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THERMAL ANALYSIS AT THE EVALUATION OF CONCRETE
DAMAGE BY HIGH TEMPERATURES
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Concrete damage by high temperatures includes mass loss, strength and modulus reductions and the formation of cracks and large
pores. Thermal treatment reduces the amount of chemically bound water in the hydrate phase. With a rise in temperature, the spatial
distribution of Ca(OH), crystals becomes more compact; smaller crystals occur in a unit volume of the cement paste. A rise in tem-
perature affects the pore structure by reducing the specific surface of hydration products. Cement paste becomes more heteroge-
neous in microstructure and coarser in pore structure. Compressive strength is not only significant parameter showing structural in-
tegrity of concrete; permeability influences concrete durability as well. To demonstrate this, permeability coefficients at various
high temperatures are presented. The key quantitative insight into the hydrate phase behavior is based on thermal analysis results.
Thermogravimetric (TG) mass losses are related to the phase changes represented either by DTA or DTG. Based on these, the tests
employing TG mass losses and related DTA and DTG curves answer the question if the hydrate phase is present at individual
high-temperature levels and what its quantitative state is. Method of thermal analysis is suitable for the interpretation of concrete

behavior when subjected to high-temperature attack.

Conclusions are drawn about thermal stability and residual properties of concrete specimens made at the construction site of
Mochovce nuclear power plant (Slovakia); and subjected to temperatures up to 800°C. Relations among mechanical properties, per-
meability, pore median radius and bound water content in concrete are discussed and evaluated.
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Introduction

Concrete is recognized as an excellent thermal-resis-
tant building material. With the use of concrete in cer-
tain building constructions, additional information is
required on the effect of high-temperature attack on
concrete. Much has been learned about mechanical
and engineering properties in situations of high-tem-
perature exposure [1-6]. Next important factors that
influence the behavior of concrete at high tempera-
tures are the heating rate [7], the type of binder and
aggregate [8—11] and the moisture conditions
[12—14]. Direct dependence between pore size values
and calculated permeability coefficients were found.
Concrete damage at temperature elevations is shown
by an average pore radius increase. The bulk density of
cement paste in concrete; mainly between 400 and
800°C decreases with rise in total porosity. Density in
the same temperature range increases due to higher den-
sity of new compounds formed after the cement paste
thermal decomposition, and more pores are included in
concrete samples with coarser pore structure [15].

The loss in mechanical properties and the in-
crease in total porosity of concrete are influenced by

* Author for correspondence: ivan.janotka@savba.sk

1388-6150/820.00
© 2005 Akadémiai Kiado, Budapest

its degradation through changes induced in basic pro-
cesses of cement hydration and hardening of the
bonding system in the cement paste under the
high-temperature attack. The sensitivity of C—S—-H
gel to achieved temperature level is evident from av-
erage C—S—H composition at 25°C C; gsSH; 5, and at
100°C C,.04SHy g [14]. These results clearly show
the influence of temperature on the C/S and H/S
ratios of C—S—H gel. Thermal treatment reduces the
amount of bound water and increases the calcium
content of C—S—H gel [16,17]. The high temperature
tends to change the mechanism of ettringite forma-
tion; a marked reduction in stability of ettringite be-
tween 60 and 80°C is observed. Ettringite hydrates
begin to dehydrate within this temperature range and
ettringite ruptures and disintegrates [18]. Moreover, it
seems that the decomposition of ettringite lowers the
OH- concentration of the pore water solution [19].
The Ca(OH), crystals are sheet-like and have an elon-
gated shape at ambient temperature [20, 21]. With a
rise in temperature, the spatial distribution of
Ca(OH), crystals becomes more compact. It means
smaller crystals occurring in a unit volume of the ce-
ment paste [22]. This is connected by decreased solu-
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bility of Ca(OH), at higher temperatures. By contrast,
hydrated cement pastes at lower temperature are more
likely to contain large masses of Ca(OH),, with a
well-developed morphology [23]. A rise in tempera-
ture affects the cement paste pore structure by reduc-
ing the specific surface of hydration products. Ce-
ment paste exposed to high-temperature attack is
more heterogeneous in a microstructure and coarser
in pore structure [24, 25]. The decrease in volume of
the hydrate phase and Ca(OH),, and the coarsening of
the pore structure of concrete are the main reasons in-
fluencing engineering properties decrease at
high-temperature attack.

The present paper is concerned with thermal sta-
bility and residual properties of concrete specimens
from a construction site of Mochovce nuclear power
plant (Slovakia), subjected to temperatures up to
800°C. Relations among mechanical properties, per-
meability, pore median radius and bound water con-
tent of the cement paste and concrete are discussed
and evaluated as well.

Experimental
Materials

Blastfurace slag Portland cement (CEM 11/ B-S 32.5 R)
and siliceous river gravel were chosen for the investiga-
tion. The composition and properties of the fresh con-
crete are listed in Table 1.

Table 1 Composition and basic properties of concrete mixture

Components Content per 1 m’
Cement II/B-S 32.5 R 485.0 kg
Aggregates 0—4 mm, river gravel 880.0 kg
Aggregates 8—16 mm, river gravel 880.0 kg
Drink water 170.0L
Water to cement ratio, W/C 0.35
The portion of smectite 1.6%
in aggregate smaller than 04 mm
The moisture content in aggregate 3.9%
Fresh concrete
Temperature 16.7°C
Volumetric density 2356.0 kgm™
Workability: Abrams 75.0 mm
Ve-Be 1.5s
Air content (no air entraining 1.8 % vol.
agent used)

Casting

The fresh concrete wused to make prisms

(100x100x400 mm) was made in steel moulds on a vi-
bration table (50 Hz, 0.35 mm) with vibration time of
30 s. The workability tests of fresh concrete according
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to STN ISO 4109 (the slump by Abrams equipment,
equivalent to ASTM C 143) and STN ISO 4110 (the
flow by Ve-Be time consistometer, equivalent to BS
1881-prEN 12350) were performed after mixing.

Curing and heating

Following removal from the moulds, all specimens
were stored at 20°C and 100% relative humidity (RH)
wet air for 28 days. Heating regime 1 (HR1) concerns
the increase of temperature to 40, 60, 100 and 200°C,
whereas the temperature was increased to 60, 200,
400 and 800°C in heating regime 2 (HR2). Graphs of
both applied heating regimes are shown in Figs 1
and 2, respectively.
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Fig. 1 Heating regime (HR 1) for concrete specimens attacked
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Fig. 2 Heating regime (HR 2) for concrete specimens exposed
to temperatures up to 800°C

Testing

Physical-mechanical properties of the reference spec-
imens cured for 28 days in wet air as well as those ex-
posed to high temperatures were obtained. After the
thermal exposure, the specimens were left to cool to
the ambient 20°C prior to the next tests. Prismatic
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specimens were tested to determine the dynamic and
Young’s modulus of elasticity and their strengths.

The values of dynamic modulus of elasticity
(DME) were calculated from

| I
By, =pvi 5107 (1
where Ey, is the DME (GPa), p is the density of the
prisms (kg m ™), v? is the impulse speed of longitudi-
nal ultrasonic waves (m s ') and k=1.0541 at Poisson
coefficient vy, =0.20.

Young’s modulus of elasticity was calculated ac-

cording to STN ISO 6784 from
E, =29 _%. % )

Ae g, —¢g,

where G, is the stress on the stress level y, =1/3 (MPa)
(0.=f./3), where f. is the compressive strength of con-
crete (MPa), o, is the starting stress (0.5 MPa), g, is
average relative strain at the stress level ve=1/3 (%o)
and g, is the average relative strain at the starting
stress (%o). The relation of per mille (%o0) to micro
strain (us) is 1 pus=0.001%o.

The concrete pore structure was studied by mer-
cury intrusion porosimetry (MIP) using the high-pres-
sure porosimeter mod. 2000 and macroporosimeter
mod. 120 (Carbo Erba Science, Milan). From the
measured data, permeability coefficients of the con-
crete were calculated. Powder X-ray diffraction pat-
terns were recorded on a Philips X-ray diffractometer
coupled with an automatic data recording system.
CuK,, radiation and Ni-filter were used. The thermal
curves were recorded on a Derivatograph Q 1500
(MOM Budapest). In general, 200 mg of the sample
was heated at 20 K min™' from 20 to 1000°C.

Results and discussion

The compressive strength at 200°C in both heating re-
gimes is higher than at 20°C. The assessment of con-
crete damage by temperatures between 20 and 200°C
only by compressive strength values may give am-
biguous results. The evident drop in strength of the
specimens is observed at temperatures between 200
and 800°C (Fig. 6). Elasticity module evidently drop
after 40°C; and decrease significantly after tempera-
ture exposures at 100°C (HR1) and 200°C (HR2), re-
spectively (Table 2). It is believed that the main rea-
son of such concrete behaviour is the quick release of
moisture at lower temperatures (20-100°C) and
bound water from hydrated minerals of the cement af-
ter a sudden rise in temperature between 100 and
800°C. At higher temperatures, an increase of the
strain at the maximum stress appears in concrete spec-
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Table 2 Dynamic (Ey,) and Young’s (£,) module of elasticity
of tested specimens subjected to HR1 heating regime

Curing regime Ey, /GPa Ey, /GPa
20°C, 28 days (basic®) 43.1 27.8
40°C + 28 days 40.1 29.7
60°C + 28 days 38.3 28.8
100°C + 28 days 34.1 27.7
200°C + 56 days 24.8 18.0
20°C/60% R.H. 42.9 30.9

*28-day basic curing at 20°C and 100% R. H. — moist
air, "Basic curing +140 days at 20°C and 60%
R.H. — dry air

imens relative to those exposed only to lower temper-
atures. This may be the reason for the high sensitivity
of Young’s modulus of elasticity to the temperature
attack. High temperatures contribute to the formation
of large pore structures and result in the reduction of
compressive strength and Young’s modulus of elas-
ticity. The decrease in volume of the hydration prod-
ucts and Ca(OH),, and the coarsening of pore struc-
ture of concrete are the main reasons influencing
utility properties decrease at temperatures up to
800°C. The drop in strength and Young’s modulus of
elasticity, is the consequence of the concrete degrada-
tion through changes induced in basic processes of ce-
ment hydration on the achieved temperature level.
Pore structure characteristics and calculated per-
meability coefficients of the specimens are given in
Table 3. The results reveal direct dependence be-
tween average micropore median radius, total pore
median radius, total porosity, specific surface area
and calculated permeability coefficients. Longer du-
ration of temperature elevation at 200°C at heating re-
gime 1 (28 days) relative to 2-day exposure at heating
regime 2 gives coarser pore structure of the speci-
mens. The explanation is to be found in differences of
the pore structure development of concrete specimens
cured at 200°C for different periods. It is believed that
various types of hydration products in the cement
paste form pore structures with diverse and markedly
characteristics of pore size distribution. Pore structure
depends either on the volume, type and properties of
hydration products occurring in the cement paste; ei-
ther on time of the high-temperature attack. The rea-
sons for this fact are differences in the crystalline
structure, morphology size and bound water content
of individual particles of distinct types of hydration
products at 200°C, and any other temperature eleva-
tion. The higher the temperature, the coarser the pore
structure and the higher permeability concrete be-
come. These changes, however, appear more ex-
pressly when the temperature is over 400°C.
Permeabilities are valuable for assessing the struc-

199



JANOTKA, MOJUMDAR

Table 3 Mercury porosimetry measurements and calculated permeability coefficient for concrete specimens heated to 800°C

Curing Ve Vrp Myp Mrp MK TP SpS F K
20°C 59.52 62.75 30.90 33.18 5.15 13.13 6.039 16 0.87
40°C 56.74 60.04 43.59 47.02 5.50 12.75 4.752 21 1.81
60°C 63.74 66.15 53.18 55.10 3.64 13.98 3.423 20 2.52

100°C 72.66 76.31 55.41 58.26 4.77 15.65 3.597 23 3.60

200°C 70.28 73.04 61.69 65.00 3.78 15.23 3.457 33 6.36

200°C 58.74 61.43 57.29 60.79 4.38 13.14 4.511 29 4.05

400°C 58.12 60.47 77.64 87.26 3.89 13.08 3.900 45 10.37

600°C 89.39 96.45 176.72 222.69 7.31 19.67 2.555 60 67.46

800°C 161.71 197.68 155.49 294.62 18.20 34.50 3.136 55 89.30

HR1=temperatures 20-200°C , HR2= temperatures 200—-800°C Vyp, Vrp=volume of micropores (up to 7500 nm) and volume of all
pores /mm’.g"" Myp, Myp =average micropore median radius and total pore median radius /nm MK=portion of macropores /%
TP=total porosity /% vol. SpS=pore specific surface /m* g F=portion of pores in the radius range of 100-10000 nm /%

K=permeability coefficient /%107 m.s™'

tural integrity of concrete subjected to high
temperatures, and appear as good and useful as the
measured Young’s module of elasticity and
compressive strengths.

The above data undoubtedly confirm the phenom-
enon of pore structure coarsening due to temperature
elevation. It is evident from the comparison of porosity
data. The explanation is that the bulky material of the
products of cement hydration is replaced by air voids.
This exhibits a marked concrete strength decrease
mainly over 400°C. The temperature 800°C character-
izes the collapse of the concrete’s structural integrity.

This is also confirmed by XRD and DTA studies.
The Ca(OH), diffraction line (4.91 A) is clearly seen
between 20 and 200°C, and even at 400°C (Figs 3 and
4). The volume of Ca(OH), up to 400°C gradually de-
creases due to loss of bound water in OH™ form. In-
stead of a steady Ca(OH);, solid phase, air voids occur
in the concrete. This is accompanied by a contempo-
rary increase in pore median radius and total porosity.
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Fig. 3 X -ray diffraction patterns of concrete specimens at
heating regime HR 1
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The higher the loss in water content bound in
Ca(OH),, the more intense is the pore structure coars-
ening and the more evident is the loss in compressive
strength and the increase in permeability of the speci-
mens. The results of thermal analysis show the same
trend towards releasing bound water (Table 4). Total
loss of mass values are markedly decreased due to 1.)
losses in bound water contents of C~A—H and C—S—-H
gel — like hydration products between temperature
range 100 and 400°C, bearing in mind ettringite and
ettringite-related products decomposition over a tem-
perature of 80°C, mainly at interval between 100 and
200°C; 2.) free Ca(OH), dehydroxylation over 400 up
to 600°C, and 3.) calcite dissociation over 600°C. The
X-ray diffraction and thermal analysis results show
that the decrease in strength and Young’s modulus of
elasticity; and contrary the increase in pore median
radius and permeability coefficient of concrete de-
pends upon the bound water content values of the ce-
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Table 4 Results of thermal analysis of tested specimens

Content of bound CaO bound in Total content

Temperature level water in hardened Total rr;/ass loss/ Ca(OH),/% CaCO-% CZ(fOCI?I)O ;r;l d
0 o al 2/ 70 al 3,70 2

cement paste/ % CaCOs /%

CONTROL" =20°C 322 8.14 0.89 1.33 2.22
40°C 3.40 7.40 0.96 1.12 2.08
HR 1 60°C 3.27 7.59 1.04 1.15 2.19
100°C 2.93 7.27 0.82 1.01 1.83
200°C 2.43 6.48 0.72 1.43 2.15
CONST 20°C 3.04 7.68 1.08 1.19 2.27
200°C 2.73 8.12 1.42 1.45 2.87
400°C 2.60 9.71 1.37 1.38 2.75
HR 2 600°C 1.27 6.03 1.16 1.12 2.28
800°C 0.80 1.90 0.37 0.22 0.59

ment paste either in gel-like hydration products (tem-
perature levels between 80 and 400°C) or free
Ca(OH), (temperature 400-600°C). At temperatures
over 600°C, the structural degradation of concrete is
markedly influenced by the decomposition of calcite
either from carbonation products or calcite/dolomite
aggregates, and even at and above 800°C may be also
influenced by the re-crystallization of new non-bind-
ing phases arising from hydrated cement minerals un-
der re-combustion. Test results reveal that thermal
analysis together with measured pore structure vari-
ables using MIP is a suitable technique for the evalua-
tion of concrete quality at high-temperature attack.

General discussion

The relations among Young’s modulus of elasticity,
compressive strength on prisms, pore median radius
and bound water content values at 20 and 800°C are
depicted in Figs 5 and 6, respectively. Decrease in
bound water content (except that of 40°C) connected
with the increase in permeability coefficients of the
concrete at temperature elevation from 20 to 800°C is
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Fig. 5 Relation between Young's modulus of elasticity, bound
water content and pore median radius of concrete spec-
imens between 20 and 800°C
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given in Fig. 7. By extreme contrast, higher permeabil-
ity coefficient values are closely connected with pore
median radius increase due to high-temperature attack,
as seen in Fig. 8. Dependences between decreasing
compressive strength and increasing concrete perme-
ability due to temperature elevations are seen in Fig. 9.
The decrease in Young’s modulus of elasticity
and prism strength depends upon the release of bound
water in hydration products of the cement in the tem-
perature range 40-800°C (Fig. 5) and 200-800°C

64+
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Fig. 6 Relation between compressive strength, bound water
content and pore median radius of concrete specimens
at temperature up to 800°C
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Fig. 7 Relation between permeability coefficient and bound
water content of concrete specimens at various tempera-
ture levels
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dian radius of concrete specimens subjected to tempera-
tures up to 800°C

(Fig. 6), respectively. The temperature-dependent
damage of the hydration products integrity is caused
by the hydrate phase dewatering with the consequent
air voids formation inducing the pore structure coars-
ening. This is clearly confirmed by pore median ra-
dius increases with a rise in temperature. The higher
the temperature the more intense dewatering of
hydration products and increasing in large pore vol-
ume are observed. This effect is evidently observed
over the temperature 400°C, mainly between 400 and
600°C when Ca(OH), decomposes; and above 600°C
when structural damage is influenced by CaCO; dis-
sociation. At the temperature 200°C, shorter tempera-
ture attack at HR2 results in the hydration products
richer in bound water content (2.73%) and lower pore
median radius (60.79 nm) and total porosity (13.14%)
relative to the 28-day thermal treatment of concrete
specimens (HR 1) characterized by hydration products
poorer in bound water content (2.43%) and pore
structure with higher pore median radius (65.00 nm)
and total porosity (15.23%). Structural degradation of
concrete at this temperature is influenced by the dura-
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Fig. 9 Relation between permeability coefficient and com-
pressive strength of the concrete at temperature attack
between 20 and 800°C
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tion of temperature attack. Hydrate phase dewatering
and pore structure coarsening of the concrete are
time-dependent variables. This is clearly confirmed
by mutual dependence between bound water content
and pore median radius at 200°C. Moreover, the
higher the temperature, the higher pore median radius
and the lower bound water content in concrete speci-
mens are found. Over the temperature 600°C the re-
lease of gaseous CO, from carbonation products is
considered as the reason of the structural integrity
damage of the concrete. The content of bound water
extremely decreases with a rise in the temperature.
This explains a quick reduction in the volume of hy-
drate phase after a sudden temperature elevation. The
lower volume of the hydrate phase and the higher
pore median radius are observed, the higher perme-
ability of the concrete specimens is found. Permeabil-
ity coefficients increase dramatically over the temper-
ature 400°C as seen in Figs 7 and 8. The same results
give the comparison of permeability coefficient and
strength values (Fig. 9). It is evident that permeability
increases and strength decreases mainly over the tem-
perature 400°C when the volume of hydrate phase
gradually drops due to loss of chemically bound water
in Ca(OH),. At 600°C when Ca(OH), is
dehydroxylated the 59.5% loss in compressive
strength is found. The concrete strength at 600°C is
believed to be the result of residual Ca(OH),; the
compact structure of carbonation products and
tobermorite-like phase, and mutual interaction be-
tween them. The complete decomposition of Ca(OH),
and carbonation products dissociation are dominant pro-
cesses between 600 and 800°C. At 800°C concrete is
characterized by the collapse of its structural integrity,
revealing residual compressive strength, the value of
which is only 19.5% of that at 20°C.

The temperature-dependent damage of the con-
crete structural integrity depends upon: 1) the loss in
the content of water bound in hydration products and
Ca(OH), and consequent 2) air voids formation due
to the substitution of bulky mass of the hydrate phase
by large pores and consequent 3) Young’s modulus of
elasticity and strength decrease due to the pore struc-
ture coarsening, and consequent 4) increase in perme-
ability coefficient of the concrete due to the increase
in total porosity connected with decrease in strength
of the concrete specimens.

The critical temperature when the above changes
acquire dramatical character is 400°C. In any case the
concrete kept over temperatures 40°C up to 200 and
400°C has sustainably increased permeability that can
be regarded as dangerous for moisture and deleterious
gases mobility and ingress to the steel reinforcement
during healing at the ambient 20°C after
high-temperature attack.

J. Therm. Anal. Cal., 81, 2005
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Conclusions

Based on this study, the following conclusions can be
drawn:

» Testresults reveal that thermal analysis (TA) with a
close connection with mercury intrusion
porosimetry (MIP), calculated permeability coeffi-
cient on the basis of the measured pore structure
variables using MIP, the estimation of Young’s
modulus of elasticity and strength values are suit-
able techniques for the evaluation of the concrete
structural integrity when exposed to high-tempera-
ture attack. The TA, MIP with permeability calcu-
lations, Young’s modulus of elasticity and strength
are four basic methods for the evaluation of
high-temperature attack (fire) on the concrete
giving reliable and mutually consistent results.

* The damage of concrete structural quality is given
by a three-stage model. (i) The damage to 400°C —
when gel-like hydration products are decomposed
(ii) The damage between 400 and 600°C — when
Ca(OH), is dehydroxylated. Significant decrease in
strength and increase in permeability of concrete
over 400°C confirms this temperature to be critical
for residual concrete properties after high-tempera-
ture attack. (ii7) The physical state of concrete be-
tween 600 and 800°C is characterized by the col-
lapse of structural integrity, revealing residual
compressive strength. By contrast with it, perme-
ability coefficients are dramatically increased.

* Itis concluded that the temperature-dependent con-
crete damage is influenced by the cement content
and its quality, volume of the admixture and the ad-
dition, type and quality of the aggregates including
its grading, and volume of the super plasticizer that
must be fully compatible with the cement em-
ployed. To make high-durable concrete with the
critical temperature shifted over 400°C, it is essen-
tial to have precisely proposed concrete mixture
composition and high quality control materials and
concrete-making procedure.
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