way how spatial stability is ensured, bracing is done and how horizontal loads are 

transferred from façade and roof to foundations; 

 Positions and continuity of vertical load-bearing elements over all floors; 

 Special and uncommon structural solutions, particularly in transition floors; 

 The type of building’s foundations; 

 Eventual structural fire protection prescribed in the project. 

After gaining comprehensive idea about the subjected structure the detailed inspection is carried 

out. During it the main attention is paid to structural members marked as more significantly damaged, 

which would correspond to damage classes 2-4 (see Tab. 4-1). In order to assess their damage precisely, 

information about material deterioration are needed. These elements are thus about to be inspected by 

particular on-site and laboratory tests. In case of laboratory tests concrete and steel specimens are 

needed, therefore number of spots suitable for samples extraction are chosen. Conducting material test 

should provide as much information as possible, in ideal case not only about the particular element but 

also about its surroundings, maximal reached temperatures and estimated fire duration. Fire scenario 

approximation and particularly fire event remodelling based on available information can significantly 

help with choosing the most cogent elements for inspection (see Chapter 5.2). After picking up the 

structural elements that are about to be inspected by material tests and choosing suitable spots for 

extraction of concrete and rebars samples, all of such information and guidelines have to be written 

somewhere – it is beneficial to do it in the same graphical output as was elaborated as a result of 

preliminary inspection (see Fig. 4-2); then all results of both preliminary and detailed inspections will 

be recorded in the same source. It is also necessary to specify the exact position of non-destructive 

testing and extraction of samples (e.g. in the middle of the elements height, 0,5 m below soffit, etc.). 

Example of such graphical output is presented in Fig. 5-1, which would be then the basic document and 

guideline for the company conducting structural diagnosis. 
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Fig. 5-1. Example of amended graphical output based on detailed post-fire inspection drawn into the 

shape of ground floor. 
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5.2 Fire Scenario Approximation 

Effect of Fire Scenario Assumption 

One of the classification aspects proposed in Tab. 4-1 is assessing the surface condition and 

colouring. Changes of such states are related to high temperatures exposure and its duration and severity. 

If it is possible to estimate the maximal surface temperature based on the visual assessment and results 

of various material tests (see Chapter 6), together with presumed fire scenario the temperature-time 

curve can be roughly approximated. Then, based on the curve thermal analysis of selected members can 

be conducted which can provide very useful and more detailed information about material deterioration.  

However, approximation of temperature-time curve according to assumed fire scenario seems to 

be the crucial step in this investigation technique. The process of natural fire is unique every time and 

is influenced by number of boundary conditions and input parameters. Therefore, it is hard to describe 

it mathematically, nevertheless such description is necessary when thermal analysis of structural 

members is about to be conducted. Design code EN 1991-1-2 [16] proposes several options how to take 

the effect of fire into account. The simplest way is to use some of the nominal temperature-time curves 

– the most common and generic one is the standard temperature-time curve (also called as ISO834 

temperature-time curve). These curves are defined using simple logarithm-like equations according to 

which the gas temperature still increases until the end of considered time period; it means no cooling 

phase takes place. Moreover, uniform gas temperature in whole compartment is assumed. They are very 

easy to use, but due to their simplicity and versatility these curves cannot describe the process of fire 

and combustion precisely. In some cases, the reality and mathematical assumptions can differ greatly. 

More sophisticated models of fire are available as well (parametric curves, local fires, zone models, 

computational fluid dynamics). These approaches are more cogent and precise but more time demanding 

and laborious at the same time. In the stage of fire safety project elaboration, the usual way when 

selecting the fire scenario is to find a compromise between desired conciseness and precision on one 

hand and demands of labour, time and energy on the other. For design purposes often rather simple fire 

scenarios and temperature-time curves are used. However, if approximation of temperature-time curve 

based on post-fire structural assessment is about to be done, it is probable that more precise models 

suitable for the specific compartment and other boundary conditions will be needed. 

Case Study: Thermal Analysis according to Selected Fire Scenario 

In order to show the differences between selected fire scenario and subsequent thermal analysis 

with its impact on structural performance a case study was conducted. At first thermal analysis of 

250 mm thick concrete slab was carried out, when one-sided exposure to standard fire according to 

ISO834 temperature-time curve was presumed. Temperature profiles of the slab can be seen in Fig. 5-

2. The curves are proposed for various fire durations, from 15 to 240 minutes. Isotherms 300 °C and 

500 °C and usual concrete cover thickness are also highlighted in the diagram. Based on the selected 

fire scenario and thermal analysis following statements can be made: 

 Fire durations up to 60 minutes are usually not a problem for concrete structural elements 

as temperature in tensile reinforcement is still below or equal to 400 °C which represents 

sort of borderline in its mechanical parameters decay and concrete heated over 500 °C is 

less than 25 mm thick. 

 Fire duration longer than 60 minutes should be considered as potentially dangerous since 

more significant decay of load-bearing capacity can be expected. 

 Fire durations longer than 90 minutes causes rapid drop of reinforcement yield strength 

and concrete cover in its whole thickness is very much damaged since it is heated to more 

than 500 °C. 

 Fire duration of 120 minutes and more represents big threat to the structural performance 

because of critical deterioration of both concrete and reinforcement. 
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Fig. 5-2. Temperature profiles of 250 mm thick concrete slab, subjected to one-sided standard fire 

exposure for various durations; thermal analysis conducted in TempAnalysis software [53]. 

 

Conclusions mentioned above are thus directly influenced by selected fire scenario and 

temperature-time curve. Let’s say different fire scenario would be chosen. The example compartment is 

10 m long and 5 m wide, 3 m high with 2 windows in perimeter walls. Floor and ceiling are made of 

concrete; walls are made of standard masonry. At first it is presumed the room serves as an office, later 

on it is presumed to be a flat. In case of office usual fire safety active measures are assumed (automatic 

fire detection by heat and smoke, safe access routes, firefighting devices and smoke exhaust system), in 

case of flat automatic fire detection devices are not considered. With such boundary conditions 

parametric temperature-time curve according to Annex A [54] and zone method temperature-time curve 

according to Ozone fire software [55] are calculated. Diagram with all mentioned curves can be found 

in Fig. 5-3. 

Based on the diagram it can be stated that the curves are either identical or very close to each 

other up to approximately 30 minutes (in case of assuming the compartment is office) or 60 minutes 

(in case of assuming the compartment is a flat). After reaching mentioned times the curves start to differ 

dramatically as in case of parametric and zone method curves the cooling phase takes place which is 

a phenomenon that ISO834 curve cannot consider. Due to it, according to the two mentioned curves gas 

temperature starts to decrease gradually, whereas gas temperature according to ISO834 curve still 

increases. Difference in gas temperature based on selected temperature-time curve is thus getting bigger 

until the end of selected time. For example, at time 𝑡 = 120 𝑚𝑖𝑛 the temperature difference is 

tremendous. 
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Fig. 5-3. Temperature-time curves according to different fire scenarios and compartment parameters. 

When thermal analysis of the mentioned 250 mm thick concrete slab is carried out based on the 

temperature-time curves proposed in Fig. 5-3, temperature profiles shown in Fig. 5-4 are obtained. In 

case of parametric and zone method temperature-time curves, only flat compartment is considered. From 

the temperature profiles it can be stated, that up to time 𝑡 = 30 𝑚𝑖𝑛 and 𝑡 = 60 𝑚𝑖𝑛 all curves are 

practically identical which corresponds well with the temperature-time curves. However, in case of long 

fire duration (𝑡 = 120 𝑚𝑖𝑛) different temperature profiles can be seen. In parametric and zone method 

curves the cooling phase already begun which causes decay of surface temperature, the curves start to 

correspond again with the curve based on ISO834 fire scenario in depth approximately equal to 75 mm. 

This fact is very important since temperatures in reinforcement and surface concrete layers are very 

different and thus conclusions about material deterioration will differ as well. 

 
Fig. 5-4. Temperature profiles of 250 mm thick concrete slab, subjected to one-sided fire exposure 

according to different fire scenarios and durations; thermal analysis conducted in TempAnalysis [53]. 
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Another example of the impact of temperature-time curve approximation can be seen in series of 

diagrams in Fig. 5-5. Thermal analysis of square-shaped cross-section exposed to fire from all sides is 

proposed (one quarter of cross-section is displayed) for various fire durations and based on ISO834 

temperature-time curve (diagrams in left column) and parametric curve (diagrams in right column). In 

case of parametric curve, the compartment used as flat is considered (other boundary conditions are 

preserved). Based on the results it can be stated that until fire exposure up to 30 minutes the temperature 

profiles are very similar, layer of concrete heated to 500 °C or more is approximately 10 mm thick and 

reinforcement temperature is approximately equal to 300 °C (one corner bar is assumed). Since cooling 

phase starts after 30 minutes in case of parametric temperature-time curve both temperature profiles 

differ from this point on. According to standard fire curve concrete layer beyond 500°C isotherm is 30 

and 50 mm thick for 60 and 120 min duration of fire, respectively. Rebar temperature is then 

approximately 450 and 700 °C, respectively. Based on such information it seems the cross-section is 

significantly damaged. On contrary, in case of parametric curve due to cooling phase the temperature 

distribution along cross-section at 60 and 120 min fire duration is more favourable than at 30 min fire 

duration with consequent positive effect on load-bearing capacity. 
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Fig. 5-5. Temperature profiles of 400x400 mm concrete cross-section, subjected to four-sided fire 

exposure for different fire scenarios and durations (one quarter of cross-section displayed); 

thermal analysis conducted in TempAnalysis software [53]. 

 

Advanced Modelling Methods of Natural Fires and their Use in Post-Fire Investigation 

Options of fire effects mathematical modelling were mentioned in the previous chapter and the 

effects on subsequent thermal analysis of the structural elements subjected to fire were shown as well. 

In the real post-fire investigation, a cogent fire scenario is searched mainly because it could provide 

priceless information to the forthcoming investigation, ensure more effective approach, reduce the 

amount of material tests and thus save a lot of time, money and labour. However, all these benefits are 

directly dependent on the accuracy of approximated fire scenario. 

The simplest way is to use some of the nominal temperature-time curves. However, it is very 

probable that such fire scenario will be considerably different from the real fire event because neither 

specific boundary conditions nor cooling phase can be taken into account. Therefore, according to 

author’s opinion it is believed that at least parametric temperature-time curve should be always used. In 

simplified way, it could take into account the specific boundary conditions of the compartment, fire load 

according to the purpose of use, conditions of ventilation and the cooling phase. Without by-hand 

calculations the parametric temperature-time curve can be easily obtained using some of the available 

software, e.g. FINE Parametrická teplotní křivka [56]. If the parametric temperature-time curve cannot 

be used because the conditions specified in [16] are not fulfilled, or more precise fire scenario is needed, 

localised fire or zone method models should be used. These approaches are still relatively easy and not 

time-demanding and can take into account even more input parameters on one hand and provide more 

detailed information about the fire event on the other. In case of zone method, the calculation can provide 

information about evolution of temperatures in both hot and cold zones, rate of heat release, height of 

the zones interface and time when fuel is burned out and cooling phase begins. The fire load can be 

assumed either according to purpose of compartment use which is well defined in [16] or can be defined 

completely by user – number of items, their position, material together with thermal properties, time or 

temperature when they catch on fire, detailed specification of ventilation, effects of sprinklers, etc. 

In case of fire load defined according to design code Ozone fire software [55]. In case of user defined 

conditions the CFAST fire software [57] is more appropriate due to high number of possibilities and 

options. Figs. 5-6 to 5-8 are results from it and are related to the same example compartment. 
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Fig. 5-6. Simulation of temperature evolution in T=5 min displayed on the transverse plane section, 

CFAST fire software [57]. 

 
Fig. 5-7. Simulation of temperature evolution in T=42 min displayed on the longitudinal plane 

section, CFAST fire software [57]. 

 

Fig. 5-8. Simulation of smoke production in T=8 min, CFAST fire software [57]. 



Doctoral Thesis 

Chapter 5 – Detailed Inspection of Damaged Building  

 

 

74 

Even more advanced way of modelling fire events is using computational fluid dynamics (CFD) 

technique, which represents very sophisticated and detailed approach. It consists of numerical solving 

differential equations of heat transfers and is based on the physic laws of energy and momentum 

conservations. A spatial mesh of finite elements is created in the 3D model and the thermodynamic and 

aerodynamic variables are calculated in discretized time steps. As a result, evolution of gas and surface 

temperatures, production of smoke and vector field of fluids convection in time are obtained. Generic 

fire events can be thus remodelled using such technique, including very specific situations. The 

technique requires high number of input parameters and is computationally very demanding. Moreover, 

the results are sensitive to the accuracy of input parameters. Nevertheless, when used properly it can 

provide useful and cogent information about the fire event and subsequent structural damage, even in 

cases other models cannot describe the event accurately enough. 

CFD modelling is difficult and wide topic and is very actual, mainly in last years thanks to still 

increasing capabilities of computers and therefore it will not be discussed in this Thesis in detail. More 

about CFD can be found in the literature, e.g. [58]. The examples of CFD outputs can be seen in Figs. 

5-9 and 5-10, which are taken over from [59] and are created in Fire Dynamic Simulator (FDS) [57]. 

 
Fig. 5-9. CFD simulation; left: overall 3D model, right: surface temperatures at time T=3 min [59]. 

 
Fig. 5-10. CFD simulation; left: surface temperatures at time T=3 min with obstacle 

above flames source, right: smoke visualisation with vectors of convection [59]. 
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Within Chapter 5.2 it was shown that approximating the fire scenario and subsequent temperature-

time curve after the fire event together with forthcoming thermal analysis can be mighty tool used in the 

investigation process. According to the author’s opinion this approach should be a part of the 

investigation in every case except of cases where based on the visual inspection it can be said with very 

high probability that only negligible damage occurs on the load-bearing structures. Idea about maximal 

temperatures in selected elements together with temperature distribution along their cross-sections and 

length can help with the investigation, diagnosis and structural assessment very much and can save time, 

money and human labour. Choosing the appropriate fire scenario is very actual and discussed topic, 

especially as a part of fire safety engineering [58]. 
 

The output of the fire scenario approximation is the temperature-time curve. Even if a simple 

model is adopted, it should always reflect reality as much as possible. Beside the heating rate and 

temperature distribution inside the compartment (and sometimes also the spread of fire in case of CFD 

simulations) it should contain the effect of extinguishing by fire brigade and, if it is possible, eventual 

secondary growth of temperature caused by another released or leaked fuel. In the end, the curve can 

look differently from those proposed in design code [16] or just from the usual shape. Taking into 

account the cooling phase is important mainly because of the global analysis and consequent structural 

effects, as will be discussed later in Chapter 7. 
 

Another interesting fact that has to be taken into account is related to the comparison of 

temperature evolution of gas in the compartment and in the structure. When temperature-time curve is 

approximated, at certain time there is a temperature peak. After this time the gas temperature starts to 

decrease. However, when speaking about temperature in the cross-section of selected structural element, 

due to thermal inertia the temperature peak takes place a while after the temperature peak of ambient 

gas. An example was created with already proposed temperature-time curves and can be seen in Fig. 5-

11. Because surface temperature is not as relevant, temperature in concrete depth 𝑥 = 30 𝑚𝑚 is 

assumed since it is related to structural damage better. From the diagram it can be seen that whereas 

peak of gas temperature takes place approximately in time 𝑡 = 60 𝑚𝑖𝑛, the peak of concrete temperature 

in case of parametric and zone method temperature-time curves comes approximately after next 30 

minutes (𝑡 = 90 𝑚𝑖𝑛). Whereas at this time the gas temperature according to parametric and zone 

method curves is already decreasing quickly. This effect should be thus always on mind of the 

investigators. 

 
Fig. 5-11. Temperature evolution of gas and concrete (depth 30 mm from heated surface) according to 

various fire scenarios; thermal analysis conducted in TempAnalysis software [53].  
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To describe the fire event precisely enough it is probable temperature-time curve different to the 

ISO834 curve will be approximated. However, this curve is the most usual one and therefore it is used 

as reference in proposed tables of fire resistance and calculation methods [16]. The simplified 

calculation methods proposed by EC2 [16] are also meant to be used primarily with the ISO834 curve. 

In case of isotherm 500 °C method the parametric temperature-time curve is allowed at certain 

conditions, but the zone method should not be used with it. Even fire tests of industrially produced 

structural elements are being basically conducted according to ISO834 curve. Then, the estimated fire 

resistance is related to this curve only and must not be interpreted in any other way. Also some software 

applications suitable for conducting the thermal analysis can calculate only with ISO834 fire curve. 

Hence, a situation when effects of different temperature-time curve need to be converted to the effect of 

ISO834 curve might occur. 

Such approach is proposed in the Annex F [54]. Because the only variable in the equation of 

ISO834 curve is the time, according to several input parameters characterizing fire load, geometry and 

thermal properties of the compartment and its ventilation conditions, the equivalent duration of standard 

fire based on ISO834 curve is calculated. An example was developed to show the results. A compartment 

with the same geometry as in previous chapter is presumed. The only change is that it is used as a library 

(to make the fire load big enough). Two different situations are prepared differing in used active 

firefighting measures – case A: 𝑞𝑓,𝑑 = 1190 𝑀𝐽/𝑚2, case B: 𝑞𝑓,𝑑 = 1980 𝑀𝐽/𝑚2. Temperature-time 

curves can be seen in Fig. 5-12. The zone method curves are obtained using Ozone software [55]. 

 
Fig. 5-12. Temperature-time curves according to different fire scenarios. 

In case A the temperature peak takes place in time 𝑡 = 72 𝑚𝑖𝑛 when temperature is equal to 𝜃 =

1113 °𝐶. In case B the highest temperature 𝜃 = 1183 °𝐶 is reached in time 𝑡 = 116 𝑚𝑖𝑛. To simplify 

the example, the thermal analysis of 250 mm thick concrete slab subjected to the described curves from 

one side is carried out at the times of maximal gas temperatures. After conducting the calculation 

according to Annex F [54], the equivalent time of exposure to ISO834 fire is equal to 𝑡𝑒𝑞(𝐴) = 85 𝑚𝑖𝑛 

and 𝑡𝑒𝑞(𝐵) = 142 𝑚𝑖𝑛 in case A and B, respectively. Temperature profiles based on zone method 

temperature-time curves and equivalent ISO834 curves can be seen in Fig. 5-13 from which can be 

stated that the equivalent curves follow the curves based on zone method very well. Hence, various 

temperature-time curves obtained from fire scenario approximation can be transferred to the effect of 

ISO834 curve using this method. Then the equivalent time of ISO834 exposition can be used for thermal 

analysis or use of tables and simplified calculation methods. 
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Fig. 5-13. Temperature profiles of 250 mm thick concrete slab according to zone method       

temperature-time curves and their equivalent standard fire curves; 

thermal analysis conducted in TempAnalysis software [53]. 

The method of transferring the effect of different temperature-time curves to the equivalent 

ISO834 curve can be used in one more way. On the previous page and in Chapter 2.6 it was mentioned 

the fire resistance of industrially produced structural elements is generally tested experimentally since 

it usually provides the producer higher time of fire resistance than it would be obtained from 

calculations. The tested elements are then heated according to ISO834 curve. Because the producers 

generally want to design their products efficiently, the estimated and experimentally proved fire 

resistances will not be significantly lower than the actual structural performance. This presumption can 

be used in the post-fire investigation. Contrary, this method would not be beneficial very much in case 

of concrete structural elements casted on site because in the design stage their fire resistance is usually 

estimated using tables which represent rather prescriptive approach and not performance-based, 

therefore the estimated time of their fire resistance is not directly related to the actual structural 

performance.  

Let’s have an example: a precast hollow-core floor panel with guaranteed fire resistance of 60 

minutes was subjected to a fire event within the building. The fire scenario was approximated and 

temperature-time curve using zone method was derived. After conversion to standard fire the equivalent 

fire duration was calculated as approximately 70 minutes. Then it can be stated the floor panel was very 

close to its collapse and therefore it can be expected to be considerably damaged. The residual 

parameters are about to be inspected carefully while material tests should be carried out. However, if 

the equivalent fire duration would be only 20 minutes instead, it can be stated the structural performance 

of the element was not lowered to higher extent and therefore there is quite a big chance the residual 

load-bearing capacity will be high enough. To such member smaller attention can be paid only to prove 

the assumptions and the effort can be paid to more damaged parts of structure instead. 

 

To conclude with, since the temperature-time curve derived from the fire scenario approximation 

is still only a presumption and definitely will differ from the real fire event, it is strongly recommended 

to confirm the assumptions and validate the expected temperature profiles by conducting and evaluating 

material tests on reasonable number of cogent spots. For more about suitable material tests, 

see Chapter 6.  
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5.3 Approach to Damaged Structural Elements 

At this stage of post-fire investigation relatively detailed idea about damage level of structural 

elements exposed to high temperatures is gained based on the preliminary and detailed inspections. 

To continue in the post-fire process, an attitude to treatment of damaged members have to be assembled. 

Structural elements which are classified into damage classes “0” and “1” do not have to be investigated 

anymore because the damage caused by fire is minor, affects only surface layers and therefore can be 

neglected. Elements classified into damage classes “2” and “3” are damaged more significantly and 

attention should be paid on them. Such elements ought to be inspected with material tests and detailed 

calculation of residual load-bearing capacity. Elements classified into damage class “4” are damaged to 

considerably big extent and decrease of their structural performance is expected to be critical. For such 

members the same as for classes “2” and “3” is valid. Moreover, they have to be treated with special 

care to ensure their stability during inspection and refurbishment works – propping such members or 

adding supports might be necessary. It is also probable deep refurbishment, strengthening or even 

replacement will be needed. 

The previously mentioned approach is dependent on the classification to damage classes, 

which is usually conducted during the preliminary inspection based on the visual assessment and so far 

known information. Because new important information about the decay of structural performance may 

be revealed during the detailed inspection the classification mark of such elements should be revised 

and elements should be then treated according to the key described above. It is also appropriate to 

analyse whole structural system and recognize key elements, such as massive girders, columns, deep 

beams and bracing. To those elements special attention should be dedicated and in case of any doubts 

about their condition the damage class mark can be artificially increased to ensure adequate care. Higher 

attention should be also given to all uncommon structures solving long spans, cantilevers with high 

slenderness ratio, vertically not continuing columns and walls, deep beams, etc. – especially in transition 

floors. The detailed inspection should be focused also on the details – joints of members (especially to 

those where different materials occur, most commonly concrete and steel), both mechanical and 

chemical anchoring, joist steel plates, etc. 

The last phenomenon which is necessary to be taken into account is the effect of elements 

concurrence within given structural system. In case of statically indeterminate structures the elements 

influence each other considerably and hence the damage caused by fire on one element can affect the 

adjacent one even though this one was not exposed to fire directly and therefore probably obtained low 

damage class mark, if it was even inspected. The drop of stiffness, crack propagation and possible 

creation of plastic hinges together can irreversibly change the structural system and consequent 

redistribution of internal forces can load some cross-sections (typically the mid-span ones) more than 

they were prior to fire – as it is shown in Fig. 5-14. The load-bearing capacity then has to be checked 

due to increase of acting forces. Therefore, the global analysis always has to be done and its results taken 

into account. For more about global analysis, see Chapter 7.  

 

Fig. 5-14. Possible effect of internal forces redistribution on element not directly affected by fire. 



Doctoral Thesis 

Chapter 6 – Post-Fire Structural Diagnosis  

 

 

79 

6  Post-Fire Structural Diagnosis 

6.1 General Aspects of Post-Fire Structural Diagnosis 

The next step of the post-fire investigation process which is about to be carried out according to 

the Flowchart (see Fig. 3-2) is the structural diagnosis. It is a common process of investigating mainly 

(but not only) elderly buildings and other kinds of construction (typically bridges) to reveal their actual 

structural performance when: 

 Serious structural malfunctions evidently exist on the structure; 

 There is a suspicion and doubt about material quality used in the structure;  

 Progressed stage of corrosion is expected; 

 Structure withstood some kind of extraordinary loading situation (flood, windstorm, 

earthquake, fire, etc.); 

 General refurbishment is about to be done and actual information are needed for design 

and budget purposes; 

 Load level is about to be raised and real load-bearing capacity has to be proved. 

Then, based on the diagnosis results actual material properties, corrosion level and overall 

structural performance are estimated, which are then used in another step of the process. Hence, 

performing structural diagnosis is very often necessary and cannot be substituted or skipped. Main 

aspects of concrete structures that are generally inspected during structural diagnosis are proposed in 

Tab. 6-1. 

Tab. 6-1. Overview of structural aspects investigated during diagnosis of concrete structures. 

Assessment 
of concrete 

Assessment 
of reinforcing steel 

Assessment 
of structure 

Malfunctions and defects 
of the structure 

Concrete 
homogenity 

Diameters, spacing 
and positions 
of rebars 

Load-bearing capacity 
and stiffness of the 
structure (static load test) 

Excessive cracks 

Strength 
(compressive, 
tensile) 

Thickness 
of concrete cover 

Record of oscillation with 
its peaks, eigenvalue 
frequency 
(dynamic load test) 

Crushing of concrete 

Young’s modulus 
of elasticity 

Strength 
(tensile and yield) 

 Buckled or ruptured rebars 

Bulk density Ductility  Excessive deformations 

Carbonation 
depth 

Corrosion level  State of concrete cover 

 

Conducting structural diagnosis and evaluating its results is generally challenging task, therefore 

it has to be conducted by special company with appropriate equipment, knowledge and experience. 

There is a following list of valid international (and primarily European) codes that are meant to be the 

basis for conducting the diagnosis of concrete structures [60, 61, 62, 63, 64]: 

 ISO 13 822: Bases for design structures – Assessment of existing structures. 

 EN 13 791: Assessment of in-situ compressive strength in structures and precast concrete. 

 EN 12 504-part 1 to 4: Testing concrete in structures. 

 EN 12 390-3: Testing hardened concrete – Part 3: Compressive strength of test specimen. 

 EN 206 + A1 Concrete – Part 1: Specification, performance, production and conformity. 
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One of the situations when structural diagnosis is undoubtedly needed is when a structure was 

exposed to fire event. To make the calculation of residual structural performance possible, material 

properties of both concrete and reinforcing steel of selected structural members are needed, as well as 

overall assessment of the structural system and its possible changes. Evaluating results from diagnosis 

is even more difficult in case of concrete structures after fire exposure since the nature of such damage 

is specific and differs from the usual situations. Common test methods thus have to be modified and 

special kind of tests may be used as well. The most important fact that makes the evaluation so difficult 

and ambiguous is that the damage level of concrete is not uniform through the cross-section due to 

nonlinear temperature distribution during fire which is a result of concrete thermal inertia. For example, 

it means the investigated strength of surface layers is expected to be significantly lower than strength of 

inner part of the cross-section. This fact also considerably complicates the evaluation of compressive 

strength based on the destructive test of a core drilled from the selected element. Moreover, the state of 

(primarily) surface layers and consequently their mechanical properties are dependent on the conditions 

of cooling after end of fire event. To end with, residual properties of reinforcement are directly 

dependant on the maximal reached temperatures which can differ either along the investigated element 

(effect of localised fire or position of plumes) but also in a range of cross-section (corner versus inner 

bars). 

Beside testing the selected damaged part of structure it is always useful to carry out the same tests 

also on undamaged (i.e. unaffected by fire) parts of the structure, which is as close and as similar to the 

damaged one in order to obtain reference results [28]. The material tests which are suitable for inspecting 

concrete building after fire can be either direct, when result of such test is directly the searched property 

(typically destructive strength test) or indirect when some other mechanical property is tested and which 

can be then recalculated or transferred to the searched property (e.g. rebound hammer or ultrasonic pulse 

velocity test). In such case it is often advantageous and sometimes even necessary to compare the 

obtained result with the reference values as was mentioned earlier. The testing methods can be also 

divided according to the damage on structure which is caused by their performing. In general, 

destructive and non-destructive tests (NDT) are usually used. Some methods are then referred as semi-

destructive due to small extent of damage caused on structure. 

In general, when testing the state of concrete, the most important mechanical property is the 

residual compressive strength related to certain range of temperatures and depth (this can be assembled 

together using estimated temperature profile based on other performed tests and calculations). In case 

of reinforcement the most important parameter is the residual yield strength. Because possible (and very 

probable) scatter of gained results it is also important to conduct statistical analysis in order to get 

reliable characteristic values that can be used in forthcoming calculations. More about evaluation of 

results and statistical analysis, see Chapter 6.3. 
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6.2 Overview of Post-Fire Diagnosis Methods 

The methods available for concrete and steel post-fire inspection can be conducted either right at 

the place of building’s location (then they are referred to as on-site, in-situ or field tests) or at the 

laboratory which is a part of some kind of testing facility (laboratory tests). In most cases the on-site 

tests are considered to be indirect and non- or semi-destructive. Their conduction is rather fast and can 

be repeated many times. However, the methods are often based on the response of concrete’s surface 

layers or average response of whole cross-section. The measurement of concrete properties is also often 

disrupted by presence of rebars. Therefore, results of such tests are less accurate and reliable. On the 

other hand, these aspects can be mitigated by means of statistical analysis and higher number of 

performed tests. The other type of tests, that are being carried out inside laboratories, can be 

characterized oppositely to field tests. Laboratory tests are time- and financially-demanding and they 

are laborious, while special equipment is usually needed. Nevertheless, they can provide much more 

accurate results and because they are conducted on samples extracted out of the investigated structure, 

properties from different depths of the cross-section can be tested. As a result, detailed idea about overall 

damage of the cross-section can be gained. The methods can be either destructive or non-destructive and 

direct or indirect as well. 

Visual overview of testing approach can be seen in Fig. 6-1. According to the methodology 

of actual codes of practise the destructive tests are considered to be the main source of information while 

results of non-destructive tests are considered to be rather informative and additional [62]. Thus, 

conducting destructive tests on samples extracted from the subjected structure is generally necessary 

and cannot be substituted. However, using non-destructive tests together with the approach and 

calculations described in Chapter 5 can ensure effective diagnosis and reduction of extracted samples 

number at the same time. 

 
Fig. 6-1. Visual overview of post-fire diagnosis methods. 

The non-destructive testing methods are based on measuring some kind of auxiliary property 

which is more or less directly related to concrete’s compressive strength. In case of rebound hammer 

test hardness of element’s surface layer is investigated. Windsor probe test is based on shooting metal 

projectile against concrete. According to its penetration depth (and consequent surface hardness) the 

compressive strength is correlated. CAPO test and BRE internal fracture test are based on measuring 

resistance against pull-out of mechanical anchor, which is then also correlated with the concrete 

compressive strength. When conducting drilling resistance test the amount of energy needed for drilling 

a hole inside damaged concrete element is recorded. Ultrasonic pulse velocity test (UPV) deals with the 

velocity of ultrasonic waves that are transmitted through the concrete, which is then transformed to the 

concrete’s dynamic elastic modulus. All of mentioned properties are affected by fire exposure as well 

and thus can be used to investigate the damage level of concrete. 
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Comprehensive overview of existing testing methods suitable for inspecting concrete structures 

after fire is proposed in Tab. 6-2. To name some of the other methods [22, 28]: 

 Chemical analysis – method based on analysing content of residual water within concrete 

matrix, which can be then transferred to approximate temperature profile; cement powder 

is used for analysis; 

 Colorimetry – method for estimating temperature profile, based on aggregate colouring 

due to high temperatures exposure; 

Tab. 6-2. Overview of non-destructive diagnosis methods usable for investigation of concrete structures 

damaged by fire, according to [28]. 

Average response                  
of the concrete cover 

Point by point response 
of small samples 

Special interpretation 
techniques 

Schmidt rebound hammer Small-scale mechanical tests 
Ultrasonic pulse velocity, 

indirect method 

Windsor probe 
Differential thermal analysis 

(DTA) 
Impact echo 

CAPO test Dilatometry (TMA) Sonic tomography 

BRE internal fracture Thermoluminescence Modal analysis of surface waves 

Drilling resistance Porosimetry Electric resistivity 

Ultrasonic pulse velocity Colorimetry  

 Microcrack-density analysis  

 Chemical analysis  
 

From the available testing methods summed up in Tab. 6-2, the most popular ones are the on-site 

methods inspecting response of concrete cover layer. These methods are relatively easy to execute, 

however evaluation of the obtained results is not always trivial, as will be discussed later on in this 

chapter. Also individual testing methods differ from each other when each method is suitable for slightly 

different situation. Advantages and disadvantages specifying their application are summed in Tab. 6-3. 

Tab. 6-3. Advantages and disadvantages of on-site NDT techniques, according to [22]. 

Testing method Advantages Disadvantages 

Hammer & chisel 
Good as an assessment of the 

surface. 

The surface properties are 

dominant. 

Rebound hammer 
Good as an assessment of the 

surface. 

The surface properties are 

dominant. 

Drilling resistance 
Unaffected regions are used as 

reference. 

Can only make safe assessments 

of the depth that correspond to a 

decay of 50-70 % of the virgin 

compressive strength. Require 

repair afterwards. No commercial 

equipment. 

Pull-out test 
Good relation with compressive 

strength. 

Measures an average response 

only of the outer layer of concrete. 

UPV test 
Truly NDT method, 3 different 

configurations are possible. 

An indirect method. Relative  

measurements are necessarily to 

achieve reliable results. 

Windsor probe 
Can be used to determine the strength 

profile of a cross-section 

Measures response only of the 

outer layer of concrete. 
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6.2.1 Non-Destructive Diagnosis Methods 

Visual Assessment 

Visual assessment is usually the first step to be carried out within structural diagnosis. As it was 

already mentioned in Chapter 5.1, the original and most actual project documentation is necessary to be 

obtained before start of the diagnosis. In case of concrete structures also drawings of reinforcement with 

all detailing are needed since they represent valuable source of information. Based on it experts who 

conduct the diagnosis get to know the structure and can lead the investigation more efficiently. 

If structural drawings are not available, all information important for evaluating the residual structural 

performance has to be revealed and measured on-site. Nevertheless, even if such drawings are available, 

it is recommended to verify the basic things: main dimensions of elements, concrete cover thickness, 

rebars diameters, positions, spacing and orientation of reinforcement layers. Information about 

reinforcement can be gained e.g. by chiselling shallow groove perpendicular to the expected direction 

of the first layer inside the concrete cover up to rebars, or using special equipment profometer which 

can scan the concrete surface based on the ferritic properties of reinforcement. 

One of the basic and very easy tests which is worth to conduct within the visual assessment is the 

hammer and chisel test. By this method delamination of surface concrete layers can be discovered [22, 

38]. The test is based on the idea of propagation of mechanical waves induced by the impact of chisel 

and its consequent sound (the principle is similar to the UPV test). If the sound immediately after the 

impact lasts for longer time, is rather low and disappears gradually, the waves propagate inside the cross-

section and the material seems to be compact. However, if the sound is high and hollow, there is high 

probability the surface layers are delaminated to certain extent and therefore not coherent. The prone 

depth of delamination is the interface between concrete cover and reinforcement, mainly due to 

incompatibility of thermal strains of concrete and steel at high temperatures. The incoherency of tensile 

reinforcement influences the load-bearing capacity of subjected element, mainly in anchoring zones. 

Therefore, if such situation occurs after conducting hammer and chisel test, such elements should be 

treated with higher attention and inspected in detail with other diagnosis methods. The test can also 

provide information about hardness of surface layers. If the structural concrete of ordinary compressive 

strengths is “healthy”, the chisel banged with hammer by human hand should cause only minor damage 

with negligible penetration depth. However, if the surface layers are significantly damaged by fire, their 

hardness is very much reduced and therefore the chisel is able to penetrate to bigger depths and might 

even cause sloughing off bigger piece of concrete due to delamination and incoherency. 

Probably the most important step of visual assessment is measurement of residual plastic 

deformations of structural elements. The deformations during fire event propagate significantly due to 

deterioration of mechanical properties of both concrete and steel, decay of stiffness, damage of cross-

sections, thermal effects (elongation and bowing) and also due to softening of stress-strains diagrams 

and rise of ultimate strains. After the end of fire event certain part of it goes back to the state prior to 

fire as structure cools down to ambient temperature. This part can be attributed to the elastic behaviour 

of materials which is in case of structures subjected to high temperatures related mainly to the volumetric 

changes and particularly their expansion and consequent shrinkage. However, in most cases the 

deformation does not disappear totally and some part of it remains as residual, because some changes 

that take place during fire cause irreversible damage to the material (e.g. cracking of concrete, yield of 

reinforcement). Such part of deformation can be then referred to as plastic since it is out of the region 

of material’s elastic behaviour. The residual deformations can be distinguished in following way: 

 The deflection takes place along the subjected element and is caused by combination of 

natural deflection under dead and live load increased by decay of stiffness, and thermal 

bowing as the elements are very often heated only from one side. This type of deflection 

can be seen by both horizontal and vertical members. In case of vertical members, the 

enhanced deflection can rise bending moments and eventual second-order forces as well. 
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 The deformation is induced by movement of joints of two or more members. The 

movement is usually a result of element’s thermal elongation and/or curvature. To 

preserve structural integrity and continuity the joint movement has to be followed by all 

involved elements, which can induce very high additional inner forces (usually shear 

force) already during fire; after its end according to the extent of residual deformation the 

additional forces are still acting. In case of compression elements, the movement of joints 

rises the eccentricity and subsequent bending moment. Moreover, in case of slender 

elements such joints movement can induce higher contribution of second-order forces. 

Joints movements thus have to be always measured and taken into account carefully 

within the post-fire assessment. 

Both types of deformations are important not only because of impact on residual structural 

performance, but because of fulfilling the requirements of serviceability limit state (SLS) in the post-

fire lifetime and maximal deflections in particular. There is often a situation when structure after fire 

has the residual load-bearing capacity high enough, but the residual deflections are beyond the limits of 

SLS. Since reducing residual deflections of concrete elements is very hard if not impossible, in some 

cases it can be the reason for decision of removing the subjected element. Besides that, measuring 

residual deflections can provide useful information to the forthcoming calculations, either as the 

evidence of stiffness decay or cross-check of calculations results. To make the information more reliable, 

comparison with measured deflection of identical non-damaged structural element (e.g. in different 

floor) is always beneficial. 

 

Fig. 6-2. Evolution of deflections due to fire exposure. 

where 𝑤𝐿𝑇,20  represents long-term deflection prior to fire at ambient temperature, 

 𝑤𝑓𝑖𝑟𝑒  represents deflection during fire event, 

 𝑤𝑟𝑒𝑠.𝑎𝑓.𝑓𝑖𝑟𝑒 represents residual deflection after the end of fire event. 

When carrying out the visual assessment within the post-fire structural diagnosis, one has to think 

about the state and degradation level of whole structure prior to fire. If the building has been already 

serving for decades, it is very probable some corrosion processes are in more or less progressed stage 

and hence the actual load-bearing capacity might be reduced when compared to the calculated values or 

the actual values of brand-new building. Also the deflections of slabs and beams might be higher that 

one would expect, typically due to creep or overloading. Then it is necessary to think about what part of 

measured deflection on fire-damaged element can be attributed to the effect of high temperatures and 

what part was already there prior to fire – priceless information can be again obtained from comparison 

with similar or even better identical non-damaged structural member from the same building.  
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Rebound Hammer Test 

Rebound hammer was developed for measuring surface hardness of various materials many 

decades ago and since then it has become very popular among civil engineers. Various types of the 

hammer are being used for measuring hardness of concrete, bricks or rocks. Carrying out the test is very 

easy and fast and beside the hammer no special equipment is needed. In case of testing concrete it is 

often used for testing young concrete to control material quality or the rise of strength, in case of elderly 

buildings it is used for checking material quality as well or corrosion level for assessment or 

refurbishment purposes. The test is based on hitting the surface of tested element with metal plunger 

which was previously pushed inside the body of the hammer while the impact spring was loaded. After 

the surface has been hit, the mass inside the body is pushed by released spring. According to the distance 

where it travels the rebound number is displayed. The harder the surface is, the further the mass travels 

and higher rebound number is recorded. The world’s leading manufacturer of Schmidt rebound hammer, 

company called Proceq from Switzerland, offers several types of hammer according to needed accuracy 

of the device and also according to convenience of use (analogue or digital devices). The basic rebound 

hammer by Proceq can be seen in Fig. 6-3. 

 

Fig. 6-3. Classic Schmidt rebound hammer, Proceq model N. 

Although there is not any revealed analytical relationship between concrete surface hardness and 

its compressive strength so far, experience with the testing device show that some kind of dependency 

exists and hence the compressive strength of concrete also influences its hardness. The expected quality 

of concrete based on rebound hammer test is proposed in Tab. 6-4. Based on very big number of tests 

and subsequent regression analysis conversion diagrams were assembled by hammer manufacturers. 

Diagrams based on the data proposed by Proceq can be seen in Fig. 6-4, which contains also the 

equations obtained from regression analysis conducted in MS Excel. Because of the device testing 

principle, presence of the mass inside hammer’s body and influence of gravity force, the device’s 

direction during test has to be distinguished. Therefore, three conversion curves exist according to the 

position of hammer: (i) downward, (ii) horizontal direction and (iii) upward. As the hammer measures 

the hardness surface, it is believed the obtained value is related to the depth approximately equal to 30 

mm [28, 65], which is basically the concrete cover layer. Due to the natural scatter of results 

manufacturers propose values of dispersion which has to be taken in account. The deviations are not 

constant since they are dependent on the concrete strength – from nearly 40 % for 𝑓𝑐,𝑐𝑦𝑙 = 10 𝑀𝑃𝑎 up 

to 15 % for 𝑓𝑐,𝑐𝑦𝑙 = 60 𝑀𝑃𝑎. The value measured by original analogue Schmidt hammer is called 

rebound value (R-value), while the new digital Silverschmidt by Proceq can measure either R-value or 

Q-value, which differs in the principle of record and thus the values and conversion to strength are 

different. 
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Tab. 6-4. Expected concrete quality according to rebound hammer test [66]. 

R-value [-] Concrete quality assessment 

over 40 Excellent 

30 – 40 Good 

20 – 30 Doubtful 

under 20 Poor 

0 Delaminated 

 
Fig. 6-4. Conversion diagram of classic rebound number to compressive strength according to [67]. 

When concrete is exposed to high temperatures, the compressive strength decreases due to many 

chemical and physical processes, as was discussed in detail in Chapter 2. Since compressive strength 

influences concrete hardness, it decreases as well when exposed to high temperatures – which is the 

principle of the rebound hammer test. Although this test method is so popular and easy to conduct, there 

is number of aspects which makes the usability of this method limited for purposes of testing thermally 

damaged concrete structures. The first thing is that the result of rebound hammer test is related only to 

the surface layers which is in case of exposure to fire always the most damaged – but it does not say 

anything about condition of concrete inside the cross-section. Also due to thermal inertia of concrete, 

which is so beneficial when speaking about fire resistance, the surface layers are heated quite quickly 

while inner part of cross-section remains cold – based on this test it is complicated if not impossible to 

estimate the duration of fire or the damage depth. Moreover, carbonation of concrete influence the 

results as well and limits the range of temperatures where test results exhibit satisfying accuracy (this 

phenomenon will be discussed later on). Due to the mentioned aspects this test method is generally 

considered as indicative and approximate and should not be used directly for estimating the compressive 

strength [22, 28]. It is suitable for recognizing spots and surfaces where compressive strength was 

reduced by 30-50 % [28]. The indicative way of use is meant by comparing the rebound number from 

damaged element to the rebound number from undamaged element with concrete of the same age, 

strength class and impact of surrounding exposure. Then the relative rebound number is obtained, which 

describes the damage level better than absolute values. 

In the literature [26, 65] it is also stated the rebound hammer test can provide acceptably accurate 

results in the temperatures range of approximately 300-800 °C. The hammer is not able to measure 

relatively small decays of surface hardness due to skin hardening effect, which was often observed 

during experiments and which is most probably caused by progressed concrete carbonation [22, 38]. 

When testing such surface, the R-number does not seem to be reduced even though there is already not 

negligible decay of strength and only after the strength decay is high enough the R-number starts to 

decrease as well. This is why the hammer test can provide usable results from the moment strength 
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decay becomes more significant. On the other hand, in case of very much damaged surface of concrete, 

which can be attributed to higher temperatures (approx. 800 °C and more), the basic type of hammer is 

not sensitive enough and thus very low if not zero strengths are measured. The micro-cracking of 

concrete matrix can be so high and coherency of the surface layers to the rest of cross-section can be 

damaged to the extent that the hammer energy dissipates in the material instead of rebounding the 

plunger – therefore such low R-numbers and consequent strengths are gained. 

When speaking about phenomenon of concrete carbonation, its main result lies in decrease of 

concrete inner pH (as was already mentioned in Chapter 3.2) and weakening natural protection of 

reinforcement which gradually starts to be prone to corrode. Side effect of the process is fact that 

carbonated concrete becomes harder and more brittle at the same time. Hence, this stands for affecting 

the results of rebound hammer test. The carbonation depth is thus need to be measured or at least 

empirically estimated every time. It can be neglected only in case of testing young concrete in new 

building which was not affected by fire. In every other situation one can expect that the carbonation 

process more or less takes place and thus the rebound hammer test results will be skewed. This is even 

more pronounced in case of fire-damaged concrete structures as the carbonation process is greatly 

accelerated by smoke and other products of fire, hence the surface layers of concrete will be very likely 

carbonated. In general, hammer manufacturers deal with the problem in two ways: 

 After measuring carbonation depth using standard phenolphthalein solution it is advised 

to mechanically remove the carbonated layers, make the testing area smooth and flat and 

test the unaffected concrete. The actual not skewed R-number is obtained using this 

approach. 

 Test both carbonated and noncarbonated concrete from the same structure and calculate 

the correlation coefficient. Then, only carbonated concrete can be tested which is much 

more convenient and much less laborious while actual R-numbers are obtained after 

results correlation. Beside this “manual” calculation some evaluation software (e.g. 

Hammerlink by Proceq) can deal with the carbonation depth and correlates the R-numbers 

and strengths, respectively, on its own based on the empirical know-how of the 

manufacturer. 

Beside testing thermally-damaged concrete, following advices and requirements on testing 

concrete with rebound hammer are proposed either by hammer manufacturers [67] or standards [62, 68]: 

 The hammer should be perpendicular to the tested surface. 

 The tested surface should be smooth and flat. To reduce scatter of results it is advised to 

be smoothened with abrasive stone. Particularly this point is often a problem in case of 

testing fire-damaged concrete due to spalled surfaces – then the test is not able to be used. 

 The hammer should be regularly calibrated in accredited testing laboratory. 

 The plunger should hit cement paste and not aggregate particle – in such case the result 

is heavily affected by hardness of stone only. 

 If a concrete specimen is tested, it should be strongly clamped to ensure it will not move 

during the test which could reduce the obtained R-number. 

 Only dry concrete should be tested. If wet concrete is tested it was proved the results can 

be up to 20 % lower than in case of dry concrete [65]. This can be attributed to the 

migration of water molecules inside the pore system after the impact which probably 

absorbs the impact energy – the plunger hence rebounds less and the R-number is 

reduced. This might represent problem during preliminary inspections when rebound 

hammer test can help to reveal significantly damaged elements, however the structure is 

still water-saturated after the fire brigade intervention. 
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 Because of natural results scatter at least 8-10 impacts should be made when inspecting 

one spot. Then the highest and lowest value are excluded and a mean value of R-number 

is calculated from the rest of results. Finally, the adequate compressive strength is 

obtained using conversion curve or equation according to the hammer test position. 

 The conversion curves were assembled years ago by the hammer manufacturers based on 

very many experimental results. Although they are considered as acceptably reliable, 

they were derived based on usual concrete mixes of that time which can differ from the 

modern concrete mixes of these days. Therefore, in order to achieve better result 

compliance, it is advised to derive own conversion curve based on correlation of rebound 

hammer test results and destructive compressive test results made on test specimens or 

concrete cores taken from the inspected structure in the means of regression analysis – 

then the correlation is made exactly for the concrete mixture used in the diagnosed 

structure. 

o In case of fire-damages structures deriving own conversion curve is even more 

important since the results needs to be correlated also due to carbonation, as was 

discussed earlier. Using own conversion curve makes possible to keep both 

influences separated. 

 As it was already said, rebound hammer test is very popular due to its simplicity, low 

costs and quickness. Over the years testing standards have been implemented in the codes 

system. Nowadays following standards are available: European EN 12 504-2, American 

ASTM C805 or Czech national ČSN 73 1373. 

In this chapter it was described how the rebound hammer test can be useful when inspecting 

concrete structure after fire. Limitations of the method were mentioned as well. It was stated the method 

refers to the state of concrete within cover layer of approximately 30 mm thick. Besides the usual way 

of estimating the residual compressive strength of concrete or its relative value respectively, it can also 

be used in following way. If decay of relative R-number according to temperature of cover layer is 

assumed to follow the decay of compressive strength proposed by EC2 [16] and possible influence of 

carbonation is omitted, simple diagram which can be seen in Fig. 6-5 can be assembled. Based on it one 

can roughly estimate the probable duration of standard fire exposure and subsequent average 

temperature of cover layer. If more exact data about R-number decay and its dependency on 

temperatures are available, the accuracy of the diagram can be raised. 

 
Fig. 6-5. Diagram of average concrete cover temperature (30 mm thick) and corresponding decay of 

compressive strength and related measured rebound index. 
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Ultrasonic Pulse Velocity Test 

The ultrasonic pulse velocity (UPV) test is one of the non-destructive tests working on the 

principle of mechanical waving propagation through solid medium. It is truly non-destructive test 

method as it can be repeated many times on the very same spot without inducing any damage to the 

material. The test principle lies in transmitting ultrasonic pulses to the material from one probe and 

receiving them by the other while travel time of the pulse 𝑡 is measured. Based on the pulse travel time 

and known pulse path 𝐿, its velocity can be easily calculated according to Eq. (6-1). 

 𝑉𝑃 =
𝐿

𝑡
 (6-1) 

 

The method was invented back in 1940s [69] and since then it has become well-established NDT 

technique for inspecting the condition and mechanical properties of various materials including 

concrete. When ultrasonic pulses are transmitted through concrete it was found three different types of 

waves propagate: (i) longitudinal (also pressure, P-waves), (ii) transverse (also shear, S-waves) and (iii) 

Rayleigh (R-waves) [70]. The P-waves are then referred to be propagating along the shortest possible 

way being thus the fastest, therefore they are used for calculation of pulse travel times and used in the 

diagnosis calculations. Basically there are three possible test arrangements according to the mutual 

position of probes: (i) direct – when probes are right against each other, (ii) semi-direct – when probes 

are in diagonal position around tested element’s corner, and (iii) indirect – when both probes are placed 

on the same side of tested element. Graphical interpretation of possible test arrangements can be seen in 

Fig. 6-6. It is advised to use direct position whenever it is possible due to best results accuracy [28]. 

Usually it can be used when testing columns, pillars, short walls or webs and flanges of T- and I-beams. 

When this configuration is not possible or heavily-reinforced spot occurs (which disrupts the 

measurement, as will be discussed later in this chapter), the semi-direct arrangement might be beneficial, 

however lower accuracy has to be expected [22]. Usually it is used in case of beams or columns. The 

last option is the indirect method which often has to be used as it is impossible to place probes against 

each other – typically slabs or walls. The measurement is different and difficult to evaluate, nonetheless 

thickness of damaged layer can be estimated based on the test results [28, 70]. 

 
Fig. 6-6. Options of UPV test arrangement. 

The measured pulse travel times are sensitive to material density and porosity, therefore it is 

usually used to investigate the compactness of concrete matrix and its overall quality, eventual 

occurrence of inner honeycombs, cavities or basically damage induced e.g. by freeze-thaw cycles or 

other corrosion processes. Such material quality decay can be revealed either by empirical evaluation of 

measured pulse velocities or mainly by relative comparison of pulse velocities from different spots on 

the structure. Rough assessment of concrete quality can be done e.g. according to the Tab. 6-5. 

The method is also being used in order to calculate the dynamic modulus of elasticity 𝐸𝑐,𝑑𝑦𝑛, 

see   Eq. (6-2), which can be afterwards easily transformed to static modulus of elasticity 𝐸𝑐,𝑠𝑡𝑎𝑡 using 

Eq. (6-3) and conversion coefficient 𝜅𝑢, see Tab. 6-6. Since exposure of concrete to high temperatures 

induces irreversible changes in material microstructure, which can be characterized foremost by its 

micro-cracking and consequent decay of mechanical properties, the method can be used when 

diagnosing concrete structures damaged by fire event as well [22, 28]. 
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Tab. 6-5. Expected concrete quality according to UPV test, based on [71, 72]. 

Pulse velocity [km/s] Concrete quality assessment Note 

over 4,5 Excellent - 

3,5 – 4,5 Good Structural concrete ( ≥ C16/20) 

3,0 – 3,5 Doubtful - 

2,0 – 3,0 Poor Non-structural concrete (< C12/15) 

under 2,0 Very poor Non-structural concrete (< C8/10) 
 

 𝐸𝑐,𝑑𝑦𝑛 = 𝜌𝑐 ∗ 𝑉𝑃
2 ∗

1

𝑘2
 (6-2) 

 𝐸𝑐,𝑠𝑡𝑎𝑡 = 𝜅𝑢 ∗ 𝐸𝑐,𝑑𝑦𝑛 (6-3) 

where 𝜌𝑐 represents bulk density of concrete, 

 𝑉𝑝 represents measured pulse velocity, 

 𝑘 represents dimension coefficient, 

 𝜅𝑢 represents conversion coefficient from dynamic to static modulus of elasticity. 

Tab. 6-6. Conversion coefficient to static modulus of elasticity according to ČSN 73 2011 [73]. 

Conversion 
coefficient 

Concrete strength class 

C8/10 C12/15 C16/20 C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 

𝜅𝑢 0,62 0,71 0,76 0,78 0,81 0,83 0,86 0,88 0,90 

 

When conducting UPV test, the pulse frequency has to be set prior to testing. In civil engineering 

applications the common range of pulse frequencies is equal to 20-150 kHz with maximum equal to 500 

kHz [70, 71], while range of 40-60 kHz is the most usual. It is also stated the testing devices often has 

the initial frequency set to be 54 kHz. The frequency should be also in accordance with thickness of 

tested member. More about setting the frequency can be found in testing standard EN 12 504-4 [62]. 

The same document also advices that the material thickness should be at least 100 mm if the maximum 

size of aggregate particle is 20 mm or less and 150 mm if it is in a range of 20-40 mm. The emitting and 

receiving probes have to be in perfect contact with tested surfaces with whole area of the probe’s head. 

To ensure such conditions, various coupling agents are usually used (medical jelly, grease, plasticine) 

[28, 62, 74]. If air pockets are present between probe and concrete surface, the measured result is 

skewed. This might be a problem in case of rough surfaces, especially in case of fire-damaged structures 

if the surface has been spalled. Smaller roughnesses can be mitigated by thicker layer of coupling agent 

or quick-setting mortar, in case of significant roughnesses grinding them down might be necessary. 

The principle of testing method sensitivity lies in the fact that the ultrasonic pulses propagate 

through solid medium much faster than through air. It means that if the pulse comes to a crack or 

honeycomb inside the concrete it continues by going round still through concrete rather than through 

the crack or cavity, which results in longer travel time and thus lower pulse velocity. On the other hand, 

this feature is valid in case of reinforcement presence as well. If the pulse comes to longitudinal rebars 

it continues going through it rather than through concrete as the propagation velocity in steel is 1,4-1,7x 

faster than in concrete [22]. As a result, the measurement is skewed again – therefore it is advised to 

avoid measuring at places with reinforcement as much as possible. Measuring at heavily reinforced 

places might even end in unusable results. Similarly to rebound hammer test, it is advised not to measure 

moist concrete. Water content in the concrete matrix fills in the cracks which results in apparent higher 

density and compactness in which the ultrasonic pulses propagate faster. Effect of mentioned aspects on 

pulse propagation can be seen in Fig. 6-7. 
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Fig. 6-7. Aspects inside concrete element affecting pulse travel time, taken over [75]. 

When UPV tests are used within the structural diagnosis, the results should be used mainly to 

roughly assess the mechanical condition of concrete or to get an idea about it based on the relative 

comparison of results from various spots on the structure. Estimating modulus of elasticity and 

especially compressive strength of concrete based on the measured pulse velocities only is questionable. 

During last decades, enormous effort has been dedicated to assembling versatile relationship between 

pulse velocity and compressive strength. Since no analytical relationship exists, all proposed equations 

were obtained based on the regression analysis of experimental results set, while some of them were 

also implemented into (inter)national standards. However, due to too many uncertainties and variables 

these equations cannot be used universally [76]. If it was done so, totally wrong results might be 

obtained. Therefore, EN 13 791 [61] proposes an approach where two options are available 

(the approach is identical for all indirect test methods): 

 Alternative 1 – to create own calibration curve based on the regression analysis of at least 

18 pairs of measurement (UPV and compressive strength obtained from destructive test 

on cores extracted from subjected structure). 

 Alternative 2 – to use basic calibration curve proposed in the standard [61] and to shift it 

based on the results of at least 9 pairs of measurement (UPV and compressive strength 

from cores). 

Diagram with calibration curves taken over standards [61, 74] and gathered in the literature [71, 

77, 78, 79] can be found in Fig. 6-8. The calibration curve from ČSN 73 1371 [74] is referred to be 

underestimating the actual strengths as it was derived on concrete mixes older than 30 years. The curve 

proposed by EN 13 791 [61] is the basic curve which should be shifted according to test results. Its 

disadvantage is the very limited range of pulse velocities where it can be used, which practically exclude 

all cases of elderly concretes. The curve referring to old concrete mixes used in Czech Republic was 

derived based on the comprehensive analysis of data set of more than 700 measurements gained within 

conducted structural diagnoses [71]. 
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For conducting UPV test several valid testing standards have been introduced in the past. It is the 

European EN 12 504-4 [62], EN 13 791 [61], American ACI 228.1R [80] and ASTM C597 [81] or 

Czech national ČSN 73 1371 [74]. According to ACI 228.1R the UPV measurement should be repeated 

on the same spot at least 5x in case of old structure and 3x in case of new structure in order to mitigate 

possible measurement errors. 

 
Fig. 6-8. Calibration diagrams of concrete compressive strength based on UPV tests 

according to various standards and experimental results. 

With respect to the nature of concrete damage caused by fire, the deterioration level is not 

distributed uniformly through the cross-sections (excluding the cases of very long fires). Due to thermal 

inertia the surface layers are usually much more damaged than the inner core. Therefore, it is not 

beneficial to conduct UPV test through the whole cross-sections as usual. The measured pulse velocity 

will be affected by the deterioration caused by fire, however it will reflect the smaller extent of damage 

from the rest of the cross section as well – the result will be some kind of average. Then it is difficult if 

not impossible to distinguish both contributions and get accurate idea about the decay of concrete 

mechanical properties. Much more appropriate strategy is to conduct the UPV test on the core extracted 

from the subjected structure in the transverse direction in various depths. Based on the thermal analysis 

an approximate idea about the temperature distribution is gained, then the reference UPV values can be 

measured on the non-damaged part of core (e.g. on the upper layers of core extracted from slab exposed 

to fire only from bottom). If the whole core is supposed to be influenced by fire, the reference 

measurement is carried out on extra core cut from non-exposed part of structure. After obtaining 

reference values, standard destructive tests of compressive strength on drilled non-damaged cores are 

conducted, after which the calibration curve can be derived, as was described earlier. Then it is possible 

to compare measured UPV values from damaged depths of cores with the reference values and get the 

relative decays of pulse velocity and compressive strength, respectively, which can be assigned with 

assumed ranges of temperature as well. 
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Colorimetry 

Colorimetry is NDT diagnosis technique based on inspection of irreversible concrete colour 

alteration, which is induced by exposure to high temperatures and fire events, respectively. Basically it 

is being observed that when concrete is heated to elevated temperatures, specific compounds of concrete 

matrix gradually change their colour as the temperature rises. It is believed the colouring process is 

mostly governed by oxidation or dehydration of iron compounds in both coarse and fine aggregate [28]. 

The colour variation can be seen either by individual particles (coarse aggregate), however the overall 

concrete hue changes as well (induced by fine aggregate and cement paste). The siliceous aggregate 

seems to be more sensitive to such colour changes, while calcareous or artificial aggregate exhibits 

significantly less sensitivity [38]. 

As it was stated, the colouring of concrete is induced by changes of iron compounds. Because the 

fraction of iron in specific aggregates is generally variable, the extent and intensity of concrete colour 

change is variable as well. On the other hand, hue of undamaged concrete is not exactly the same every 

time as well, it is affected by number of parameters (cement type, aggregate, admixtures, etc.). Thus, 

unfortunately, it is not possible to create static hues scale which would serve to estimating the concrete 

temperature history. Nonetheless, the colour change can be assigned to several temperature ranges. 

The concrete colour gradually changes to pink and red (corresponding to temperatures 300-600 °C), 

whitish grey (600-900 °C) and finally buff (900-1000 °C) [28, 38, 82]. Example of typical colour 

alterations (visible on surface and inside the matrix) assigned to specific temperatures can be seen in 

Fig. 6-9. 

 

Fig. 6-9. Varying colour profile of concrete according to exposure temperatures, taken over [83]. 

The investigation is usually performed either by inspection of element’s surface (when the colour 

changes are visible and the surface is not hidden by soot – this can provide information about maximal 

surface temperature) or by inspection of drilled core (when whole element’s depth is visible – 

temperatures along the cross-section can be roughly estimated). However, situation when core cannot 

be cut out of the element may occur. Then different approach can be used – small-diameter hole is drilled 

into the element and after its clean an endoscope with camera is put inside. The colour profile can be 

thus observed right on-site. The endoscope can be nowadays connected to mobile phone, tablet or other 

portable device, making the inspection easier and more affordable. 

Based on the colorimetry, it is possible to approximately estimate the temperature profile of 

concrete element after fire exposure. According to [38] it can be also used in order to gain an idea about 

position of 300°C isotherm (whenever colouring to pink or red hues can be observed, it means the 

material was heated to 300 °C or more), which is assumed to be the temperature when mechanical 

properties of concrete start to decrease more pronouncedly. In the mentioned document the position of 

300°C isotherm is directly used in the forthcoming calculations of residual load-bearing capacity, 

however according to this Thesis author’s opinion such assumption is too rough and more effort should 

be dedicated when assembling the probable temperature profile, e.g. by comparing the temperature 

profile estimated in the means of colorimetry with the calculated temperature profile based on conducted 

thermal analysis. In Tab. 6-7 the expected state of concrete and whole structure based on colour profile 

and temperature ranges is proposed. 
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Tab. 6-7. Assignment of temperature ranges to colouring and structural damage, based on [38]. 

Temperature [°C] Colouring Structural deterioration State of concrete 

20-300 None None 
Almost without 

damage 

300-600 To pink and red 
Surface cracks (~ 300 °C) 

Deep cracks (~ 500 °C) 

Considerable 

strength decay 

600-900 To whitish grey 

Spalling, up to 25 % 

of reinforcement directly 

exposed (~ 800 °C) 

Crumbly with poor 

strength 

900 and more To buff Extensive spalling 
Crumbly with poor 

strength 

 

There are several options how to evaluate the colorimetry test. The most common one is by simple 

assessment made by human vision – the evaluation is fast and easy, however it cannot be really objective 

and the results may be affected by illumination conditions. Therefore, more objective ways of evaluation 

have been searched. More appropriate approach might lie in using special optical devices (colorimeters) 

which can analyse given surface point-by-point excluding the influence of illumination [82] and provide 

exact information about concrete colour. However, using this approach is rather time-demanding 

and laborious, while special laboratory equipment is needed – all mentioned aspects worsen the practical 

usability. Nonetheless, as the extent of concrete colouring is strongly dependent on used aggregate and 

thus varying in every case, the results should be treated as indicative and relative only rather than 

absolute and exact – then the usage of sophisticated testing machine is questionable. 

The compromise might lie in using digital camera colorimetry method [82, 84]. In the cited 

literature the authors claim that it is possible to conduct and evaluate the colorimetry only by taking 

pictures of the coloured concrete with low-cost digital camera and analysing the colours alteration by 

pictures post-processing. There are several widely accepted colour systems defining every possible 

colour in different ways, among them the hue-saturation-intensity (HSI) system, the red-green-blue 

(RGB) system and XYZ system (see Fig. 6-10).  

          
Fig. 6-10. Different colour systems – left: HSI [85], right: XYZ after RGB transformation [84]. 
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Computer monitors, digital cameras and other electronic devices work with the RGB system as it 

is the most suitable option for them. In [82] an approach of colour transformation to different colour 

system is proposed, where the colour changes can be observed almost excluding the effect of 

illumination conditions. In particular, specific colour coordinates are transformed from RGB to sRGB 

colour system due to limited sensitivity of electronic devices. Then they are transformed to XYZ colour 

system and finally normalized to x-y chromaticity diagram (see Fig. 6-11). If characteristic colours 

information gained from concrete samples exposed to different temperatures are transformed according 

to the described approach and drawn into the chromaticity diagram, visible trend of points movement 

can be observed – first in the right bottom direction (towards “red point” – up to temperatures 400 °C) 

continuing in the left and bottom direction (towards “white point” – up to temperatures 800 °C). 

The overall trend of colour change in the diagram is highlighted with the red arrow. Similar trend can 

be expected when inspecting real structure after fire. According to conducted experiments, the method 

provides results with acceptable accuracy [84]. However, they should be interpreted in relative way to 

each other and one should critically think about them. 

 

 
Fig. 6-11. Left: Whole chromaticity diagram in XY plane [82], right: concrete colour alteration 

caused by exposure to high temperatures put down into XY chromaticity diagram [84]. 
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Carbonation Test 

The mechanism of the carbonation process is briefly described in Chapter 3.2. Generally, 

carbonation is considered to be a natural degradation process that takes place in every concrete structure. 

The velocity of its propagation can differ greatly as it depends on number of aspects – e.g. water/cement 

ratio and matrix porosity (indirectly concrete strength class), CO2 concentration in the air, humidity of 

the environment, presence of plastering or other finishing layers, possible flexural cracks together with 

their width, etc. Therefore, whenever structural diagnosis is conducted, it should be expected the surface 

layers of the subjected structure will be carbonated to certain extent and thus it should be inspected in 

order to take appropriate measures. The expected carbonation velocity6 at different boundary conditions 

for one specific concrete mixture without effect of fire is shown in Fig. 6-12. 

 
Fig. 6-12. Expected velocity of concrete carbonation, based on [86]. 

In case of concrete structures that have been subjected to fire event it is necessary to expect even 

more propagated carbonation and thus bigger depth of carbonated concrete as the products of 

combustion that are produced during fire generally accelerate the carbonation process [28]. In this 

particular case, the carbonation depth should be inspected not only because its effect on load-bearing 

capacity, but because it significantly influences the results of rebound hammer test as well. The 

carbonation depth can be estimated by conducting standard test when freshly broken surface of concrete 

is sprayed with 1% phenolphthalein solution – the carbonated layer does not change visually, however 

colour of the non-carbonated layers change to pink or purple, as can be seen in Fig. 6-13. 

                                         
Fig. 6-13. Visual result of concrete carbonation test, taken over [87]. 

                                                      

6 Models for predicting velocity of carbonation propagation published in literature differs greatly taking 

into account more or less input parameters. The diagram proposed herein is based on software RCLifeTime 

developed at Brno University of Technology [86]. 
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6.2.2 Destructive Diagnosis Methods 

Compressive Strength Destructive Test of Concrete 

Testing compressive strength of concrete destructively in a laboratory testing machine represents 

the traditional way of inspecting concrete quality and according to valid testing standards it is considered 

to be the main source of information about the material. Contrary, the indirect non-destructive tests are 

considered to be additional and informative only. It means the results of destructive compressive 

strength test are assumed to be more reliable and should be taken as referential. In the previous chapters 

it was also described that according to results of destructive test calibration of indirect tests are made 

and thus amount of destructive tests and cores drilled out of the inspected structure can be reduced. To 

conduct the destructive compressive strength test, it is necessary to cut out a testing specimen out of the 

structure. In case of concrete structures, a method when round cylinder-shaped core is drilled out of the 

element is well-established. The core has to be drilled through whole cross-section depth and according 

to [62, 63, 88, 89] following general requirements have to be fulfilled: 

 The diameter of core has to be at least 3,5x bigger than the biggest particle in the concrete 

matrix (if maximal aggregate size is assumed to be 22 mm, the least core diameter is 

theoretically equal to 77 mm) due to affecting test results. 

 The core must not contain a rebar in the longitudinal direction, nor honeycombs or cracks 

due to affecting test results. 

 The core has to fulfil specific length-to-diameter ratio (𝜆 = 𝑙/𝑎) in order to obtain test 

results corresponding either to cylinder or cube strength. If the core shape is different it 

has to be modified and cut off. The effect of specimen shape on test results can be seen 

in Fig. 6-14. 

 Core end planes that are pressured by the testing machine have to be perfectly smooth 

without any peaks or bumps, perpendicular to core’s longitudinal axis and parallel to each 

other at the same time in order to achieve the desired failure mode. To ensure such 

conditions the core is usually modified and its ends aligned. 

 
Fig. 6-14. Effect of slenderness ratio on compressive strength, based on [90]. 

Before the cores are drilled out of the inspected structure, one has to think about the structural 

damage caused by drilling cores. Even though the holes after drilling are casted with concrete or mortar 

right afterwards, it usually does not repair the cross-section completely, especially when rebars are 

interrupted. Usually drilling cores from slabs and walls does not represent problem, however drilling 

into columns or beams has to be considered thoroughly and in many cases cannot be used at all. Then 

some kind of alternative approach has to be found. 
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The most common core diameters are 50, 100 and 200 mm. Diameter 200 mm can be usually 

used only in slabs or walls since it represents relatively big weakening of the cross-section. On the other 

hand, diameter 50 mm is used when drilling into small cross-sections, however problems with not 

fulfilling the minimal diameter with respect to maximal size of particle in the matrix can occur. If a core 

of slenderness ratio 𝜆 different from 1,0 and 2,0 occurs, the test result can be recalculated to cylinder 

strength according to Eqs. (6-4) and (6-5) based on [89]. Specimens with slenderness ratio 𝜆 < 1,0 and 

𝜆 > 2,0 should not be used due to results influence, see Fig. 6-14. The most common and practical core 

diameter is equal to 100 mm. Then it is beneficial to cut off the drilled core that its length is equal to 

100 mm as well – based on the destructive test result the cube compressive strength is obtained. 

 𝑓𝑐𝑘,𝑐𝑦𝑙 = 𝜅𝑐,𝑐𝑦𝑙 ∗ 𝑓𝑐𝑘 (6-4) 

– for 1,0 ≤ 𝜆 ≤ 2,0: 𝜅𝑐,𝑐𝑦𝑙 = 0,8 + √
𝜆 − 0,933

26,667
 (6-5) 

where 𝑓𝑐𝑘,𝑐𝑦𝑙 represents cylinder compressive strength of concrete, 

 𝜅𝑐,𝑐𝑦𝑙 represents correcting coefficient to cylinder compressive strength, 

  𝑓𝑐𝑘 represents compressive strength of concrete gained from specimen with different 

slenderness ratio. 

When testing concrete core taken out of the structure damaged by fire, there are several 

differences that has to be taken in account. The biggest one is related to the nature of core damage, 

which usually takes place in the surface layers (thickness of such layer depends on the fire severity and 

duration) while the inner part of the core is not damaged. In case of core that has been subjected to 

elevated temperatures from one side only (typically slab or outer compartment wall) the damaged layer 

is logically located only by the exposed surface and the rest of core is not influenced; in case of cores 

subjected to fire from both sides (columns, walls inside one fire compartment) the damaged layers are 

located by both ends while the inner part is unaffected. Only in special cases (very long fires) the core 

is damaged similarly along its length due to uniform temperature distribution. 

When a core damaged in such way would be tested as usual, the result cannot reflect the damage 

correctly and the obtained strength would represent some kind of average value. Strut & tie model in 

Fig. 6-15 represents the flow of inner forces inside the specimen during strength test and there it can be 

seen that approximately inner third of specimen height governs the test result as transverse tensile stress 

triggers the failure – the thermally-damaged surface layers influence the results in very limited extent, 

if ever. Therefore, it is necessary to work with such boundary conditions somehow: 

 Thermal analysis of tested cross-section should be definitely conducted prior to 

destructive strength test. Even though the temperature distribution would be estimated 

only roughly, it provides an idea about the damage depth and based on it some kind of 

measures can be taken. 

 Based on the theoretical temperature distribution along the core, the test result can be 

approximately attributed to particular temperature range of specimen’s inner third. 

 If the core is long enough, it can be divided into more specimens that will be tested 

separately and attributed to different temperature ranges and damage level. Typically, 

a core taken from a slab (e.g. 250 mm thick) can be divided into specimen by the damaged 

surface and specimen by the opposite one. The undamaged specimen provides referential 

result of undamaged concrete strength which should be also used to calibration of NDT 

tests. Result from damaged specimen provides then a kind of average value which can be 

then used in following considerations. 
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 Based on test results, not only compressive strength but static modulus of elasticity of 

concrete attributed to certain temperature range can be gained as well. 

 Prior to conducting destructive test, it is beneficial to carry out the UPV test in the 

transverse direction along the core in different depths. After calibration of UPV test 

method based on the destructive test results a theoretical reduction curve of compressive 

strength related to certain temperatures gained from thermal analysis can be derived. 

Hence, more realistic idea about strength decay can be obtained than it is provided by 

design codes, e.g. EC2 [16]. Such reduction curve should be then used in forthcoming 

calculations. 

        

Fig. 6-15. Strut & tie model in concrete specimen during destructive compressive strength test. 

For conducting destructive compressive strength test there are several testing standards providing 

general requirements: European EN 12 504-1 [62], EN 12 390 parts 1 and 3 [63], American ASTM C39 

[88] and Czech national ČSN 73 1317 [89]. 
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Drilling Resistance Test of Concrete 

Another test method suitable for inspecting thermally damaged concrete is the drilling resistance 

test. The testing method has been proposed in [91, 92] as an analogy to the approach of testing the 

hardness and subsequent strength of mortar in masonry structures, which was already standardized (see 

[93]). During the test an electric energy needed for drilling a unit of depth into concrete is measured by 

special gadget equipped on electric drilling-machine. Then, two assumptions are made: (i) the energy 

needed for drilling into concrete is proportional to its hardness and compressive strength, respectively, 

and (ii) hardness of thermally damaged concrete gradually decreases, which can be found by reduction 

of needed drilling energy and subjective feeling the drilling goes easier (if the thrust on the drill is 

maintained). The method is considered to be semi-destructive due to the local damage of inspected 

structure caused by its conduction. Because it is hardness-based method, its principle is similar to the 

one of the rebound hammer test. However, contrary to rebound hammer test not only surface layers are 

inspected since the hammer drill penetrates into deeper layers as well – then the hardness can be 

monitored along the elements thickness. The testing device together with measured and calculated 

parameters can be seen in Fig. 6-16. 

 
Fig. 6-16. Left: electric drilling-machine equipped with measuring gadget; right: measured a 

calculated parameters needed for test evaluation, taken over [91]. 

As a result of the test, depth-to-drilling resistance diagram is obtained (see Fig. 6-17), from which 

an idea about hardness decay and damage depth can be gained. The evolution of drilling energy and its 

relative comparison from both damaged and undamaged elements seems to be quite responsible 

evidence of damage caused by fire [28]. However, it can be expected the test results will be affected by 

concrete carbonation in the same way as results of rebound hammer test (the skin-hardening effect), 

therefore the carbonation depth has to be estimated in order to work with the results properly. Moreover, 

usability of this testing method is limited since no commercial equipment exists.  

 
Fig. 6-17. Visual evaluation of drilling resistance test, taken over [91]. 
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Yield Strength Test of Reinforcement 

Testing the residual yield strength of reinforcement after exposure to fire event is not so common, 

because usually it is assumed the yield strength recovers fully to the initial values prior to fire. However, 

as it was stated in Chapter 2.4.2, this is not true for whole range of temperatures, especially for higher 

ones. Based on Fig. 2-23 proposed in the mentioned chapter it seems reasonable to test the residual yield 

strength destructively in laboratory every time when there is a suspicion the maximal temperature in 

rebars reached 450-500 °C (these temperatures can be considered to be the critical values which when 

are exceeded the residual yield strength does not recover fully) and more. The idea about temperature 

distribution along the cross-section and in rebars, in particular, can be obtained based on conducted 

thermal analysis of assumed fire scenario and other material tests carried out within the structural 

diagnosis (especially the colorimetry test), while one has to think about the corner bars in columns and 

beams were exposed to higher temperatures than inner bars. If it is not possible to gain idea about 

temperature distribution the yield strength should rather be tested every time. To conduct this test, some 

specimens have to be cut out of the inspected structure. According to EN 1990, Annex D [49] the 

minimal amount of testing specimens is equal to 3 while bigger amount of specimens is recommended 

due to possible test errors and deviated results. However, taking samples of rebars out of the structure 

(especially bigger amount) might be a problem due to several reasons: 

 Cutting the specimen out induces more or less irreversible damage to the structure with 

impact on load-bearing capacity. 

o In case of slabs and walls it is usually not a problem due to bigger amount of bars 

uniformly distributed close to each other and possible forces redistribution. 

o In case of columns and beams it is often not possible to cut pieces of rebars out 

of the structure at all due to concentration of load to the elements and much less 

amount of rebars (subsequently the rebars are bigger diameters). 

 During the diagnosis the structure is usually still under load (at least dead load) and the 

decay of load-bearing capacity caused by cutting the rebars out might induce some 

problems – it may be necessary to take special measures for the period of inspecting the 

structure (e.g. propping the elements, forbidding the entrance of any people, etc.) 

After cutting the rebar specimens out it is appropriate to repair the structure, analogically to the 

repair after core drilling. If the load-bearing capacity has been reduced significantly and has to be 

restored, concrete around the interrupted rebar is about to be removed, new piece of rebar of the same 

diameter and at least same strength is attached closely and welded to the both ends of interrupted bar; 

the welds must provide full strength connection. Then the whole spot is casted with special repair mortar 

again to ensure adequate concrete cover and thus cohesion, durability and fire resistance. 

Generally, testing yield strength of steel should be performed in accordance with valid testing 

standard EN ISO 6892-1 [94]. Based on the standard the testing specimen has to meet required 

dimensions. Its cross-section should be either rectangular or circular and approximately in the middle 

third of specimen’s length a necking should be done in order to control the spot of rupture. The required 

dimensions are specified in detail in mentioned standard. However, when conducting structural 

diagnosis and testing specimens are cut out of the structure on-site, it is often complicated if not 

impossible to meet all the requirements. Then the obtained yield and ultimate strength are valid, whereas 

ductility can be skewed and thus should be considered as informative only. Although all specimen 

dimension requirements might not be reached, they should be as close as possible. From practical point 

of view, the specimen’s length should be such that the distance of clamps is equal to at least 100 mm. 

Prior to test, the actual cross-sectional area is about to be measured while every piece of adjacent 

concrete or rust has to be removed. It is also worth to note that due to the effect of high temperatures 

exposure the well-defined and visible yield plateau disappears which results in need of using the 0,2% 

proof stress. 
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6.3 Evaluation of Results 

Statistical Analysis 

After conducting structural diagnosis and carrying out all sorts of both on-site and laboratory 

tests, big amount of data is obtained. Such data cannot be taken directly and used in calculations, but it 

has to be evaluated carefully in order to get correct, reliable and realistic information. The obtained data 

will surely be scattered to certain extent which is a natural phenomenon and happens due to number of 

various reasons, which can be generally divided as follows: 

 Random errors – such errors cannot be completely mitigated, however they can be 

approximately estimated by repeating the measurement and statistical evaluation. 

Changes of temperature, vibrations, atmospheric pressure, etc. are considered to cause 

random errors. 

 Systematic errors – such errors are caused by inaccuracies of testing device and testing 

method. They cannot be mitigated by repeating the measurement. Testing device 

manufacturers usually provide information about the expected device inaccuracy. 

 Gross errors – such errors are usually caused by human faults, testing device malfunctions 

or use of inappropriate testing method. Gross errors can usually be eliminated by 

repeating the measurement, change of testing device or use of more appropriate testing 

method. 

Beside the measurement errors described above the results scatter is also caused by natural 

variability of the measured property. This particular aspect depends on the homogeneity of tested 

material very much. Thus, it can be expected the measurement of steel properties will differ much less 

than measurement of concrete properties (assuming steel from one element and concrete of the same 

mixture is tested). Then there is another aspect – it is absolutely common that due to construction reasons 

the structural elements of the same strength class exhibit slightly different mechanical properties. 

Concrete structure consists of many concrete mixtures which has similar, but not exactly same 

mechanical properties. Steel members used in certain structure are not made from the very same steel, 

they might be differently old and produced by various producers - its steel is thus very similar but not 

exactly the same. Such differences in material quality of various elements are limited (basically from 

bottom by the characteristic value of certain property) according to the requirements of production 

standards and also because producers generally do not want to produce higher quality material and sell 

it cheaper. 

Due to all mentioned factors a statistical analysis of the obtained data sets is needed. A general 

code of practise EN 1990 [49] proposes an approach how to design structures based on experimental 

results – this approach can be used when evaluating results of existing structure diagnosis as well. In 

most cases it is assumed the obtained data about material properties follows the standard distribution, 

(which is defined by Gauss function, see Eq. (6-6)), however this assumption should be yet verified by 

elaborating histogram of measured data – it should follow the curve of Gauss function. If it does not, 

more effort should be dedicated to the analysis why it is so and modification of original data set or 

choose of more appropriate probability distribution might be necessary. In case the data approximately 

follows the standard distribution, the mean value 𝜇𝑋, standard deviation 𝜎𝑋 and coefficient of variation 

𝑉𝑋 is calculated according to Eqs. (6-7) – (6-8). Then, using coefficient 𝑘𝑛 taking into account the 

number of test results which are statistically analysed (see Tab. 6-8) a characteristic value of the desired 

property 𝑋𝑘 can be calculated according to Eq. (6-9). 

Tab. 6-8. Values of kn for 5% characteristic value, based on [49]. 

n 1 2 3 4 5 6 8 10 20 30 ∞ 

Vx previously known 2,31 2,01 1,89 1,83 1,8 1,77 1,74 1,72 1,68 1,67 1,64 

Vx previously not known - - 3,37 2,63 2,33 2,18 2,00 1,92 1,76 1,73 1,64 
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 𝑃(𝑋) =
1

𝜎𝑋 ∗ √2𝜋
∗ 𝑒

−
(𝑋−𝜇𝑋)2

2𝜎𝑋  (6-6) 

 𝜇𝑋 =
1

𝑛
∗ ∑ 𝑋𝑖

𝑛

𝑖=1
 (6-7) 

 𝜎𝑋 = √
1

𝑛 − 1
∑ (𝑋𝑖

𝑛

𝑖=1
− 𝜇𝑋)  (6-8) 

 𝑋𝑘 = 𝜇𝑋 ∗ (1 − 𝑘𝑛 ∗ 𝑉𝑋) (6-9) 

To demonstrate the process of data evaluation and statistical analysis an example has been 

elaborated. Let’s say concrete compressive strength was tested. Based on the conducted tests data set 

“A” containing 20 results was obtained, see Tab. 6-9. To see the trend of data distribution a histogram 

of results was created, see Fig. 6-18. Because the overall shape of the histogram relatively follows the 

Gauss curve it is assumed the values are distributed standardly. However, in Tab. 6-9 it can be seen the 

data set “A” exhibits quite big standard deviation, which induces big reduction of characteristic value. 

Suspicious values, which are too far from the mean value, are highlighted in the table. Second data set 

“B” is then created containing the same values as data set “A” while the highlighted suspicious values 

are excluded. All of needed statistical parameters is calculated for data set “B” as well. From the results 

it can be stated that even though less values were used, the standard deviation is much smaller and thus 

the characteristic value of compressive strength higher. Hence, only by careful data analysis much higher 

and thus more favourable material parameters can be obtained. The probability density with marked 

results and characteristic values for both data sets can be seen in Fig. 6-19. 

Tab. 6-9. Example of data set gained experimentally and its evaluation according to EN 1990 [49]. 

Measurement number Data set A - fc [MPa] Data set B – fc [MPa] 

01 30 30 

02 28 28 

03 23 23 

04 31 31 

05 16 excluded 

06 22 22 

07 35 35 

08 19 excluded 

09 31 31 

10 27 27 

11 39 excluded 

12 36 36 

13 26 26 

14 25 25 

15 34 34 

16 30 30 

17 36 36 

18 33 33 

19 42 excluded 

20 26 26 

mean value 𝝁 28,10 MPa 30,36 MPa 

standard deviation 𝝈 6,59 MPa 4,22 MPa 

coefficient of variation V 0,23 [-] (kn = 1,76) 0,15 [-] (kn = 1,82) 

characteristic value fck 16,50 MPa 22,51 MPa 
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Fig. 6-18. Histogram of data set A. 

 

  
Fig. 6-19. Standard probability distribution of two data sets. 
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Using the Diagnosis Results to Get an Overall Idea about Structural Damage 

When assessment of existing structure is about to be done, usually structural diagnosis is needed. 

Based on its results an idea about actual material properties, damage or corrosion level and overall 

structural performance is obtained. It is not a trivial process and hence has to be always conducted and 

evaluated by company or people with adequate know-how and experiences. The importance of structural 

diagnosis is even more pronounced in case of structures damaged by fire. The residual mechanical 

properties of concrete and steel can be decreased either by: (i) corrosion processes (which can but do 

not have to be related to the effect of fire), (ii) directly by the effect of high temperatures exposure 

or (iii) by conditions during cooling period. They can differ in certain (but relatively wide) range every 

time due to mentioned aspects and thus it is impossible to describe their evolution generically by 

mathematical equations. Even though there are some relations, equations or reduction diagrams of 

residual mechanical parameters (which can be seen in Chapter 2.4), they should be considered only as 

informative and used for the first step of analysis and specified more precisely afterwards in the iteration 

process based on the diagnosis results – this is valid especially for concrete properties. At the same time, 

one has to keep on mind that during the diagnosis it is often not possible to fulfil all requirements and 

recommendations – then some compromises have to be made while the essentials must be done 

correctly. Also engineering thinking and improvisation are needed during the diagnosis. 

Testing methods suitable for inspection of thermally-damaged concrete and reinforcing steel with 

their specifics were mentioned and described in this chapter. Based on the proposed overview of 

available testing methods it can be stated that by conducting: 

 Visual assessment – serious structural damage and overloaded cross-sections can be 

detected as well as probable spots of the highest reached temperatures. By measuring 

residual deflections and joints movement valuable information to the calculations can be 

gained about the stiffness decay and thermal loads. 

 Rebound hammer test – spots highly influenced by fire can be detected and approximate 

concrete compressive strength of surface layers can be obtained (after correlation). 

 Ultrasonic pulse velocity test – internal heterogeneity, cracks, delamination or 

honeycombs can be detected and approximate decay of concrete compressive strength 

and modulus of elasticity related to certain temperatures can be obtained 

(after correlation). 

 Colorimetry – approximate temperature profile (depths of important isotherms, 

respectively) can be gained by analysing colour changes of concrete matrix. 

 Carbonation test – needs to be conducted in order to ensure adequate durability of 

subjected structure and lower the risk of reinforcement corrosion and to evaluate rebound 

hammer test correctly. 

 Destructive compressive test of concrete – referential strength of concrete can be gained 

for calculations and correlation of NDT methods. 

 Destructive yield strength test of reinforcement – residual yield and tensile strength of 

reinforcing steel can be gained (so far it is the only existing method for such purposes). 

 Thermal analysis – although it is not directly diagnosis method it should be done within 

every post-fire investigation process. It can help with getting idea about fire severity and 

duration. By comparison with test results more confidence about obtained information 

can be reached. 

Hence, it is evident that the overall idea about structural damage caused by fire is assembled 

together based on results of various tests, observations and calculations. Comparison of partial results 

and their cross-checking also rises their reliability while considerable inaccuracies and flaws can be 

identified. 
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The idea about combining results of NDT tests together in order to rise their reliability is not new 

– over the years considerable effort has been dedicated to development of such approaches. Probably 

the most popular one is the SonReb method which allows to estimate the compressive strength of 

concrete based on both UPV and rebound hammer test results. The method was developed by RILEM 

and in [93] a conversion diagram is proposed, see Fig. 6-20. The diagram is meant to be the basic one 

derived for usual concrete strengths and mixtures while correction coefficients should be used for 

specific investigated concrete. Beside it the compressive strength can be also calculated. The most usual 

form of such equation can be seen in Eq. (6-10). Many authors propose the coefficients 𝑎, 𝑏 and 𝑐 based 

on conducted regression analysis [78, 95, 96]. However, there is still no broad consensus among 

proposed relationships and with respect to natural variability of concrete properties it seems it cannot be 

achieved at all – the variability is even higher in case of thermally-damaged concrete. Therefore it seems 

that the best way is to conduct own regression analysis based on diagnosis results and obtain unique 

parameters 𝑎, 𝑏 and 𝑐. The main advantage of the SonReb method lies in enhancing the conversion 

accuracy only by combining results of both tests. The prediction accuracy can be expressed by 

coefficient of determination 𝑅2, which should be higher than in case of correlation gained from one test 

method only (coming closer to 𝑅2 = 1, which means 100% prediction agreement). Because the final 

prediction accuracy depends on accuracy of both single methods, their coefficients of determination 

should be reasonably close to each other (not 0,9 and 0,4) and according to author’s opinion at least 

𝑅𝑖
2 ≥ 0,7 in order to achieve satisfying accuracy. 

 
Fig. 6-20. Nomogram for estimating concrete compressive strength based on SonReb method [93]. 

 

 𝑓𝑐 = 𝑎 ∗ 𝑈𝑃𝑉𝑏 ∗ 𝑅𝑁𝑐 (6-10) 

where 𝑓𝑐 represents compressive strength of concrete in [𝑀𝑃𝑎], 

 𝑈𝑃𝑉 represents result of UPV test method in [𝑚 𝑠⁄ ], 

  𝑅𝑁 represents result of rebound hammer test (the mean value of measurement set, either R- 

or Q-values) in [-], 

 𝑎, 𝑏, 𝑐 represents correlation coefficients. 
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Example of the structural diagnosis output is elaborated in Fig. 6-21. It contains photo of the 

drilled core, information about probable temperature profile, positions of important isotherms, 

carbonation depth, colour profile, spots where NDT tests were conducted and finally the evolution of 

concrete compressive strength along the cross-section’s depth estimated according to test results. This 

reduction diagram together with diagram of modulus of elasticity evolution (estimated by UPV tests) 

can be then used in calculations, see Chapter 8. 

 

 
Fig. 6-21.  Visual output of conducted structural diagnosis, temperature profile calculated in [53]. 

 

To end this chapter with, it is worth to remind the concrete mechanical properties of surface layers 

are usually very different when compared to the rest of the cross-section. This is due to several reasons: 

(i) surface layers are heated to the highest temperatures and for the longest time, (ii) surface layers suffer 

from spalling and sloughing off, (iii) surface layers are influenced by fire brigade intervention and 

possible quick cooling down the most. One should has these aspects on his mind when conducting the 

post-fire assessment in order to avoid misleading assumptions.  
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7 Global Structural Analysis 

7.1 Importance of Conducting Global Analysis 

In the field of structural engineering concerning on fire resistance of concrete structures and their 

performance during fire situations enormous effort has been dedicated to understanding of material 

behaviour and deterioration of mechanical properties caused by exposure to high temperatures. These 

efforts still continue as innovative and brand-new material composites are being developed and 

introduced into building industry. As it was already mentioned in Chapter 2.6, nowadays there are 

several widely accepted methods how to assess fire resistance of certain structural RC element. Thanks 

to them the time during which RC structure shall withstand fire event (usually represented by ISO834 

temperature-time curve) can be estimated. The calculation-based methods then focus on ways how to 

take into account the material deterioration and consequent decay of load-bearing capacity. At the end 

of the assessment the load-bearing capacity during fire event is obtained and can be compared with the 

effect of acting loads, as is defined by the basic inequation, see Eq. (7-1). 

 
𝐸 < 𝑅 

 

(7-1) 

 

where 𝐸 represents effect of loads acting on given element, 

 𝑅 represents resistance of given element against acting loads. 

It is worth to notice that most of the effort is related to the right side of the inequation given above. 

Traditionally much more attention has been dedicated to material behaviour and sectional analysis at 

high temperatures rather than global analysis, mainly because of its complexity and difficulty. For a long 

time, there were no adequate software capabilities that would enable solving such problems. However, 

if the assessment shall be meaningful and reliable, the effect of applied loads have to be estimated 

correctly, which might be unexpectedly tricky and misleading in some situations. Reason for this 

statement is the fact that the distribution of inner forces along given structural element might differ from 

the one related to ambient temperature prior to fire significantly and might vary over fire duration as 

some boundary conditions and element’s structural characteristics are not constant, which is 

a consequence of transient nature of exposure to fire. 

Thermal Loadings 

When fire starts in certain fire compartment, air temperature inside the room increases and layer 

of hot smoke usually accumulates under the ceiling. With such boundary conditions the structural 

elements are gradually being heated. According to element’s thermal analysis decay of mechanical 

properties is estimated. Beside the material deterioration the exposure to elevated temperature causes 

also volumetric expansion. Because the dominant dimension is typically element’s length it is usually 

referred to as (thermal) elongation. Moreover, very often the cross-sections are not heated regularly and 

symmetrically from all sides (typically the floor slab is heated only from bottom, wall is heated only 

from one side, perimeter column and girder are heated from 3 sides). Due to it and relatively high thermal 

inertia of concrete thermal gradient creates in the direction of heat flux which tends to bend the cross 

section (more heated fibres tend to elongate more than the cooler ones). Existence of thermal gradient 

results in (thermal) bowing of elements, while the deflection propagates towards the source of heat. 

So the structure or its part tends to deform. However, propagation of thermal deformation is 

strongly connected to the particular structural system. Generally, it can be stated that if the structure can 

be described as statically-determinate, thermal deformations are not restrained anyhow and thus can 

propagate. This results in the already mentioned elongation a bowing. At the same time, since the 

thermal deformations are not restrained, no additional mechanical stresses develop. Graphical 

interpretation of such example can be seen in Fig. 7-1. Contrary, if the structure is described as statically-

indeterminate, thermal deformations are restrained and cannot propagate. This results in creation of 
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additional inner stresses and forces, respectively. Restrained elongation causes creation of compressive 

axial force, restrained bowing causes creation of negative (hogging) bending moment. Graphical 

interpretation of such example can be seen in Fig. 7-2. 

 
Fig. 7-1. Effect of thermal loading on statically-determinate structure. 

 
Fig. 7-2. Effect of thermal loading on statically-indeterminate structure. 

Both limit situations when thermal deformation is completely free to propagate and completely 

restrained are rather theoretical. When speaking about real concrete structures, only minority of them 

can be described as purely statically-determinate. Structures casted on-site behave from their nature as 

statically-indeterminate since the elements are connected to each other by reinforcement and often also 

by concrete casted in one working step. Concrete floor slabs and beams supported by masonry walls and 

pillars are not perfectly free to move in longitudinal direction due to friction between materials, so some 

part of the deformation is restrained and reaction develops. Rotation at supports is not perfectly free due 

to loading from load-bearing wall of upper floors which partially restrains it and again, moment reaction 

develops. Floor slab composed of precast floor panels behaves as stiff diaphragm as single panels are 

connected to each other by reinforcement and joints are concreted afterwards. Probably a structure of 

(e.g. industrial) hall composed of single precast RC elements with hinge joints is closest to statically-

determinate type of structure, however also in this case the hinges are not perfect due to the friction and 

limited width of spaces enabling horizontal movement. On the other hand, statically-indetermined 

structures can be usually characterized by allowing zero vertical and horizontal movement and zero 

rotation in stiff joints between elements, which is in calculation represented by appropriate zero 

members in the vector of movements. But in case of real structures the mentioned joint deformations 

are not equal to absolute zero, they are only limitedly approaching it – consequently the stiffness’s are 
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not infinite. The value of stiffness can be then iteratively calculated7. This is very important if thermal 

loadings are about to be estimated. 

Estimating thermal deformation and consequent additional inner forces on concrete element 

which is subjected to elevated temperatures is also complicated due to existence of LITS, which was 

discussed in detail in Chapter 2.5.1. Thanks to it, not-negligible part of thermal strain is relaxed and do 

not contribute to thermal deformations or additional stresses. However, this strain component is not 

constant over fire duration as it depends on stiffness of subjected member and supports as well and also 

on the actual load level, which generally vary with time. 

From the mentioned above it is clear the effect of thermal loadings must be solved on whole 

structure within global analysis (or at least on reasonably big part of it), due to the structural effects 

which cannot be described properly by sectional analysis. Certain simplification can be done by 

choosing one element to be inspected in detail separately. Supports of such element should be then 

generic in order to enable setting the actual stiffness of supports representing the adjacent structure. 

Example of such simplified calculation model can be seen in Fig. 7-3. 

 
Fig. 7-3. Effect of thermal loading on generic computational element. 

 

Stiffness Evolution 

Another aspect which makes global analysis necessary to be conducted is the fact that the 

elements stiffness (both axial and flexural) does not remain constant during fire. In case the structure is 

statically-determinate it does not represent problem since the distribution of internal forces (either from 

external or thermal loading) does not change due to it. However, in case of statically-indeterminate 

structure this stiffness evolution causes redistribution of internal forces. 

Moreover, gradual decay of elements stiffness must be taken into account if simplified calculation 

model of global analysis is used, as is described above. If the global analysis was conducted on whole 

construction, stiffness decay would be properly attributed to all elements exposed to fire and thus the 

mutual stiffness ratios and consequently distribution of internal forces would be correct. However, if 

only one element is being inspected in the simplified model, it is necessary to set the stiffness’s of spring 

supports as a function of fire duration in order to represent the stiffness decay of adjacent structure 

properly. 

                                                      

7 The finite value of stiffness can approximately be found iteratively when force or moment reactions at 

spring supports differ from the ones gained from model with perfectly fixed supports by 5-10 %. Moreover, it does 

not make much sense to reach lower difference as the value of finite stiffness would rise steeply due to the singular 

nature of theoretical absolutely stiff supports. 
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As a result of the above described, list of implications is given below: 

 Evolution of element’s or spring supports stiffness’s influence directly values of 

additional forces resulting from (partially) restrained thermal deformation. Because of 

that the analysis has to be coupled taking into account both evolution of additional forces 

and stiffness decay together according to chosen time of fire. 

 Due to stiffness decay of the thermally damaged elements the internal forces move 

towards adjacent part of structure with higher stiffness and which is less damaged or even 

undamaged at all. 

 Although damaged elements are unloaded by external loading a bit, their load-bearing 

capacity is reduced at the same time. To continue, distribution of internal forces is 

affected also by temperature-induced additional forces which vary over time. Thus, the 

load-bearing capacity of element exposed to fire cannot be assessed without detailed 

time-dependent analysis. 

 As a consequence, adjacent not-damaged structural elements might exhibit increase of 

inner forces, especially in the spans closest to the damaged ones. These members would 

not usually be inspected and all attention would be dedicated to the members directly 

affected by fire, however due to such forces redistribution and change of structural system 

potentially dangerous situation might occur. 

 One has to think about the structural system changes not only during fire, but during the 

forthcoming post-fire investigation as well. Big part of material deterioration and cross-

sectional damage is irreversible and the process of cooling period might contribute to 

damage level as well. Then the structural system may be changed permanently which has 

to be reflected in the post-fire analysis. 

Simplified idea about the reduction of flexural stiffness can be obtained assuming the principle 

of isotherm 500 °C method. For different standard fire durations distance of 500° C isotherm from the 

heated surface was estimated conducting thermal analysis. Then the layer of concrete heated to 500 °C 

or more was excluded from the cross-section while rest of the cross-section preserves initial strength 

and modulus of elasticity. For such dimensions the moment of inertia was calculated (rectangular cross-

section heated only from bottom is assumed). Because height is cubed in the formula (𝐼𝑦 = 1
12⁄ 𝑏ℎ3), 

moment of inertia decreases quite progressively being approximately 75% at 60 min, 55% at 120 min 

and only 40% at 240 min duration of standard fire, see in Fig. 7-04. The calculation is only illustrative 

assuming linear elastic behaviour of material without cross-section being weakened by cracks. 
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Fig. 7-4. Evolution of flexural stiffness decay and thickness reduction according 

to standard fire duration. 

 

To illustrate the effect of element’s stiffness decay an example was created, see Fig. 7-5. Let’s 

have a continuous one-way RC slab 200 mm thick. Usual loading is assumed (dead load 2 kN/m2 plus 

self-weight, live load 1,5 kN/m2). All spans are 5 m long. Inner 5 spans are inspected and the middle 

one is exposed to standard fire of various durations. Height of the cross-section is gradually reduced 

according to the diagram shown above in Fig. 7-4. Distribution of bending moment, calculated according 

to linear elastic theory, is then drawn for different durations of fire. Gradual movement of moment 

towards 2nd and 4th span can be seen which is a result of reduced stiffness of the middle element. Then 

one more situation is shown. It can happen that the cross-sections above supports of the fire-exposed 

element get overloaded during fire and that the linear behaviour is exceeded towards plastic region. 

Thus, these cross-sections do not preserve their flexural stiffness and (partial) plastic hinges create. This 

can happen when yield plateau of reinforcement is reached while ultimate strain of concrete is not – the 

structure still works but certain rotation at supports propagates and vertical deflection rises. And again, 

in case of statically-indeterminate structures redistribution of inner forces happens, which might 

significantly change their so far distribution. This possible change is then important mainly for post-fire 

assessments. 

 
Fig. 7-5. Movement of bending moment line on continuous one-way RC slab th.200 mm, 

ISO834 fire assumed, middle span exposed. 
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7.2 Estimating Fire Resistance with Respect to Global Analysis 

Tabular Methods According to EC2 

Available methods for assessing fire resistance of RC elements are briefly described in Chapter 

2.6. The popular tabular method is based on very many fire experiments and experience with real fires. 

It is said to be conservative in most cases, especially for longer fire durations. Because of the empirical 

nature of this method, effects of the mentioned transient processes are indirectly incorporated in the 

tables. Unfortunately, one does not have particular idea about reserves in the assessment and level of 

element exploitation. Therefore, one should be careful assessing unconventional and courageous 

structures or ordinary structures heavily or unconventionally loaded when using this method. In such 

cases performance-based methods seem to be more suitable. 

There is also simplified calculation method for beams and slabs presented in Annex E, EC2-1-2 

[16]. The method is created as an extension of tabular methods when minimal distance of reinforcement 

from heated surface is not respected. Using this method fire resistance with smaller distance of 

reinforcement can be proved. However, this calculation method cannot describe anything else and none 

of the actual structural behavior during fire. 

Simplified Calculation Methods According to EC2 

Simplified calculation methods presented in Annex B, EC2-1-2 [16] are briefly described in 

Chapter 2.6. Both of the methods take into account material deterioration due to exposure to high 

temperatures. Mechanical properties of both steel and concrete are lowered with respect to the 

temperature distribution along the cross-section and the element itself as well. In both methods also 

certain part of concrete cross-sectional area is excluded from calculations. Although the methods are 

based on simplified assumptions, according to many conducted reviews and studies [28] it is stated the 

accuracy of these methods is in most cases sufficient. Thanks to the simplifications the methods are 

relatively easy to use, fast and user-friendly. They are also implemented in commercial structural 

software (e.g. FINE Beton požár [97]) which can be used for such purposes. 

On the contrary to the benefits mentioned above, although these methods are performance-based, 

their ability to describe the actual structural behaviour during fire is very limited. First of all, these 

methods allow conducting sectional analysis only, it means no global structural effects including 

temperature-induced loading are taken into account implicitly. If the assessment shall be conducted 

properly, these effects must be calculated by-hand or in another computational model and included in 

the assessment in the member of acting loads effect on the left side of the inequation, see Eq. (7-1). 

Advanced Calculation Methods According to EC2 

Advanced calculation methods represent the most detailed approach how to assess fire resistance 

of concrete structural members. The assessment can be conducted either on cross-section, chosen part 

of structure or whole structure. Such assessment is then suitable for conducting global analysis since all 

structural effects connected to the structural system can be incorporated in the calculation. However, it 

is not easy to use such methods because EC2 [16] gives only very limited common guidelines. 

Using advanced calculation methods leads to detailed FEM calculations either in commercial 

software or in in-house built applications. Beside some in-house built, not-generic applications 

developed at universities all over the world, there are two universal commercial computer programmes 

that can be used for such purposes. The first programme, SAFIR [48] has been developed at University 

of Liege, Belgium. The second one, VULCAN [98] has been developed by Sheffield Structural Fire 

Research Group, England. Both programmes are primarily aimed at calculating either steel or steel-

concrete composite structures, but solving only concrete structure is possible as well. Both applications 

represent robust software which can be very useful when solving specific and challenging problems, 

however for regular use they are rather cumbersome and not user-friendly. They are also relatively 
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expensive and used by only small groups of engineers or scientists, respectively (for instance, in Czech 

Republic the programmes are not widely known and are used only by individuals, if ever). 

Beside the two mentioned programmes which are aimed only at calculating structural fire 

resistance, there are also powerful generic software solutions, e.g. ANSYS or ABAQUS. In such 

software very broad field of problems can be simulated, among them also exposure to high temperature 

as a result of fire. It is possible to couple the thermal and mechanical analysis and to set the temperature-

dependency of thermal and mechanical material properties. However, despite these promising 

assumptions it is very problematical to set the concrete stress-strain diagram correctly in order to respect 

LITS and relaxation of thermal loadings. Moreover, inserting reinforcement into the 3D model is 

enormously laborious. Idea of modelling more than one selected element from the structure, which 

should be one of the main goals of global analysis, is practically impossible. Thus, using such 

programmes can be possible for scientific purposes only and not engineering practise. 

Commentary to Eurocode 2 Guidelines 

Since fire event is considered to be extraordinary design situation it is possible to reduce live 

loads to certain extent due to the limited probability of its occurrence in full extent during fire situation 

[49]. Beside the ordinary external loads, indirect thermal loads generally have to be incorporated in the 

calculation as well. On the other hand, structural elements are being damaged due to the exposure to 

high temperatures which results not only in decay of their load-bearing capacity, but reduction of their 

flexural and axial stiffness as well. Both mentioned phenomena are closely related to the particular 

structural system. It can be stated they both are relevant especially in case of statically-indeterminate 

structures. Additional inner forces caused by thermal loads are generally variable over fire duration as 

thermal gradient and reduction of stiffness’s keep changing in nonlinear way. As a result, distribution 

of inner forces during fire is different to the state prior to it. Due to these reasons the approach allowed 

and suggested by EC1-1-2 [16] (par. 4.3.2) and EC2-1-2 [16] (par. 2.4.2) , when the value of appropriate 

inner force can be taken and lowered by coefficient 𝜂𝑓𝑖 might not be accurate enough. 

To continue, paragraph numbers relating to EC2 [16] with commentary are given in the list below: 

 par. 2.4.2 (4): It is stated that when conducting sectional analysis, the effects of thermal 

bowing must be taken into account, but thermal elongation can be neglected. This 

assumption is not correct since additional inner forces are strongly dependant on 

particular structural system and cannot be separated; the assessment is then about to be 

done in N-M diagram where compressive force induced by restrained elongation might 

provide much-needed compressive reserve thanks to which the element’s load-bearing 

capacity might be sufficient. 

 par. 2.4.2 (5) and 2.4.3 (5): It is stated that when conducting sectional analysis or solving 

chosen part of structure, the boundary and supports conditions at the ends of chosen 

element are constant over the fire time. This assumption is not correct as the rotational 

stiffness at the supports is changing over the time of fire due to the material degradation, 

see Fig. 7-4 and Fig. 7-5 above. 

 

7.3 Incorporation of Thermal Loading into the Assessment 

As it was already mentioned, the best way how to investigate and estimate effects of thermal 

loadings of concrete structures subjected to fire, is conducting global analysis in the means of advanced 

calculating methods. It was also mentioned nowadays no easy way exists for this purposes. Therefore, 

it was decided that working group of Department of Concrete and Masonry Structures at Czech 

Technical University in Prague will develop its own computational application. 
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The idea about this application is following: 

 It will work with one chosen structural element, see Fig. 7-6; 

 Supports conditions at the ends will respect actual structural system using spring supports 

with finite stiffness’s; 

o The value of stiffness’s would be dependent on time of fire or temperature due 

to material deterioration (especially flexural stiffness, see Fig. 7-4); 

 Concrete stress-strain diagram will be defined with respect to the actual behaviour of 

concrete structures under fire conditions including LITS and relaxation of thermal 

stresses; 

o It would be interesting to have an option to choose the stress-strain diagram 

according to the definition published by different authors (see Chapter 2.5.1) 

 It will be possible to insert any temperature-time curve including cooling phase; 

o Alternatively, only ISO 834 temperature-time curve would be possible – other 

curves could be converted to ISO 834, see Fig. 5-13; 

 Then coupled thermal and mechanical analysis will be conducted; 

o The cross-section will be divided into horizontal strips with its own mean 

temperature; 

o Decay of material strength and Young’s modulus according to reached 

temperature will be implemented – either according to Eurocode or ACI 

assumptions or universally (results from material tests could be used) 

o Thermal strains will be included; 

 Cooling regime will be taken into account (possible additional lowering mechanical 

properties); 

 Slip of reinforcement as a result of different thermal strain will be taken into account. 

 

Fig. 7-6. Planned structural model of selected element analysed in the application. 

As can be seen from the list above, the application must contain and properly describe many 

phenomena while most of them are nonlinear. Development of such software needs plenty of time and 

programming skills. Due to the total needed amount of labour and time it was decided the application 

will not be a part of this Ph.D. thesis. Instead of it, it will be developed and published separately after 

proper validation with other published research. 

Until the application is finished and validated, an approximate approach how to take temperature-

induced loading into account is given in forthcoming paragraphs. Graphical interpretation of the 

approach can be seen in the flowchart in Fig. 7-7 below. It is worth to notice that although the calculation 

approach is universal, it primarily deals with slabs and beams of rectangular cross-section in bending. 
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Fig. 7-7. Flowchart of taking thermal loading into account. 
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Fundamentals of Thermal Strains Simplified Calculation 

Calculation of temperature-induced additional inner forces proposed herein is based on the 

approach published in Annex D in the previous design code ENV 1992-1-2 [99]. According to it, the 

given cross-section is divided into horizontal strips. For each strip free thermal strain is calculated 

according to its temperature assuming the strips are able to deform axially freely without being 

restrained by the rest of the cross-section, see Fig. 7-8. Because of the strips nonlinear strains over the 

element height, which is a result of nonlinear temperature distribution, the cross-section would not stay 

plane, which is one of the basic assumptions of Bernoulli-Navier hypothesis. Therefore, a hypothetical 

compressive stress is applied to each strip in order to restrain the thermal strains and keep cross-section 

plane. To ensure force equilibrium, eccentric axial force is assumed to act on the cross-section with the 

very same but opposite overall effect to the hypothetical stresses, see Fig. 7-9. Such forces are then 

called self-equilibrating. 

 
Fig. 7-8. Thermal strains of free strips, taken over [99]. 

 
Fig. 7-9. Ensuring force-equilibrium over cross-section, taken over [99]. 

In case of rectangular cross-section of floor slab, it is presumed the element is heated only from 

the bottom side of cross-section. Then the thermal analysis can be done only in 1D direction along the 

element’s height. In case of T-shaped or rectangular beams cross-sections, it is presumed it is heated 

from the bottom surfaces and from the web sides as well. The thermal field then has to be calculated in 

2D. However, it is possible to make a simplification in the calculation of temperature-induced forces, as 

can be seen in Fig. 7-10. At given height mean temperature of the element over its thickness is calculated 

– then the cross-section is treated as rectangular. 



Doctoral Thesis 

Chapter 7 – Global Structural Analysis  

 

 

118 

 
Fig. 7-10. Simplifying 2D thermal field into 1D, taken over [99]. 

To describe the calculation approach more in detail, the steps follow as it is given in the list below. 

For each strip these parameters are calculated: 

 Distance of the strip axis to the heated surface 𝑥𝑠𝑡𝑟𝑖𝑝,𝑖; 

 Mean temperature of the strips 𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,𝑚𝑒𝑎𝑛 calculated as an average of temperatures on 

the strip edges (see Eq. (7-2)); 

 Temperature difference Δ𝜃𝑠𝑡𝑟𝑖𝑝,𝑖 between mean strip temperature at hot state and the 

initial temperature prior to fire (see Eq. (7-3)); 

 Reduced Young’s modulus of concrete 𝐸𝑐,𝜃 according to the concrete strength class and 

mean strip temperature at hot state (elasticity modulus decay e.g. [23], see Chapter  2.1.1); 

 Free thermal strain of the strip 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑖 according to the temperature difference and 

EC2 [16]; 

 Stress in each strip 𝜎𝑠𝑡𝑟𝑖𝑝,𝑖 according to free thermal strain and reduced Young’s modulus, 

thermal strain assumed to be absolutely restrained (see Eq. (7-4)); 

 Axial force 𝑁𝑠𝑡𝑟𝑖𝑝,𝑖 as a result of the stress in the strip (see Eq. (7-5). 

After this procedure total sum of axial forces 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 can be calculated together with estimating 

the eccentricity 𝑒𝜃 with respect to the centroid of the cross-section. After that axial force 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 and 

bending moment 𝑀𝜃,𝑡𝑜𝑡𝑎𝑙 can be expressed related to the centroid, see Eqs. (7-6) - (7-8). 

 𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,𝑚𝑒𝑎𝑛 = 0,5 ∗ (𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,𝑡𝑜𝑝 + 𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,𝑏𝑜𝑡𝑡𝑜𝑚) (7-2) 

 Δ𝜃𝑠𝑡𝑟𝑖𝑝,𝑖 = 𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,𝑚𝑒𝑎𝑛 − 𝜃𝑠𝑡𝑟𝑖𝑝,𝑖,20 (7-3) 

 𝜎𝑠𝑡𝑟𝑖𝑝,𝑖 = 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑖 ∗ 𝐸𝑠𝑡𝑟𝑖𝑝,𝑖 (7-4) 

 𝑁𝑠𝑡𝑟𝑖𝑝,𝑖 = 𝐴𝑠𝑡𝑟𝑖𝑝 ∗ 𝜎𝑠𝑡𝑟𝑖𝑝,𝑖 (7-5) 

 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑁𝑠𝑡𝑟𝑖𝑝,𝑖

𝑛

𝑖=1

 (7-6) 

 𝑒𝜃 =
ℎ

2
−

∑ 𝑁𝑠𝑡𝑟𝑖𝑝,𝑖 ∗ 𝑥𝑠𝑡𝑟𝑖𝑝,𝑖

𝑁𝜃,𝑡𝑜𝑡𝑎𝑙
 (7-7) 

 𝑀𝜃,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑒𝜃 (7-8) 
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Calculation of Thermal Strains Assuming Zero Axial Support’s Stiffness 

Calculation of free thermal strains continues in the approach given by ENV 1992-1-2 [99]. If the 

structural element is not restrained anyhow in horizontal direction, it will elongate according to the 

effective strain 휀𝑒𝑓𝑓, see Eq. (7-9). If the element is not restraint against bowing, it will rotate according 

to effective curvature (1 𝑟⁄ )𝑒𝑓𝑓, see Eq. (7-10). Final strains over the cross-section’s height after 

imposing thermal and self-equilibrating stresses are displayed below in Fig. 7-11. The mean Young’s 

modulus 𝐸𝑐,𝜃,1 refers to the weighted average of the part of cross-section, which is in compression by 

acting 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 and 𝑀𝜃,𝑡𝑜𝑡𝑎𝑙. 𝐸𝑐,𝜃,2 represents weighted average of the value for the part of cross-section 

in tension by the same couple of internal forces. 

 휀𝑒𝑓𝑓 =
휀2 + 휀1

2
≅

𝑁𝜃,𝑡𝑜𝑡𝑎𝑙

2 ∗ 𝐴𝑐
∗ (

1

𝐸𝑐,𝜃,2
+

1

𝐸𝑐,𝜃,1
) +

𝑀𝜃,𝑡𝑜𝑡𝑎𝑙

2 ∗ 𝐼𝑦
∗ (

𝑦2

𝐸𝑐,𝜃,2
+

𝑦1

𝐸𝑐,𝜃,1
) (7-9) 

 (
1

𝑟
)

𝑒𝑓𝑓
=

휀2 − 휀1

ℎ
≅

𝑁𝜃,𝑡𝑜𝑡𝑎𝑙

2 ∗ 𝐴𝑐 ∗ ℎ
∗ (

1

𝐸𝑐,𝜃,2
−

1

𝐸𝑐,𝜃,1
) +

𝑀𝜃,𝑡𝑜𝑡𝑎𝑙

2 ∗ 𝐼𝑦 ∗ ℎ
∗ (

𝑦2

𝐸𝑐,𝜃,2
−

𝑦1

𝐸𝑐,𝜃,1
) (7-10) 

 𝐸𝑐,𝜃,1 =
∑ 𝐸𝑐,𝜃,𝑠𝑡𝑟𝑖𝑝,𝑖 ∗ 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑖

∑ 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑖
 (7-11) 

 𝐸𝑐,𝜃,2 =
∑ 𝐸𝑐,𝜃,𝑠𝑡𝑟𝑖𝑝,𝑗 ∗ 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑗

∑ 휀𝑓𝑟𝑒𝑒,𝑠𝑡𝑟𝑖𝑝,𝑗
 (7-12) 

 
Fig. 7-11. Final strain over cross-section, taken over [99]. 
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Calculation of Temperature-Induced Forces Assuming Infinite Axial Support’s Stiffness 

In case the thermal strains are absolutely restrained they cannot even partially propagate and thus 

all energy that tend to deform the element results in additional internal stresses and internal forces, 

respectively. If the elongation is restrained, compressive stress develops along the element. If the stress 

is integrated over the cross-section negative axial force is obtained. If the rotation of element is 

restrained, the already mentioned negative axial force acts eccentrically with respect to the centroid of 

cross-section. If the temperature-induced axial force is expressed with respect to the centroid additional 

negative bending moment is obtained. 

So the axial force and bending moment are the same values as already calculated 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 and 

𝑀𝜃,𝑡𝑜𝑡𝑎𝑙, but opposite signs since they are restraining the thermal strains to propagate. Theoretically 

these forces are directly the ones we can expect on the elements. However, due to the LITS and thermal 

stresses relaxation the actual forces which really develop on structural elements are much lower –  which 

is very important and beneficial at the same time. The extent of relaxation according to the level of 

restraint in supports will be discussed in next paragraphs. 

Validation of Calculations 

By using equations above it is possible to calculate actual free thermal strains of floor slabs and 

beams with respect to temperature distribution and also material “weakening” due to exposure to high 

temperatures. In order to validate gained results it is necessary to compare them with results of either 

experimental or numerical studies conducted on author’s own or by other researchers. Conducting full-

scale experimental tests to analyse this phenomenon is extremely demanding (laboratory equipment, 

financial demands, etc.) and for the author of the Thesis unrealistic. On the other hand, conducting 

numerical study is closely connected to used software and its capabilities (see Chapter 7.2). Therefore, 

decision was made that for the comparative purposes validated numerical study published in the 

literature will be used – to be specific, parametric study published in Chapter 4.3.1 within fib bulletin 

46 [28]. 

In the study, among other analysed structures concrete precast floor panels and beams with 

variable supports conditions are chosen. The study is conducted in the ABAQUS software with specially 

implemented definition of concrete and reinforcement behaviour. Concrete stress-strain diagram should 

correspond with the implicit definition according to EC2 [16]. 

The first compared structural element is precast concrete floor panel. It is 6 m long, 250 mm thick 

and 1250 mm wide. Its bottom and top reinforcement is set to be 6 rods of diameter 12 mm. Ordinary 

loadings corresponding with use of such component in usual residential building is assumed. The panel 

is exposed to ISO834 fire heating bottom surface only. The structural behaviour is conducted up to 240 

min of fire duration. In the study effect of changing axial stiffness of right support is analysed which 

influence the amount of LITS relaxing thermal stresses. At first (case A, see Fig. 7-12 below) zero axial 

stiffness is presumed while the rotation is restrained8 (e.g. continuous floor slab supported by very rigid 

concrete wall on the left end and masonry wall on the right end). In cases B-D, the axial stiffness is 

being gradually increased up to the infinite stiffness, which tends to be rather theoretical case. Finite 

values of axial stiffness are expressed in the following form, see Eq. (7-13). This seems to be practical 

since the value of stiffness varies mainly with the length of adjacent structure (slab or beam continuing 

over next X spans). In some cases, the support’s stiffness is not based on the length of adjacent structure 

(e.g. outer span of slab or beam restrained by perimeter wall or column) – however in such cases the 

value can be also easily expressed in the form given below. 

                                                      

8 This configuration seems to be unexpectedly dangerous as the negative bending moment develops due to 

rotation restraint, but no compressive reserve increasing flexural resistance is present due to free axial elongation. 
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 𝐾𝑖 = 𝛼𝑖 ∗ (
𝐸𝐴

𝐿
) (7-13) 

where    𝛼 represents multiplier of the basic value of axial stiffness according to particular 

structural system, 

 𝐸𝐴/𝐿 represents the basic value of axial stiffness. 

A) 

 

B)

 

C)

 

D)

 

Longitudinal reinforcement: 

                  
Fig. 7-12. Configuration of the parametric study, taken over [28]. 

The first value which is compared is the elongation of the panel at different times of fire. It is 

assumed the axial stiffness of the right supports is equal to zero, which corresponds with the case A. 

The calculated effective axial strain is multiplied by the length of the panel. The final values are 

displayed in the diagram below, see Fig. 7-13. In the same diagram also values resulting from the 

parametric study are drawn. It can be stated the panel elongates by approximately 14 mm at 60 minutes 

of standard fire and 24 mm at 240 minutes. From the comparison of the values it can be stated the values 

gained by simplified calculations fit to results of the parametric study very well. 

 
Fig. 7-13. Comparison of panel’s elongation with zero axial restraint. 

0,00

3,50

7,50

11,00

14,00

17,00 17,00

21,50

24,00

0,00

5,00

10,00

15,00

20,00

25,00

30,00

0 30 60 90 120 150 180 210 240

T
o
ta

l 
th

e
rm

a
l 
 e

lo
n
g
a
ti
o
n
 [

m
m

]

Duration of ISO 834 fire [min]

fib 46

ENV calc



Doctoral Thesis 

Chapter 7 – Global Structural Analysis  

 

 

122 

To continue, case D is compared – in this case the thermal strains are absolutely restrained. The 

theoretical evolution of temperature-induced axial force and bending moment without LITS is plotted 

in Fig. 7-14 according to the length of fire duration as well as values obtained in the parametric study. 

After the correlation it can be stated that the actual values of negative axial force after relaxation are 

only approximately 1/3 of the theoretical values – in other words 2/3 of the forces relax and disappear 

due to LITS. If the actual value of axial force is combined with the theoretically calculated eccentricity, 

the actual bending moments tend to be approximately 1/3 as well – at least up to 60 minutes. For longer 

fire durations, the bending moments are lower that the mentioned 1/3 of theoretical value (that is 

probably due to gradually decreasing flexural stiffness of the cross-sections which is incorporated in the 

advanced calculation model but not in the simplified one) – the simplified calculations are thus more 

conservative. The level of LITS relaxation in case of dominantly compressed elements (columns, walls 

and struts) reach up to 100 % [28] thanks to the prestress during heating, see Fig. 2.26. Thus, no 

additional compressive force develops; bending moment from restrained bowing still takes place. 

 
Fig. 7-14. Comparison of additional inner forces evolution with absolutely stiff axial restraint. 

When speaking about the eccentricity of axial force generated by restrained thermal strain it is 

interesting to plot the evolution of the eccentricity which is a result of the thermal gradient. In Fig. 7-15 

it can be seen that the eccentricity reaches its maximum at the very beginning of the fire as the thermal 

gradient is the highest as well due to very big difference between temperature of the already heated 

surface layers and still cool rest of the cross-section. With continuing fire duration, the thermal gradient 

gets gradually lower and so does the eccentricity. 

 
Fig. 7-15. Evolution of axial force eccentricity and thermal gradient. 
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Then it is interesting to think about the maximum of temperature-induced bending moment at 60 

minutes, which is a combination of still increasing axial force and gradually decreasing thermal gradient. 

Nevertheless, the standard fire time 60 minutes seems to be critical as the temperature-induced bending 

moment reaches its maximum but the compressive axial force which helps to mitigate the tension in the 

cross-section does not. 

Calculation of Temperature-Induced Forces Assuming Actual Support’s Stiffness 

To begin this chapter, three diagrams based on the cited parametric study are given. In Figs. 7-16 

to 7-18 evolution of temperature-induced axial forces, bending moments and axial elongation with fire 

duration and according to axial support stiffness can be seen. Based on the diagrams it can be stated that 

the value of stiffness influences the particular size of inner force and deformation, respectively, but the 

trend of evolution with fire duration keeps the same. Axial force together with elongation keep rising 

with lasting fire time and the bending moment reaches its maximum in 60th minute. 

In the diagram of temperature-induced inner forces and elongation, respectively, there are also 

highlighted points of values obtained from simplified calculations according to the regression analysis 

dealing with changing stiffness – see equations Eq. (7-14) to (7-20) below. It can be stated the simplified 

calculation leads to slightly more conservative values than it is obtained from parametric study (colour 

of points respects colour of curves). 

In case of temperature-induced bending moment the proportionality between axial force after 

relaxation (according to particular support stiffness) and bending moment does not work properly – the 

curves related to different stiffness’s are practically identical up to 90 minutes of standard fire and after 

exceeding 90 minutes they are gradually decreasing in similar pace. Therefore, only values of additional 

bending moment gained by simplified calculations estimated assuming infinite stiffness’s are showed 

in the diagram below. Then it can be stated that up to 60 minutes the curves representing parametric 

study and points representing simplified calculations correlate to each other very well. After exceeding 

60 minutes of standard fire duration, the values from simplified calculations tend to be higher than 

curves of parametric study – it means the simplified calculations are more conservative. It is also worth 

to mention that in case the axial support stiffness is equal to zero and thus all axial elongation is not 

restrained (in other words the axial force is equal to zero), the bending moment develops as the thermal 

gradient still takes place. The theoretical axial force which induces the bending moment is 

approximately 22-25 % of the directly induced force 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 – thus it is conservative enough to assume 

33 % as in case the axial force is not equal to zero. 

 
Fig. 7-16. Evolution of temperature-induced axial force according to support’s axial stiffness [28]. 
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Fig. 7-17. Evolution of temperature-induced bending moment according to support’s 

axial stiffness [28]. 

The same approach of simplified calculation can be applied in order to approximate the element’s 

elongation if it is restrained to certain extent by supports – which is the situation that can be expected 

almost in every case. In the diagram given in Fig. 7-18 curves describing the elongation according to 

changing axial stiffness of supports from the parametric study are plotted. Based on their evolution it 

can be stated that the elongation decreases quite rapidly if some kind of axial restraint is present (e.g. 

nearly 25 mm in 240th minute of standard fire with no restraint versus 5 mm in the same fire time if 

restraint 𝐾 = 𝐸𝐴/3𝐿 can be taken into account). Since the elongation is very important for stress 

development in statically-indeterminate adjacent parts of structure (basically forced movements of 

joints), it is necessary to calculate also this kind of deformation to assess the fire resistance properly. 

Beside the curves related to the parametric study also points of elongation obtained by simplified 

calculation can be found in the diagram. From comparison of these approximately estimated values and 

curves from parametric study it can be stated the simplified calculation provides satisfactory accuracy. 

 
Fig. 7-18. Evolution of temperature-induced axial elongation according to support’s 

axial stiffness [28]. 
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 𝑁𝜃,𝑟𝑒𝑙𝑎𝑥 = 𝑎1 ∗ 𝑎2 ∗ 𝑎3 ∗ 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 (7-14) 

 Δ𝐿𝜃,𝑟𝑒𝑙𝑎𝑥 = (1 − 𝑎1) ∗ (1 − 𝑎2) ∗ 𝑎3 ∗ Δ𝐿𝜃,𝑓𝑟𝑒𝑒 (7-15) 

 𝑀𝜃,𝑟𝑒𝑙𝑎𝑥 = 𝑎1 ∗ 𝑁𝜃,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑒𝜃 (7-16) 

 휀𝑒𝑓𝑓,𝑟𝑒𝑙𝑎𝑥 = (1 − 𝑎1) ∗ (1 − 𝑎2) ∗ 휀𝑒𝑓𝑓 (7-17) 

(according to correlation, 

see Figs. 7-16 to 7-18) 
𝑎1 = 0,33 

or 𝑎1 = 0,25 if 𝛼 = 0 
(7-18) 

 𝑎2 = max( 0,87 −
0,09

𝛼
; 0,57 + 0,17 ∗ ln (𝛼))  ∧ 𝑎2 ≤ 1,0  (7-19) 

 
𝑎3 = 1 – elements dominantly in bending (slabs, beams) 

𝑎3 = 0 – elements dominantly in compression (columns, walls) 
(7-20) 

where   𝑎1 represents the ratio of theoretically calculated temperature-induced forces which 

propagates on element after relaxation due to LITS if infinite axial supports stiffness is 

assumed, 

  𝑎2  represents the effect of supports with finite value of axial stiffness, see Fig. 7-19 below, 

  𝑎3  represents the difference between LITS relaxation level for elements in bending and 

compression, 

  𝛼 represents the multiplier of basic axial stiffness (𝐸𝐴/𝐿). 

In order to take the changing value of axial support stiffness into account regression analysis is 

conducted where mutual mathematical relationship between stiffness and level of propagated inner 

forces is being searched. Two types of mathematical functions are used: (i) inverse function due to the 

rapid growth at low values of stiffness multiplier 𝛼, (ii) logarithmic function for higher values of 𝛼 

where only slow growth of variable 𝑎2 can be observed. Then, higher value from both equations is taken 

into account while 𝑎2 ≤ 1 is assumed. If the support stiffness is very close to infinity  𝑎2 = 1 – which 

means all energy will result in the axial force and the elongation will be equal to zero, see Eq. (7-19). 

On the other hand, if the support stiffness is very low or equal to zero  𝑎2 = 0 – all energy will result 

in the elongation and the temperature-induced force will be equal to zero, see Eq. (7-19). 

 
Fig. 7-19. Influence of support stiffness on relaxation level, expressed by factor a2 

9. 

                                                      

9 As it is stated in the flowchart in Fig. 7-07, the finite value of stiffness is estimated iteratively in order to 

achieve the result close to those obtained with infinitely stiff supports (results difference about 10 %). 
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If it is necessary to estimate both supports movement and thus direction of element’s elongation 

on its both ends the value calculated according to the approach given above can be divided in the mutual 

ratio of supports stiffness’s. 

Check of Cross-Section Elastic Behaviour During Fire 

Check of total strains on cross-section whether they are within the elastic region is another step 

of global analysis which is about to be conducted. In this step the summed mechanical and thermal 

strains are analysed. Values of top and bottom reinforcement strains as well as strains of concrete in 

compression are studied and compared with the limit strain for both materials. In case of reinforcement 

the strain connected to reaching yield strength and the ultimate strain connected to bars rupture are taken 

into account. In case of concrete strain connected to reaching peak compressive strength and the ultimate 

strain connected to concrete crushing are taken into account. In the calculation it is also distinguished 

whether the concrete in compression and reinforcement in tension are heated by the fire – according to 

it the limit strain values are assumed as a function of temperature. 

This assessment is advised to be done in order to have an idea about the stress state in the cross-

section. If the calculated strains are still in the elastic region, it is good marker the cross-section is not 

overloaded and the ultimate load-bearing capacity is not close. It also means that after the end of fire 

event strains which can be attributed to unloading and cooling back to ambient temperature will 

disappear and no10 plastic strains will remain. In case the strains are beyond the elastic limits it means 

that after the end of fire and unloading the relevant strains will disappear only partly – the other part of 

them will remain as residual due to reaching the plastic behaviour of materials. From the calculations 

below it seems the nearest elastic limit strain which is to be reached is the tensile reinforcement strain 

related to yield strength. After reaching this state following can be stated: 

 The ultimate load-bearing capacity is getting close – one should be aware of it and careful; 

 The statically indeterminate structure can still work and carry the loading until ultimate 

limit strains of concrete or reinforcement are reached; 

o This ability is attributed to the ductility of materials and is called rotational 

capacity of certain cross-section; 

 Within this state the cross-section is rotating around its neutral axis more and more; 

o Plastic hinge starts to create at this cross-section and the structural scheme is 

irreversibly changing which is important mainly for post-fire assessments; 

o Practically it means the structure is not perfectly continuous which results in 

change of inner forces distribution (mainly hogging moments which generally 

decrease); 

o In the conventional computational models this can be implemented by inserting 

internal hinge with spring stiffness in rotation, the value of stiffness can be 

estimated iteratively by obtaining 𝑀𝐸𝑑,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ℎ𝑖𝑛𝑔𝑒 after calculation according to 

Eq. (7-20); 

 After lowering the hogging bending moment at the support cross-section 

the sagging bending moment in the mid-span cross-section rises11. 

                                                      

10 When speaking about strains on concrete cross-section after exposure to fire, very probably some of the 

thermal strains will remain as residual due to the irreversible nature of thermal damage. It is connected mainly to 

the decay of Young’s modulus of concrete and moment of inertia (both relating to the internal microcracking and 

loss of water), concrete spalling, etc. All of this results in residual deflections which are often reported. 
11 This aspect must be considered carefully in the post-fire assessment because even with the same loading 

and not reduced strength of bottom reinforcement the post-fire load-bearing capacity might not be sufficient. 
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𝑀𝐸𝑑,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ℎ𝑖𝑛𝑔𝑒 = 𝑀𝐸𝑑,𝑓𝑢𝑙𝑙 ∗

min(휀𝑠𝑢
𝑇 ; 휀𝑐𝑢

𝑇 ) − 휀𝑠
𝑇

min (휀𝑠𝑢
𝑇 ; 휀𝑐𝑢

𝑇 ) − 휀𝑠𝑦
𝑇  

 

(7-20) 

 

where   𝑀𝐸𝑑,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ℎ𝑖𝑛𝑔𝑒 represents the reduced hogging bending moment due to partial 

plastification of the cross-section, 

𝑀𝐸𝑑,𝑓𝑢𝑙𝑙 represents full hogging bending moment at the supports cross-section 

prior to fire, 

휀𝑐𝑢
𝑇  represents the ultimate concrete strain in compression when concrete is 

being crushed with respect to reached temperature, 

휀𝑠𝑢
𝑇  represents the ultimate reinforcement strain when bars rupture with 

respect to reached temperature, 

휀𝑠𝑦
𝑇  represents the reinforcement strain when yield strength is reached with 

respect to reached temperature, 

휀𝑠
𝑇 represents the actual reinforcement strain with respect to the reached 

temperature which is being studied. 

Since the evolution of temperature-induced forces (axial force and its eccentricity, thus bending 

moment) keep changing with fire time and the limit elastic strains and both steel and concrete strength 

are changing with rising temperature as well, it is not clear at first sight which time is the critical from 

this point of view. Therefore, this check should be conducted for series of fire durations (the standard 

times 15, 30, 45, 60, 90, 120, 180 and 240 minutes). It seems this approach is the most correct one, but 

laborious at the same time. Thus a compromise can be made and only final time and 60 minutes (if the 

final time is longer than 60 minutes) can be checked. In the final time the highest temperatures, lowest 

strengths of concrete and steel and thus lowest limit elastic strains can be expected. On the other hand, 

in 60 minutes the highest temperature-induced bending moment mainly causing the tensile strain of 

reinforcement can be expected. 

To illustrate the studied problem two examples are made. The first example deals with the 

already-known precast concrete floor panel 6 m long, 1,25 wide and 250 mm thick. It is made of concrete 

C30/37 with reinforcement class B500B (both top and bottom bars 6∅12). It is assumed it is exposed to 

standard ISO 834 fire which heats the bottom side of panel only. In the 60th minute of fire the cross-

section strains are checked. Mean temperature of concrete chords in compression is assumed to be 500 

°C while the tensile reinforcement is not affected by temperature. At this time the summed internal 

forces induced by temperature and external loadings in the support cross-section are 𝑁𝐸𝑑 = −1685 𝑘𝑁 

and 𝑀𝐸𝑑 = −170 𝑘𝑁𝑚. With such inputs the strains are calculated and can be seen in Fig. 7-20. Cross-

section properties are calculated with excluded concrete in tension and limit strains for concrete and 

steel are assumed as temperature-dependent. Based on it following can be stated: 

 The compressive axial force moves the neutral axis from the bottom surface inside the 

cross-section significantly which reduces the tensile strain of reinforcement; 

 The ultimate strains for both concrete and reinforcement are very close to each other 

which determines the overall cross-sectional ductility; 

 The actual strain of concrete in compression is way under the elastic limit, i.e. the possible 

changes would be governed by tensile reinforcement; 

 The actual strain of tensile reinforcement lies under the limit elastic strain of steel which 

means no excessive elongation of tensile bars and thus rotation of cross-section together 

with creation of plastic hinge are expected; the structural scheme does not change. 
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Fig. 7-20. Example 1: total cross-section linear strain with highlighted elastic and ultimate limit 

strains of both steel and concrete. 

The second worked example deals with monolithic concrete floor slab 5m long, 200 mm thick 

and assumed width 1 m. It represents older structure made of concrete C20/25 and reinforcement with 

yield strength 𝑓𝑦𝑘,20 = 410 𝑀𝑃𝑎 (corresponding with steel grade 10 425 (V) commonly used in Czech 

Republic in previous decades; top reinforcement 5∅10, bottom reinforcement 5∅8).The strains are 

checked in 180th minute of ISO 834 fire while only bottom surface is exposed. Mean temperature of 

concrete chords in compression is assumed to be 600 °C while the tensile reinforcement is not affected 

by temperature. At this time the summed internal forces induced by temperature and external loadings 

in the support cross-section are 𝑁𝐸𝑑 = −1000 𝑘𝑁 and 𝑀𝐸𝑑 = −100 𝑘𝑁𝑚. With such inputs the strains 

are calculated and can be seen in Fig. 7-21. Based on it following can be stated: 

 The actual strain of tensile reinforcement exceeds the elastic limit strain of steel which 

means the plastic region of stress-strain diagram is reached; the internal plastic hinge 

starts to create according to the overload of the cross-section; 

 The region of plastic deformations is highlighted in the diagram below, where can be seen 

the actual steel strain and its position within the rotational capacity which governs the 

subsequent hogging moment decrease; 

 Assuming lower strength class of both concrete and steel results in higher cross-section 

strains and lower limit strains at the same time; This assessment seems to be important 

mainly in case of older concrete structures where materials of lower quality can be 

expected (e.g. concrete C16/20 and steel with yield strength equal to 200 MPa). 

 
Fig. 7-21. Example 2: total cross-section linear strain with highlighted elastic and ultimate limit 

strains of both steel and concrete. 
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8 Estimation of Residual Load-Bearing Capacity 

The previous Chapters 2-7 are presented in the Thesis in order to help to understand the material 

and structural behaviour of RC structures during fire situations and after their end, as well as to collect 

as much information about the fire event as possible, make the investigation approach clear and 

conclusions understandable. The post-fire assessment and calculation of residual load-bearing capacity 

is the final and probably the most important step of the whole post-fire investigation. 

8.1 Aspects to Be Taken into Account Prior to Post-Fire Assessment 

With respect to the nature of fire events and conducting structural diagnosis as well as assessments 

of older structures a list of aspects that should be taken into account prior to calculation of residual load-

bearing capacity is given below: 

 If a structure previously subjected to fire is about to be used by public or some kind of 

industry and serve for certain purpose again, the state is considered to be usual design 

situation in terms of ULS and SLS. Therefore, appropriate loadings and material 

coefficients have to be incorporated in the calculations again; 

o Material coefficients might be lowered to certain level according to number of 

conducted material tests during structural diagnosis taking into account actual 

material properties. 

 The load bearing capacity of structural elements during fire is generally going to be higher 

than the residual one, sometimes even at different durations of fire (e.g. fire performance 

at 90th minute might be higher than the residual one after 60-minutes fire). Since both 

calculations are done according to different design situation (extraordinary ULS versus 

ordinary ULS), different loadings and material coefficients are used – therefore both 

values are not comparable which may be misleading sometimes. 

 According to the findings of global analysis (see Chapter 7), the structural model for 

forthcoming residual calculations might be updated in terms of stiffness reduction, 

inserting spring supports with finite values of stiffness’s (especially rotational), 

incorporating residual deformations and joint movements, etc.; 

o Due to the plastic deformations and joint movements it is suggested to always 

conduct calculations according to the second-order theory, which is important 

especially for vertical and mainly slender structures, where either local or global 

stability can become the critical aspect of the structural performance. 

 If material deterioration according to carried out material tests is lower than one would 

expect according to design codes assumptions, one has to think twice if the experimental 

results are reliable enough. In case of any uncertainties lower and thus more conservative 

values should be used; 

o Moreover, if origin of concrete and reinforcement used in the assessed structure 

after fire are not known in detail (which basically are not) and design codes 

predictions of their deterioration due to high temperatures are used, concrete 

should be treated as with siliceous aggregate and reinforcement as cold-worked 

– which is conservative option in both cases. 

 Although shear failure is not referred to be usual during fire [16], it should be included 

in the post-fire assessment of different types of structural members (slabs, beams, 

columns and walls). In case of slabs special attention should be attributed to punching as 

especially recent structures are often designed as locally supported without girders. The 

post-fire shear load-bearing capacity can be calculated analogically to the approach given 

in EC2-1-2 [16] with modifications of the simplified methods, see Chapter 8.2. 
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 The post-fire assessment should also take into account the actual condition and load-

bearing capacity of reference part of structure which was not subjected to fire. Especially 

in case of elderly buildings their load-bearing capacity might have decreased over the 

years due to progression of corrosion processes, design faults or unprofessional 

interventions. The final assessment should then be represented by both relative and 

absolute decrease of load-bearing capacity; 

o Theoretically a situation may occur when old RC structure was partially 

subjected to fire. Its damage is deep and strengthening would be necessary. 

However, it shows up that even the rest of the building which was not damaged 

by fire is in bad state and the strengthening would be necessary for whole 

building. This is very important in the decision process since a conclusion that 

the general strengthening is not worth may be made. 

 The assumed fire scenario and derived temperature-time curve should include also the 

cooling phase with either gradual natural cooling after the end of fire or rapid cooling due 

to fire brigade intervention. The forthcoming thermal analysis should be then conducted 

with whole temperature-time curve including cooling phase as well. This is because of 

the thermal inertia of concrete when inner parts of cross-section might be heated to higher 

temperatures even after the moment when surface temperature reached its maximum and 

started to decrease; 

o If spalling of surface concrete layers occurs on structural elements after which 

some rebars (typically the corner ones) are directly exposed to fire, these should 

be treated as directly exposed to high temperatures for whole fire duration as the 

spalling usually occurs in the beginning part of fire due to vapour migration. For 

such bars the surface temperature can be assumed with the consequences to the 

post-fire assessment; 

o Another aspect connected to the risk of spalling is that due to it the cross-section 

becomes smaller and thus the inner parts close to the spalled areas (typically in 

corners again) reach higher temperatures. 

 As a result of RC element’s exposition to high temperatures, strength of concrete and 

reinforcement gradually decrease and its residual load-bearing capacity consequently 

decrease as well. Deterioration of these two materials affect the bond and cohesion 

between rebars and concrete. According to EC2-1-1 [25] the bond strength is directly 

dependent on tensile strength of concrete and also surface finish of rebars (smooth bars 

or ribbed bars), even though Eurocode does not assume any other type except ribbed bars. 

o Tensile strength of concrete drops quickly when exposed to high temperatures 

and its post-fire values do not get back to initial strength. As a result the residual 

bond strength decrease and the needed anchoring / overlapping length increase – 

which is impossible in case of existing building, therefore the maximal allowed 

stress in relevant rebars and whole bending resistance should be lowered by ratio 

𝑓𝑏𝑑,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙/𝑓𝑏𝑑,𝑖𝑛𝑖𝑡𝑖𝑎𝑙; 

o Another phenomena affecting cohesion between rebars and concrete after fire is 

the differential thermal strains of rebars and concrete (see Fig. 2-20 in Chapter 

2.2) which causes additional stress at the mutual interface. However, it seems 

[100] that similarly to free thermal elongation and LITS most of these differential 

interface stresses mitigate, especially in longer fire durations. 

o Problems with damaged bond strength is much more pronounced in case of 

smooth rebars used in past decades [100]. 
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 In some situations, the structures might be damaged by fire to the extent that one would 

expect them to collapse since the basic presumptions of their behaviour are not fulfilled 

anymore. An example is given in Fig. 8-1. An RC slab after fire test in Cardington [101, 

102, 103] lost majority of the cover layer at the bottom surface while most of bottom 

reinforcement became incoherent with the adjacent concrete. According to ordinary 

design approach the tensile forces at bottom face of the slab are carried by reinforcement 

which cannot fulfil this function in this situation. At this moment the slab is working 

thanks to the membrane action (see e.g. [104]) thanks to which its behaviour can be 

understood but not taken for granted. The membrane action is an example of alternative 

way of loads transfer which may occur with respect to the degree of structural 

indeterminacy, number of supports, material ductility etc. In such situations one has to be 

careful because even though the structures are still working, they cannot be assessed as 

reliable and safe. 

 

Fig. 8-1. Cardington full-scale fire tests: concrete slab after fire with incoherent bottom 

reinforcement, taken over [105]. 

 

 Generally, it is advised to pay attention to all structural aspects within the post-fire 

assessment, including: 

o Global analysis proving sufficient spatial stability and rigidity of whole structure 

or its parts; 

o Local analysis proving sufficient load-bearing capacity of all damaged elements 

(N-M interaction, shear and punching capacity); 

o Local analysis proving adequate detailing, state of supports, locally-loaded spots, 

anchoring, etc. 
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8.2 Methods of Residual Load-Bearing Capacity Estimation 

Surface Deterioration Method 

The first method of post-fire assessment proposed herein is called Surface deterioration method 

and is based on the assumption that the reduced concrete compressive strength of surface layers, which 

is obtained after conducting in-situ Schmidt rebound hammer test, is attributed to whole cross-section, 

while yield strength of reinforcement is not reduced. 

This method is meant to be used as very simplified, quick and conservative assessment. In the list 

below general assumptions of the method are given: 

 According to the building type (family house/residential or office building/industry hall) 

the nature of burning can be roughly assumed (cellulose, hydrocarbon or burning of 

specific petroleum products); 

o The method should be used in case of fire scenario similar to ISO834 fire only 

and not others due to their different pace of temperature evolution. 

 Probable duration of fire is known; however maximal reached temperatures are not; 

o Theoretical ISO834 fire lasting 45 minutes would cause mean temperature of the 

surface concrete cover layers approximately 650 °C which is expected to 

correspond to 70% decay of compressive strength, see Chapter 2.4.1. At this time 

maximal temperatures of rebars with typical thickness of concrete cover reach 

approximately 300 °C (see Fig. 8-2) which is below temperature when residual 

yield strength decrease (approximately 450 °C, see Fig. 2-23 in Chapter 2.4.2). 

Therefore, residual yield strength can be assumed equal to the initial and 

duration 45 min is limiting for using this method; 

 It is worth to note that one should be careful in case of spalled surfaces 

since the presumption of maximal rebar temperatures might not be true. 

 Rebound hammer provides mean information about approximately 30 mm thick surface 

layer, it also means it provides information about mean maximal reached temperature in 

this layer. 

o With respect to conducting rebound hammer test it should not be used in case of 

old concrete buildings (more than 50 years) due to expected progressed 

carbonation and misleading obtained results, see Chapter 6.2.1. 

 In case the subjected element was exposed to fire from more than one side, the rebound 

hammer test has to be conducted from all heated sides, then the biggest strength decay is 

taken into account. 

 Referential tests of the same but not fire-damaged structure should be done in order to 

compare results and obtain relative strength decays. 

 According to conducted parametric study (see Fig. 8-8 and Fig. 8-9) it showed the 

method is always conservative in case of walls and columns dominantly loaded by 

centric compressive force, however non-conservative in case of elements subjected 

to bending. 

o In case of assessing residual shear resistance the methods principals are still valid. 
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The assessment of residual load-bearing capacity of RC column loaded by centric axial force can 

be done as follows in Fig. 8-2. Duration 45 minutes of ISO834 fire is assumed. It can be seen the 

temperature of corner rebars is equal to 299 °C. 

 
Fig. 8-2. Assessment of residual load-bearing capacity of RC column using 

Surface Deterioration method after ISO834 fire lasting 45 minutes. 

𝑵𝑹𝒅,𝒓𝒆𝒔 = 𝛼𝑖𝑚𝑝𝑒𝑟𝑓𝑒𝑐𝑡,𝐸𝑁𝑉 ∗ 𝐴𝑐 ∗ 𝑘𝑐,𝜃,𝑙𝑜𝑤𝑒𝑠𝑡 ∗
𝑓𝑐𝑘

𝛾𝑐
+ 𝐴𝑠 ∗ min (

𝑓𝑦𝑘

𝛾𝑠
; 휀𝑐2,𝑟𝑒𝑠 ∗ 𝐸𝑠) =

= 0,85 ∗ 0,4 ∗ 0,4 ∗ 0,28 ∗
25

1,5
+ 1608 ∗ min (

500

1,15
; 0,025 ∗ 200) = 𝟏𝟑𝟑𝟒 𝒌𝑵 

Isotherm 300 °C Method 

In case of the Isotherm 500 °C method its main principle is the assumption that concrete heated 

to temperatures above 500 °C is damaged to such extent it contributes to the cross-sectional load-bearing 

capacity either very limitedly or even not at all. On the other hand, concrete with maximal reached 

temperatures under 500 °C is said to preserve initial mechanical properties. Both of the assumptions are 

not precisely correct, they are meant as simplification and compromising average, however comparison 

with more precise methods and experiments as well proved satisfying accuracy. The yield strength of 

reinforcement is lowered directly according to the reached temperatures. At the same time, it is worth 

to note that EC2-1-2 [16] suggests lowering the compressive strength of concrete to 60 % of the initial 

values (valid for siliceous aggregates) at hot state during fire when 500 °C is reached. 

In case of post-fire assessment similar approach can be applied since it is very convenient and 

user-friendly. However, it is important to note the residual compressive strength of concrete tend to be 

ASSESSMENT OF RC COLUMN RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

-- surface deterioration method --

cross-section dimensions initial concrete strength initial steel strength

h = 400 mm fck,init = 25 MPa fy k,init = 500,00 MPa

b = 400 mm Ec = 31,48 GPa Es = 200,00 GPa

maximal reached temperature concrete strength reduction cross-section reinforcement

θsurf ace = 840 °C kc,θ,lowest = 0,28 [-] number of pieces = 8 pcs

θbars = 299 °C εc2,res = 0,0250 [-] diameter R = 16 mm

θmean = 661 °C abars = 35 mm

cross-section scheme cross-section temperature field
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lower than the strength right at hot state, see Chapter 2.4.1 – it also means the “critical” temperature 

important for the assessment method is going to be different to 500 °C. If it is possible, it is 

recommended to conduct material tests in order to assembly own curve of strength decrease according 

to reached temperatures. Based on this curve “critical” temperature can be found when strength is 

lowered to approximately 60 % of the initial one similarly to the approach of Isotherm 500 °C method. 

If conducting such tests is not possible, it can be assumed the residual compressive strength of concrete 

is lower by 15-20 % when compared to the strength at hot state [28]. The diagram of coefficient 𝑘𝑐(𝜃) 

according to temperatures at hot and residual state can be seen in Fig. 8-3 (20% decay is presumed). 

Then it can be seen that for temperature 300 °C decay to approximately 65 % of initial strength is 

attributed. This “critical” temperature agrees well with the findings published in [38] – therefore the 

method is called Isotherm 300 °C method. 

 
Fig. 8-3. Decay of concrete compressive strength at hot (EC2-1-2 [16]) and residual state [28]. 

 

Mechanical properties of reinforcement are taken into account according to Fig. 2-23 in Chapter 

2.4.2 with respect to the highest reached temperature. It can be expected reached temperatures in single 

bars will differ, then weighted average or the most conservative value should be used. 

 

According to the results of parametric study (see Fig. 8-8 and Fig. 8-9) using this method provides 

slightly more conservative values than more detailed methods, especially for longer fire durations where 

large cross-sectional areas are excluded. However, simplifications of the calculations are so beneficial 

it is worth to use this method. The method can be used without deriving own curve of concrete 

strength decay when fire scenario with heating rate and dynamics similar to ISO834 fire is 

expected and the structures have not been cooled quickly with water streams by fire brigade at 

the same time. In the opposite case own curve has to be derived which specifies the “critical” 

temperature more in detail. 

Examples of post-fire assessment of RC column loaded by centric axial force and RC slab using 

Isotherm 300 °C method are shown in Fig. 8-4 and Fig. 8-5. 
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Fig. 8-4. Assessment of residual load-bearing capacity of RC column using Isotherm 300 °C method 

after ISO834 fire lasting 120 minutes. 

𝑵𝑹𝒅,𝒓𝒆𝒔 = 𝛼𝑖𝑚𝑝𝑒𝑟𝑓𝑒𝑐𝑡,𝐸𝑁𝑉 ∗ 𝐴𝑐,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 ∗
𝑓𝑐𝑘

𝛾𝑐
+ 𝐴𝑠 ∗ min (𝑘𝑠,𝑟𝑒𝑠 ∗

𝑓𝑦𝑘

𝛾𝑠
; 휀𝑐2,𝑟𝑒𝑠 ∗ 𝐸𝑠,𝑟𝑒𝑠) =

= 0,85 ∗ (0,4 − 2 ∗ 0,07) ∗ (0,4 − 2 ∗ 0,07) ∗
25

1,5
+ 1608

∗ min (0,66 ∗
500

1,15
; 0,025 ∗ 200 ∗ 0,66) = 𝟏𝟒𝟏𝟗 𝒌𝑵 

 

 

 

 

 

ASSESSMENT OF RC COLUMN RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

-- isotherm 300 °C method --

cross-section dimensions initial concrete strength initial steel strength

h = 400 mm fck,init = 25 MPa fy k,init = 500,00 MPa

b = 400 mm Ec = 31,48 GPa Es = 200,00 GPa

corner reinforcement intermediate reinforcement cross-section residual state

pieces = 4 pcs pieces = 4 pcs a300 = 70 mm

diameter = 16 mm diameter = 16 mm θmean,reinf . = 662,5 °C

θcorner reinf . = 780 °C θinner reinf . = 545 °C ks,res = 0,66 [-]

cross-section scheme cross-section temperature field
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Fig. 8-5. Assessment of residual load-bearing capacity of RC slab using Isotherm 300 °C method after 

ISO834 fire lasting 180 minutes. 

  

ASSESSMENT OF RC SLAB RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

-- isotherm 300 °C method --

h = 240 mm fck,init  = 25,00 MPa fyk,res = 500,00 MPa

b = 1000 mm fcd,res = 16,67 MPa fyd,res = 434,78 MPa

c = 25 mm as = 30,00 mm T fire = 180 min

- isotherm 300 °C position a300°C = 82 mm => heff,res = 158 mm

- bottom rebars temperature θs,bot = 678 °C => ks,res= 0,64 [-]

assessment of residual bending resistance - midspan cross-section

- bottom reinforcement ⌀10 / 200 mm => As,span = 392,70 mm
2

- effective height d = 210,00 mm

- height of compression zone x = 6,51 mm => z = 207,40 mm

- moment resistance MRd,res,span = 22,49 kNm

assessment of residual bending resistance - supports cross-section

- top reinforcement ⌀12 / 150 mm => As,support = 753,98 mm
2

- effective height d = 127,00 mm

- height of compression zone x = 19,67 mm => z = 119,13 mm

- moment resistance MRd,res,support = 39,05 kNm

Temperature-time curve Thermal field
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Adjusted Zone Method 

Probably the best ratio between accuracy and working demands together with usability in 

engineering practice can be provided by using the Adjusted zone method. As it is clear from its name 

the method is based on the well-known zone method proposed in EC2-1-2 [16]. It uses the same 

approach with dividing the cross-section into zones, however the coefficients 𝑘𝑐(𝜃) and 𝑘𝑠(𝜃) 

expressing deterioration of concrete and reinforcing steel are adjusted to the residual state. 

If no information about actual decay of concrete compressive strength according to reached 

temperatures are available, the simplification according to [28] can be used and the strength assumed as 

by 15-20 % lower than the strength at certain temperature right at hot state as EC2-1-2 [16] proposes. 

However, deriving own curve of strength decay based on material test results is beneficial with respect 

to the calculation accuracy, especially together with smooth dividing the cross-section into zones. The 

reinforcement is treated in the same way as in case of Isotherm 300 °C method with adjusted values of 

coefficient 𝑘𝑠(𝜃). 

Examples of post-fire assessment of RC column loaded by centric axial force and RC slab using 

Adjusted zone method are shown in Fig. 8-6 and Fig. 8-7. 

If the coefficients of concrete strength reduction are assumed simplified according to [28], 

the actual fire scenario had to be similar to ISO834 fire. In all other cases or when no information 

about the fire event is available, the reduction curve of concrete strength has to be derived 

according to experimental results. Then the method can be used universally with no limitations. 
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Fig. 8-6. Assessment of residual load-bearing capacity of RC column using Adjusted zone method 

after ISO834 fire lasting 120 minutes. 

𝑵𝑹𝒅,𝒓𝒆𝒔 = 𝛼𝑖𝑚𝑝𝑒𝑟𝑓𝑒𝑐𝑡,𝐸𝑁𝑉 ∗ 𝐴𝑐,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 ∗
𝑘𝑐,𝜃𝑀 ∗ 𝑓𝑐𝑘

𝛾𝑐
+ 𝐴𝑠 ∗ min (𝑘𝑠,𝑟𝑒𝑠 ∗

𝑓𝑦𝑘

𝛾𝑠
; 휀𝑐2,𝑟𝑒𝑠 ∗ 𝐸𝑠,𝑟𝑒𝑠) =

= 0,85 ∗ 0,2732 ∗
1 ∗ 25

1,5
+ 1608 ∗ min (0,62 ∗

500

1,15
; 0,025 ∗ 200 ∗ 103 ∗ 0,62) =

= 𝟏𝟒𝟗𝟓 𝒌𝑵 

ASSESSMENT OF RC COLUMN RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

cross-section dimensions initial concrete strength initial steel strength

h = 400 mm fck,init = 25 MPa fy k,init = 500,00 MPa

b = 400 mm Ec = 31,48 GPa Es = 200,00 GPa

corner reinforcement intermediate reinforcement division of c.-s. into zones

pieces 4 ks pieces 4 ks zone nr. = 5 [-]

diameter = 16 mm diameter = 16 mm zone thick. = 40,00 mm

θcorner reinf. = 780 °C θinnerreinf. = 598 °C

i [-] ai [mm] θi [°C] kc (θi) [-]

M 200 82 1,00 residual state of concrete

1 20 706 0,22 kc (θM) = 1,00 [-]

2 60 347 0,69 kc,m = 0,68 [-]

3 100 180 0,82 az = 63,08 mm

4 140 111 0,84 => beff,res = 273,85 mm

5 180 85 1,00 heff,res = 273,85 mm

6

7 residual state of reinforcement

8 θreinf . mean = 689,00 °C

9 ks,res = 0,62 [-]

10

cross-section scheme cross-section temperature field
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Fig. 8-7. Assessment of residual load-bearing capacity of RC slab using Adjusted zone method after 

ISO834 fire lasting 180 minutes. 

 

ASSESSMENT OF RC SLAB RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

-- adjusted zone method --

h = 240 mm fck,init  = 25,00 MPa fyk,res = 500,00 MPa

b = 1000 mm fcd,res = 16,67 MPa fyd,res = 434,78 MPa

c = 25 mm as = 30,00 mm T fire = 180 min

CS division: zone number n = 5 => hi = 48,00 mm ... zone thickness

i [-] ai [mm] θi [°C] kc (θi) [-]

M 0 48 1,00

1 24 745 0,17

2 72 346 0,69

3 120 161 0,82

4 168 82 1,00

5 216 52 1,00

6

7

8 kc (θM) = 1,00 [-]

9 => kc,m = 0,71 [-]

10 az = 70,30 mm

heff,res = 169,70 mm

- bottom rebars temperature θs,bot = 678 °C => ks,res= 0,64 [-]

assessment of residual bending resistance - midspan cross-section

- bottom reinforcement ⌀10 / 200 mm => As,span = 392,70 mm
2

- effective height d = 210,00 mm

- height of compression zone x = 6,51 mm => z = 207,40 mm

- moment resistance MRd,res,span = 22,49 kNm

assessment of residual bending resistance - supports cross-section

- top reinforcement ⌀12 / 150 mm => As,support = 753,98 mm
2

- effective height d = 138,70 mm

- height of compression zone x = 19,67 mm => z = 130,83 mm

- moment resistance MRd,res,support = 42,89 kNm
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Detailed Strip Method 

The last assessment method to be proposed is the Detailed strip method, which can be understood 

as advanced calculation method in terms of EC2-1-2 [16]. Using this method leads to creation of 

numerical calculation model where selected material model with stress-strain diagram, thermal 

properties and temperature boundary conditions can be implemented. Then the residual load-bearing 

capacity is estimated using sectional analysis and moment-curvature diagram. This method was for 

example used at ambient and high temperatures in order to calculate load-bearing capacity of slender 

columns, as can be seen in [106]. The same approach can be applied in the residual state with updating 

the stress-strain diagram of both concrete and steel. 

Calculating the residual capacity using the Detailed strip method should provide the most accurate 

results, however there is no commercial software based on this method and in-house made applications 

are not universal. Using this method in engineering practise is rather cumbersome, not user-friendly and 

thus problematic. 

Parametric Study of Proposed Methods 

In order to compare results of residual load-bearing capacity obtained by using different 

assessment methods parametric study was conducted while RC columns and slabs were analysed. 

Within the study Surface deterioration method, Isotherm 300 °C method and Adjusted zone method were 

used. 

In case of columns, concrete grade C25/30 and cross-sectional dimensions 250x250 mm, 400x400 

mm and 650x650 mm were assumed with uniform reinforcement of 8 rods 16 mm in diameter. The 

residual capacity was calculated only in means of no slenderness effect and only centric axial force with 

theoretical no bending moment (therefore no M-N diagram was created). Mutual comparison of 

calculated load-bearing capacities according to duration of ISO834 fire is shown in Fig. 8-8. Based on 

the results it can be stated, that results obtained by using Surface deterioration method are always 

conservative (the bigger cross-section the more conservative) up to 45 minutes. After exceeding this fire 

duration, the reinforcement is affected in residual state which is not incorporated in the method. In case 

of Isotherm 300 °C method the results are also always conservative, but they keep very close to those 

from Adjusted zone method which are understood as precise enough. 

 
Fig. 8-8. Parametric study: residual load-bearing capacity of RC columns estimated 

with different assessment methods. 

0

1000

2000

3000

4000

5000

6000

7000

0 30 60 90 120 150 180 210 240R
e
s
id

u
a
l 
lo

a
d

-b
e
a
ri
n
g
 c

a
p
a
c
it
y 

N
R

d
,r

e
s

[k
N

]

State after exposure to ISO 834 fire duration [min]

250x250_surface 400x400_surface 650x650_surface

250x250_isotherm 400x400_isotherm 650x650_isotherm

250x250_zone 400x400_zone 650x650_zone



Doctoral Thesis 

Chapter 8 – Estimation of Residual Load-Bearing Capacity  

 

 

141 

In case of slabs, thicknesses 180 mm, 240 mm and 300 mm were assumed. In all cases concrete 

grade C25/30, bottom reinforcement ∅10/200 mm and top reinforcement ∅12/150 mm were taken 

into account; in the mid-span and support cross-section assessment only tensile reinforcement is taken 

into account. Calculated load-bearing capacities at mid-span cross section according to ISO834 fire 

duration are show in Fig. 8-9. From the diagram below it is clear the curves attributed to different 

methods are hiding each other that it seems only curves of adjusted zone method are displayed. In fact, 

they all exhibit the same course (up to 45 minutes in case of surface deterioration method) since 

deterioration of tensile reinforcement is incorporated in the same way and different approach to damaged 

concrete do not take place in case of mid-span support as the compression zone at the top is not damaged. 

 

 
Fig. 8-9. Parametric study: residual load-bearing capacity of RC slabs estimated 

with different assessment methods. 
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In the second diagram of Fig. 8-9 showing residual capacities of slab’s support cross-sections it 

can be seen the Surface deterioration method provides higher load-bearing capacities than the rest of 

methods which is not conservative. Probably the effect of taking into account whole cross-section 

thickness with lowered concrete strength provides higher values than reduced thickness with initial 

strength – therefore the Surface deterioration method is not advised to be used when assessing RC slabs 

after fire, which complies with the conclusions given above in the method description. To continue, 

results of Isotherm 300 °C method follows results of Adjusted zone method very well being on the 

conservative side at the same time, which is very similar to the findings of columns assessment. The 

Isotherm 300 °C method thus confirms its principle and usability for simplified post-fire assessment. 

Nevertheless, for most accurate results and option of experimental test results incorporation the Adjusted 

zone method is the most suitable one. 

8.3 Quick Estimations of Load-Bearing Capacity Decay 

During the post-fire investigation, it is usually necessary to approximately estimate the severity 

of structural damage caused by fire event and also to have an idea about probable residual capacity decay 

already at early stages of the investigation process, e.g. right after conducting the preliminary on-site 

inspection. It means at this stage the precise calculations are not needed while material test data are not 

available anyway, but decision about the forthcoming approach has to be made. Then the presumptions 

and findings of preliminary inspection together with rough estimation of structural capacity decay is 

fundamental. 

The quick estimation of load-bearing capacity decay can be made according to different indications: 

 According to classification to the damage classes – during the preliminary inspection the 

structural elements are classified into damage classes as it is described in Chapter 4.2; 

o Elements classified into classes 0-2 are expected to be damaged only minor or on 

the surface only with very limited or none effect on the structural capacity in 

terms of ULS or SLS; 

o Elements classified into class 3 are expected to be damaged to not-negligible 

extent with load-bearing capacity decay up to 25 % and visible residual deflection 

which might be a problem in case of SLS assessment; 

o Elements classified into class 4 are expected to be deeply damaged with load-

bearing capacity decay 25-100 % and excessive residual deflection making SLS 

assessment very problematic. 

 According to residual deflections – significant growth of deflections is usual 

accompanying phenomenon during structures exposition to fire while part of the 

deflections stays residual even after the end of fire and temperatures decrease to ambient 

values. They are caused mainly by decrease of concrete Young’s modulus as well as 

propagating cracking of cross-sections. 

o Generally, if the comparison between measured residual deflection of damaged 

element and identical non-damaged element in other part of the subjected 

building 𝛿𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙   𝛿𝑖𝑛𝑖𝑡𝑖𝑎𝑙⁄ > 2, it can be expected the element is considerably 

damaged and if the ratio is higher than 5, the element is very probably deeply 

damaged with substantial loss of load-bearing capacity. 

o The deflections can be described in simplified way by using analytical equation, 

see e.g.  Eq. (8-1) for uniformly distributed loading. The coefficients 𝐴 and 𝐵 can 

be estimated according to conducted global analysis and material tests. All 

together it can provide or confirm information about the deterioration. 
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 𝛿𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐴 ∗ 𝑘𝛿 ∗
𝑓 ∗ 𝐿4

𝐵 ∗ (𝐸𝐼)
 (8-1) 

where   𝑘𝛿 represents characteristic number attributed to specific structural scheme,              

e.g. 𝑘𝛿 = 5/384 for simply supported beam; 

  𝐴 ≤ 1  represents the coefficient of structural scheme change due to global fire action, 

  𝐵 ≤ 1 represents the coefficient lowering flexural stiffness due to material deterioration. 

 

 According to duration of fire exposition – the conducted parametric study provides 

valuable information about the rate of load-bearing capacity decay. If ISO834 fire 

scenario and usual concrete cover thicknesses are assumed, it can be expected, that: 

o Load-bearing capacity of mid-span cross-sections of slabs and beams in bending 

is fully preserved until temperature of rebars approximately 400 °C is reached 

which corresponds to 60 minutes ISO834 fire duration. After exceeding 400 °C 

of reinforcement temperature 20% decay of load-bearing capacity per 60 minutes 

of ISO834 fire can be expected. 

 Although bending moment resistance is not reduced until temperature in 

rebars reaches 400 °C, decay of bond strength between rebars and 

concrete should be expected, which is important mainly for extra 

reinforcement in the mid-span shorter than span length. 

o Load-bearing capacity of support cross-sections of slabs and beams in bending is 

expected to decrease by 15-25 % per 60 minutes of ISO834 fire according to the 

slab thickness. 

o In case of walls and columns decrease in compressive force resistance without 

eccentricity is expected to be by 15-25 % per 60 minutes of fire according to 

cross-section dimensions and reinforcement. 

8.4 Brief Commentary to Strengthening Design and Final Refurbishment 

Phenomenon of structural strengthening and refurbishment is not in scope of this Thesis, however 

since it is connected to the post-fire assessment very closely, brief commentary is given below and the 

most important aspects are highlighted. 

It was already discussed in Chapter 3.2 and summed up in Fig. 3.3: prior to designing and 

conducting refurbishment and strengthening it is essential to carry out the cost-effectiveness analysis in 

order to have an idea whether the option of damaged building renewal makes economic sense. Generally, 

the refurbishment works are expensive and cannot be made by anybody, both get even more pronounced 

in case of big areas to be repaired. 

If the refurbishment is going to be conducted it is substantial to know at the design stage how 

many elements need to be repaired and if only surface or deep refurbishment together with structural 

strengthening is needed. The surface refurbishment is usually carried out due to durability, design and 

fire resistance reasons, whereas in case of deep refurbishment the repair works are beside the already 

mentioned reasons also connected to restoration of original cross-section dimensions, cracks injection, 

adding new reinforcement, shotcreting or installing steel or fibre-composite bandages. Another aspect 

which has to be clear at the design stage is knowing the full list of requirements (connected to the 

repaired structure and its re-use) which has to be fulfilled. These requirements contain the level of live 

loads which have to be carried by the structure, the needed fire resistance, durability with respect to the 

environment, or how to deal with the residual deflections. 
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For members requiring surface refurbishment the works usually consist of following steps: 

 Cleaning surface using vacuum cleaner, water- or sand-jets; 

 Treating uncovered reinforcement with anticorrosion coating; 

 During the structural diagnosis concrete cores were taken from the structure and test of 

carbonation depth was conducted – if the depth is dangerously close to reinforcement and 

the risk of possible reinforcement corrosion together with possibly reduced durability is 

probable, penetrating subjected surfaces with anti-carbonation solution is advised; 

 Local surface damages are patched with special filler and smooth finishing mortars. 

On the other hand, if deep refurbishment and structural strengthening are required following 

works can be expected: 

 Adding extra reinforcement bars or replacing damaged bars using ordinary ribbed bars, 

welded mesh, helical reinforcement, glass-fibre bars, fibre-reinforced polymer (FRP) 

strips, etc. 

 Getting rid of any incoherent or delaminated parts of concrete; 

 Restoration of original cross-sectional dimensions using mortars or shotcreting; 

 Concreting (or shotcreting) extra layer around original cross-section; 

 Installing steel or FRP bandages; 

 Adding extra support; 

 Post-tensioning the structure with external tendors. 

In cases when dimensions of cross-section are being restored or enlarged the essential requirement 

is to ensure adequate bond and cohesion between the old and new part of cross-section in order to obtain 

element behaving as one together and to guarantee the transfer of forces on their interface. This can be 

achieved by roughing the surface concrete or installing transverse anchoring bars. Another universally 

valid note is that the structural element, which is going to be strengthened, should be unloaded as much 

as possible prior to strengthening, because the new part of cross-section is activated only after carrying 

some forces – it means the effect of strengthening is beneficial only for the part of loading applied after 

the refurbishment is done. In other words, the more unloaded the original damaged element is, the more 

effective the strengthening is. 

To end with, when repairing RC structure after fire it is necessary to take into account the nature 

of damage caused by high temperatures and adequately design the strengthening. 
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9 Discussion 

9.1 General Conclusions 

In the submitted Thesis detailed approach to conducting analysis of concrete structures after fire 

is introduced. Within eight chapters, (i) fundamental material properties of concrete and reinforcing steel 

at high and back cooled down ambient temperatures are described, (ii) the preliminary and detailed 

inspections of burned out building with classification of damage level, on-site material tests and 

extraction of testing samples are discussed, (iii) structural diagnosis with special attention to damage 

caused by fire is described, (iv) global analysis taking into account temperature-induced forces using 

simplified calculation is given, and (v) methods for estimating the residual load-bearing capacity are 

presented. In the Thesis’ annex several worked examples of complete post-fire assessment are given. 

Main contribution of the Thesis lies according to author’s opinion in following: 

 Elaboration of detailed methodology to conduct post-fire investigation and assessment; 

 Elaboration of graphical template to express the findings of preliminary and detailed 

inspection of damaged building; 

 Selection of most suitable material test methods (and their combination), correct 

interpretation of test results with respect to damage nature caused by fire, elaboration of 

graphical template to visualise test results; 

 Elaboration of simplified approach for estimation of temperature-induced additional 

inner forces and deformations, incorporation of such forces into the assessment; 

 Adjustment of simplified calculation methods for estimating the residual load-bearing 

capacity; 

 Elaboration of tool to quickly estimate the decay of load-bearing capacity according to 

fire duration. 

9.2 Recommendation for Further Research 

It is clear that such a vast topic as post-fire structural assessment is cannot be completely described 

within one thesis. Attention was dedicated primarily to the goals according to author’s priorities, but 

also to those which were possible to be fulfilled (with respect to time, labour, theoretical and 

computational demands). Due to it, there are several topics left which need to be finished. 

The future of post-fire assessments very probably lies in numerical modelling, since using this 

approach complicated processes (such as damage by fire) can be simulated. However, as it was already 

mentioned numerical modelling is enormously time- and labour-consuming and in engineering practise 

it is rather unrealistic. Simplified application based on FEM calculations working with chosen part of 

structure might be compromise – as it is described in Chapter 7.3. Developing such application would 

be very useful. For this purposes, wide agreement on the most suitable stress-strain diagram of concrete 

during and after the fire incorporating LITS as well will be needed, since up to now several models 

providing more or less different results exist and different authors use different models. 

Another phenomenon which is worth to study is the decay of bond-strength between concrete and 

rebars. As it is described in Chapter 2, its irreversible deterioration due to high temperatures was 

experimentally proved on simple testing elements, however full-scale tests and conclusions about 

affecting the residual load-bearing capacity are missing so far. This would be beneficial to be scrutinised, 

because in some cases the post-fire performance will probably be lower after incorporating this. 

To end with, it would be very useful to include all these findings into some kind of technical 

regulation on national or even European level in case of wide acceptance.
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Annex – Worked Examples of Complete Fire and Post-Fire 

Resistance Assessment 

Case no. 1 – Assessment of RC Column and Lintels after Fire 

Imaginary four-storey residential building was subjected to fire situation when fire spread in one 

fire compartment in first floor. Structural drawing of the 1st floor is given in Fig. A-1 below. It can be 

seen that the subjected structure was made of masonry walls (sand-lime bricks), one RC columns as the 

inner local support and RC floor slab. Structural system in all floors is identical making the static action 

predictable. 

Information about Fire Event 

From the firefighting report elaborated and provided by fire brigade it is known the fire was 

reported to fire brigade late making extinguishing rather impossible as the moment of flashover had 

already happened. Therefore, the fire brigade ensured the fire would not spread to other compartments 

and floors, and the fire in epicentre was extinguished after reaching peak temperature. Whole fire lasted 

for nearly three hours with peak temperatures taking place in between 80-100th minute, and which were 

estimated to reach approximately 900 °C. Within the fire brigade intervention inhabitants of the building 

were evacuated with no human life losses or harms. 

Information from Preliminary and Detailed Object Inspection 

After the end of fire brigade intervention police closed the subjected building with adjacent area 

for public. Few days after the end of fire preliminary inspection of the burned-out house was done by 

firefighters, police, representative of public administration and foremost structural engineer-specialist. 

Based on the preliminary inspection following statements were made: 

 Only the compartment with fire epicentre was visibly affected by fire while rest of the 

1st floor together with other floors appeared not-affected with maximally localised spots 

of blacked surface by soot; 

 Probable ignition spot of fire was estimated according to the burned rests of items very 

firmly connected to floor tiles; 

 Reaching at least 800 °C was confirmed as the glass pieces from windows were melted 

in case of two windows closer to the ignition spot; 

 From the structural point of view masonry walls together with lintels and RC inner 

column were directly exposed to fire with no protective layers. 

 2nd floor RC slab was protected by plasterboard soffit with acoustic insulation made of 

mineral wool. 

Beside the aforementioned statements also visual assessment of structural elements was made. 

Subsequently, these elements were classified into damage classes according to Tab. 4-1. The masonry 

walls exhibited only surface crazing and blackened plastering, which fell down from the bricks on 

several spots. The walls exhibited no residual deformation, no cracks, no local nor global collapses. 

Compressive strength of bricks was tested on several spots using rebound hammer, at the same time it 

was tested in the other compartment as referential. According to the results the compressive strength of 

sand-lime bricks subjected to fire exhibit 5-10% decay with respect to the referential ones. Therefore, 

the masonry walls were classified into damage class 1 expecting them to be damaged only minimally. 

Almost all plastering of the RC column fell off, moreover the column exhibited moderate surface 

spalling, especially in the corner zones making four corner rebars and stirrups directly exposed to fire; 

on contrary, the middle bars on every side were covered with the concrete cover of full thickness. No 

rebars were buckled or ruptured. Beside spalling there were particles in the concrete matrix without 

cover of sooth clearly coloured to red/orange. Results of the rebound hammer test showed 50-65% decay 

of surface compressive strength when compared to the referential measurement in the second 
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compartment. Therefore, the column was classified into damage class 3 expecting it to be significantly 

damaged. Moreover, extraction of drilled core from the column was requested for laboratory tests. RC 

lintels in outer walls overheads were significantly affected by fire when flames were flickering out of 

the windows making lintels cross-sections exposed to fire from 3 sides. Surface crazing together with 

cracks of width up to 0,6 mm at the bottom face of lintels in the mid-span and colour change to whitish 

grey/buff were visible. Also residual deflection up to 18-20 mm was present in case of 3 m long lintel. 

Only limited damage signs were present in case of lintel in the doorhead, which was exposed to high 

temperatures from 2 sides only. Rebound hammer test conducted from the bottom side showed 30-70% 

strength decay. The lintels were thus classified into damage class 2 (lintel in the doorhead) and 3-4 

(lintels in the outer walls), expecting them to be considerably damaged. RC floor slab was protected by 

soffit consisting of 12,5 mm plasterboard together with 100 mm mineral wool, therefore it was not 

directly exposed to high temperatures. Due to the fire extinguishing the soffit was destroyed and pulled 

down in whole area. The bottom face of the slab looked nearly unaffected without spalled spots, cracks 

or residual deflections. The rebound hammer test of surface strength was conducted on two spots. As a 

referential measurement the test was conducted also in the other compartment through a service opening 

in the soffit. After results comparison mutual difference up to ± 5 % was observed. The slab is not 

expected to be affected by fire in the residual state and thus it was classified into damage class 0. One 

drilled core is requested to be extracted from the slab in order to have referential specimen. All holes 

after extracted cores were immediately afterwards concrete back. 
 

 
Fig. A-1. Graphical results of preliminary and detailed object inspection. 



Doctoral Thesis 

Annex – Worked Examples of Complete Fire and Post-Fire Resistance Assessment 

 

 

160 

Approximation of Fire Scenario, Thermal Analysis 

In order to have an idea about probable fire scenario parametric temperature-time curve according 

to Annex A, EN 1991-1-2 [16] was constructed. Actual geometry of compartment, thermal properties 

of enclosures, fire loads according to dwelling nature of the building with fire safety measures were 

taken into account resulting into parameters given below: 

 opening factor 𝑂 = 0,039 𝑚0,5 

 thermal inertia 𝑏 = 1184,327 𝐽/𝑚2𝑠0,5𝐾 

 fire load density 𝑞𝑡,𝑑 = 301,9 𝑀𝐽/𝑚2 

 medium fire growth rate 

The curve can be seen in Fig. A-2. It can be stated the peak temperature 𝜃𝑚𝑎𝑥 = 997 °𝐶 was 

reached in 𝑡𝑚𝑎𝑥 = 93 𝑚𝑖𝑛 after which the cooling phase had started. The peak temperature together 

with corresponding time agrees well with the information from fire brigade and the evidence of melted 

glass. The temperature-time curve assumed natural cooling after reaching the peak temperature which 

lasted for almost 160 min. The actual fire scenario was shorter as firefighters extinguished the fire within 

90 minutes after reaching peak temperature; the cooling branch was then steeper. It means the structures 

were exposed to high temperatures for shorter duration and the critical time causing highest temperature 

distribution is assumed to be the already mentioned 93 minutes. 

 
Fig. A-2. Temperature-time curve of assumed fire scenario [53]. 

According to the estimated duration of elements’ exposure to high temperatures (see Chapter 8.3), 

it is expected the column would probably suffer 25-35% decay of load-bearing capacity, while decay up 

to 15-25 % is expected in case of lintels.   
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With such inputs thermal analysis of column, lintel and RC slab together with soffit are conducted, 

see Figs. A-3 to A-5. 

 
Fig. A-3. Temperature field of column’s cross-section at t = 93 min [53]. 

 
Fig. A-4. Temperature field of lintel’s cross-section at t = 93 min [53]. 

 
Fig. A-5. Temperature profile of slab with soffit at t = 93 min (plasterboard layer neglected) [53]. 
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Structural Diagnosis 

In order to estimate the decay of mechanical properties after exposition to fire, the inspected 

elements were subjected to on-site and laboratory material tests including rebound hammer test, 

destructive and UPV tests on cut-out concrete cores. In all cases beside tests on damaged elements also 

referential tests of undamaged elements were carried out, so the relative comparison can be made. Type 

of conducted material test with its position is evident in Fig. A-1 above. 

Rebound hammer tests were conducted as first already during the preliminary inspection of the 

building in order to have an idea about damage severity and extent. All rebounds were conducted directly 

on concrete surface and not plastering, which required to remove the plaster at some spots. In all cases 

10 rebounds were made which the rebound hammer automatically processed and provided the mean 

value and standard deviation. These two values were then used to calculate the characteristic value of 

rebound number according to EN 1990, Annex D [49]. Characteristic rebound number was afterwards 

converted to concrete compressive strength. For the conversion the basic formula given by hammer 

producer was used with correlation according to comparison of referential specimen strength obtained 

from rebound hammer test and destructive test. Within the results evaluation also thickness of 

carbonated layer was taken into account, which was measured on extracted concrete cores. As it was 

already mentioned, the strength decays were obtained as follows: 

 masonry – relative decay up to 5-10 % 

 column – relative decay in range 50-65 % 

 lintels – relative decay in range 30-70 % 

 slab – negligible decay or even slightly higher values in relative range ± 5 % 

Destructive test of concrete compressive strength was performed on two specimens in accredited 

laboratory. Referential specimens taken out of the not-damaged column and slab were tested. The drilled 

core from column was shortened to length 100 mm in order to achieve optimal slenderness ratio. Prior 

to destructive test all cores were analysed in the means of carbonation depth, which was then used when 

evaluating rebound hammer tests. Results of both tests were close to each other and showed cylinder 

compressive strength 𝑓𝑐,𝑐𝑦𝑙,𝑖𝑠 = 24 𝑀𝑃𝑎 (mean value) which corresponds well with information from 

original project documentation specifying the strength class C20/25 for concrete structures in this 

building. The core from damaged column was not tested destructively due to problematic evaluation of 

obtained test result with respect to different damage level depending on maximal reached temperatures 

at different depths. 

The ultrasonic pulse velocity tests were conducted on all concrete cores doing 10 measurements 

in different depth in transverse direction through the core. According to the mutual comparison of 

obtained pulse velocities and concrete strength obtained from destructive test correlation equation was 

found by regression analysis. Therefore, all obtained pulse velocities could be transformed to the 

concrete compressive strength. This was important foremost in case of damaged core when strength 

decay could be investigated according to depth and expected highest reached temperature (see Fig. A-

6). Mutual dependency of reached temperatures and strength decay was then expressed by linear 

function (see Fig. A-7). 

The residual yield strength of reinforcement was not scrutinised experimentally due to 

problematic specimen extraction out of column and lintels. However, the theoretical idea about reached 

temperatures in cross-section based on thermal analysis and evidence based on material tests inspecting 

concrete are relatively consistent, therefore it was assumed the theoretical information of maximal 

reached temperatures and decay of residual strength are sufficient in this case. 
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Fig. A-6. Relative strength decay of concrete based on UPV tests. 

 
Fig. A-7. Equation of actual concrete strength decay according to reached maximal temperature 

obtained by regression analysis. 

Global Analysis 

The effect of fire and high temperatures on global static action is assessed in this section. The RC 

column was assumed to be heated uniformly from all faces, thus no bowing (and potential bending 

moment) was expected. Thermal elongation was not expected thanks to LITS effect and complete 

relaxation of thermal strains (effect of compressive stress applied prior to and during heating). 

RC lintels were assumed to act as simply supported beams. Potential thermal deformation would 

be probably enabled by local crushing of bricks, but with respect to the lintels dimensions and length 

these deformations were expected to be minimal. Lintels are not connected to other structures in the 

means of static indeterminacy. 

RC floor slab was protected by the soffit which ensured the highest temperature of bottom face 

of the slab did not reach even 50 °C, see Fig. A-5 above. Hence, the slab is assumed not to be affected 

by the fire event anyhow. 

Therefore, assessment of the column’s and lintels’ residual load-bearing capacity can be 

conducted with incorporated material degradation only. No change of static scheme is expected. 

position 

[mm]

layer axis 

[mm]
θmax [°C] fc,UPV / fc,UPV,ref. [-]

0 17,5 669 0,19

35 52,5 332 0,65

70 87,5 173 0,76

105 122,5 108 0,88

140 157,5 83 0,98

175 192,5 83 1,01

210 227,5 108 0,9

245 262,5 173 0,8

280 297,5 332 0,67

315 332,5 669 0,17

350 --- --- ---

c
o

n
c
re

te
 c

o
re

 c
u

t-
o

u
t,
 D

=
5

0
m

m

y = -0,0013x + 1,0559
R² = 0,9809

0

0,2

0,4

0,6

0,8

1

1,2

0 100 200 300 400 500 600 700 800

R
e

la
ti
v
e

 s
tr

e
n

g
th

 o
f 
c
o

n
c
re

te
 [
-]

Temperature [°C]



Doctoral Thesis 

Annex – Worked Examples of Complete Fire and Post-Fire Resistance Assessment 

 

 

164 

Assessment of Residual Load-Bearing Capacity 

Based on gained information and obtained evidence from the object inspection and structural 

diagnosis it was possible to assess the residual load-bearing capacity of damaged elements: (i) RC 

column, (ii) RC lintel 1 in outer wall – damage level 4 and (iii) RC lintel 2 in outer wall – damage level 

3. 

Following loadings are assumed: 

 dead loads 

o self-weight of the slab 𝑔0,𝑘 = 𝛾𝑐𝑜𝑛𝑐 ∗ ℎ = 25 ∗ 0,2 = 5 𝑘𝑁/𝑚2 

o weight of floor layers (𝑔 − 𝑔0)𝑘 = 1,5 𝑘𝑁/𝑚2 

 variable loads 

o live load – category A 𝑞𝑘 = 1,5 𝑘𝑁/𝑚2 

 loading areas carried by elements 

o RC column 𝐴𝑙𝑜𝑎𝑑𝑠,𝑐𝑜𝑙𝑢𝑚𝑛 = 29 𝑚2 

o RC lintel 1,5 m long 𝐴𝑙𝑜𝑎𝑑𝑠,𝑙𝑖𝑛𝑡𝑒𝑙 1 = 1,7 𝑚2 

o RC lintel 3 m long 𝐴𝑙𝑜𝑎𝑑𝑠,𝑙𝑖𝑛𝑡𝑒𝑙 2 = 4,5 𝑚2 

 column carries 4 identical storeys 

 

𝑁𝐸𝑑,𝑐𝑜𝑙𝑢𝑚𝑛 = 𝑛𝑠𝑡𝑜𝑟𝑒𝑦𝑠 ∗ 𝐴𝑙𝑜𝑎𝑑𝑠,𝑐𝑜𝑙𝑢𝑚𝑛 ∗ (𝛾𝐺 ∗ 𝑔𝑘 + 𝛾𝑄 ∗ 𝑞𝑘)

= 4 ∗ 29 ∗ (1,35 ∗ (5 + 1,5) + 1,5 ∗ 1,5) = 1279 𝑘𝑁 

 

𝑀𝐸𝑑,𝑙𝑖𝑛 1 =
1

8
∗ 𝑓𝑑,𝑙𝑖𝑛 1 ∗ 𝑙𝑙𝑖𝑛 1 =

1

8
∗ 13,5 ∗ 1,52 = 3,8 𝑘𝑁𝑚 

𝑉𝐸𝑑,𝑙𝑖𝑛 1 =
1

2
∗ 𝑓𝑑,𝑙𝑖𝑛 1 ∗ 𝑙𝑙𝑖𝑛 1 =

1

2
∗ 13,5 ∗ 1,5 = 10,1 𝑘𝑁 

 

𝑀𝐸𝑑,𝑙𝑖𝑛 1 =
1

8
∗ 𝑓𝑑,𝑙𝑖𝑛 2 ∗ 𝑙𝑙𝑖𝑛 2 =

1

8
∗ 20 ∗ 32 = 17,5 𝑘𝑁𝑚 

𝑉𝐸𝑑,𝑙𝑖𝑛 1 =
1

2
∗ 𝑓𝑑,𝑙𝑖𝑛 2 ∗ 𝑙𝑙𝑖𝑛 2 =

1

2
∗ 20 ∗ 3 = 30 𝑘𝑁 
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Assessment of RC column using adjusted zone method: 

 

𝑁𝑅𝑑,𝑟𝑒𝑠 = 1485 𝑘𝑁 > 𝑁𝐸𝑑 = 1279 𝑘𝑁     SATISFY 

  

ASSESSMENT OF RC COLUMN RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

cross-section dimensions initial concrete strength initial steel strength

h = 350 mm fck,init = 24 MPa fy k,init = 500,00 MPa

b = 350 mm Ec = 31,19 GPa Es = 200,00 GPa

corner reinforcement intermediate reinforcement division of c.-s. into zones

pieces = 4 pcs pieces = 4 pcs zone nr. = 10 [-]

diameter = 14 mm diameter = 14 mm zone thick. = 17,50 mm

θcorner reinf . = 850 °C θinner reinf . = 429 °C

i [-] ai [mm] θi [°C] kc (θi) [-]

M 175 286 0,68 residual state of concrete

1 9 812 0,00 kc (θM) = 0,68 [-]

2 26 571 0,31 kc,m = 0,68 [-]

3 44 398 0,54 az = 2,10 mm

4 61 286 0,68 => beff,res = 345,80 mm

5 79 205 0,79 heff,res = 345,80 mm

6 96 154 0,86

7 114 120 0,90 residual state of reinforcement

8 131 101 0,92 θreinf . mean = 639,50 °C

9 149 88 0,94 ks,res = 0,70 [-]

10 166 82 0,95

cross-section scheme cross-section temperature field

RESIDUAL LOAD-BEARING CAPACITY IN PLAIN COMPRESSION

1485,63 kN𝑁𝑅𝑑,𝑟𝑒𝑠 = 0,85 ∗ 𝐴𝑐,𝑟𝑒𝑠 ∗ 𝑘𝑐𝑀 𝑓𝑐𝑘 𝛾𝑐⁄ + 𝐴𝑠 ∗ min 𝑘𝑠,𝑟𝑒𝑠 ∗ 𝑓𝑦𝑘/𝛾𝑠;휀𝑐2 ∗ 𝐸𝑠 =
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Assessment of RC lintel 1 using isotherm 300 °C method: 

 

  

ASSESSMENT OF RC BEAM RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

h = 250 mm fck,init  = 24,00 MPa fyk = 500,00 MPa

b = 300 mm fcd,res = 16,00 MPa fyd = 434,78 MPa

c = 25 mm

- 300°C isotherm position a300°C = 60 mm => hres,300 = 190 mm

bres,300 = 180 mm

- bottom corner bars temp. θs,bot,corner = 638 °C => ks,res,bot = 0,70 [-]

- bottom inner bars temp. θs,bot,inner = 441 °C => ks,res,bot = 1,00 [-]

- stirrups temp. θs,stir. = 641 °C => ks,res,stir.= 0,69 [-]

- refer. height for stir. temp. x stir. temp.  = 60 mm

rebars specification pcs ⌀ spacing A s [mm
2
]

- bottom rebars 2x 8 mm 100,53

- top rebars 2x 8 mm 100,53

- stirrups 6 mm / 300 mm 56,55

assesment of residual bending resistance - midspan cross-section

- effective height d = 215,00 mm

- height of compression zone x = 10,61 mm => z = 210,76 mm

- moment resistance MRd,res,span = 6,44 kNm > MEd,span = 3,80 kNm

SATISFY

assesment of residual bending resistance - supports cross-section

- effective height d = 155,00 mm

- height of compression zone x = 15,18 mm => z = 148,93 mm

- moment resistance MRd,res,support = 6,51 kNm > MEd,support = kNm

assesment of residual shear resistance

- shear crack angle cotg θ = 1,5 [-]

- compressed strut resistance VRd,max,res  = 151,95 kN VEd = 10,10 kN

- shear reinf. resistance VRd,s,res = 17,99 kN SATISFY

cross-section dimensions concrete properties reinforcement properties
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Assessment of RC lintel 2 using isotherm 300 °C method: 

 

Discussion 

Thanks to conducted post-fire assessment, it was proved the damaged RC column as well as 

shorter RC lintels in outer walls provide sufficient load-bearing capacity, however the longer RC lintel 

in outer wall do not satisfy the ULS (mid-span in bending). Due to it strengthening of this element would 

be necessary. If the lintels’ residual deflections do not satisfy the requirements of SLS, the curved shape 

can be hidden e.g. by plasterboard cladding. 

ASSESSMENT OF RC BEAM RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

h = 250 mm fck,init  = 24,00 MPa fyk = 500,00 MPa

b = 300 mm fcd,res = 16,00 MPa fyd = 434,78 MPa

c = 25 mm

- 300°C isotherm position a300°C = 60 mm => hres,300 = 190 mm

bres,300 = 180 mm

- bottom corner bars temp. θs,bot,corner = 638 °C => ks,res,bot = 0,70 [-]

- bottom inner bars temp. θs,bot,inner = 441 °C => ks,res,bot = 1,00 [-]

- stirrups temp. θs,stir. = 641 °C => ks,res,stir.= 0,69 [-]

- refer. height for stir. temp. x stir. temp.  = 54 mm

rebars specification pcs ⌀ spacing A s [mm
2
]

- bottom rebars 3x 10 mm 235,62

- top rebars 2x 10 mm 157,08

- stirrups 8 mm / 250 mm 100,53

assesment of residual bending resistance - midspan cross-section

- effective height d = 212,00 mm

- height of compression zone x = 28,44 mm => z = 200,63 mm

- moment resistance MRd,res,span = 16,43 kNm < MEd,span = 17,50 kNm

DO NOT SATISFY

assesment of residual bending resistance - supports cross-section

- effective height d = 152,00 mm

- height of compression zone x = 23,71 mm => z = 142,51 mm

- moment resistance MRd,res,support = 9,73 kNm > MEd,support = 5,00 kNm

SATISFY

assesment of residual shear resistance

- shear crack angle cotg θ = 1,5 [-]

- compressed strut resistance VRd,max,res  = 144,65 kN VEd = 30,00 kN

- shear reinf. resistance VRd,s,res = 36,54 kN SATISFY

cross-section dimensions concrete properties reinforcement properties
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Case no. 2 – Assessment of RC Floor Slabs and Walls in Global Fire Action 

Second worked example of post-fire structural assessment deals with imaginary three-storey 

office building made of RC floor slabs and walls. The assessment is aimed at global analysis with 

incorporation of temperature-induced deformations and forces, respectively, loadings history and 

consequences to the residual state. The initial phases of assessment including gathering information 

about fire event, object inspections, fire scenario approximation together with elements thermal analysis 

and structural diagnosis would be carried out analogically to Case 1 described above and therefore they 

are not described herein in full length. 

It is assumed part of the structure was subjected to fire which could be described with ISO834 

temperature-time curve. The fire situation lasted for 120 minutes after which it was extinguished by fire 

brigade while no structural elements suffered thermal shock. As a simplification the material 

deterioration at hot and residual state is incorporated according to EC2 [16] and fib 46 [28] 

recommendations. 

Structural Model and Inserted Loadings 

The structural system consists of regular one-way RC floor slabs 250 mm thick and RC walls 250 

mm thick as well. The span length is equal to 6 m while storey height is equal to 3,5 m. The structure is 

identical in all storeys but in 2nd and 3rd storey only two spans continue instead of four. During fire 

situation two spans of floor slab, one outer wall and two inner walls were directly exposed to high 

temperatures with no protection. Characteristic transverse section through the building in structural 

model made in commercial software Scia Engineer 20 [107] can be seen in Fig. A-8 below. Load cases 

for other dead loads and live loads were created, while self-weight was incorporated automatically by 

the software. 

 

 

Fig. A-8. 2D structural model with highlighted part affected by fire. 

 

 

 

60 minutes 

ISO834 fire 
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Fig. A-9. Other dead load incorporated in the calculations in [kN/m2]. 

 

 

Fig. A-10. Live load incorporated in the calculations, categories B and H in [kN/m2]. 
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Calculation Results at Normal Temperatures 

At first results of FEM calculations in the means of deflections and inner forces are given and 

then the assessments are carried out in commercial software FINE EC [56]. 

 
Fig. A-11. Linear elastic deflections at SLS in [mm]. 

 
Fig. A-12. Axial forces at ULS in [kN]. 
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Fig. A-13. Bending moments at ULS in [kNm]. 

 
Fig. A-14. Shear forces at ULS in [kN]. 

Based on the linear elastic calculations of inner forces longitudinal reinforcement ∅ 10 200⁄ 𝑚𝑚 

were designed as bottom reinforcement in all span length and ∅ 12 150⁄ 𝑚𝑚 were designed as top 

reinforcement in support cross-sections. The middle third of span length on top surface was reinforced 

with supplementary reinforcement ∅ 8 150⁄ 𝑚𝑚. No shear reinforcement was designed. The walls were 

reinforced with vertical bars ∅ 10 200⁄ 𝑚𝑚 on both faces. 
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Reinforcement Designs and Assessments at Normal Temperatures 

floor slab 

 Typ prvku: deska 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěr není uvažován 
  
S tlačenou výztuží není počítáno. 

Průřez bez smykové výztuže. 

Posouzení mezního stavu únosnosti 
 

č. Název 
NEd NRd MEdy MRdy VEdz VRdz Využití 

Posouzení 
[kN] [kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 -0,68 -4166,67 -35,00 -72,24 35,26 106,02 48,4 Vyhovuje 

2 Zat. případ 2 -1,60 -4166,67 -39,64 -72,33 40,14 106,15 54,8 Vyhovuje 

3 Zat. případ 3 -1,60 -4166,67 19,56 40,72 -0,67 -106,24 48,0 Vyhovuje 

4 Zat. případ 4 -1,60 -4166,67 -43,66 -72,33 -41,48 -106,15 60,4 Vyhovuje 

5 Zat. případ 5 1,33 534,27 22,78 40,44 -1,99 -105,85 56,4 Vyhovuje 

6 Zat. případ 6 1,33 534,27 -44,39 -72,05 -42,79 -105,76 61,6 Vyhovuje 
 

61,6 % VYHOVUJE 

 

walls 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 

Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 

Ocel příčná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka: lef = 3,50 × 0,71 = 2,48 m 

S tlačenou výztuží je počítáno. 

Průřez bez smykové výztuže. 

Posouzení mezního stavu únosnosti 
 

č. Název 
NEd NRd MEdy MRdy VEdz VRdz Využití 

Posouzení 
[kN] [kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 -193,67 -4480,83 8,88  10,57 59,83 -7,28 -132,77 17,7 Vyhovuje 

2 Zat. případ 2 -130,66 -4480,83 5,60  6,74 53,62 -4,54 -124,27 12,6 Vyhovuje 

3 Zat. případ 3 -164,70 -4480,83 -16,60  -18,04 -56,98 -7,28 -128,86 31,7 Vyhovuje 

4 Zat. případ 4 -109,20 -4480,83 -10,28  -11,24 -51,48 -4,54 -121,37 21,8 Vyhovuje 

5 Zat. případ 5 -223,23 -4480,83 4,44  6,39 62,75 -3,42 -136,76 10,2 Vyhovuje 

6 Zat. případ 6 -214,28 -4480,83 -6,22  -8,09 -61,86 -2,85 -135,55 13,1 Vyhovuje 

7 Zat. případ 7 -143,89 -4480,83 -5,59  -6,85 -54,93 -2,54 -126,05 12,5 Vyhovuje 

8 Zat. případ 8 -194,26 -4480,83 -7,54  -9,24 -59,89 -3,42 -132,85 15,4 Vyhovuje 
 

31,7 % VYHOVUJE 

As can be seen the assessments at ordinary ULS are satisfactory in all cases. 
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Calculation Results at Fire Design Situation 

At first deflections and results of inner forces are showed in case of extraordinary design situation 

without incorporation of temperature-induced strains. 

 

Fig. A-15. Linear elastic deflections at extraordinary ULS in [mm]. 

 
Fig. A-16. Axial forces at extraordinary ULS in [kN]. 
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Fig. A-17. Bending moments at extraordinary ULS in [kNm]. 

 
Fig. A-18. Shear forces at extraordinary ULS in [kN]. 

In order to incorporate thermal deformations, theoretical elongation and curvature have to be 

calculated in case of exposed elements. At the same time, level of their relaxation based on stiffness of 

the rest of the structure are estimated using unit force and deflection method, as can be seen below. The 

unit force is incorporated in horizontal direction at the ends of the scrutinised floor slab span, which is 

missing in the model (to exclude its axial stiffness). In case of walls it is assumed the level of longitudinal 

elongation relaxation is equal to 100 %, thus these elements do not elongate at all thanks to applied 

compressive stress prior to heating, see Chapter 2.5; thermal bowing caused by one-side heating is still 

valid in case of subjected walls. 
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Fig. A-19. Estimation of stiffness coefficients based on deflections from unit forces – left span. 

Axial stiffness calculation if left floor slab elongates: 

𝐾𝑥,1 =
𝐹

𝑢1
=

1000 ∗ 103

61,1 ∗ 10−3
= 16,4 𝑀𝑁/𝑚 𝐾𝑥,2 =

𝐹

𝑢2
=

1000 ∗ 103

14,3 ∗ 10−3
= 71,4 𝑀𝑁/𝑚 

 
Fig. A-20. Estimation of stiffness coefficients based on deflections from unit forces – right span. 

Axial stiffness calculation if right floor slab elongates: 

𝐾𝑥,1 =
𝐹

𝑢1
=

1000 ∗ 103

38,5 ∗ 10−3
= 25,9 𝑀𝑁/𝑚 𝐾𝑥,2 =

𝐹

𝑢2
=

1000 ∗ 103

24,3 ∗ 10−3
= 41,2 𝑀𝑁/𝑚 
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Based on the calculation below effective mean change of temperature Δ𝜃𝑒𝑓𝑓 and longitudinal 

curvature (1/𝑟)𝜃 are estimated and inserted in the FEM software as additional loading in fire conditions. 

The calculation is always related to certain fire time. The thermal strains are checked in 60th minute of 

fire (when maximal thermal gradient can be expected) and then in 120th minute (when maximal 

elongation can be expected) representing the finish time of fire. 

 

Thermal loadings calculation of RC element:

- cross-section dimensions

height h = 250 mm concrete strength fck = 25,00 MPa

width b = 1000 mm concrete Young's modulus Ecm = 31,48 GPa

length L = 6,00 m thermal elongation coeff. αT = 1,00E-05 [-]

Iy  = 1,30E+09 mm4
initial temperature t0 = 20 °C

a500 = 20 mm fire duration T = 60 min

- static scheme

element in: axial stiffnesses

static scheme: Kx,1 = 16,4 MN/m

Kx,2 = 71,4 MN/m

resulting axial stiffness

Kx = 13,34 MN/m

basic stiffness

EA/L = 1311,49 MN/m

multiplier of basic stifness

α = 0,01 [-]

stiffness coefficients

a1 = 0,25 [-]

a2 = 0,00 [-]

a3 = 1,00 [-]

relative decay of bending stiff.

EIred/EI= 0,78 [-]

ratio of additional M -

aM = 1,00 [-]

- deformations and inner forces

ΔLθ,f ree = 12,63 mm ...free elongation assuming EA=0

Nθ,total = -3953,96 kN ...theoretical axial force assuming EA=infinity

Mθ,total = -308,73 kNm ...theoretical bending moment assuming EI=infinity

eθ = 78,08 mm ...resulting axial force eccentricity causing M θ,total

ΔLθ,relax = 9,46 mm ...total thermal elongation assuming LITS relax. and actual EA

Δθeff = 157,72 °C ...effective temperature change corresponding to ΔL θ,relax

Mθ,relax = -60,16 kNm ...bending moment after LITS relax. and assuming actual EI

(1/r)θ = 1,47 mrad/m ...effective curvature corresponding to M θ,relax

RC floor slab in fire conditions
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Only calculation of thermal strains attributed to floor slabs are shown. In case of walls heated 

from one side only, the bowing effect remains the same as the cross-section thicknesses are equal while 

the elongation effect is considered to be relaxed from 100 %. In case of wall heated from both sides the 

thermal bowing does not take place thanks to symmetry and the elongation is considered to be mitigated 

as well. 

Thermal loadings calculation of RC element:

- cross-section dimensions

height h = 250 mm concrete strength fck = 25,00 MPa

width b = 1000 mm concrete Young's modulus Ecm = 31,48 GPa

length L = 6,00 m thermal elongation coeff. αT = 1,00E-05 [-]

Iy = 1,30E+09 mm
4

initial temperature t0 = 20 °C

a500 = 20 mm fire duration T = 60 min

- static scheme

element in: axial stiffnesses

static scheme: Kx,1 = 16,4 MN/m

Kx,2 = 71,4 MN/m

resulting axial stiffness

Kx = 13,34 MN/m

basic stiffness

EA/L = 1311,49 MN/m

multiplier of basic stifness

α = 0,01 [-]

stiffness coefficients

a1 = 0,25 [-]

a2 = 0,00 [-]

a3 = 1,00 [-]

relative decay of bending stiff.

EIred/EI= 0,78 [-]

ratio of additional M
 -

aM = 1,00 [-]

- deformations and inner forces

ΔLθ,free = 17,49 mm ...free elongation assuming EA=0

Nθ,total = -5306,04 kN ...theoretical axial force assuming EA=infinity

Mθ,total = -301,33 kNm ...theoretical bending moment assuming EI=infinity

eθ = 56,79 mm ...resulting axial force eccentricity causing M θ,total

ΔLθ,relax = 13,11 mm ...total thermal elongation assuming LITS relax. and actual EA

Δθeff = 218,42 °C ...effective temperature change corresponding to ΔL θ,relax

Mθ,relax = -58,72 kNm ...bending moment after LITS relax. and assuming actual EI

(1/r)θ = 1,43 mrad/m ...effective curvature corresponding to M θ,relax

RC floor slab in fire conditions
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Fig. A-21. Incorporation of thermal strains into structural model as external loading. 

Now deformations and inner forces with accounted thermal strains in 60th minute of fire are given. 

Afterwards assessment of load-bearing capacity in the same time are conducted using isotherm 500 °C 

method. 

 

Fig. A-22. Linear elastic deflections at extraordinary ULS in 60th minute of fire in [mm]. 
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Fig. A-23. Axial forces at extraordinary ULS in 60th minute of fire in [kN]. 

 

Fig. A-24. Bending moments at extraordinary ULS in 60th minute of fire in [kNm]. 
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Fig. A-25. Shear forces at extraordinary ULS in 60th minute of fire in [kN]. 

Assessment of load-bearing capacity in 60th minute of fire duration with incorporated thermal strains: 
 

floor slab-support CS_R60 

 

Typ prvku: deska 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěr není uvažován 

 

Posouzení v čase požadované požární odolnosti t = 60,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-231,11 -103,78  -107,25 0,00 30,04 0,00 

108,2 Nevyhovuje 
-6114,32 -99,05 0,00 182,61 0,00 

2 Zat. případ 2 
-230,90 -106,12  -109,58 0,00 32,34 0,00 

110,6 Nevyhovuje 
-6114,32 -99,03 0,00 182,59 0,00 

3 Zat. případ 3 
-201,88 -116,46  -119,49 0,00 33,91 0,00 

123,7 Nevyhovuje 
-6114,32 -96,47 0,00 178,77 0,00 

4 Zat. případ 4 
-201,63 -118,27  -121,29 0,00 36,05 0,00 

125,6 Nevyhovuje 
-6114,32 -96,45 0,00 178,73 0,00 

 

125,6 % NEVYHOVUJE 
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floor slab-span CS_R60 

 

Typ prvku: deska 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěr není uvažován 

 

Posouzení v čase požadované požární odolnosti t = 60,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-202,00 -54,00  -57,03 0,00 0,00 0,00 

98,6 Vyhovuje 
-5942,51 -57,85 0,00 0,00 0,00 

2 Zat. případ 2 
-231,00 -52,00  -55,46 0,00 0,00 0,00 

91,1 Vyhovuje 
-5942,51 -60,92 0,00 0,00 0,00 

 

98,6 % VYHOVUJE 

 

outer wall_R60 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka: lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 60,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-139,94 174,16  175,38 0,00 -128,74 0,00 

297,0 Nevyhovuje 
-5984,30 59,06 0,00 -145,89 0,00 

2 Zat. případ 2 
-135,00 173,78  174,96 0,00 -128,41 0,00 

297,9 Nevyhovuje 
-5984,30 58,73 0,00 -145,19 0,00 

3 Zat. případ 3 
-118,48 -276,43  -277,47 0,00 -128,74 0,00 

> 300 Nevyhovuje 
-5984,30 -51,75 0,00 -134,69 0,00 

4 Zat. případ 4 
-113,54 -275,65  -276,64 0,00 -128,41 0,00 

> 300 Nevyhovuje 
-5984,30 -51,26 0,00 -134,06 0,00 

 

300,0 % NEVYHOVUJE 
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inner wall-two sides_R60 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka: lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 60,0 min 
Metoda izotermy 500 °C 

 

Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-232,58 59,45  61,49 0,00 -30,50 0,00 

106,7 Nevyhovuje 
-5403,97 57,61 0,00 -152,27 0,00 

2 Zat. případ 2 
-221,83 59,47  61,41 0,00 -30,51 0,00 

108,0 Nevyhovuje 
-5403,97 56,88 0,00 -150,76 0,00 

3 Zat. případ 3 
-211,12 -47,31  -49,16 0,00 -30,50 0,00 

87,5 Vyhovuje 
-5403,97 -56,15 0,00 -149,26 0,00 

 

108,0 % NEVYHOVUJE 

 

inner wall-one side_R60 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 60,0 min 
Metoda izotermy 500 °C 

 

Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-151,32 -58,98  -60,30 0,00 70,37 0,00 

109,9 Nevyhovuje 
-5984,30 -54,89 0,00 138,86 0,00 

2 Zat. případ 2 
-145,60 -58,79  -60,06 0,00 70,21 0,00 

110,5 Nevyhovuje 
-5984,30 -54,35 0,00 138,13 0,00 

3 Zat. případ 3 
-129,87 187,33  188,47 0,00 70,37 0,00 

> 300 Nevyhovuje 
-5984,30 58,40 0,00 144,47 0,00 

 

300,0 % NEVYHOVUJE 
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Deformations and inner forces with accounted thermal strains in 120th minute of fire are given as 

well. Afterwards assessment of load-bearing capacity in the same time are conducted using isotherm 

500 °C method. 

 

Fig. A-26. Linear elastic deflections at extraordinary ULS in 120th minute of fire in [mm]. 

 
Fig. A-27. Axial forces at extraordinary ULS in 120th minute of fire in [kN]. 
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Fig. A-28. Bending moments at extraordinary ULS in 120th minute of fire in [kNm]. 

 

Fig. A-29. Shear forces at extraordinary ULS in 120th minute of fire in [kN]. 
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floor slab-support CS_R120 

 

Typ prvku: deska 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěr není uvažován 

 

Posouzení v čase požadované požární odolnosti t = 120,0 min 
Metoda izotermy 500 °C 
 

Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-320,79 -111,11  -115,92 0,00 34,73 0,00 

118,5 Nevyhovuje 
-5684,25 -97,69 0,00 -186,36 0,00 

2 Zat. případ 2 
-281,11 -128,04  -132,26 0,00 38,09 0,00 

139,5 Nevyhovuje 
-5684,25 -94,58 0,00 181,16 0,00 

3 Zat. případ 3 
-280,86 -129,85  -134,06 0,00 40,23 0,00 

141,4 Nevyhovuje 
-5684,25 -94,57 0,00 181,13 0,00 

 

141,4 % NEVYHOVUJE 

 

floor slab-span CS_R120 

 

Typ prvku: deska 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěr není uvažován 

 

Posouzení v čase požadované požární odolnosti t = 120,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-281,00 -50,00  -54,22 0,00 0,00 0,00 

90,0 Vyhovuje 
-5508,70 -60,31 0,00 0,00 0,00 

2 Zat. případ 2 
-321,00 -50,00  -54,82 0,00 0,00 0,00 

86,1 Vyhovuje 
-5508,70 -63,74 0,00 0,00 0,00 

 

90,0 % VYHOVUJE 
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outer wall_R120 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka: lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 120,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-141,61 266,39  267,63 0,00 -177,25 0,00 

> 300 Nevyhovuje 
-5571,77 48,24 0,00 -147,54 0,00 

2 Zat. případ 2 
-136,68 266,01  267,21 0,00 -176,92 0,00 

> 300 Nevyhovuje 
-5571,77 47,88 0,00 -146,80 0,00 

3 Zat. případ 3 
-120,16 -353,97  -355,02 0,00 -177,25 0,00 

> 300 Nevyhovuje 
-5571,77 -49,37 0,00 -128,40 0,00 

 

300,0 % NEVYHOVUJE 

 

inner wall-two sides_R120 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 120,0 min 
Metoda izotermy 500 °C 

 

Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-237,07 82,39  84,46 0,00 -42,29 0,00 

187,1 Nevyhovuje 
-4548,10 45,15 0,00 -149,13 0,00 

2 Zat. případ 2 
-226,32 82,41  84,39 0,00 -42,30 0,00 

189,4 Nevyhovuje 
-4548,10 44,56 0,00 -147,49 0,00 

3 Zat. případ 3 
-215,61 -65,62  -67,51 0,00 -42,29 0,00 

154,2 Nevyhovuje 
-4548,10 -43,78 0,00 -145,87 0,00 

 

189,4 % NEVYHOVUJE 
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inner wall-one side_R120 

 

Typ prvku: stěna 
Prostředí: XC1 

Beton: C 25/30 
fck = 25,0 MPa; fctm = 2,6 MPa; Ecm = 31000 MPa 
Ocel podélná: B500B (fyk = 500,0 MPa; Es = 200000 MPa) 
Ocel příčná: B500 (fyk = 500,0 MPa; Es = 200000 MPa) 

Vzpěr 
Vzpěrná délka Y lef,y = 3,50 × 0,50 = 1,75 m 

 

Posouzení v čase požadované požární odolnosti t = 120,0 min 
Metoda izotermy 500 °C 
  
Posouzení mezního stavu únosnosti 
 

č. Název 

NEd MEdy MEdz VEdz VEdy  
Posouzení NRd MRdy MRdz VRdz VRdy Využití 

[kN] [kNm] [kNm] [kN] [kN] [%] 

1 Zat. případ 1 
-143,60 -108,42  -109,68 0,00 98,73 0,00 

212,4 Nevyhovuje 
-5571,77 -51,60 0,00 131,34 0,00 

2 Zat. případ 2 
-137,88 -108,23  -109,44 0,00 98,57 0,00 

214,2 Nevyhovuje 
-5571,77 -51,05 0,00 130,63 0,00 

3 Zat. případ 3 
-122,14 237,13  238,20 0,00 98,73 0,00 

> 300 Nevyhovuje 
-5571,77 46,79 0,00 144,60 0,00 

4 Zat. případ 4 
-116,42 236,75  237,77 0,00 98,57 0,00 

> 300 Nevyhovuje 
-5571,77 46,37 0,00 143,73 0,00 

 

300,0 % NEVYHOVUJE 

 

Based on the calculated inner forces and conducted assessments it can be stated the elements were 

significantly overloaded in critical cross-sections in means of flexural resistance and also shear 

resistance in case of outer wall during fire situation. When speaking about flexural resistance, it means 

the elasticity limits were exceeded and materials started to work in plastic region. At the same time, 

flexural stiffness of overloaded cross-sections started to decrease which lead to redistribution of inner 

forces to those part of structure with lower damage level. Whether the redistribution can propagate in 

full extent it directly depends on the rotational capacity of subjected cross-sections. Maximal strains 

reached in reinforcement and concrete together with limit elastic and ultimate strains were checked in 

maximally loaded cross-sections of floor slabs and walls, see Fig. A-30 and A-31.  

 
Fig. A-30. Strains in maximally loaded slab cross-section referring to 60th minute of fire. 
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Fig. A-31. Strains in maximally loaded wall cross-section referring to 120th minute of fire. 

In both cases it is evident the tensile reinforcement far exceeded the yield strain which triggers 

rotation of cross-section, decrease of flexural stiffness and thus forces redistribution. At the same time 

the ultimate strain of reinforcement referring to bars rupture nor elastic or ultimate limit strain of 

concrete referring to concrete crushing were not reached. It means the cross-sections exhibit sufficient 

rotational capacity and the redistribution is possible. It is worth to mention the bottom concrete chords 

exhibit high strain values which is due to higher ductility at high temperatures. 

Beside the fact critical cross-sections were overloaded by bending moment the top cross-sections 

of outer RC wall were also overloaded by excessive shear forces that developed due to thermal 

elongation of floor slab. In case of flexural overloading it can be proved the structure can help itself with 

the redistribution, however in case of shear overloading the situation would very probably end with 

shear failure and possibly local collapse. This type of failure is often reported from real fire cases. 
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Incorporation of Changes in Structural System 

Based on the findings described above the structural model was adjusted in following way in 

order to take into account the structural damage and internal forces redistribution: 

 Rotational stiffness of supports in the bottom walls cross-sections was set to finite value 

found iteratively; 

 Internal plastic hinges were placed in cross-sections that were overloaded while their 

rotational stiffness was set to finite value found iteratively; 

 To incorporate the shear failure of outer wall horizontal free movement was set to the 

already inserted internal hinge. 

The changes made in structural model are indicated in Fig. A-32 below. 

 
Fig. A-32. Changes in structural model respecting overloading of critical cross-sections. 

Another set of calculation results with adjusted structural model is given below. 

 
Fig. A-33. Maximal linear elastic deflections of adjusted model at extraordinary ULS in [mm]. 
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Fig. A-34. Maximal axial forces in adjusted model at extraordinary ULS in [kN]. 

 

 

Fig. A-35. Maximal bending moments in adjusted model at extraordinary ULS in [kNm]. 
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Fig. A-36. Maximal shear forces in adjusted model at extraordinary ULS in [kN]. 

Assessment of Residual Load-bearing Capacity 

Now results of internal forces and deflection calculation in residual state are given. It is assumed 

the level of dead and live loads stays the same in the residual state. 

 
Fig. A-37. Linear elastic deflections of adjusted model at SLS after fire in [mm]. 
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Fig. A-38. Axial forces at ULS after fire in [kN]. 

 

 

Fig. A-39. Bending moments at ULS after fire in [kNm]. 
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Fig. A-40. Shear forces at ULS after fire in [kN]. 

At this moment assessment of residual load-bearing capacity of floor slabs and walls can be done. 

Within the assessment following aspects are taken into account: (i) loading history during fire situation 

influencing structural system in residual state; (ii) acting internal forces on changed structural system; 

(iii) material deterioration of both concrete and reinforcing steel taking residual properties into account. 

 

ASSESSMENT OF RC FLOOR SLAB RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

h = 250 mm fck,init  = 25,00 MPa fyk = 500,00 MPa

b = 1000 mm fcd,res = 16,67 MPa fyd = 434,78 MPa

c = 20 mm

- 300°C isotherm position a300°C = 62 mm => hres,300 = 188 mm

- bottom bars temperature θs,bot = 628 °C => ks,res,bot = 0,72 [-]

rebars specification ⌀ spacing A s [mm 2 ]

- bottom rebars 10 mm 200 mm 392,70

- top rebars 12 mm 150 mm 753,98

assesment of residual bending resistance - midspan cross-section

- effective height d = 225,00 mm

- height of compression zone x = 9,16 mm => z = 221,34 mm

- moment resistance MRd,res,span = 27,03 kNm < MEd,span = 28,70 kNm

DO NOT SATISFY

assesment of residual bending resistance - supports cross-section

- effective height d = 162,00 mm

- height of compression zone x = 24,59 mm => z = 152,17 mm

- moment resistance MRd,res,support = 49,88 kNm < MEd,support = 53,80 kNm

DO NOT SATISFY

cross-section dimensions concrete properties reinforcement properties
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Based on the assessment of residual load-bearing capacity cross-sections with sufficient load-

bearing capacity were determined (in Fig. A-41 highlighted with green colour) as well as cross-sections 

without sufficient load-bearing capacity (highlighted with purple colour). 

 

 

Fig. A-41. Bending moments at ULS after fire in [kNm] with highlighted cross-sections 

according to assessment results. 

 

 

 

ASSESSMENT OF RC FLOOR SLAB RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

h = 250 mm fck,init  = 25,00 MPa fyk = 500,00 MPa

b = 1000 mm fcd,res = 16,67 MPa fyd = 434,78 MPa

c = 20 mm

- 300°C isotherm position a300°C = 62 mm => hres,300 = 188 mm

- bottom bars temperature θs,bot = 628 °C => ks,res,bot = 0,72 [-]

rebars specification ⌀ spacing A s [mm 2 ]

- bottom rebars 10 mm 200 mm 392,70

- top rebars 12 mm 150 mm 753,98

assesment of residual bending resistance - midspan cross-section

- effective height d = 225,00 mm

- height of compression zone x = 9,16 mm => z = 221,34 mm

- moment resistance MRd,res,span = 27,03 kNm < MEd,span = 28,70 kNm

DO NOT SATISFY

assesment of residual bending resistance - supports cross-section

- effective height d = 162,00 mm

- height of compression zone x = 24,59 mm => z = 152,17 mm

- moment resistance MRd,res,support = 49,88 kNm < MEd,support = 53,80 kNm

DO NOT SATISFY

cross-section dimensions concrete properties reinforcement properties
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𝑁𝑅𝑑,𝑟𝑒𝑠 = 2900 𝑘𝑁 > 𝑁𝐸𝑑 = 251 𝑘𝑁   SATISFY 

The walls subjected to fire from one side only are loaded dominantly by axial force, therefore the 

assessment is done in the means of calculation of load-bearing capacity in plain compression. 

ASSESSMENT OF RC WALL RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

 -- wall subjected to fire from one side --

cross-section dimensions initial concrete strength initial steel strength

h = 250 mm fck,init = 25 MPa fyk,init = 500,00 MPa

b = 1000 mm Ec = 31,48 GPa Es = 200,00 GPa

reinforcement (heated side) reinforcement (opposite side) division of c.-s. into zones

pieces = 5 pcs pieces = 5 pcs zone nr. = 10 [-]

diameter = 10 mm diameter = 10 mm zone thick. = 25,00 mm

θcorner reinf. = 519 °C θinner reinf. = 20 °C

i [-] ai [mm] θi [°C] kc (θi) [-]

M 250 20 1,00 residual state of concrete

1 13 796 0,10 kc (θM) = 1,00 [-]

2 38 488 0,52 kc,m = 0,79 [-]

3 63 301 0,74 az = 67,45 mm

4 88 184 0,81 => heff,res = 182,55 mm

5 113 113 0,84

6 138 74 1,00

7 163 50 1,00 residual state of reinforcement

8 188 36 1,00 θreinf. mean = 269,50 °C

9 213 39 1,00 ks,res = 1,00 [-]

10 238 26 1,00

cross-section scheme cross-section temperature field

RESIDUAL LOAD-BEARING CAPACITY IN PLAIN COMPRESSION

2900,34 kN𝑁𝑅𝑑,𝑟𝑒𝑠 = 0,85 ∗ 𝐴𝑐,𝑟𝑒𝑠 ∗ 𝑘𝑐𝑀 𝑓𝑐𝑘 𝛾𝑐⁄ + 𝐴𝑠 ∗ min 𝑘𝑠,𝑟𝑒𝑠 ∗ 𝑓𝑦𝑘 /𝛾𝑠 ; 휀𝑐2 ∗ 𝐸𝑠 =
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Beside this assessment the outer wall is still presumed to be damaged with shear failure in its head 

making the wall rather unstable – this would definitely be the place where the structure should be 

temporarily propped already during the investigation. 

 

𝑁𝑅𝑑,𝑟𝑒𝑠 = 2147 𝑘𝑁 > 𝑁𝐸𝑑 = 315 𝑘𝑁   SATISFY 

ASSESSMENT OF RC WALL RESIDUAL LOAD-BEARING CAPACITY AFTER FIRE

 -- wall subjected to fire from two sides --

cross-section dimensions initial concrete strength initial steel strength

h = 250 mm fck,init = 25 MPa fyk,init = 500,00 MPa

b = 1000 mm Ec = 31,48 GPa Es = 200,00 GPa

reinforcement (heated side) reinforcement (opposite side) division of c.-s. into zones

pieces = 5 pcs pieces = 5 pcs zone nr. = 10 [-]

diameter = 10 mm diameter = 10 mm zone thick. = 12,50 mm

θcorner reinf. = 519 °C θinner reinf. = 519 °C

i [-] ai [mm] θi [°C] kc (θi) [-]

M 125 151 0,83 residual state of concrete

1 6 917 0,03 kc (θM) = 0,83 [-]

2 19 715 0,21 kc,m = 0,58 [-]

3 31 568 0,41 az = 46,36 mm

4 44 444 0,58 => heff,res = 157,28 mm

5 56 357 0,68

6 69 284 0,75

7 81 233 0,79 residual state of reinforcement

8 94 193 0,81 θreinf. mean = 519,00 °C

9 106 168 0,82 ks,res = 0,89 [-]

10 119 154 0,83

cross-section scheme cross-section temperature field

RESIDUAL LOAD-BEARING CAPACITY IN PLAIN COMPRESSION

2147,46 kN𝑁𝑅𝑑,𝑟𝑒𝑠 = 0,85 ∗ 𝐴𝑐,𝑟𝑒𝑠 ∗ 𝑘𝑐𝑀 𝑓𝑐𝑘 𝛾𝑐⁄ + 𝐴𝑠 ∗ min 𝑘𝑠,𝑟𝑒𝑠 ∗ 𝑓𝑦𝑘 /𝛾𝑠 ; 휀𝑐2 ∗ 𝐸𝑠 =
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Discussion 

Within previous chapters, fire resistance of chosen structural elements was scrutinised together 

with the loadings history. Temperature-induced forces and deformations were established for critical 

durations of fire and were consequently incorporated in the calculation. It showed that during fire certain 

cross-sections of walls and slabs (typically their mutual joints) were significantly overloaded which have 

essential impact not only to the behaviour during fire but also to the residual state as well. 

Based on the complete post-fire structural assessment following statements can be made: 

 The inspected structure withstood the fire of approximate duration 120 minutes with no 

global collapse. 

 Local shear failure of outer RC wall was expected according to the calculations; 

o The shear failure was triggered by thermal elongation of floor slab in final time 

of fire duration. 

 Permanent changes in structural system are expected based on the calculations regarding 

decrease of flexural stiffness’s and partial plastic hinges formation; 

o The changes in structural system enabled the structure to withstand the 

extraordinary situation; 

o Redistribution of internal forces was enabled thanks to sufficient rotational 

capacity of cross-sections and materials ductility (enlarged in hot state); 

o The biggest overloading of slab’s cross-sections was achieved around 60th minute 

of fire duration (biggest thermal gradient took place) while damage of wall’s 

cross-sections was achieved at the very end of fire duration, in 120th minute 

(biggest thermal elongation of slab) 

 Residual bending resistance of floor slabs is not sufficient in case of bottom reinforcement 

and right end of right span in case of top reinforcement. Structural strengthening or 

loadings reduction will be necessary to use the structure again in future. 

 Residual compressive force resistance of all walls is sufficient. 

 Shear failure of cross-section in head of outer wall is understood as very severe since 

it could lead to global collapse and even if it did not happen, the structure has to be 

treated as potentially unstable and unsafe. This detail has to be inevitably and 

properly repaired! 

 Due to the structural system changes and creation of partial plastic hinges the spatial 

stability, rigidity and resistance to horizontal forces suffered and therefore shall be 

checked in residual state. 

 Within this post-fire assessment only elements directly exposed to fire were assessed. 

However, due to the elements continuity and statically-indeterminate nature the 

temperature-induced forces influence also the adjacent parts of structure which might get 

overloaded as well, see bending moments in Figs. A-24, 28, 35. These members have to 

be assessed as well a potential plastic hinges incorporated into the structural model. 


	Declaration
	Abstract
	Abstrakt
	Acknowledgements
	1 Introduction
	1.1 Fire Safety & Structural Engineering
	Fire Safety Measures, Statistics
	Fire Events & Structures

	1.2 Motivation and Outline of the Thesis

	2 Properties of Concrete and Reinforcement Subjected to Fire (state-of-art)
	2.1 Mechanical and Thermal Properties of Concrete at Elevated Temperatures
	2.1.1 Mechanical Properties
	2.1.2 Thermal Properties
	2.1.3 Effect of Aggregate Content
	2.1.4 Effect of Moisture Content & Explosive Spalling

	2.2 Mechanical and Thermal Properties of Reinforcing Steel at Elevated Temperatures
	2.3 Determination of Concrete Mechanical Properties at Elevated Temperatures by Laboratory Tests
	2.4 Residual Properties of Concrete and Reinforcing Steel after Exposure to Elevated Temperatures
	2.4.1 Residual Properties of Concrete
	2.4.2 Residual Properties of Reinforcing Steel

	2.5 Stress-Strain Diagrams & Thermal Strains
	2.5.1 Stress-Strain Diagram of Concrete
	2.5.2 Stress-Strain Diagram of Reinforcing Steel

	2.6 Approaches to Estimate Fire Resistance

	3 Post-Fire Procedure
	3.1 General Aspects of Post-Fire Procedure
	Information about Fire Event & Firefighting Report

	3.2 Approach to Post-Fire Structural Assessment
	Refurbishment of Load-Bearing Structures
	Cost-Effectiveness Analysis (CEA)
	Object Demolition


	4 Preliminary Inspection of Damaged Building
	4.1 General Aspects of Preliminary Inspection
	4.2 Classification to Damage Classes
	4.3 Output of Preliminary Inspection

	5 Detailed Inspection of Damaged Building
	5.1 Amending Information from Detailed Post-Fire Inspection
	5.2 Fire Scenario Approximation
	Effect of Fire Scenario Assumption
	Case Study: Thermal Analysis according to Selected Fire Scenario
	Advanced Modelling Methods of Natural Fires and their Use in Post-Fire Investigation

	5.3 Approach to Damaged Structural Elements

	6  Post-Fire Structural Diagnosis
	6.1 General Aspects of Post-Fire Structural Diagnosis
	6.2 Overview of Post-Fire Diagnosis Methods
	6.2.1 Non-Destructive Diagnosis Methods
	Visual Assessment
	Rebound Hammer Test
	Ultrasonic Pulse Velocity Test
	Colorimetry
	Carbonation Test

	6.2.2 Destructive Diagnosis Methods
	Compressive Strength Destructive Test of Concrete
	Drilling Resistance Test of Concrete
	Yield Strength Test of Reinforcement


	6.3 Evaluation of Results
	Statistical Analysis
	Using the Diagnosis Results to Get an Overall Idea about Structural Damage


	7 Global Structural Analysis
	7.1 Importance of Conducting Global Analysis
	Thermal Loadings
	Stiffness Evolution

	7.2 Estimating Fire Resistance with Respect to Global Analysis
	Tabular Methods According to EC2
	Simplified Calculation Methods According to EC2
	Advanced Calculation Methods According to EC2
	Commentary to Eurocode 2 Guidelines

	7.3 Incorporation of Thermal Loading into the Assessment
	Fundamentals of Thermal Strains Simplified Calculation
	Calculation of Thermal Strains Assuming Zero Axial Support’s Stiffness
	Calculation of Temperature-Induced Forces Assuming Infinite Axial Support’s Stiffness
	Validation of Calculations
	Calculation of Temperature-Induced Forces Assuming Actual Support’s Stiffness
	Check of Cross-Section Elastic Behaviour During Fire


	8 Estimation of Residual Load-Bearing Capacity
	8.1 Aspects to Be Taken into Account Prior to Post-Fire Assessment
	8.2 Methods of Residual Load-Bearing Capacity Estimation
	Surface Deterioration Method
	Isotherm 300  C Method
	Adjusted Zone Method
	Detailed Strip Method
	Parametric Study of Proposed Methods

	8.3 Quick Estimations of Load-Bearing Capacity Decay
	8.4 Brief Commentary to Strengthening Design and Final Refurbishment

	9 Discussion
	9.1 General Conclusions
	9.2 Recommendation for Further Research

	Author’s publications
	References
	List of Figures
	List of Tables
	Annex – Worked Examples of Complete Fire and Post-Fire Resistance Assessment
	Case no. 1 – Assessment of RC Column and Lintels after Fire
	Information about Fire Event
	Information from Preliminary and Detailed Object Inspection
	Approximation of Fire Scenario, Thermal Analysis
	Structural Diagnosis
	Global Analysis
	Assessment of Residual Load-Bearing Capacity
	Discussion

	Case no. 2 – Assessment of RC Floor Slabs and Walls in Global Fire Action
	Structural Model and Inserted Loadings
	Calculation Results at Normal Temperatures
	Reinforcement Designs and Assessments at Normal Temperatures
	Calculation Results at Fire Design Situation
	Incorporation of Changes in Structural System
	Assessment of Residual Load-bearing Capacity
	Discussion



