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Microstructure of concrete subjected to elevated 
temperatures: physico-chemical changes and analysis 
techniques

Microestrutura do concreto submetido a altas 
temperaturas: alterações físico-químicas e técnicas 
de análise

Abstract  

Resumo

The exposure of concrete to high temperatures, such as in a fire, leads to physical and chemical changes, which may cause deterioration of 
mechanical properties, cracking and spalling. This paper presents a critical review of microstructural changes in concrete exposed to high tem-
perature. The transformations developed in the cement paste, aggregates and interfacial transition zone were studied, as well as the experimental 
techniques of microanalysis presented in recent related researches. Lastly, a critical analysis of experimental results from literature was per-
formed. It was verified that microstructural changes are related to concrete properties and the heating process. The experimental techniques has 
a potential use for assessment of thermally damaged concrete, however, these techniques must be applied simultaneously and specific methods 
must be established.
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A exposição a altas temperaturas, como as de um incêndio, promove alterações físicas e químicas no concreto, provocando deterioração das 
propriedades mecânicas nas estruturas, fissuração e desplacamento. O presente trabalho consiste em uma revisão crítica das alterações microes-
truturais que incidem no concreto submetido a altas temperaturas. As transformações desenvolvidas na pasta de cimento hidratada, nos agregados 
e na zona de transição foram estudadas, bem como as técnicas experimentais de microanálise utilizadas em recentes pesquisas desenvolvidas na 
área. Por fim, uma análise crítica dos resultados de estudos experimentais apresentados pela literatura foi realizada. Verifica-se que as alterações 
da microestrutura estão relacionadas com as características constitutivas do concreto e com processo do aquecimento. Constata-se a potencialida-
de das técnicas microestruturais para as etapas de na inspeção e recuperação de estruturas incendiadas, entretanto verifica-se a necessidade de 
combinação de técnicas e o estabelecimento de métodos padronizados.

Palavras-chave: microestrutura, concreto, estruturas de concreto, altas temperaturas.
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1. Introduction

Concrete, when exposed to high temperatures, can react quite 
well due to its incombustibility and low thermal diffusivity. From a 
research that encompassed more than a hundred concrete struc-
tures damaged by fire, Tovey and Crook [1] concluded that most of 
these constructions performed well and that most of them could be 
repaired to preserve their initial performance.
Exposure to high temperatures promotes changes in the concrete 
physical and chemical properties, resulting in reduction in me-
chanical properties such as compressive strength and modulus of 
elasticity, fissures, spalling, and transient creep [2–5], jeopardizing 
the resistant capacity of elements and the structural system’s over-
all stability. Deterioration of these properties is directly connected 
to material-related factors (aggregate and cement type, water/ce-
ment ratio, additions and fibers) and to the environment (exposure 
time, heating rate, applied load and humidity) [4–6]. Analysis of this 
degradation - and evaluation of the  steel reinforcement residual 
properties - helps in the diagnosis of the structure and definition of 
a therapy strategy, be it repair, reinforcement or even demolition 
[7, 8].
Postfire residual strength of concrete is linked to the heating pro-
file. Under real conditions, not all structural element faces will be 
submitted to the heating action [9], as they are usually inserted in 
walls or facing other structural elements. This fact, in addition to 
the low thermal conductivity of concrete, induces temperature gra-
dients among the consecutive section layers, promoting differential 
changes in the element [8, 10]. Therefore, compressive strength 
testing on specimens from a fire damaged structure must be used 
with caution in the diagnosis, since they might not be representa-
tive because of the heterogeneous due to temperature distribution 
in the cross-section [9, 11, 12] and, consequently, the changes in 
the mechanical properties of the concrete. 
Changes in the properties of concrete exposed to high temper-
atures are related to changes in the material microstructure [6]. 
Thus, the residual strength of the material can be verified through 
testing procedures able to identify these physical, chemical, and 
mineralogical changes. Techniques such as scanning electron mi-
croscopy, X-ray diffraction, thermogravimetric analysis, mercury in-
trusion porosimetry, colorimetry, and petrography are widely used 
in the study of concrete degradation after exposure to high tem-
peratures [2, 8, 9, 12–18].
Despite the great quantity of studies in this area, transformations 
in the micro- and nanostructure of concrete, which drive the mac-
roscopic behavior, are not completely characterized and dissemi-
nated [19]. In Brazil, despite the reduced number, important re-
searches of such a type have been developed [20–25].
This article intends to contribute to the study of concrete structures 
exposed to high temperatures by undertaking a literature review 
on this theme, addressing aspects related to the effect of high tem-
peratures on the microstructure (physicochemical changes) and 
microstructural techniques to evaluate the damaged concrete.

2.	 Effects	of	high	temperatures	 
 on concrete microstructure

Deterioration of concrete exposed to high temperatures is  

attributed to three factors: physicochemical changes in the cement 
paste, in its aggregates, and the thermal incompatibility between 
them. Fire-related factors, such as temperature and heating rate, 
and structural element conditions, such as applied load and hu-
midity, also play a role in concrete deterioration [5]. Therefore, it is 
important to discuss the effects of high temperatures on concrete 
focusing on the microstructural changes in the aggregates, the hy-
drated cement paste, and the transition zone. Transformations oc-
curring until the temperature of 1200 ºC – when concrete starts to 
melt – will be examined[5]. It is important to highlight that real fire 
can reach temperatures over 900 ºC, however, it is limited to the 
superficial layers of structural elements, while the internal tempera-
ture keeps relatively low[11].

2.1	 Effects	of	high	temperatures	on	aggregates

The nature and microstructure  of aggregate affect the stability and 
thermal conductivity of concrete, changing the residual strength 
and fluid transport mechanisms [6, 25–27]. When exposed to high 
temperatures, physicochemical changes affect aggregates, pro-
moting expansion, fractures on their crystalline microstructure, 
and even melting, at temperatures over 1000 ºC. These effects 
are related to the aggregate thermal stability, i.e., its susceptibility 
to chemical and physical changes when exposed to high tempera-
tures. This feature, as well as the verified degradation, changes 
according to the type of used aggregate[4, 6].
Siliceous aggregates and sand, having quartz in their composi-
tion, undergo significant changes at high temperatures; the most 
known being the volumetric expansion of 5.7% at 573 ºC, due to 
the transformation of the quartz crystalline form from α to β [6]. 
Despite the reversibility of this transformation, radial cracks around 
the aggregate may be verified due to this expansion [9].
Carbonate rocks, such as dolomite, become unstable at temper-
atures higher than 700 °C  due to the transformation of calcium 
carbonate (CaCO3) into calcium oxide (lime - CaO) and carbon 
dioxide (CO2). Reaching its peak at 800 ºC  and finishing at 898 
ºC, this process is endothermic and tend to retard the tempera-
ture progress on concrete [4, 6, 27]. In calcareous aggregates, this 
phenomenon begins at 600 ºC  due to the decomposition of cal-
cium carbonate [29]. Basalt aggregates have a great thermal sta-
bility and start to melt at temperatures above 1000 ºC. During this 
process, they expand and release gases held inside the rock. [6].

2.2	 Effect	of	high	temperatures	on	the	hydrated
 cement paste

The behavior of the hydrated cement paste at high temperatures 
depends on factors such as water/cement ratio, the ratio between 
C/S (CaO/SiO2 or calcium oxide / silicon dioxide), quantity of 
Ca(OH)2 (portlandite / CH) formed, hydration degree and humidity 
[6, 27].
Under high temperatures, the degradation process begins with 
the decomposition of ettringite, which happens at 80 ºC  approxi-
mately [4, 13, 30]. Subsequently, the cement paste dehydrates, 
and this is associated with the microstructural changes in the 
material. Initially, the capillary water (free water), which is not 
influenced by the Van der Waals attraction forces, evaporates, 
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followed by the evaporation of lamellar and adsorbed waters, due 
to a physical process. Lastly, the water chemically associated 
with C-S-H (calcium silicate hydrate) is lost [4, 6, 29]. This C-S-H 
dehydration is a physicochemical process that causes the relax-
ation of microtensions and is responsible for transient creep. It 
begins at 100 ºC (212 ºF) and starts cement paste loss, together 
with the cracking and porosity increase, in addition to accumu-
lation of water vapor in the pores, which in turn contributes to 
spalling. At 700 ºC, C-S-H decomposes into β-C2S (belite), βCS 
(wollastonite) and water, leading to shrinkage of cement paste 
and strength reduction. The loss of water associated with C-S-H 
promotes an increase in porosity, also contributing to strength 
loss [4, 6, 29, 30].
Portlandite crystals also undergo a process of dehydration at tem-
peratures over 420 ºC, contributing to increased shrinkage and mi-
crocracking in the cement paste. In this process, Ca(OH)2 decom-
poses into CaO (calcium oxide) and water. Another change is the 
decarburization of calcium carbonate (CaCO3), which decomposes 
into CaO and CO2 at temperatures higher than 650 ºC [6, 30].
High temperatures also affect non-hydrated clinker grains, exis-
tent in the hydrated cement paste, promoting their expansion. This 
phenomenon, combined with shrinkage of cement paste  caused 
by changes in C-S-H and CH, promotes differential thermal ex-
pansions among the materials, that results in microcracking in the 
concrete, increasing its porosity [32]. When temperatures exceed 
1200 ºC, the cement paste starts to melt [5].
Porosity is also influenced by high temperatures, growing non-
linearly, mainly due to the progressive C-S-H dehydration process. 
From 20 ºC  until 300 ºC, the increase in porosity is reduced, lower 
than the verified mass loss. This relation reverses beyond 300 ºC, 
with significant increase in porosity and intensification of micro-
cracks. Another peak of porosity increase happens beyond 900 
ºC[6]. In conditions where the cement paste does not lose humid-
ity to the environment rapidly, as in the interior of large concrete 
sections, heating may lead to the appearance of C-S-H or other 
crystals, depending on the CaO/SiO2 ratio [4, 5].
After exposure to high temperatures, cooling also promotes chang-

es in the cement paste. The cementitious products in the paste may 
rehydrate, forming new gels or crystalline components. The formed 
lime also rehydrates and expands, creating new fissures [33].

2.3	 Effect	of	high	temperatures	
 on the transition zone

The interface between aggregates and cement paste, usually 50 
µm thick [34], is regarded as the “weak link” in concrete, due to the 
great volume of voids and fissures in the region, besides the pres-
ence of weak C-S-H crystals and portlandite and ettringite second-
ary crystals [28]. 
Concrete heating leads to a differential thermal expansion between 
the aggregate and the cementitious matrix. Due to dehydration, the 
paste suffers an intense shrinkage process during heating, where-
as the aggregates undergo an expansion process (Figure 1). This 
leads to cracks, which initially appear in the transition zone due to 
its higher fragility [4, 6, 9]. 
Transition zone weakening can also lead to concrete spalling at 
high temperatures, according to Bolina [29] experimental observa-
tions. Induced by vapor pressures from the material interior, the 
interface maximizes the phenomenon [2-5], promoting a reduction 
in the cross-section of elements and decreasing their resistant ca-
pacity; which happens in the initial moments of exposure, when 
spaling starts [29]. 

3. Evaluation of concrete after exposure 
 to high temperatures 

One of the fire protection engineering concerns is to assess the 
safety of a structure exposed to fire, aiming at the definition of a 
therapy strategy [7]. For such purposes, careful inspection is fun-
damental for a proper diagnosis of the affected structure. In case of 
reinforced concrete, the inspection must encompass aspects related 
to concrete – the focus of this text – and to steel reinforcement.  
Different techniques, destructive and nondestructive, can be used 
in postfire assessment. A summary of these techniques applied to  

Figure 1
Thermal incompatibility between aggregate and hydrated cement paste (adapted [6])



841IBRACON Structures and Materials Journal • 2017 • vol. 10 • nº 4

  B. FERNANDES  |  A. M. GIL  |  F. L. BOLINA  |  B. F. TUTIKIAN

Table 1
Non-destructive testing applied to fire damaged concrete (adapted [10])

Concrete cover analysis Point-by-point analysis 
of small samples Special techniques

Hammer tapping Small-scale mechanical testing Ultrasonic Pulse Velocity (UPV)

Schmidt rebound hammer Differential thermal analysis (DTA) Impact echo

Windsor probe Thermogravimetric analysis (TGA) Sonic tomography

CAPO test Dilatometry (TMA)
Modal analysis of surface waves 

(MASW)

BRE internal fracture Thermoluminescence Electric resistivity

– Porosimetry –

– Colorimetry –

– Petrographic analysis –

– Chemical analysis –

Table 2 (Part 1)
Summary of research that used microanalysis techniques

Author 
[reference] Year Sample 

type*
T. max 

(ºC) SEM** XRD** MIP** DTA/
TGA** COL** PET** Others

Rostásy, 
Wei and 

Wiedemann 
[41]

1980 Lab. 900 – – X – – – –

Piasta, Sawicz 
and Rudzinski 

[42]
1984 Lab. 800 – X X X – – Infrared

spectroscopy

Chan, Peng 
and Chan [43] 1996 Lab. 1200 – – X – – – –

Saad et al. [44] 1996 Lab. 600 – X – – – – –

Lin, Lin and 
Powers-

Couche [45] 
1996 Lab. 900 X – – – – – –

Luo, Sun and 
Chan [46] 2000 Lab. 800 – – X – – – –

Short, Purkiss 
and Guise [47] 2001 Lab. 700 – – – – X – –

Poon et al. [48] 2001 Lab. 800 – – X – – – –

Handoo, 
Agarwal and 
Agarwal [18]

2002 Lab. 1000 X X – X – – –

Castellote  
et al. [30] 2004 Lab. 620 – – X X – – Neutron 

diffraction

Alarcon-Ruiz 
et al. [49] 2005 Lab. 800 – – – X – – –

Georgali and 
Tsakiridis [2] 2005 Est. – – – – – – X –

Lima [20] 2005 Lab. 900 X X – X – – Dilatometry

Wang, Wu and 
Wang [50] 2005 Lab. 500 X – – – – – –

Wendt [51] 2006 Lab. 900 – – – – X – –

Peng and 
Huang [17] 2008 Lab. 800 X X X – – – –

* Lab. = Amostra confecionada em laboratório; Est. = Amostra retirada de elemento estrutural
** SEM = Scanning Electron Microscopy; XRD = X-Ray Diffraction; MIP = Mercury Intrusion Porosimetry; DTA = Differential Thermal Analysis; 
TGA = Thermogravimetric Analysis; COL = Colorimetry e PET = Petrography
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concrete – the focus of the present study - can be seen in table 1 
[7, 10].
An important factor for residual strength verification of the element 
is the temperature gradient between consecutive layers of the ma-
terial cross section, formed due to the low thermal conductivity of 
concrete [9, 10]. This factor, added to the material heterogeneity, 
makes the structure assessment after exposure to high tempera-
tures a complex process[8].
This complexity also influences the performance of tests applied 
to structure inspection. The compressive strength test, the most 
usual and straightforward method for in situ concrete strength test-
ing, offers little information as to the material residual strength, 
due to the variation of the damage along the sample profundity [7, 
11, 12]. Annerel and Taerwe [9] emphasize that these tests, when 
applied to samples of structures submitted to high temperatures, 
are not representative. Thus, techniques allowing quantification of 

physical, chemical, and mineralogical changes, as well as the tem-
perature reached in the structural element, are more efficient [6, 
9]. These techniques can and should be applied along with other 
tests, including compressive strength test. The more techniques 
are used for concrete integrity characterization, the more precise 
the diagnosis and the more efficient and affordable the therapy of 
the fire damaged structure will be.
Table 2 presents a summary of the research using microstructural 
techniques for characterization of the concrete exposed to high 
temperatures. A prevalence of laboratory tests is observed; with few 
cases where the techniques were applied to elements and damaged 
structures. Four main techniques were observed: scanning electron 
microscopy (SEM), X-ray diffraction (XRD), mercury intrusion poro-
simetry (MIP), and differential thermal analysis (DTA) and thermo-
gravimetric analysis (TGA). It is important to emphasize that most of 
the research uses multiple methods for experimental analysis.

Table 2 (Part 2)
Summary of research that used microanalysis techniques

Author 
[reference] Year Sample 

type*
T. max 

(ºC) SEM** XRD** MIP** DTA/
TGA** COL** PET** Others

Biolzi, 
Cattaneo and 
Rosati [52]

2008 Lab. 750 X – X – – – –

Annerel and 
Taerwe [9] 2009 Lab. 550 X – – – X – Fluorescent 

Microscope

Arioz [36] 2009 Lab. 1200 X – – – – – –

Fall and Samb 
[53] 2009 Lab. 600 X – X X – – Capillary 

Absorption

Sousa [23] 2009 Lab. 600 X – – – – – –

Menéndez and 
Vega [54] 2009 Est. – X X – X – – –

Annerel and 
Taerwe [14] 2011 Lab. 100 – – – – X – –

Britez [25] 2011 Est. – – X – X – – –

Ruschel [39] 2011 Est. – – X – – – – –

Ibrahim, Hamid 
and Taha [55] 2012 Lab. 700 X X – X – – BET

Hager [8] 2013 Lab. 800 – – – X X – –

Akca and 
Zihnioglu [56] 2013 Lab. 900 X – X X – – –

Heap et al. 
[57] 2013 Lab. 1000 X X – X – – –

Heikal et al. 
[58] 2013 Lab. 800 X X – – – – –

Zhang, Ye and 
Koenders [15] 2013 Lab. 1000 X X – – – – Nitrogen 

Adsorption

Kim, Yun and 
Park [37] 2013 Lab. 1000 X X – – – –

X-ray 
Computed 

Tomography

Carré, Hager 
and Perlot [16] 2014 Lab. 1000 – – – – X – –

Lim e Mondal 
[19] 2014 Lab. 1000 X X – X – – Atomic Force 

Microscopy

Wang et al. [38] 2014 Lab. 800 X X X X – – –
* Lab. = Amostra confecionada em laboratório; Est. = Amostra retirada de elemento estrutural
** SEM = Scanning Electron Microscopy; XRD = X-Ray Diffraction; MIP = Mercury Intrusion Porosimetry; DTA = Differential Thermal Analysis; 
TGA = Thermogravimetric Analysis; COL = Colorimetry e PET = Petrography
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3.1	 Scanning	Electron	Microscopy	(SEM)

Scanning electron microscopy (SEM) provides information on the 
material morphology with a usual magnification of 10,000 times and 
a resolution between 2 and 5 nm. A distinctive feature is the pos-
sibility to have a large depth of focus, forming a 3D-like image, with 
possible combination with a chemical microanalysis, [35]. Handoo, 
Agarwal and Agarwal [18] used this technique in ordinary concretes 
with siliceous aggregate and compression strength of 47 MPa under 
temperatures up to 1000 ºC, which enabled them to identify that the 
morphological changes started at 300 ºC and become more intense 
at 600 ºC, showing great deformation of portlandite crystals and cal-
cium silicate hydrate, besides the presence of voids and fissures. 
This increase in voids was also observed in the Peng and Huang 
[17] experimental program. They investigated changes in the mi-
crostructure of concretes with compressive strength of 40 MPa, 
70 MPa and 110 MPa, heated from 400 ºC until 800 ºC for up to 
8 hours. The authors observed a great increase in porosity at 600 
ºC, due to the formation of microcracks - one of the main causes of 
concrete strength reduction.

Annerel and Taerwe [9] assessed the microstructure in the transi-
tion zone of conventional concretes with siliceous aggregate, a/c 
ratio of 0.47 ratio and compressive strength of 52.8 MPa, exposed 
to temperatures of 350 ºC and 550 ºC. The micrographs are pre-
sented in Figure 2. It was observed that at room temperature the 
transition zone presented an intact matrix, constituted by ettring-
ite, portlandite and calcium silicate hydrate. It was also possible to 
observe that the ettringite and portlandite crystals disappeared at 
350 ºC  and 550 ºC respectively. The authors points out that the 
ettringite dehydration process started at 70 ºC but it could not be vi-
sualized because micrographs were not collected at temperatures 
below 350 ºC .
The micrographs obtained by the experimental program of Arioz 
[36] allowed the identification of microcracks, voids, and partial 
deterioration of CH and C-S-H in concretes with calcareous ag-
gregate and compressive strength of 76.6 MPa, submitted to 800 
ºC. The author also analyzed samples submitted to 1200 ºC, com-
pletely deteriorated (Figure 3).
Kim, Yun, and Park [37] studied the behavior of mortars with 0.5 
w/c ratio, submitted to elevated temperatures. In the obtained  

Figure 2
Micrograph of transition zone of ordinary concrete subjected to 550 ºC (adapted [9])

Figure 3
Changes in concrete subjected to 1200 ºC (adaptaed [36])

Concrete at ambient temperature Concrete at 1200 ºCB BA B
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micrographs, the authors pointed out that at 500 ºC the hexagonal 
CH crystals started to deform, and that at 700 ºC they were com-
pletely decomposed, as well as C-S-H. Zhang, Ye and Koenders 
[15], who also researched the behavior of cement pastes with 
0.5 w/c ratio, have seen in the micrographs that until 400 ºC  the 
changes in the paste are minimal and that from 500 ºC until 1000 
ºC  fissures start to show in the region, along with pores, intercon-
nected by these fissures. 
Degradation of cementitious compounds has also been observed 
by Wang et al., [38] who studied cement pastes with compressive 
strength of 42 MPa and 0.4 w/c ratio, heated to 400 ºC , 600 ºC 
and 800 ºC. The authors indicated that at 400 ºC portlandite and 
calcium silicate hydrate were in good conditions. At 800 ºC the 
hydration products were completely decomposed, producing voids 
and cracks. 
Lim and Mondal [19] researched the micro- and nanostructure 
of cement pastes with 0.35 w/c ratio, heated until 1000 ºC. The 
micrographs are shown in Figure 4. It is possible to observe that 
at room temperature the portlandite and C-S-H crystals remained  

intact. At 300 ºC the degradation of these solids started, in addition 
to the appearance of non-hydrated cement particles. Microcracks 
appeared at 500 ºCat their interface and got more intense at 700 
ºC and 900 ºC, increasing the paste porosity.
In Brazil, SEM has been used by Lima [20] and Sousa [23]. The 
former studied high strength concretes with basaltic and granitic 
aggregates with a w/c ratio of 0.3, heated from 200 ºC to 900 ºC. 
The main changes seen were the rough aspect and the intercon-
nectivity of fissures, at temperatures of 600 ºC and 900 ºC. Sousa 
[23] studied ordinary concretes with calcareous and gneissic ag-
gregates, 0.5 w/c ratio and 35 MPa compressive strength, submit-
ted to 100 ºC, 300 ºC and 600 ºC, observing an increase in the 
number of pores and microcracks from 300 ºC on. At 600 ºC the 
author identified the presence of sintered areas, cracks, and small 
ettringite crystals, probably formed after the samples were cooled.

3.2	 X-Ray	Diffraction	(XRD)

X-ray diffraction analysis allows the identification of the crystalline 

Figure 4
Micrographs of cement paste at ambiente temperature (a), 300 ºC (b), 500 ºC (c) e 900 ºC (d) (adapted [19])
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phases of a material, providing information on the structure, com-
position, and state of the sample. The technique consists in pro-
jecting an X-ray beam onto the sample, which interacts with the ray 
through its atoms, creating the diffraction phenomenon [35]. Dif-
fracted rays are captured and processed by the equipment and the 
result is plotted in a graph with the intensity of radiation diffracted 
by diffraction angles [20].
Handoo, Agarwal and Agarwal [18] tested with XRD the behavior of 
ordinary concrete with siliceous aggregate and 47 MPa compres-
sive strength, heated until 1000 ºC. The obtained diffractograms 
showed a gradual reduction of Ca(OH)2 from 400 ºC on until its 
complete extinction at 800 ºC (Figure 5). Peng and Huang [17] 
obtained diffractograms of their samples and veryfied (Figure 6) 
that the intensity peaks related to calcium hydroxide and calcium 
carbonate started to decrease at 500 ºC , indicating its decompo-
sition. Calcium silicate hydrate started to decompose at 600 ºC, 
the same level where an intense presence of pores was observed 
through SEM.
In Kim, Yun, and Park [37] diffractograms, the main transformation 
happens with CH, which starts to be reduced at 400 ºC and disap-
peared at 1000 ºC (Figure 7). This phenomenon is consistent with 
the transformations observed in the micrographs. In the cement 
paste samples with 42 MPa compressive strength and 0.4 w/c ratio 
analyzed by Wang et al. [38], as shown in Figure 8, there was a 
reduction in the peaks of portlandite and C-S-H from 600 ºC on.
Lim and Mondal [19] cement paste (w/c ratio of 0.35) analysis (Fig-
ure 9) shows that until 300 ºC there were no visible changes in the 
intensity peaks of the hydration products. From 500 ºC on, disap-
pearance of the C-S-H peak was observed, along with the appear-
ance of a β-C2S peak. At 500 ºC there was a decrease in the CH 
peaks and the emergence of CaO peaks. The authors mention the 
emergence and disappearance of CaCO3, resulting from the reac-
tion of CaO with CO2 present in the furnace at 700 ºC and 900 ºC, 
respectively.

Figure 5
Diffractograms identifying portlandite behaviour 
(adapted [18])

Figure 6
Diffractograms of cement paste heated up 
to 800 ºC (adapted [17])

Figure 7
Diffractograms of cement paste heated 
at different temperatures (adapted [37])
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In Brazil, XRD analysis of concretes exposed to high temperatures 
was used by Lima [20] and Ruschel [39]. In Lima [20] diffracto-
grams, it is possible to see that ettringite was stable up to 200 
ºC and portlandite up to 400 ºC, when it started to transform into 
calcium oxide until its total disappearance at 900 ºC. This ettringite 
stability has been observed in other experiments, since this prod-
uct only starts to dehydrate at 70 ºC. The author emphasizes that 
this presence may be related to a possible stability of the material 
in the interior of the collected sample or the result of a concrete 
rehydration process. Ruschel [39] applied x-ray diffraction in the 
assessment of a fire damaged structure. He observed in samples 
from different fire damaged columns a reduction in the peaks of 
portlandite, mainly at the top of structural elements, where there 
was accumulation of hot gases and, consequently, a higher con-
crete degradation.

3.3	 Mercury	Intrusion	Porosimetry	(MIP)

The principle of mercury intrusion porosimetry (MIP) is the inser-
tion of a non-wetting fluid – mercury, in this case – able to pene-
trate into the materials pores, where the fluid pressure and volume 
are used for the calculation of pore volume. Pore sizes vary from 
0.001 µm to 1000 µm, depending on the pressure used [32].
Peng and Huang [17] have verified an increase in the porosity of 
three samples of concrete with respectively 40 MPa, 70 MPa and 
110 MPa compressive strength, heated to 600 ºC. The result con-
firmed what had been observed in their micrographies. For Zhang, 
Ye and Koenders [15], who researched the behavior of cement 
pastes with 0.5 w/c ratio, the total porosity obtained via MIP in-
creased as the temperature got higher. Figure 10 shows that the 
increase in total porosity was higher after 400 ºC, the point at which 
portlandite dehydrated.
This significant porosity increase after 400 ºC has also been ob-
served by Wang et al., [38] who studied cement pastes with com-
pressive strength of 42 MPa and w/c ratio of 0.4, heated to 400 ºC 
and 800 ºC. The authors indicated that at room temperature the 

Figure 8
Diffractograms of cement paste heated up 
to 800 ºC (adapted [38])

Figure 9
Diffractograms of cement paste after heating 
(adapted [19])

Figure 10
Total porosity of cement paste (adapted [15])
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total porosity was 26.9 %. At 400 ºC this value went up to 29.8% 
and at 800 ºC it jumped to 45.5 %, which explains the marked 
strength decrease at this point.

3.4 Other experimental techniques

Although the techniques herein reported are predominately used in 
the characterization of concrete microstructures submitted to high 
temperatures, other important tools can be used for the analysis 
of degraded material, such as differential thermal analysis (DTA) 
and thermogravimetric analysis (TGA). In this kind of analysis, a 
sample of the concrete is heated in a furnace with a similar inert 
sample. Changes in the sample mass are monitored during heat-
ing to identify the presence of the material components [7].
Handoo, Agarwal and Agarwal [18] applied these thermal analyses 
to the evaluation of conventional concrete with 47 MPa compres-
sive strength, heated to 1000 ºC. The authors reported a reduction 
in the portlandite quantity from 300 ºC on, until its disappearance 
at 800 ºC. In Brazil, Lima [20] performed tests of this nature with 
cement paste and verified the decomposition of ettringite at 50 ºC, 
dehydration of portlandite at 500 ºC and reduction of carbon diox-
ide, resulting from the dehydration of calcium carbonate, at 800 ºC.  
Since heating promotes changes in the concrete color, some 
authors have used techniques centered on colorimetry. Annerel 
and Taerwe [14] used spectrophotometry and a table scanner for 
analysis, observing changes in the cement paste from grey to red  
(300 ºC – 600 ºC ), whitish grey (600 ºC – 900 ºC) and brown  
(900 ºC – 1000 ºC). Hager [8] also used a table scanner to analyze 
the changes in the material color. Figure 11 shows some images 
obtained by the author, who emphasizes that these changes are 
directly linked to alterations in both the aggregate and the paste 
physical and chemical properties.
Georgali and Tsakiridis [2] used optical microscopy in the analy-
sis of a concrete structure submitted to real fire. Absence of port-
landite crystals was observed inside the superficial samples of 
the structural element, as well as the transformation of carbonate 
aggregates into CaO, an indication that the temperature reached  
900 ºC on the exposed face of the element. 

3.5 Discussion

From the techniques studied in the reviewed works it is possible 
to say that they show great potential for identification of physical, 

chemical, and mineralogical changes in the concrete submitted to 
high temperatures. In general, the techniques are convergent to 
each other and allow confirming the main known transformations 
in heated concrete. However, some aspects must be observed in 
the use of these experimental techniques.
The first aspect is the samples nature in the studied experimental 
programs. Of the 35 works reviewed in Table 2, only 4 studied the 
behavior of concretes derived from real-scale structural elements. 
This difference is significant, most in terms of the developed thermal 
gradients, which vary substantially depending on the dimensions of 
the specimen and the structural element. This variability is also af-
fected by the sample heating method, whether it is laboratorial (heat-
ing rate, curve, and heated faces, among others) or real (fire).
Still related to the sample, the studied experimental programs did 
not present specific details on its preparation, nor did they indicate 
if any standard was followed. For example, the sample used in x-
ray diffractometry is in the form of powder and the grinding method 
used in the reviewed studies was not explained. These procedures 
should be standardized and norms must be followed in order to 
achieve greater reliability in results.
The same standardization question applies to the process of sam-
ple collection in the case of fire damaged structures. For example, 
one of the options for sample collection is the extraction of core 
samples via diamond saw. This process may introduce deleterious 
effects in the core sample[40], such as additional cracks, which 
may influence the scanning electron microscopy and mercury in-
trusion porosimetry results. 
Another aspect to be pointed out is that despite the knowledge of 
the main inflicted changes and their respective temperature levels 
[19], a direct relation between micro and macro still has not yet been 
completely established, due to the complexity of the phenomena in-
volved, the variability and diversity of studied concretes, as well as 
the disperse and isolated nature of high temperature tests [6].
In any case, microstructural experimental methods are an important 
tool for the diagnosis of fire damaged structures and future work 
should focus on establishing methods and normative procedures with 
the purpose of application in real fire cases, as well as on identifying 
the relations between the microstructure and properties of concrete.

4. Conclusion

This work performed a review of the techniques for analysis of the 
microstructure of concrete submitted to high temperatures. It con-

Figure 11
Color change as a function of temperature (adapted [8])
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firmed that concrete degradation is directly linked to the concrete 
features and the heating process. In the case of aggregates, tem-
perature promotes their expansion and may even lead to phase 
changing, depending on the temperature level. As to the hydrated 
cement paste, temperature causes chemical changes in the hy-
dration products, leading to the appearance of cracks, voids and 
intense paste shrinkage. These effects, added to the differential 
movement between the paste and aggregates, promote intense 
degradation of concrete properties.
These microstructural changes can be observed and detected 
through experimental techniques. SEM allows the observation of 
cracks, voids and morphological changes in the hydrated products. 
XRD allows the identification of the degradation of concrete ele-
ments, mainly in terms of portlandite reduction, which can be used 
both as a damage and temperature evolution indicator. MIP helps to 
identify the paste porosity increase, and these values can be directly 
related to the reduction of mechanical compressive strength and 
to other microstructural observations. Other techniques, such as 
colorimetry, DTA and DTG provide complementary information that 
helps in the diagnosis of concrete submitted to high temperatures.
Despite the outstanding potential, some aspects must be observed 
in the application of these techniques. Most of the reviewed ex-
perimental works use small-scale samples, heated in laboratories, 
which does not include the diverse variables of a real structure 
submitted to real fire. Another relevant factor is the absence of 
standardized procedures for collection and preparation of samples 
for these analyses. It is necessary to establish specific procedures 
for inspection of fire damaged structures, describing places for col-
lecting samples, and how to collect and prepare them.
Technique standardization for structure inspection will lead to more 
reliable results, contributing to the diagnosis of damaged structures 
and definition of therapy strategies. In any case, the techniques 
are an important diagnosis tool for structures damaged by high 
temperatures, especially when applied jointly, given the agreement 
between results. The experience achieved with their application 
will contribute to a better understanding of these techniques and 
to their improvement.

5. Bibliographic references

[1] TOVEY, A. L.; CROOK, R. L. Experience of Fires in Concrete 
Structures. ACI Special Publication, v. 32, 1986, p. 1-14.

[2] GEORGALI, B.; TSAKIRIDIS, P.E. Microstructure of fire-
damaged concrete. A case study. Cement and Concrete 
Composites, v. 27, n. 2, 2005, p. 255–259.

[3] GUO, Z.; SHI, X. Experiment and Calculation of Reinforced 
Concrete at Elevated Temperatures, Waltham: Butterworth-
Heinemann, 1ed, 2011, 311 p.

[4] HAGER, I. Behaviour of cement concrete at high tempera-
ture. Bulletin of the Polish Academy of Sciences: Technical 
Sciences, v. 61, n. 1, 2013, p. 1–10.

[5] KHOURY, G.A. Effect of fire on concrete and concrete struc-
tures. Progress in Structural Engineering and Materials, v. 2,  
n. 4, 2000, p. 429–447.

[6] Fédération internationale du béton – FIB. fib Bulletin 38: 
Fire design of concrete structures - materials, structures and 
modelling, 2007, 106 p.

[7] Fédération internationale du béton – FIB. fib Bulletin 46: Fire 
design of concrete structures — structural behaviour and as-
sessment, 2008, 214 p.

[8] HAGER, I. Colour Change in Heated Concrete, Fire Technol-
ogy, v. 50, n. 4, 2013, p. 945-958.

[9] ANNEREL, E.; TAERWE, L. Revealing the temperature his-
tory in concrete after fire exposure by microscopic analy-
sis. Cement and Concrete Research, v. 39, n. 12, 2009,  
p. 1239–1249. 

[10] COLOMBO, M.; FELICETTI, R. New NDT techniques for the 
assessment of fire-damaged concrete structures, Fire Safety 
Journal, v. 42, n. 6-7, 2007, p. 461–472. 

[11] SCHNEIDER, U. Repairability of Fire Damaged Structures, 
Fire Safety Journal, v. 16, 1990, p. 251–336. 

[12] YOSHIDA, M.; OKAMURA, Y.; TASAKA, S.; SHIMODE, T. 
A Study On Temperature Estimation In Concrete Members 
After Fire. Fire Safety Science, v. 4, 1994, p. 1183–1194. 

[13] INGHAM, J.P. Application of petrographic examination tech-
niques to the assessment of fire-damaged concrete and 
masonry structures. Materials Characterization, v. 60, n. 7, 
2009, p. 700–709. 

[14] ANNEREL, E.; TAERWE, L. Methods to quantify the colour 
development of concrete exposed to fire. Construction and 
Building Materials, v. 25, n. 10, 2011, p. 3989–3997. 

[15]  ZHANG, Q.; YE, G.; KOENDERS, E. Investigation of the 
structure of heated Portland cement paste by using various 
techniques. Construction and Building Materials, v. 38, 2013, 
p. 1040–1050.

[16] CARRÉ, H.; HAGER, I.; PERLOT, C. Contribution to the de-
velopment of colorimetry as a method for the assessment of 
fire-damaged concrete. European Journal of Environmental 
and Civil Engineering, v. 18, n. 10, 2014, p. 1130-1144.

[17] PENG, G.F.; HUANG, Z.S. Change in microstructure of 
hardened cement paste subjected to elevated tempera-
tures. Construction and Building Materials, v. 22, n. 4, 2008,  
p. 593–599. 

[18] HANDOO, S.K.; AGARWAL, S.; AGARWAL, S.K. Physico-
chemical, mineralogical, and morphological characteristics 
of concrete exposed to elevated temperatures. Cement and 
Concrete Research, v. 32, n. 7, 2002, p. 1009–1018. 

[19] LIM, S.; MONDAL, P. Micro- and nano-scale characterization 
to study the thermal degradation of cement-based materials. 
Materials Characterization, v. 92, 2014, p. 15–25. 

[20] LIMA, R. C. A. Investigação do comportamento de concre-
tos em temperaturas elevadas, Porto Alegre, 2005, Thesis 
(PhD) - Escola de Engenharia, Universidade Federal do Rio 
Grande do Sul, 257 p.

[21] SOUZA, A. A. A. Influência do tipo de agregado nas proprie-
dades mecânicas do concreto submetido ao fogo, Campi-
nas, 2005, Thesis (Master) – Universidade Estadual de 
Campinas, 169 p.

[22] CARVALHO, E. F. T. Estudo da resistência ao fogo do con-
creto de alto desempenho com metacaulim e adição de fi-
bras, Ouro Preto, 2006, Thesis (PhD) - Universidade Federal 
de Ouro Preto, 177 p.

[23] SOUSA, M. M. Estudo experimental do comportamento 
mecânico e da microestrutura de um concreto convencional 



849IBRACON Structures and Materials Journal • 2017 • vol. 10 • nº 4

  B. FERNANDES  |  A. M. GIL  |  F. L. BOLINA  |  B. F. TUTIKIAN

após simulação das condições de incêndio, Belo Horizon-
te, 2009, Thesis (Master) - Universidade Federal de Minas 
Gerais, 126 p.

[24] KIRCHHOF, L. D. Estudo teórico-experimental da influência 
do teor de umidade no fenômeno de spalling explosivo em 
concretos expostos a elevadas temperaturas, Porto Alegre, 
2010, Thesis (PhD) – Escola de Engenharia, Universidade 
Federal do Rio Grande do Sul, 262 p.

[25] BRITEZ, C. A. Avaliação de pilares de concreto armado col-
orido de alta resistência , submetidos a elevadas temper-
aturas, São Paulo, 2011, Thesis (PhD) – Escola Politécnica, 
Universidade de São Paulo, 252 p.

[26] XING, Z.; BEAUCOUR, A.-L.; HEBERT, R.; NOUMOWE, A.; 
LEDESERT, B. Influence of the nature of aggregates on the 
behaviour of concrete subjected to elevated temperature. Ce-
ment and Concrete Research, v. 41, n. 4, 2011, p. 392–402.

[27] MINDEGUIA, J.C.; PIMIENTA, P.; CARRÉ, H.; LA BORDE-
RIE, C. On the influence of aggregate nature on concrete be-
haviour at high temperature. European Journal of Environ-
mental and Civil Engineering, v. 16, n. 2, 2012, p. 236–253. 

[28] MEHTA, P.K.; MONTEIRO, P.J.M. Concreto: Microestrutura, 
Propriedades e Materiais, São Paulo: IBRACON, 2ed, 2014, 
782 p.

[29]  BOLINA, F. L. Avaliação experimental da influência dos req-
uisitos de durabilidade na segurança contra incêndio de pro-
tótipos de pilares pré-fabricados de concreto armado, São 
Leopoldo, 2016. Thesis (Master). Curso de Arquitetura, Uni-
versidade do Vale do Rio dos Sinos, 180p

[30] CASTELLOTE, M.; ALONSO, C.; ANDRADE, C.; TURRIL-
LAS, X.; CAMPO, J. Composition and microstructural chang-
es of cement pastes upon heating, as studied by neutron dif-
fraction. Cement and Concrete Research, v. 34, n. 9, 2004, 
p. 1633–1644.

[31] DENOËL, J.F. Fire Safety and Concrete Structures, Brux-
elas: Febelcem, 1.ed, 2007, 87 p.

[32] ZHANG, Q. Microstructure and deterioration mechanisms of 
portland cement paste at elevated temperature, Delft, 2013, 
Tese (PhD) - Technische Universiteit Delft, 175 p.

[33] LIMA, R.C.A.; KIRCHHOF, L.D.; SILVA FILHO, L.C.P. Varia-
ção de propriedades mecânicas de concretos convencionais 
e de alta resistência em temperaturas elevadas. Concreto & 
Contrução, v. 46, 2007, p. 65-68.

[34] PAULON, V.; KIRCHHEIM, A.P. Nanoestrutura e Microestru-
tura do Concreto Endurecido. In: ISAIA, G.C. (Ed.), Concreto: 
Ciência e Tecnologia, IBRACON, São Paulo, 2011: p. 585.

[35] DAL MOLIN, D. C. C. Técnicas Experimentais para o Es-
tudo da Microestrutura. In: ISAIA, G.C. (Ed.), Materiais de 
Construção Civil e Príncipios de Ciência e Engenharia de 
Materiais, 2.ed., IBRACON, São Paulo, 2010: p. 862.

[36] ARIOZ, O.  Retained properties of concrete exposed to high 
temperatures: Size effect. Fire and Materials, v. 33, n. 5, 
2009, p. 211–222.

[37] KIM, K.Y.; YUN, T.S.; PARK, K.P. Evaluation of pore struc-
tures and cracking in cement paste exposed to elevated 
temperatures by X-ray computed tomography. Cement and 
Concrete Research, v. 50, 2013, p. 34–40. 

[38] WANG, G.; ZHANG, C.; ZHANG, B.; LI, Q.; SHUI, Z.  Study 

on the high-temperature behavior and rehydration charac-
teristics of hardened cement paste. Fire and Materials, v. 
39, n. 5, 2015, p. 741-750.

[39] RUSCHEL, F. Avaliação da utilização de ferramentas de 
simulação computacional para reconstituição de incêndios 
em edificações de concreto armado: aplicação ao caso 
shopping total em Porto Alegre-RS, Porto Alegre, 2011, The-
sis (Master) - Escola de Engenharia, Universidade Federal 
do Rio Grande do Sul, 133 p.

[40] SILVA FILHO, L.C.P.; HELENE, P. Análise de Estruturas de 
Concreto com Problemas de Resistência e Fissuração. In: 
ISAIA, G.C. (Ed.), Concreto: Ciência e Tecnologia, IBRAC-
ON, São Paulo, 2011: p.1129.

[41] ROSTASY, F.S.; WEIβ, R.; WIEDEMANN, G. Changes of 
Pore Structure of Cement Mortars Due To Temperature. Ce-
ment and Concrete Research, v. 10, n. 2, 1980, p. 157–164.

[42] PIASTA, J.; SAWICZ, Z.; RUDZINSKI, L. Changes in the 
structure of hardened cement paste due to high temperature. 
Matériaux et Construction, v. 17, n. 4, 1984, p. 291–296. 

[43] CHAN, S.N.; PENG, G.; CHAN, J.W.  Comparison between 
high strength concrete and normal strength concrete sub-
jected to high temperature. Materials and Structures, v. 29, 
1996, p. 616–619. 

[44] SAAD, M.; ABO-EL-ENEIN, S; HANNA, G. B.; KOTKATA, 
M.F.  Effect of temperature on physical and mechanical prop-
erties of concrete containing silica fume. Cement and Con-
crete Research, v. 26, n. 5, 1996, p. 669–675. 

[45] LIN, W.M.; LIN, T.D.; POWERS-COUCHE, L.J. Microstruc-
tures of fire-damaged concrete, ACI Materials Journal, v. 93, 
n. 3, 1996, p. 199–205. 

[46] LUO, X.; SUN, W.; CHAN, Y.N.  Residual compressive 
strength and microstructure of high performance concrete 
after exposure to high temperature. Materials and Struc-
tures, v. 33, 2000, p. 294–298.

[47] SHORT, N.R.; PURKISS, J.A.; GUISE, S.E. Assessment of 
fire damaged concrete using colour image analysis, Con-
struction and Building Materials, v. 15, n. 1, 2001, p. 9–15. 

[48] POON, C.S.; AZHAR, S.; ANSON, M.; WONG, Y.L. Comparison 
of the strength and durability performance of normal- and high-
strength pozzolanic concretes at elevated temperatures. Cement 
and Concrete Research, v. 31, n. 9, 2001, p. 1291–1300.

[49] ALARCON-RUIZ, L.; PLATRET, G.; MASSIEU, E.; EHR-
LACHER, A. The use of thermal analysis in assessing the 
effect of temperature on a cement paste. Cement and Con-
crete Research, v. 35, n. 3, 2005, p. 609–613.

[50] WANG, X.S.; WU, B.S.; WANG, Q.Y. Online SEM investi-
gation of microcrack characteristics of concretes at various 
temperatures. Cement and Concrete Research, v. 35, n. 7, 
2005, p. 1385–1390. 

[51] WENDT, S.C. Análise da mudança de cor em concretos 
submetidos a altas temperaturas como indicativo de temper-
aturas alcançadas e da degradação térmica, Porto Alegre, 
2006, Thesis (Master) - Escola de Engenharia, Universidade 
Federal do Rio Grande do Sul, 186 p.

[52] BIOLZI, L.; CATTANEO, S.; ROSATI, G. Evaluating residu-
al properties of thermally damaged concrete. Cement and 
Concrete Composites, v. 30, n. 10, 2008, p. 907–916. 



850 IBRACON Structures and Materials Journal • 2017 • vol. 10 • nº 4

Microstructure of concrete subjected to elevated temperatures: physico-chemical changes 
and analysis techniques

[53] FALL, M.; SAMB, S.S.  Effect of high temperature on strength 
and microstructural properties of cemented paste backfill. 
Fire Safety Journal, v. 44, n. 4, 2009, p. 642–651. 

[54] MENÉNDEZ, E.; VEGA, L. Analysis of the behaviour of the 
structural concrete after the fire at the Windsor Building in 
Madrid. Fire and Materials, v. 34, n. 2, 2009, p 95–107.

[55] IBRAHIM, R.K.; HAMID, R,; TAHA, M.R. Fire resistance of 
high-volume fly ash mortars with nanosilica addition. Con-
struction and Building Materials, v. 36, 2012, p. 779–786. 

[56] AKCA, A.H.; ZIHNIOǦLU, N.Ö. High performance concrete 
under elevated temperatures. Construction and Building Ma-
terials, v. 44, 2013, p. 317–328. 

[57] HEAP, M.J.; LAVALLÉE, Y.; LAUMANN, A.; HESS, K.U.; 
MEREDITH, P.G.; DINGWELL, D.B.; HUISMANN, S.; 
WEISE, F. The influence of thermal-stressing (up to 1000 
°c) on the physical, mechanical, and chemical properties of 
siliceous-aggregate, high-strength concrete. Construction 
and Building Materials, v. 42, 2013, p. 248–265. 

[58] HEIKAL, M.; EL-DIDAMONY, H.; SOKKARY, T.M.; AHMED, 
I.A. Behavior of composite cement pastes containing micro-
silica and fly ash at elevated temperature. Construction and 
Building Materials, v. 38, 2013, p. 1180–1190.


